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■ INTRODUCTION 

Organic perovskites, featuring a direct bandgap, a high
absorption coefficient, and excellent charge transport character-
istics, have recently emerged as one of the most promising
active materials for the next generation of solar cells,1 with
current power conversion efficiencies certified at 20.1%.2 The
electronic and structural characteristics of this hybrid material,
made of a nearly cubic metal halide cage surrounding an
organic cation, can be tuned by modifying the chemical
composition of the two constituent parts. Compact crystalline
films of organic−inorganic perovskite can be produced
according to a variety of different methods, ranging from
solution processing in a single3 or in multiple steps4 to vacuum
deposition,5 atomic layer deposition,6 and vapor-assisted
solution processing,7 each of them leading, after careful
optimization, to efficient photovoltaic devices. At present, the
most investigated organic−inorganic perovskites are identified
by the formula CH3NH3PbX3, with X = Cl, Br, or I, and they
are synthesized by mixing methylammonium (MA) and lead
halide (PbX2) salts. Particular mixed halide perovskites are
prepared from a solution of lead chloride (PbCl2) and
methylammonium iodide (MAI), and they are commonly
indicated with the chemical formula MAPbI3−xClx. The latter
formulation enabled preparing perovskite films with superior
charge transport characteristics, which have been used to make
photovoltaic devices with an efficiency similar to the best
established for inorganic technologies.3,8 Although the details of
the underlying physicochemical processes are still under debate,
several studies concluded about the active role of Cl atoms in
seeding the crystallization process of the MAPbI3 phase,

9 thus

improving the morphology of the perovskite films and therefore
reducing the charge scattering.
In the following, we will consider the chemical composition

and the electronic structure of solution-processed MAPbI3−xClx
perovskites. We detect the spectroscopic features of methyl-
amine molecules, a byproduct of the chemical reaction leading
to the formation of the perovskite structure from its chemical
precursors. Starting from freshly made perovskite films, we
follow in situ the changes in the electronic structure at the
perovskite surface upon vacuum annealing and sputtering,
which promote the release of organic species from the surface
and the stabilization of a passivating lead iodide (PbI2)
overlayer.10,11 The band alignment at the MAPbI3/PbI2
interface clearly indicates the presence of a significant energy
barrier influencing the extraction of charges from the perovskite
layer.

■ EXPERIMENTAL DETAILS 
The perovskite samples were produced by either spin-coating
or vacuum evaporation. For the spin-coated samples we
followed the procedure explained in refs 3 and 12: a porous
Al2O3 layer was first deposited by spin-coating 100 μL of
alumina suspension on a glass substrate covered with fluorine-
doped tin oxide and sintering at 150 °C for 15 min. About
100 μL of methylammonium iodide (MAI) and lead chloride
(PbCl2) in dimethylformamide (3:1 molar ratio) was then spin-
coated and annealed for 1 h at 100 °C. For the evaporated
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samples, a conductive p-doped Si substrate was used. The
perovskite layer was formed through the coevaporation of
PbCl2 and MAI, as explained in ref 5. The deposited film was
then annealed at 100 °C for 45 min. Both strategies resulted in
the formation of a perovskite layer with a nominal
MAPbI3−xClx composition, a thickness of about 100 nm, and
a black appearance. The samples were fixed to a Ta sample
holder by means of a vacuum-compatible epoxy, and the sample
surface was electrically connected to the holder by means of Ta
stripes. The entire sample preparation procedure, which
consisted in growing the perovskite layers (by either spin-
coating or vacuum evaporation), annealing the samples, and
positioning them on the Ta holders took place inside a N2-filled
glovebox. The samples were then transported in a nitrogen
filled enclosure and swiftly inserted into the vacuum chamber
housing the electron spectrometer. The overall exposure time
to ambient conditions was less than 1 min.
The photoemission study was performed in an ultrahigh-

