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ABSTRACT: The electronic structure and surface composition of
CH,;NH,Pbl; (MAPbL;) films fabricated by one-step method with different
precursor ratios of Pbl, to CH;NH;I (Pbl,/MAI) have been investigated with
ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spec-
troscopy (XPS). It is found that the core levels of all components in the MAPbI,
film shift toward lower binding energy with decreasing the precursor ratio of
Pbl,/MA], indicating that the electronic structures of the MAPbI; film can be
adjusted by the precursor ratio of Pbl,/MAI The elemental compositions of the
MAPbI; film also depend on the precursor ratio and annealing process, and the
compositions are strongly correlated to the electronic properties of the films.
The electronic properties remain unchanged with an annealing at 110 °C.
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However, a core level shift of 0.5 eV toward higher binding energy is observed

with an annealing at 150 °C, together with noticeable composition change from the XPS core level analysis. The distribution of
all chemical components in the MAPbI; film is further investigated with angle-resolved XPS (AR-XPS). It is observed that
annealing at 150 °C leads to relatively shallow distribution variations of I and Pb in the MAPDbI, film, accompanied by infiltration

of metallic Pb into the bulk.

1. INTRODUCTION

Organometallic halide perovskites have attracted intensive
interests in recent years due to their excellent characteristics
of high absorption coefficient, appropriate direct bandgap, nice
carrier transport, low cost, and solution-based fabrication
process.' " There have been unexpected breakthroughs and
rapid evolution of highly efficient solar cells based on this kind
of perovskite materials in the past few years. A 3.8% eflicient
dye-sensitized solar cell (DSSC) based on perovskite
CH,;NH,Pbl; (MAPbl;) was first reported by Kojima et al. in
2009.° After a short time, Snaith’s group demonstrated that a
planar heterojunction MAPDI; solar cell without the meso-
porous electrode in typical sensitized solar cells could have very
high efficiency of 12.3%.° Then, Gritzel et al. brought the
efficiency to 15.0% by depositing MAPbI; on nanoporous
TiO,.” Bi et al. achieved a stabilized efficiency of near 19.0% by
applying nonwetting high-aspect-ration crystalline grain growth
for MAPbI, solar cells.” Recently, a power conversion efficiency
of 20.1% was certified by the National Renewable Energy
Laboratory.” It is expected that the stabilized efficiency of 20%
or higher can be reached by optimizing the device structures
and interface modifications.

To date, MAPDI; films have been formed by versatile film
deposition approaches such as single-step premixed precursor
deposition by spin-coating, sequential deposition of precursors,
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and coevaporation of the precursors.””'* Among all the
possible methods, the solution process has proven to be an
appropriate method to create high quality MAPbI; film due to
its low cost, large scale, and flexible environmental conditions.
Recent development of solution chemistry engineering has
been confirmed to lead to fabrication of high efficiency solar
cells." Seok et al. reported an efficiency of 16.5% in solution-
processed MAPDI; solar cells by the preparation of extremely
uniform MAPbI; layers.'® Lee et al. reported that the power
conversion efliciency of solution-processed MAPDI;-based
devices could be improved by surface modification.'”'” Wang
et al. reported recently that the surface morphology and devices
performance were significantly modified by controlling the
precursor ratio of Pbl, to CH;NH,I (MAI)."”** Substantial
achievements in the solution fabrication techniques of MAPbI;
film have been reported so far. However, some basic problems
in solution process still remain unsolved, such as the precise
relation between the surface composition of MAPbI; films and
the precursor ratios of Pbl, to MAI (Pbl,/MAI) in mixed
solution and the distribution of chemical components in
MAPDbI; films for the as-grown and annealed MAPbI, films. We
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have observed that changing the precursor ratios can control
the electrical doping properties of MAPbI, films.'” However,
the underlying mechanisms for the control of the electronic
properties still remain to be investigated.

