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ABSTRACT: Interfacial electronic structure at the perovskite CH;NH,;Pbl;/TiO, or
MAPbDI;/TiO, interface has been investigated using a high-resolution synchrotron
photoemission spectroscopy. The core levels and valence band spectra of our solution-
processed MAPbI; layers spin-coated on a mesoporous TiO, substrate are consistent
with a pure iodide perovskite (MAPbI,) with residual methylammonium (CH,NH,")
trapped within the perovskite crystal lattice, which is in contact with TiO,. In addition,
we show spectroscopic evidence for the presence of Pbl, and methylamine (CH;NH,)
at the MAPbL,/TiO, interface. Interestingly, the Fermi level (E;) aligned to the
conduction band minimum (CBM) of both layers is found to be lifted via a band
bending which may be attributed to characteristic chemical bonding structures at the
interface. The band bending may act as an electron transfer barrier between MAPDI,
and TiO,. Thus, our findings in interfacial electronic structure of MAPDI; layers on
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TiO, will be crucial in understanding its photovoltaic performance.

1. INTRODUCTION

Organic—inorganic halide materials such as methylammonium
lead halides (CH;NH;PbX;, X = I, Cl, Br) have attracted a
great deal of attention from many people due to their successful
applications as highly efficient photovoltaic materials.' ™ The
attraction is not only due to the cheapness and abundance of
the raw materials but also due to many beneficial physical
properties such as strong visible-light absorption, long exciton
lifetime, high hole conductivity, and easy fabrication process.*””
In addition, the bulk structure of those materials are built on
the perovskite lattice based on the octahedral cages made of
inorganic divalent metals (e.g, Pb**, Sn*", and Ge**) and halide
anions (e.g,, Cl, Br, and I) and charge-balancing organic units
such as a methylammonium cation (CH;NH;*, MA*).*® Thus,
changing stoichiometries of cations and anions provide a
chance of obtaining perovskite materials with tunable bandgap
(Eg) in the whole visible range®’ for the design of an efficient
photovoltaic cell with high open-circuit voltage (V).

Ever since the successful application in solar cells in 2009,
the optimized synthetic techniques and stack structures have
reached a level of efficiency higher than 20%."" In general, for
an efficient solar cell performance, a stack structure requires the
conducting perovskite structure deposited onto a blocking layer
such as TiO,.'' ™" Studies on the interfacial photophysical
mechanisms at the heterojunction are in progress and suggest
that one of the important reasons of the high efficiency of
MAPbDX; perovskite-based solar cells is its long carrier diffusion
lengths that can exceed even several micrometers in a MAPbX,
absorber.'”'® An efficient ultrafast photoexcited electron
transfer from MAPDbX; to TiO, is also considered to be
important to improve the efficiency. Recent studies indicate
that characteristics on electron transfer between perovskite and
TiO, are strongly influenced by the interface electronic

1,10

-4 ACS Publications  © 2016 American Chemical Society

structure between the two layers.'’A diverse range of the
charge transfer times (spanning <1 ps to hundreds of ps) and
varying efficiencies observed at the heterojunction™'”'® may be
in part due to the delicate variation in the chemical bonding
and electronic structures at the interface. For example, the
mixed halide perovskite/TiO, interface may be chemically
enriched with Cl which may change the bulk phase of the
perovskite layer, influencing the overall photoexcitation
efficiency.'”*° Thus, understanding the chemical and electronic
properties of the MAPDbLX;/TiO, interface is crucial for
improving device optimization. In accordance with the research
needs, recent studies are focused on elucidating the electronic
structure of the TiO,/MAPDI; interface through combined
XPS/UPS measurements.' > >'®*' XPS has been deliberately
employed to explore the interface and bonding structure of the
perovskite materials such as vacuum-deposited MAPb(Il_yBry)3
and MAPb(I,_,Cl,); films** and solution spin-coated MAPbI,
films.*

In this study, we investigated the chemical states of the
MAPbDI;/TiO, interface by preparing fairly thin MAPbI; layers
on TiO, to be probed by synchrotron photoemission
spectroscopy. All the preparation procedures are the same as
those for the solution-based real solar cell device fabrication
process except that the thickness is controlled to be either thin
(a few nm) or thick (~80 nm). Comparing the core levels and
the valence band spectra of the two samples revealed that the
charge transfer at the interface shifts the band alignment at the
interface in a way to inhibit the efficient electron transfer
between the two layers.
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Figure 1. SEM images of the (a, b) thin (Thin-Pero) and (¢, d) thick (Thick-Pero) perovskite layers spin-coated on TiO,/FTO. (a, c) Cross-section

view. (b, d) Top view.
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Figure 2. Pb 4f and I 3d core level spectra taken with a photon energy of 350 (690) eV for the thick perovskite film (Thick-Pero, top) and the thin

perovskite film (Thin-Pero, bottom).