vacuum (UHV) system (the base pressure was in the low
10−8 Pa range) described in detail elsewhere.13 The system is
equipped with a 150 mm hemispherical analyzer operated at a
pass energy of 20 eV (unless otherwise stated) for XPS and
0.5 eV for UPS, yielding an overall full width at half-maximum
(fwhm) resolution of about 0.9 and 0.05 eV, respectively.
Photoelectrons were excited by Mg Kα radiation (hν =
1253.6 eV) for XPS. UV radiation was obtained from a He
discharge lamp (He I and He II lines at 21.2 and 40.8 eV,
respectively). Source satellites were always subtracted. For UPS,
both the energy scale and the resolution were calibrated by
fitting a complementary error function to the Fermi edge of a
polycrystalline Au specimen. We collected electrons emitted an
angle of both 0° (normal emission) and 60° (grazing emission)
from the surface normal. The work function was measured
from the threshold energy for the emission of secondary
electrons during He I excitation. In the latter case, a negative
potential of −10 V was applied to the sample according to the
method of ref 14. All measurements were performed with the
samples kept at room temperature; several scans were acquired
for each spectrum without any noticeable evolution in the
photoemission line shape. Additional treatments performed in
situ comprised (i) vacuum annealing at increasing temperature,
up to 150 °C, monitored by means of a thermocouple placed in
close contact with the sample holder, and (ii) surface erosion
by sputtering. We employed a rastered Ar+ beam impinging on
the sample surface at grazing incidence (60° from the surface

normal). The beam current density and the acceleration
potential for the ions were adjusted to 1.5 μA·cm−2 and
1.5 keV, respectively.

■ RESULTS AND DISCUSSION
Chemical Characterization of the As-Received Perov-

skite. Figure 1 shows an X-ray photoemission spectroscopy 
(XPS) wide scan taken from a representative MAPbI3−xClx
perovskite sample spin-coated on Al2O3. The spectroscopic 
signatures of I, Pb, N, and C are detected, together with those of 
O, F, and Al, the latter being not characteristic of the perovskite 
layer. A quantitative estimate of the relative concentration of 
elemental species is obtained from the measured spectroscopic 
intensities, corrected by the elemental and orbital specific 
photoemission cross sections.15,16 We obtain a I:Pb intensity 
ratio of 2.9 ± 0.1, in good agreement with the MAPbI3
stoichiometry, and a N:Pb ratio of 1.3 ± 0.1, indicative of the 
presence of extra nitrogen species in the perovskite matrix, as 
discussed below. The C:N ratio shows the largest sample-to-
sample variability and is generally larger than expected due to 
the strong extra contribution from carbon contamination, 
accounting for more than 50% of the C 1s photoemission 
intensity. The Al-related intensity and part of the O intensity are 
due to photoemission from the Al2O3 scaffold, while the 
remaining O intensity is due to contaminants too, as testified by 
a O:Al intensity ratio of 1.9 ± 0.1, i.e., larger than expected from 
the 3:2 oxide stoichiometry. The presence of F can be explained 
with its segregation from the fluorine-doped tin oxide layer (see 
the Experimental Details section) during the annealing 
procedures. Cl is not detected in our photoemission experiment; 
i.e., the Cl concentration at the sample surface is below its
detection limit (which is approximately 1% atomic
concentration17). We compared the spectra acquired at normal
emission to a new set of spectra (see Figure S1 in the
Supporting Information) acquired at grazing emission. The
depth probed by XPS is about 6 nm (i.e., 3 times the
photoelectrons’ inelastic mean free path18) and 3 nm at normal
and grazing emission, respectively. We measure similar signal
intensities for the photoemission from Pb, I, and N, indicative of
a rather uniform perovskite composition with depth. Conversely,
the O and C photoemission intensity is enhanced at grazing
emission (especially for C), due to the contribution of surface
species such as adsorbed water molecules, hydroxyl groups, or
carbon-based molecules.