In this paper, we report our systematic investigations on the
electronic structure, surface composition, and the component
distribution of the MAPDbI; films fabricated by one-step method
with different precursor ratios using ultraviolet photoelectron
spectroscopy (UPS), X-ray and angle-resolved X-ray photo-
electron spectroscopy (XPS, AR-XPS). The core level shifts of
the MAPDI; films observed by XPS show that its electronic
structures are strongly correlated to the precursor ratio. The
electronic structure of MAPDI; film can also be changed by
implementing an appropriate annealing process. The AR-XPS
shows that there is more I and Pb in the surface region than in
the bulk, and the metallic Pb infiltrates into the bulk for the
MAPDI; film annealed at 150 °C. The analysis therefore
provides a comprehensive picture of the microscopic depend-
ence of the electronic structure on compositions in hybrid
perovskite.

2. EXPERIMENTAL SECTION

MAPDI; film was prepared by using single-step premixed
precursor deposition as recently reported.19 First, poly(34-
ethylenedioxythiophene)/poly(styrenesulfonate) (PE-
DOT:PSS) was spun coated onto the ITO substrate at 3000
rounds per minute (rpm) for 60 s, and then followed by 105 °C
annealing for 30 min. The different Pbl,/MAI ratios of 0.3,
0.65, and 1.0 were obtained by mixing in different proportions
of Pbl, and MAI that were dissolved in anhydrous N,N-
dimethylformamide (DMF) at the concentration of 400 mg/
mL. The mixture solutions were spun coated onto ITO/
PEDOT:PSS at a rate of 9000 rpm for 30 s. Then the MAPbI;
films were annealed at 100 °C for 60 min. The thickness of
MAPDI, films is ca. 250 nm.

The three kinds of as-grown MAPbI; films were sent into the
characterization chamber for UPS and XPS measurements. The
UPS was measured with a SPECS Microwave UV Light Source
(He I = 21.2 V) and XPS with monochromatic SPECS XR-
MF Microwave X-ray source (Al K, = 1486.7 eV) in an
ultrahigh vacuum (UHV) system.”'~>* The UHV system
includes a SPECS PHOIBOS 150 hemispherical energy
analyzer and the based pressure is superior to 2 X 107"
mbar. A total energy resolution of 70 meV was selected for the
UPS measurements as determined from the Fermi edge of Au.
For XPS, the resolution of the spectrometer was chosen to be
0.65 eV with the pass energy setting of 40 eV. After the UPS
and XPS measurements, a 110 °C annealing for 30 min was
carried out for each MAPbI; film, then the samples were sent
back to the characterization chamber to collect their UPS and
XPS data. For the MAPDI; film fabricated with the precursor
ratio of 0.3, an additional annealing at 150 °C for 45 min was
applied in order to verify the annealing effect on the electronic
structure of the MAPDI; film. The binding energies of all UPS
and XPS spectra were calibrated and referenced to the Fermi
level (Eg) of the sample. Atomic force microscopy (AFM)
imaging was examined by Agilent SS00AFM/SPM using the
tapping mode. All measurements were taken at room
temperature.
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3. RESULTS AND DISCUSSION

Shown in Figure la are the XPS full scan spectra of MAPDI;
films coated on the top of an ITO/PEDOT:PSS substrate with
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Figure 1. (a) The XPS full scan spectra of the MAPbI, films coated on
the top of an ITO/PEDOT:PSS substrate with precursor ratios of 1.0,
0.65, 0.3, and 0.3 annealed at 150 °C for 45 min. (b) The XRD spectra
of MAPDI; film prepared with the precursor ratio of 0.52 accompanied
by those of MAI and Pbl,. (c) The AFM image (S ym X S ym) of the
MAPDI; film with 1.0 precursor ratio. The cross-sectional profiles
corresponding to the line is shown at the bottom.