2. EXPERIMENTAL DETAILS

2.1. Preparation of the MAPbI;/TiO,/FTO. The fluorine-
doped tin oxide (FTO)-coated glass substrates were cleaned by
acetone, isopropyl alcohol (IPA), and deionized (DI) water
sequentially using ultrasonication. The FTO substrates were
treated with O, plasma for 3 min prior to use. To prepare the
blocking layer TiO, on FTO, 0.15 M titanium diisopropoxide
bis(acetylacetonate) (75% in 2-propanol, Sigma-Aldrich) was
spin-cast on FTO, which was subsequently heated in the
furnace at 500 °C for 30 min. This TiO, layer prevents the
direct contact between FTO and the perovskite photoactive
layer. The mesoporous-TiO, layer was formed by spin-casting
TiO, paste (Dyesol), diluted by ethanol (3.5:1 w/w) on
blocking-TiO,/FTO substrate at 5000 rpm for 40 s, followed
by an annealing process at 500 °C for 30 min. The
CH,NH,PbL; (or MAPbL;) perovskite layer was prepared on
the mesoporous-TiO, layer as follows. First, CH;NH;I was
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prepared from CH,NH, (24 mL, 33% in ethanol, Sigma-
Aldrich) and HI (10 mL, 57 wt % in water, Sigma-Aldrich),
which were mixed at 0 °C and stirred for 2 h, and the resulting
solution was evaporated by a rotary evaporator at 60 °C for 30
min. The product was dissolved in ethanol and washed by
diethyl ether three times. Finally, the product was dried at 70
°C in a vacuum oven for 24 h. The Pbl, was purchased from
Sigma-Aldrich and used as received. Pbl, and CH;NH,I (1:1
molar ratio) were added to the mixture of y-butyrolactone
(GBL) and dimethyl sulfoxide (DMSO) (7:3 v/v) in an inert
atmosphere. The solution was stirred at 70 °C for at least 12 h
before use. The solution (0.9 M solution for Thick-Pero and
0.6 M solution for Thin-pero) was spin-cast onto the
mesoporous-TiO,/blocking-TiO,/FTO substrate at 1000 rpm
for 10 s and 5000 rpm for 20 s sequentially. During the second
spin-casting step, 1 mL of toluene was added onto the
substrate. To explore the interface between the perovskite and
the TiO,, the thickness of the perovskite layer was controlled to

DOI: 10.1021/acs.jpcc.6b07476
J. Phys. Chem. C 2016, 120, 22460—22465


http://dx.doi.org/10.1021/acs.jpcc.6b07476

The Journal of Physical Chemistry C

C1s

hv =350 eV c1
— C2
2 286.6 eV-- -~
c '
. :
= c3
S .
> Thick-Pero
‘@
C
[}
=

Thin-Pero

1 1 1 1 1 1

Intensity (arb. units)

292 290 288 286 284 282
Binding Energy (eV)

N 1s

= N1
hv=450eV N1, 0 4oy

Thick-Pero

1 1 1 1 Il 1 1 1
406 404 402 400 398 396 394 392
Binding Energy (eV)

Figure 3. C 1s and N 1s core level spectra taken with a photon energy of 350 (450) eV at normal emission for the thick perovskite film (Thick-Pero,

top) and the thin perovskite film (Thin-Pero, bottom).

be either thin (~a few nm, Thin-Pero) or thick (~80 nm,
Thick-Pero). After spin-casting, the substrate was annealed at
100 °C for 10 min on a hot plate.