Figure 1. XPS wide scan from a representative as-received CH3NH3PbI3−xClx sample at normal electron emission (pass energy 40 eV).
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The Pb 4f and I 3d spectra (see Figures S1a and S1b in the 
Supporting Information) are characterized by a spin−orbit split 
doublet, with the Pb 4f7/2 and I 3d5/2 peaks at a binding energy 
(BE) of 138.9 and 619.7 eV, respectively. These BE are 
consistent with literature estimates for bulk PbI2 (see, e.g., ref 19 
and references therein) and indicate the presence of I− and Pb2+ 

species. According to the line shape analysis presented in the 
Supporting Information, the presence of chemically altered I and 
Pb species in the as-received samples is unlikely or close to the 
detection limit of our technique. In order to clarify the origin of 
the O and C signals, we compared the photoemission spectra 
from MAPbI3−xClx perovskites spin-coated on meso-porous 
Al2O3 and those measured on perovskite samples evaporated 
on flat Si substrates. Vacuum evaporation guarantees a good 
thickness uniformity without the need of any oxide scaffold. The 
spectra acquired on Al2O3- and Si-supported perovskites (black 
and red lines in Figure 2, respectively) are normalized to the N 
1s intensity.
The O 1s spectrum (Figure 2a) from spin-coated samples 

shows a single peak at a BE of 532.9 eV, in analogy with the 
results of a recent XPS study describing the growth of Al2O3 on 
MAPbI3 perovskites.

20 The O intensity is almost completely 
quenched on the evaporated samples, due to the removal of the 
alumina scaffold and to a negligible concentration of surface 
species. The C 1s spectrum (Figure 2b) is characterized by an 
asymmetric line shape peaking at 285.8 eV on Al2O3-supported 
perovskites, while a symmetric peak centered at a BE of 286.6 eV 
is observed on the films evaporated on Si. According to the 
analysis of the O 1s line shape, the evaporated samples show an 
overall low concentration of surface contaminants. We therefore 
assign the C 1s peak at 286.6 eV mainly to photoemission from 
the perovskite molecules, while the feature at 285.8 eV observed 
for the spin-coated samples is likely to be related to C-based 
contaminants residing at the Al2O3/perovskite or, for those 
portions of the Al2O3 scaffold left uncovered by the perovskite 
layer, Al2O3/air interface. Our analysis is further supported by 
comparing the C 1s line shape at normal and grazing emission. 
The grazing-to-normal difference spectrum (shown in Figure 
S1d, after a proper intensity normalization) is proportional to 
the photoemission signal from surface species. Its shape, i.e., the 
presence of side

peaks and their relative intensity with respect to the main peak, 
located at a BE of 285.8 eV, is in good overall agreement with the 
C 1s spectra related to adventitious carbon usually reported for 
oxide surfaces.21 The C 1s BE is only slightly larger than the value 
of 285 eV conventionally assigned to carbon contami-nation,22

likely due to charging effects related to the insulating nature of 
Al2O3.

23

The N 1s spectra from Al2O3- and Si-supported perovskites 
(Figure 2c) are remarkably similar, and two features at BE of 
402.2 and 400.5 eV are detected. A good agreement with the 
available literature data is obtained if the former feature (showing 
the largest photoemission intensity) is considered, yielding a C-
to-N BE difference of 115.6 eV, close to the values of 115.7 and 
115.9 eV from refs 24 and 25, related to either MAI molecules or 
MAPbI3 perovskites. In addition, a N:Pb intensity ratio of 0.9 ± 
0.1 is found by considering only the N signal from MAI 
molecules, in much better agreement with the expected MAPbI3
stoichiometry with respect to our initial estimate. According to 
well-established models,26,27 the presence of the N 1s side peak 
at 400.5 eV in Figure 2c (with an intensity of about 30% of the 
whole N 1s peak intensity) is related to charge transfer to the N 
atom as a result of bond formation or breaking. In particular, a 1.5
−2 eV BE  shift (as in our case) for the N 1s peak is attributed
to deprotonation of the methylammonium amino group.28
According to ref 29, photoemission from methylamine
molecules is characterized by a N-to-C BE difference of 114.1 eV, 
i.e., very close to the value of 113.9 eV we observe on the
evaporated samples. We can therefore attribute the side N 1s
peak to the presence of deprotonated ions, i.e. methylamine
molecules, probably trapped within the perovskite crystal lattice.
According to recent studies on the formation of the perovskite
phase, excess molecular species might be produced from the
decomposition of the precursor species following the reaction30