precursor ratios Pbl,/MAI of 1.0, 0.65, 0.3, and 0.3 followed by
annealing at 150 °C for 45 min. To eliminate the surface
charging effects, we use the amorphous carbon C 1s core level
of 284.5 eV as a reference to calibrate the energy position of all
the spectra. As expected, the sample displays carbon, nitrogen,
iodine, lead, and oxygen. It is worth to note that no sulfur
component was detected in the XPS spectra of MAPbI; film for
all samples despite being a basic component of the underneath
PEDOT:PSS substrate, indicating that the XPS signal from the
PEDOT:PSS substrate can be completely suppressed by such a
thickness of 250 nm MAPDbI; overlayer in spite of its possibly
poor surface coverage. Therefore, the slight presence of oxygen
might be ascribed to the contamination from the ex situ XPS
characterization rather than the oxygen component of
PEDOT:PSS. The XPS full scan spectra just provide simple
information about the MAPDI; films. We find it difficult to
identify significant difference among the four full scan spectra.

Figure 1b presents the XRD patterns of MAPbI; film
prepared with the precursor ratio of 0.52 accompanied by those
of Pbl, and MAL It is observed that the impurity peaks of Pbl,
and MAI almost completely disappear as the precursor ratio
increases from 0.3 to ca. 0.52 and the XRD patterns remain
almost unchanged with the subsequent increase of the
precursor ratio. The results observed here are in good
agreement with the previous report.”’ The nonunit precursor
ratio for stoichiometric MAPbI; film formation indicates that
the composition of the spun films is different from that in the
precursor solution, which should be ascribed to the different
affinities of MAI and Pbl, to the substrates. Shown in Figure 1c
is the AFM image of MAPDI; film with precursor ratio of 1.0. A
MAPbI, film with high roughness (ca. 65 nm) and a lot of
microfibers is observed, likely due to the high content of Pbl,.
The cross-sectional profiles corresponding to the line is shown
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at the bottom. It is found that the maximum difference of
ca.182 nm in height is less than the thickness of MAPbI; films.

Presented in Figure 2 are the XPS spectra of C 1s, N 1s, I
3ds/,, and Pb 4f,,, of MAPDbI; films fabricated with different
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Figure 2. XPS spectra of (a) C 1s, (b) N 1s, (c) I 3ds,, and (d) Pb
4f,, for MAPbI, films fabricated with different precursor ratios of 1.0,
0.65, and 0.3 from the bottom to the top.

precursor ratios. The spectra have been normalized to the same
height for visual clarity. The areas of the XPS spectra of the
elements were obtained by fitting Lorentzian—Gaussian peaks
after removing the secondary electron background, followed by
normalization with corresponding atomic sensitivity factors. We
find that the binding energies (BE) of C 1s, N 1s, I 3d;,, and
Pb 4f,, core level slightly shift (~0.2 eV) to low BE as the
precursor ratio decreases from 1.0 to 0.3, almost following the
same trend of the valence band maximum (VBM) shift
observed by the UPS results in our previous works.'” Here, the
UPS spectra of the MAPDI, films with precursor ratio of 1.0,
0.65, and 0.3 was collected once again for the completeness. As
shown in Supporting Information Figure S1, it is found that the
work function (WF) increases while the VBM shifts toward the
Fermi energy (Eg) as the precursor ratio decreases from 1.0 to
0.3, indicating the WF and VBM are clearly influenced by the
precursor ratio. The VBM of the MAPbI; film fabricated from
precursor ratio of 1.0 is measured to be 0.9 eV below the E,
which indicates an n-doped film given the fact that the gap of
MAPDbIL; is 1.5 eV. The VBM is pushed up to 0.7 eV below the
Eg when reducing the precursor ratio to 0.3. A total shift toward
to Eg of 0.2 eV for the core levels as well as the VBM indicates a

conversion from n-doped film to weakly p-doped film as
reducing the precursor ratio from 1.0 to 0.3.