The cross-sectional SEM images as well as the top-view
images of the two samples are displayed in Figure 1. The cross-
sectional view of Thick-Pero (Figure 1(c)) confirms the
thickness of MAPbI; is about 80 nm. The film, however, is
not uniform and has crevices (see Figure 1(c) and (d))
allowing the underlying TiO, layer to be seen by XPS. For the
case of Thin-Pero, the large area of the TiO, layer is directly
exposed to the surface with some MAPDI,; particles distributed
on the surface. This condition allows us to measure the
chemical states of both MAPbI; and TiO, layers and the
interfacial states for both samples.

2.2. Photoemission Characterization. All experiments
were performed in an UHV chamber attached to the 10D
beamline of Pohang Accelerator Laboratory (PAL). The
perovskite samples cut into ~5 X 5 mm size were mounted
onto a Mo sample holder by wrapping Ta strips around the
samples and spot-welding the Ta strips onto the Mo sample
holder. A thick Au film of ~5 X S mm in size was also attached
to the sample holder to be used as a reference for binding
energy calibration.

Photoemission spectra of Pb 4f, I 3d, N 1s, C 1s, Ti 2p, and
O 1s core levels and valence band were taken using a
commercial electron analyzer (PHOIBOS 150, SPECS) at a
fixed normal emission geometry at RT. Photon energies were
varied at 250—690 eV. The binding energies of the photo-
emission spectra were determined by taking the binding energy
of the Au 4f,, core level to be 84 eV.

3. RESULTS AND DISCUSSION

Figure 2 shows Pb 4f and I 3d core levels taken from the thick
(Thick-Pero) and thin (Thin-Pero) perovskite films. The Pb 4f
core level shows well-resolved Pb 4f features with spin—orbit
split of 4.9 eV. We find that the main Pb 4f feature is centered
at 138.4 eV for both cases. However, the detailed spectral shape
of Thin-Pero is extended toward higher binding energy,
suggesting the presence of another component. Also, we note
a small shoulder at 136.7 eV (see the arrow in Figure 2); it is
assigned to metallic Pb>* which is commonly observed from
decomposition of MAPbL,.>* The Pb 4f is fitted with two
components at Pb 4f;/, binding energies at 138.4 and 139.1 eV,
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respectively. The peak at 138.4 eV dominates the Pb 4f features
of Thick-Pero, while the one at 139.1 eV is enhanced for Thin-
Pero. Thus, the high-binding-energy peak must be related to
those Pb species at the interface between MAPDI; and TiO,.
Since the binding energies of Pb*" from MAPbX; (X = I, Br,
Cl) are commonly observed at 138.4—138.7 eV,”***™* it is
reasonable to assign the one at 1384 eV to the bulk Pb*'
component of the MAPDbI; film. The blue-shifted Pb
component (139.1 eV) may be related to oxidized Pb**
species’® or to Pbl,/TiO,; a blue shift in the Pb 4f binding
energy (to 138.8 V) is sug$ested for TiO,/Pbl, compared to
that of TiO,/CH;NH;PbL,."> A tiny amount of residual Pbl,
impurity is often found in the perovskite crystal phase in the
MAPbDI;-based photoactive layer for high performance solar
cells.***7*° The roles of Pbl, are under intense investigation
and are suggested to be either positive (passivation of grain
boundary of perovskite crystal,”® enhancement of the electronic
coupling at the interface with TiO,,*" or reduction of the trap
density at that interface™) or negative (electron blocking due
to its higher conduction band than perovskite,”” inducing an
intrinsic instability to the film under illumination,® or
increasing hysteresis’>). The conflicting roles of Pbl, may be
attributed to different preparation methods which can influence
the actual amount and the morphology of the residual Pbl, in
perovskite films. Considering the nonoxidizing condition of our
preparation method, it seems also reasonable to assign the
139.1 eV Pb component to Pbl, predominantly accumulated
around the interface with TiO,.

Also shown in Figure 2 is the I 3d core level which can be
fitted with a single component with a characteristic spin—orbit
split of 11.5 eV. The I 3d;, binding energy is determined to be
619.1—619.2 eV for both films. The measured I 3d;;, binding
energies also fall in the range of I” species observed for
MAPbL,/TiO, of other groups."