+ → +PbCl 3CH NH I CH NH PbI 2CH NH Cl2 3 3 3 3 3 3 3

The CH3NH3Cl molecules can either (i) sublimate during the
annealing process or (ii) degrade into gaseous hydrochloric
acid (HCl) and methylamine species.9 Our experimental
results, i.e., the absence of Cl and the detection of a side

Figure 2. XPS O 1s (a), C 1s (b), and N 1s (c) profiles acquired from as-received CH3NH3PbI3−xClx samples spin-coated on a Al2O3 scaffold (black
lines) and vacuum evaporated on a flat Si substrate (red lines). The two set of spectra, vertically offset for clarity, have been normalized to the N 1s
intensity.

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05422/suppl_file/jp5b05422_si_001.pdf
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peak in the N 1s spectrum related to methylamine molecules, 
strongly indicate the dissociation of CH3NH3Cl species. HCl 
molecules are comparatively smaller and more volatile and 
therefore are not detected within the depth probed in our 
experiment. The same issue has been recently investigated by 
means of thermogravimetric analysis. The authors of ref 31
detect a mass loss signal in MAPbI3−xClx powders starting from 
about 250 °C. Such a temperature is well above the one 
characteristic of the annealing step involved in the perovskite 
preparation procedure, but it is below the threshold temper-
ature for MAPbI3 powders degradation. According to ref 31, the 
observed signal is likely related to the release of CH3NH3Cl 
molecules from the perovskite bulk. Although the retrieved 
sublimation temperatures are higher with respect to those 
characteristic of thin films, due to the much lower surface-to-
volume ratio,30 this result fully supports our conclusion about 
the presence of excess molecular species within the perovskite 
matrix in the as-received samples. Such extra species might act as 
defect sites and therefore play an important role in defining the 
electronic behavior of such compounds. Organic−inorganic 
perovskites, for instance, show ambipolar characteristics (from 
p-type to intrinsic and n-type) depending on the growth
conditions and, consequently, on the type and concentration of
defect species in the bulk.32

Effects of Surface Treatments on the Chemical and 
Electronic Properties of the Perovskite Surface. Figure 3 
shows some XPS spectra related to a representative spin-coated 
sample as-received (black lines), submitted to in situ annealing 
(red lines) and, subsequently, to sputtering (green lines, see the 
Experimental Details section). Figure 3a shows the N 1s line 
shape together with the Pb 4d5/2 peak at about 414 eV. Their 
intensity ratio is representative of the compositional balance 
between the metal halide and the organic components of the 
hybrid perovskite layer. By comparing the relative intensities of 
the photoemission signal from N and Pb, it can be concluded 
that the annealing treatment dramatically reduces the 
concentration of MA ions, released from the perovskite in the 
form of methylamine and hydrogen iodide molecules.10 We note 
that even at the highest temperature explored, the overall C 1s 
intensity (not shown) is not significantly reduced; i.e. the 
annealing procedure does not remove the surface contami-
nation. A subsequent sputtering treatment was therefore 
performed: in this way, it is possible to reduce the 
concentration of organic molecules and C and O containing 
contaminants on the surface close to the detection limit of our 
technique. The Pb 4d5/2 and Pb 4f spectra (Figures 3a and 3b, 
respectively) retain their original line shape after the annealing 
treatment, while the sputtering treatment promotes in both 
cases the formation of side peaks. Those additional signals have 
been highlighted in Figure 3 by numerically fitting the Pb 4d5/2 
and Pb 4f spectra with two line shapes with similar spectral line 
width and, in the Pb 4f case, spin−orbit splitting according to 
the methodology described in the Supporting Information. The 
additional Pb 4f features, with 1.8 eV lower BE than the main 
doublet, indicate the presence of “metallic” Pb0 species.33 The 
intensity of the photoemission signal pertaining to oxidized Pb2+ 

species is retrieved by integrating over the doublet at the highest 
BE. Starting from the stoichiometric perovskite surface, the 
above treatments lower the I:Pb2+ ratio from 2.9 ± 0.1 to 2.1 ± 
0.1 for both the annealed and sputtered surfaces. The latter value 
is close to the 2:1 stoichiometry expected for PbI2. Another set 
of samples (results not shown) was submitted to a sputtering 
treatment without any previous annealing step: the