As shown in Figure 2a, the C 1s core level includes two peaks
for all MAPDbI; films. The C 1s peaks centered on ca. 284.5 and
285.9 eV are assigned to amorphous carbon and methyl
carbons in MAPbIL, respectively.”> > Given the MAPbI, film
thickness of 250 nm and no information on sulfur component
in the PEDOT:PSS substrate being detected by the XPS spectra
of MAPDI; film, we speculate that the C 1s peak centered on ca.
284.5 eV does not originate from the carbon component of the
PEDOT:PSS substrate. The amorphous carbon component is
stronger than the other one, which should be ascribed to the
carbon contamination coming from the environment during the
preparation and the subsequent annealing process. Both the N
Is and I 3ds,, core level include a single peak as shown in
Figure 2b and ¢, indicating the only one N and I component in
the MAPbI, films.”**’ From Figure 2d, we can find that the Pb
4f,/, core level comprises of two components represented by
two peaks centered on ca. 137.9 and 136.3 eV, respectively. The
bigger one can be associated with the Pb component in
MAPDI, structure, while the much smaller one to metallic Pb
decomposed from Pbl, due to the chemical reaction during the
sample annealing process as MAPbL, films were prepared.”’ >
The conclusion obtained here agrees well with that reported by
Lindblad et al.** in which they observed two similar peaks for
the Pb 4f,,, core level with the energy difference of 1.7 eV
between them.

To investigate the annealing effect on the electronic
properties of the film at different temperature, the MAPDI,
film fabricated with 0.3 precursor ratio was chosen to carry out
annealing treatment. As shown in Figure 3a,b, the XPS spectra
of I 3d and Pb 4f are collected for the annealed MAPDI, film at
110 °C for 30 min and 150 °C for 45 min. By comparison, the
XPS spectra of I 3d and Pb 4f is also presented for the as-grown
MAPDbI; film with 0.3 precursor ratio. Because of spin—orbital
splitting, I 3d core level is a doublet consisting of the I 3d;,,
and I 3d;;, components separated by 11.5 eV and with a
branching ratio of 1.5.%" For the Pb 4f core level, it is a doublet
consisting of Pb 4f;,, and Pb 4f;,, components with an energy
separation of 4.85 eV.”"** Naturally, the small peaks in the Pb
4f spectra at the lower binding energy compared with the main
peak are associated with metallic lead. It is observed that the
binding energies of I 3d and Pb 4f core level remain unchanged
after annealing at 110 °C (see the dashed lines), supporting the
results observed by the UPS spectra of MAPDI; films as shown
in Supporting Information Figure S1. The intensity of XPS
spectra increase significantly likely due to the removal of surface
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Figure 3. XPS spectra of (a) I 3d and (b) Pb 4f for the MAPbI, film fabricated with 0.3 precursor ratio. The solid, dashed, and dotted lines denote
the spectra of the as-grown MAPDI;, the corresponding annealed film at 110 °C for 30 min and that at 150 °C for 45 min, respectively.
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contaminations and/or the modification of the film morphol-
ogy during the annealing process. It is confirmed that an
annealing at such a low temperature of 110 °C could not
change the electronic properties of the MAPbI; film. However,
the core levels of I 3d and Pb 4f obviously shift back to higher
BE by ca. 0.5 eV for the MAPbI; film annealed at 150 °C (see
the dotted lines) compared with the as-grown MAPDI; film,
which is qualitatively consistent with the VBM shift observed in
UPS. As shown in Supporting Information Figure S1, the VBM
of the annealed MAPbI; film at 150 °C is pushed down to 1.3
eV from 0.7 eV below the Eg, indicating a down shift of 0.6 eV.
We can conclude that the weakly p-doped MAPbI; film can be
converted into strong n-doped film through this annealing
treatment at such a temperature of up to 150 °C. Therefore, the
results observed here indicate that the electronic structure of
MAPDI; film can be changed by implementing an appropriate
annealing process. Interestingly, the shift of both C 1s and N 1s
core levels show an unexpected behavior with the slight shifts
to lower BE after annealing (not showing here), which may be
perhaps associated with the complex chemical reactions
occurred during the annealing process, although further
research is needed to understand the exact reasons. The
chemical reaction to some extent is further confirmed by the
existence of the strong metallic Pb component. The metallic
Pb-related peak is observed to rise obviously after the annealing
at 150 °C, indicating that more metallic Pb is decomposed from
Pbl, or segregated from MAPDI; during the annealing process.