The presence of methylammonium (MA, CH;NH,") in the
lattice is evidenced from C 1s and N 1s core levels shown in
Figure 3. The C 1s core level features a peak centered at 285 eV
with shoulders toward higher binding energies, which are fitted
with three components at 285 (C1), 286.6 (C2), and 288.8
(C3) eV, respectively. Although the peak at 285 eV (Cl) is a
dominant one, it is likely to be C-based contaminants residing
at the perovskite/TiO, surface since it is commonly observed
from the spectra of ex-situ spin-coated samples. The C 1s peak
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that is assigned to C species of methylammonium in the
perovskite is the one at 286.6 eV after the comparison of the
binding energies obtained from other studies.””**** The small
peak at 288.8 eV is likely to be airborne C contaminants such as
carbonate species.

N 1s core level spectra in Figure 3 exhibit a major peak at
4024 eV with a shoulder at lower binding energies. Fitting
reveals two components at 4024 (N1) and 400 (N2) eV,
respectively. Very similar N 1s spectral shape with a peak at 402
eV and shoulders toward lower binding energies was also
detected for the CH;NH,;PbI;_.Cl, perovskite films/Al,O,
(and Si)*® and for CH;NH,Pbl, on TiO, at 402.7 eV.** Also,
the N 1s peak at 402 eV has been reported for the MAI/PbCl,
bilayer film in situ deposited on an ITO glass.34 Thus, the N1
peak can be assigned to N species in methylammonium
(CH;NH,;") trapped within the perovskite crystal lattice. The N
1s peak close to 400 eV was also observed from molecular
methylamine (CH;NH,) condensed on metal surfaces as a
multilayer” or a free terminal NH, group as in self-assembled
monolayers of S-bound aminethiols on Au.*® A similar N-
containing molecule such as 4-mercaptopyridine bound to TiO,
may show a N Is peak at 400—401.5 eV depending on the
binding sites (Ti or OH sites).”” Protonation of the amine
group to —NH;" species may induce a blue-shift in the N 1s
binding energy by about 1—2 eV to 401—402 eV,”® as has been
observed for the MA-based perovskite films.”>*>** Interest-
ingly, the ratio of N2 to N1 is higher for Thin-Pero than for
Thick-Pero suggesting that N2 is related to those accumulated
at the interface or in contact with TiO,. Thus, the N2 species
may be assigned to excess molecular species (such as CH;NH,)
at the interface accumulated at the interface or bound to TiO,
during the formation of the perovskite phase.”

Figure 4 compares the valence band spectra for the two
(thick and thin) perovskite films on TiO, taken with various
photon energies. We note that the valence band spectra for
Thick-Pero show dominant features at 2—S eV associated with
the electronic states of Pbl;~, while those for Thin-Pero have
more pronounced bands at 4—8 eV due to the dominant
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Figure 4. Valence band spectra taken with the photon energies of 250,
350, 450, and 690 eV at normal emission for the thick perovskite film
(Thick-Pero, black) and the thin perovskite film (Thin-Pero, gray).
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contribution of the TiO, layer in the valence band. The very
similar valence band shape with the perovskite features at 2—5
eV has been also reported for the earlier studies on TiO,/
CH;NH,Pbl;"* and CH,;NH;PbL,Cl perovskite.”*

The features at 2—5 eV originate from the contribution of
the iodides (I Sp) at 3 eV and the Pb—I—Pb bonds with
bonding (at ~S €V) and antibonding (at valence band edge)
states.”’” By extrapolating the decaying intensity toward zero
(represented by the horizontal baseline), the valence band
maximum (VBM) is determined to be about 1.5 eV below the
Fermi level (Eg). VBM position of 1.5 eV is very close to the
nominal energy gap (1.5—1.6 eV) predicted for the halide
perovskite CH;NH;Pbl,.*

For Thin-Pero, the contribution of O 2p at ~4 eV is
especially pronounced for the valence band spectrum taken
with the photon energy of 250 €V (see Figure 4) due to the
large contribution of the surface-exposed TiO, layers. Thus, the
VBM of the TiO, layer may be obtained by the extrapolation of
the decaying edge of the O 2p band, which gives about 3.2 eV
below the Ep. The value is very close to the band gap of TiO,,
indicating that the Ey, of the TiO, is aligned to the bottom of its
conduction band. Thus, for the case of Thin-Pero, the Fermi
levels of the perovskite and TiO, layers are assumed to be
aligned to the bottom of their respective conduction band
minimums (CBM).