Figure 3. XPS N 1s (a) and Pb 4f (b) profiles acquired from a spin-
coated CH3NH3PbI3−xClx sample as-inserted (black), annealed for 1 h 
at 150 °C (red), and sputtered after the annealing (green), together 
with the line shape analysis performed on the spectra for the sputtered 
surface. Light green dashed lines: Pb2+ component; light green dotted 
lines: Pb0 component; dark green lines: envelope functions. All spectra 
are normalized to the intensity of the Pb2+ component and have been 
vertically offset for clarity.

resulting XPS spectra are close to those shown in Figure 3 
(green lines). The preferential sputtering34 of C and N atoms 
upon Ar+ bombardment of the perovskite surface is therefore 
observed, leading to the elimination of MA ions and eventually 
causing the collapse of the perovskite crystal lattice. By 
combining high temperature annealing and sputtering, it is 
therefore possible to efficiently promote the elimination of the 
MA species and to create a layer with the PbI2 stoichiometry. 
Figure 4 compares the UPS spectra measured with He I photons 
on as-received (black), in situ annealed (red), and subsequently 
sputtered (green) perovskites. The valence electronic structure 
of organic perovskites is characterized by electron states related 
to the MA cations (located at BE higher than 6 eV) and by Pb 
and I derived states at a BE ranging from the valence band 
maximum (VBM) to 6 eV.37,38 A nil density of states is observed 
in our experiments from the VBM up to the position of the 
sample Fermi energy (EF) for as-received perovskites. Peak a is 
associated with photoemission from C valence orbitals, while 
peak b is more likely related to N valence orbitals.38 The 
position of the VBM is at 1.7 eV below EF (see

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b05422/suppl_file/jp5b05422_si_001.pdf


Figure S3 in the Supporting Information for more details). The 
conduction band minimum (CBM), obtained by adding the 
electronic band gap (about 1.7 eV from ref 39) to the VBM,40 is 
therefore coincident with EF. Our results are compatible with 
the strong n-type behavior already observed for Al2O3 
supported MAPbI3

41 and MAPbI3−xClx
42 perovskites, possibly 

due to a high concentration of donor-like states related to 
defects.33,42 We recall that negligible differences (within the 
accuracy of our characterization) are observed in the literature
between the electronic structure of MAPbI3 and MAPbI3−xClx 
perovskite surfaces.39 In the following, we will therefore refer to
the topmost perovskite layers as to the MAPbI3 surface. In situ 
treatments progressively increase the contribution of Pb and I 
derived states to the valence electronic structure and enhance 
fine details in the BE range below 6 eV. A series of small 
additional features are observed after annealing for 1 h at 150 °C 
(letters from c to f in Figure 4); however, the line shape 
observed in Figure 4b for the annealed sample is still dominated 
by photoemission from organic species. After the sputtering 
treatment, the BE of the observed features (Figure 4b, green 
line) and the overall photoemission line shape indicate the
formation of a PbI2 layer

35,36 (see Figure 4 for more details). 
The VBM is only slightly affected by the surface modifications 
and is seen to shift (Figure 4c) by about 0.1(0.2) eV toward 
lower BE on the annealed (sputtered) sample. Furthermore, in 
the sputtered sample a faint intensity tail is seen to extend from 
the VBM toward EF, where a metallic edge is observed, 
consistent with the observation of reduced Pb species in Figure 
3. The photoemission signal from secondary electrons (Figure
4a) is used to obtain the work function (Φ) of the perovskite
samples. Considering the VBM position determined for the
spectra of Figure 4c, an ionization potential (IP = Φ + VBM) of
5.5 eV is estimated for the as-received samples, in good

agreement with other photoemission-based results for either 
Al2O3 or TiO2 supported organic perovskites.39,41,43 The IP of 
the annealed and sputtered sample increases to 5.7 and 6.2 eV, 
respectively, consistent with the larger IP reported in the 
literature for PbI2.