Table 1 presents the elemental composition in MAPbI; films
with different precursor ratios. The amorphous C and the

Table 1. Elemental Composition in MAPbI; Films with
Different Precursor Ratios

PbL,/MAL 1.0 0.65 0.3 0.3 annealed”
C 10.26% 21.03% 25.47% 21.06%
N 5.20% 6.23% 7.14% 1.61%
1 39.61% 25.16% 13.44% 7.93%
Pb 18.34% 10.10% 5.38% 5.41%
amorphous C 25.19% 36.90% 47.25% 60.74%
metallic Pb 1.39% 0.59% 1.32% 3.25%

“Denote the MAPbI, film with the precursor ratio of 0.3 after a 150 °C
annealing for 45 min.

metallic Pb are separated from the basic components as
impurity ones. The elemental compositions of the C and N
increase as the precursor ratios decrease, which can be
attributed to the increase of the MAI content in the precursor
solution, while the elemental composition of the Pb decrease
with decreasing the Pbl, content. Since Pbl, has a better affinity
to the PEDOT:PSS substrate than MAI, a net drop of the I
content was observed with the decrease of Pbl, despite the
increase of MAI in the precursor solution.' Yin’s calculation
results argued that Pb default would form p-type film and I
default form n-type film in perovskite materials.”* Therefore,
the deficiency of Pbl, in precursor mixture solution will lead to
the formation of Pb vacancies and thus achieving a p-type film
as observed previously in the UPS results. For the MAPbI; film
fabricated with 0.3 precursor ratio after a 150 °C annealing for
4S min, it is found that the elemental compositions of the I and
N decrease sharply while the Pb increases slightly, thus, I
vacancies would be formed by the reduction of the I content
and an n-type film is naturally achieved according to Yin’s
report. The reductions of the I and N can be ascribed to the
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evaporation of MAI from the MAPDI; films during the
annealing process. As reported by our recent investigation,”
the other possible reason about the I reduction is associated
with the formation of volatile I by passing the electron of I" to
Pb** and becoming neutral, which in turn escapes to the
vacuum. Meanwhile, more metallic Pb was detected compared
with the situation before 150 °C annealing as confirmed by the
bigger peak of metallic Pb in Figure 3b. Furthermore, it is worth
noting that there are obvious deviations from stoichiometric
MAPbDI; film, too much C component in particular, which
should be partly ascribed to the special distribution of different
components in the bulk and surface regions of the MAPbI;
films.

To further analyze the distribution of all components in the
bulk and surface regions of the MAPbI; films, AR-XPS is used
for the MAPDI; film fabricated with 0.3 precursor ratio. As
shown in Figure 4, the atomic concentrations of all components
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Figure 4. Atomic concentration of all components in the MAPbI; film
with 0.3 precursor ratio as a function of the takeoff angle for (a) the as-
grown film and (b) the corresponding film annealed at 150 °C. The
inset is the measurement geometry of AR-XPS.

including impurity amorphous C and metallic Pb are plotted as
a function of the takeoff angle @ for the as-grown film and the
corresponding annealed film at 150 °C. The measurement
geometry of AR-XPS is shown in the inset of Figure 4a. The
probing depth, that is, 4 cos 6, where A is the mean diffusion
length of electron in MAPDI; film, decreases with the increase
of takeoff angle, indicating that the larger takeoff angle can be
used to reflect the content composition of film closer to the
surface.””’