The O 1s and Ti 2p core level spectra for the thin and thick
samples are presented in Figure S. Main spectral features are
consistent with that expected from the stoichiometric TiO,
layer with Ti** and O*". The O 1s peak at 530.3 €V for Thin-
Pero is assigned to the lattice O*” species of TiO,. The
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Figure S. O 1s and Ti 2p core level spectra taken with a photon energy
of 690 eV at normal emission for the thin (Thin-Pero, gray) and thick
(Thick-Pero, black) perovskite/TiO,.
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asymmetric tail toward high-binding energy extended from 502
to S0S eV is due to oxygen atoms in hydroxyls (—OH) and
chemisorbed water, which are blue-shifted by about 1.6 and 2.9
eV, respectively, from the main oxide peak.’”” The oxygen
functional groups in airborne contaminants may also contribute
to the spectrum and overlap with that from OH. The Ti 2p;,
peak at 458.9 €V is assigned to the lattice Ti*" of TiO,. No
distinct low-binding energy tail or shoulder is observed,
indicating a stoichiometric TiO,.

Interestingly, we note the binding energies of Ti 2p and O 1s
for Thick-Pero are shifted toward lower binding energies by
about 0.4 eV compared to those for Thin-Pero, while Pb 4f and
I 3d core levels are not (see Figure 2). The unambiguous shift
in the binding energies of the Ti 2p and O 1s core levels from
the skin-depth layers of TiO, underneath the perovskite layer
between Thin-Pero and Thick-Pero can be understood from
the fact that the Fermi level of the sample holder (and the Au
foil) is aligned to that of the top perovskite layer. Thin-Pero has
a perovskite-free TiO, layer mostly exposed to the surface;
most of the surface of Thick-Pero is covered with the
perovskite layer, and the exposed TiO, layer should be in
contact with the perovskite layer. Thus, the observed core level
shifts of the TiO, layer from Thick-Pero compared to those of
Thin-Pero explain the upward shift of the core levels of TiO,
for Thick-Pero; the core level shifts of the underlying TiO,
layer are a result of a shift in the band alignment at the interface
between the perovskite and TiO, layers. The observed decrease
in the binding energies of the Ti 2p and O 1s core levels for
Thick-Pero indicates an upward shift of TiO, at the interface.
The origin for the observed shift can come from a number of
influences such as a possible charge transfer to the TiO, layer
or the introduction of gap states at the interface of perovskite
and TiO, due to surface defects; any change in the charge state
at the surface or interface of TiO, can induce a shift of Fermi
level and the related core level binding energies.”’™** Although
the origin of the band bending may require additional intense
research efforts and is beyond the scope of the present study,
here we certainly note the importance of the possible change in
the final band alignment between the two layers depending on
the detailed chemical bonding structure at the interface of the
perovskite and TiO, layers. The shift in the band alignment at
the MAPDI;/TiO, interface may have a strong influence on the
photovoltaic performance at the interface. For example, an
earlier report suggests that the interfacial dipole formed at the
MAPbBI,/TiO, interface may act as an electron-transfer barrier
and limit the overall photovoltaic efficiency.'

4. CONCLUSIONS

In conclusion, after a systematic comparison of core levels and
valence band spectra for the thick and thin MAPbIL;/TiO,, we
find important characteristics in the electronic structure at the
interface. The new interfacial bonding state of Pb is observed
and is assigned to residual Pbl, predominantly accumulated at
the interface with TiO,. The N 1s core level also reveals an
interfacial nitrogen species associated with methylamine bound
at the interface. Valence band spectra show that the VBM is
about 1.5 eV below E, for both cases, suggesting that the CBM
of the perovskite layer is aligned to the Au reference foil. The
valence band features of TiO, are resolved for Thin-Pero,
allowing a construction of relative band alignment between the
two layers; the Eg’s are aligned to the CBMs of the perovskite
and TiO, layers. For the Thick-Pero, however, we find that the
charge transfer from the perovskite layer to TiO, induces an

upward band bending of the VB and CB of TiO, at the
interface and shifts the Ep of TiO, lower in the band gap; this
results in an electron transfer barrier and may limit the overall
photovoltaic performance.
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