10,36 Starting from the experimental 
determination of the VBM and Φ values for the as-received and 
annealed samples (i.e., the MAPbI3 and PbI2 surfaces, 
respectively), the schematic diagram of Figure 4d has been 
obtained. The CBM for the annealed surface is about 0.7 eV 
above EF, accounting for the PbI2 bandgap (2.3 eV, from optical 
measurements44). A type II (or “staggered”) band alignment at 
the MAPbI3/PbI2 interface is therefore realized. We note some 
discrepancies with a previous study on the same interface,10
where type I band alignment was predicted on the basis of the 
simplifying assumption of vacuum levels equalization between 
MAPbI3 and PbI2. The use of an experimentally determined 
common reference energy (EF) and the in situ processing of the 
perovskite surface allows us to detect a significant energy 
imbalance in the vacuum levels,45 which results in a net upward 
shift of the PbI2 bands. This proves that no barrier is actually 
present for hole injection into the PbI2 layer, at variance with the 
conclusions of ref 10. In photovoltaic devices, the perovskite 
layers are further processed by spin-coating on top (i.e., on the 
MAPbI3 surface) an organic hole transport material (HTM). 
Consider for instance 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene, or spiro-MeOTAD, 
characterized by a highest occupied molecular orbital (HOMO) 
BE of about 1 eV.39 According to the schematic diagram of 
Figure 4d, the thin PbI2 layer acts toward promoting hole 
injection into the HTM and reducing charge recombination by 
retaining electrons in the perovskite layer.

Figure 4. (a) Intensity of secondary electron emission upon He I excitation, as a function of the kinetic energy of the photoelectrons, measured with
respect to the sample EF. The photoemission onset gives directly the work function (Φ). (b) UPS valence band (He I photons) of a spin-coated
CH3NH3PbI3−xClx sample as-received (black), annealed for 1 h at 150 °C (red) and sputtered (green). Letters from a to g mark the position of
relevant features: (a, b) photoemission from C and N related orbitals; (c, c′) photoemission from the hybrid Pb 6s−I 5sp3 antibonding orbital; (d−f)
photoemission from I 5p orbitals, and (g) photoemission from the bonding Pb 6s−I 5sp3 orbitals.35,36 (c) Magnified portion of the BE region close
to EF showing the position of the valence band maximum (VBM). (d) Schematic diagram showing the alignment of the relevant electronic states at
the MAPbI3/PbI2 interface (CBM = conduction band minimum).
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■ CONCLUSIONS 
We have analyzed the chemical and electronic properties of
MAPbI3−xClx perovskite films either spin-coated on meso-
porous alumina or evaporated on Si substrates. Our findings
strongly contribute to the current understanding of both the
physicochemical behavior of organic−inorganic perovskites and
the operation of the related photovoltaic devices. In particular,
(i) we detect the presence of neutral methylamine molecules
and explain their formation and the elimination of Cl species
from the perovskite layer with the decomposition of
methylammonium chloride during the film preparation. It is
likely that such molecules play a role in determining the
complex defect mechanisms at the basis of the electronic
behavior of MAPbI3−xClx perovskites. Furthermore, (ii) we
characterized the thin PbI2 layer formed at the perovskite
surface upon in situ annealing and sputtering, considering in
particular the band alignment at the MAPbI3/PbI2 interface.
According to our results, the PbI2 layer can be implemented in
devices as an electron blocking/hole injecting layer for the
efficient collection of photogenerated holes from MAPbI3
perovskites.
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