As shown in Figure 4a, the methyl carbon component of the
as-grown film decreases as the takeoff angle increases from 0 to
60°, which indicates that more methyl C is distributed in the
bulk than in the surface of MAPDI, film, while the amorphous
C shows an inverse distribution. Too much C detected in XPS
measurement is possibly associated with the surface preference
of the amorphous C originated from the environmental
contaminants and the migration of decomposed C toward
surface from the bulk region. The I fraction decreases slightly as
the takeoff angle increases, indicating that there is more I in the
bulk than in the surface region of the MAPDI; film. The
amounts of N and Pb remain nearly unchanged as the takeoff
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angle increases, showing a homogeneous distribution in the
MAPbI, film.

It is worth noting that the atomic concentrations of the four
compositions are influenced by the annealing process. As
shown in Figure 4b, the I and N fraction in the MAPDI; film
present obvious reductions as a whole for all takeoff angles
compared with those in Figure 4a, while the Pb fraction
increases as illustrated partly in Table 1. The fraction of I and
Pb (not including the metallic Pb) increase approximately with
increasing takeoff angle, indicating that the higher I and Pb
concentration in the surface region than in the bulk is most
likely due to the existence of Pbl, on the surface, which is from
decomposition of MAPbI, by annealing at 150 °C.**

To highlight the distribution of all components shown in
Figure S, we plot the relative depths of all chemical components

Relative depth plot

Surface
metallic Pb 13d amorphous C
'g - I\: Is amorphous C ° o Pbdf
2 . ’
= 13d N Is metallic Pb
g .
%) L
2
S
= S Pb 4f Cl1
Bulk (a) As-grown film - [ (b) Annealed at 150 °C ° s
u

Figure 5. Relative depth plot of chemical components for (a) as-grown
film with 0.3 precursor ratio and (b) the corresponding film annealed
at 150 °C.

in the MAPbI; film with 0.3 precursor ratio before and after
annealing at 150 °C by using the AR-XPS data. This plot uses
the relative sensitivity of each chemical component with respect
to the takeoft angle, which allows sorting the components as a
function of depth. The relative depth is calculated from the
ratio of relative intensities, In(I e angle/ Toulk mgle) for each
component, where I ,cc angle Tepresents the intensity at takeoft
angle of 60° and Iy g represents the intensity at takeoff
angle of 0°.*” It is observed that the metallic Pb, amorphous C
and N have smaller relative depth, the C and Pb components
have greater relative depth, and the I component has a
moderate relative depth for the as-grown MAPDI, film as shown
in Figure Sa. However, the relative depths of the I and Pb
components have reduced greatly due to the annealing
treatment as shown in Figure Sb, which can be associated
with the decomposition of MAPbI;, thus more Pbl, distribution
at the surface region after annealing, as discussed in the
previous subsection. In contrast, the relative depths of the N
and metallic Pb have increased obviously accompanying the
annealing process. We speculate that the relatively small
concentration of N in the surface region may be ascribed to the
evaporation of MAI and the deeper relative position of the
metallic Pb indicates its infiltration into the bulk via the
annealing treatment. The relative depth of the amorphous C
remains almost unchanged, which supports its surface
preference.

4. CONCLUSIONS

We have investigated the electronic structure and surface
composition of the MAPDI; films fabricated by one-step
method with different precursor ratios using UPS and XPS. The
results observed here show that the electronic properties and
the surface composition of the MAPbI; film are dependent on
the precursor ratio and annealing process. The MAPbI; films
with different electronic properties can be prepared by regulate
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precursor ratio or annealing. Furthermore, AR-XPS results
show that the relative depths of all components are influenced
by annealing treatment and an annealing at 150 °C leads to the
relatively shallow distribution of I and Pb components in the
MAPDL; film and the infiltration of metallic Pb into the bulk.
Our analysis here provides insight for the underlining
mechanisms in controlling the electrical properties of MAPDI;
films by precursor ratios and annealing, which in turn will be
useful for fabricating high efficiency MAPbI; solar cells.
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