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The electronic structure and surface composition of perovskite films after incorporation of different con-
centration of CsPbBr; nanocrystals (NCs) have been investigated with ultraviolet photoelectron spectroscopy
(UPS) and X-ray, and angle-resolved photoelectron spectroscopy (XPS, AR-XPS). The electronic structure, surface
composition and morphology of perovskite film have been changed through the interaction between CsPbBr;
NCs and perovskite film. The band can be shifted upward by in incorporation of CsPbBr; NCs and it is in-

dependent of the concentration of CsPbBrs NCs. The surface component and its distribution can be adjusted by
changing the concentration of CsPbBr; NCs and the proper concentration of CsPbBr; NCs would improve the
stoichiometric ratio of perovskite film.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have at-
tracted intensive interests recently due to their advantages, such as
remarkably high absorption, long charge carrier diffusion lengths and
low cost [1-6]. The most attractive and representative perovskites are
methylammonium lead halides (CH3NH3PbXs;, denoted as MAPbX3),
which were discovered in 2009 as sensitizers in dye-sensitized solar
cells (DSSCs) [7]. Recently, a power conversion efficiency (PCE) of
23.3% was certified by the National Renewable Energy Laboratory [8].
In 2014, Gritzel et al. demonstrated that a perovskite-sensitized pho-
tovoltaic device based on mixture of formamidinium (CHNH3*, FA)
and methylammonium cations (CHsNH3*, MA), which increases the
short-circuit current, meanwhile the open circuit voltage is not reduced
[9]. In 2018, highly efficient triple cation PSCs were successfully fab-
ricated by the combinations of three kinds of cations (FA, MA, Cs) [10].
To obtain high power conversion efficiency (PCE), many efforts have
been made in the context of interface engineering, such as optimizing
absorber materials, film fabrication and interface engineering [11-16].
Zhou et al. reported that a power conversion efficiency of 19.3% were
obtained by doping the TiO, ETL to enhance its carrier concentration
and modifying the ITO electrode to reduce its work function [14]. Zuo
et al. demonstrated that proper interfacial interactions can significantly
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reduce trap state density and facilitate the interfacial charge transfer
[15]. Wolff et al. performed a study that a power conversion efficiency
of 19.4% were realized by inserting an ultrathin layer of an insulating
polymer between the active perovskite and the fullerene [16].
Snaith.et al. demonstrated the feasibility of achieving > 25%-efficient
four-terminal tandem cells by a mixed-cation lead mixed-halide per-
ovskite absorber for tandem solar cells [17].

The CsPbBr; has been well-applied in PSCs and achieved great
success in PSCs due to its excellent optoelectronic properties. To obtain
high power conversion efficiency, Zhou et al. reported a photon man-
agement study, in which CsPbBr; nanowires were applied on top of the
perovskite absorber to achieve localized gratings for an improved
fluorescence effect [18]. Recently, Chen et al. demonstrate modification
of perovskite absorber by incorporation of CsPbBr; nanocrystals
(CsPbBr3 NCs) which led to significant enhancement in photovoltaic
performance and the power conversion efficiency (PCE) increased first
and then decreased with CsPbBr3 NCs increased from 0 to 3 mg/mL due
to the poor film morphology that originated from the incompatibility of
the deposition method (spin-coating) used.!® However, some basic
problems remain still unsolved, such as the precise relation between the
surface composition of perovskite films and the concentration of
CsPbBr; NCs, and the distribution of chemical components in per-
ovskite films modification of different concentration of CsPbBr; NCs is
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yet to be achieved.

In this paper, the goal is to deepen our understanding of the inter-
action mechanism between CsPbBr; NCs and perovskite films. We re-
port our systematic investigations on the electronic structure, surface
composition, and the component distribution of the FAggsMAg 15Pb
(Io.85Bro.15)3 films fabricated with different concentration of CsPbBrs
NCs using ultraviolet photoelectron spectroscopy(UPS), X-ray, and
angle-resolved X-ray photoelectron spectroscopy (XPS, AR-XPS), atomic
force microscopy(AFM). The UPS shows that the modification of
CsPbBr; NCs in perovskite film can affect its work function and the
energy level alignment, and it is independent of the concentration of
CsPbBr3 NCs. The core level shifts of the perovskite films and the ap-
pearance of a new peak observed by XPS indicate that CsPbBr3 NCs not
only change electronic structure but also change the surface chemical
composition of perovskite film. The optimal stoichiometric ratio of the
perovskite film has been obtained after incorporation of 2mg/mL
CsPbBr3 NCs. These investigations provide explanation of microscopic
level to help improve the device performance.

2. Experimental

The FA( gsMAg.15Pb(Ip.g5Bro.15)3 films and CsPbBrs NCs were pre-
pared according to the reported procedure,'* The FAI (1.02M), Pbl,
(1.02M), MABr (0.18 M) and PbBr, (0.18 M) were dissolved in mixed
solvent of N, N-dimethylformamide (DMF) and Dimethyl sulfoxide
(DMSO)with a volume ratio of 4:1. Then the mixed solvent was spun
coated onto ITO substrate at a rate of 3000 rpm for 30 s. Chlorobenzene
(CB) or CB/CsPbBr; NCs (300 uL) was dropped on the spinning sub-
strate during the spin-coating step at 10 s before the end of the proce-
dure. The substrates were then immediately transferred on a hot plate
and heated at 130 °C for 15 min. The average size of the monodisperse
CsPbBr3 NCs is 12 nm and the characteristic interplanar distance of the
CsPbBrs3 is 0.58 nm [19].

The four kinds of FAOASSMAOJSPb(IOASSBrOJS)S films modified by
different concentration of CsPbBr; NCs were sent into the character-
ization chamber for UPS and XPS measurements. The UPS was mea-
sured with a microwave UV Light Source (He I, hv = 21.22 eV) and XPS
with a monochromatic Microfocus X-ray Source (Al K,
hv = 1486.7 eV). The UV light spot is about 1 mm in diameter and a
total energy resolution of 70 meV was selected for the UPS measure-
ments as determined from the Fermi edge of Au. For XPS, the resolution
of the spectrometer was chosen to be 0.65eV with the pass energy
setting of 40 eV. The binding energies of all UPS and XPS spectra were
calibrated and referenced to the Fermi level (Er) of the sample [20-23].
The morphology of the perovskite films were measured ex situ using an
Agilent 5500AFM/SPM system. All measurements were taken at room
temperature.

3. Results and discussion

In Fig. 1, the UPS spectra of the perovskite films are presented as a
function of the CsPbBr; NCs concentration. For visual clarity, we nor-
malized all the spectra to the same height. The UPS data of the cut-off
region are shown in Fig. 1a. The work function (WF) was obtained by
the energy difference between the secondary cut-off and the Er of the
system. For as-grown perovskite film, the WF is 3.75 eV which is a little
smaller than other group's reports [24]. After incorporation of CsPbBr3
NCs, the WFs increase to 3.80 eV and keep unchanged with the change
of the concentration of CsPbBr; NCs. Fig. 1b presents the UPS data of
the valence band (VB) regions, we found that the valence band max-
imum (VBM) shifts toward to the Fermi energy (Eg) after incorporation
of CsPbBr3 NCs. The VBM of as-grown perovskite film is observed to be
1.54 eV below the Er, which shows an n-type film and the band gap of
perovskite film is 1. 62 eV [19]. Then the VBM shifts toward to 1.36 eV
below the Ep after incorporation of CsPbBrs NCs and it remains un-
changed with the change of the concentration of CsPbBr; NCs,
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indicating that the VBM of perovskite film is modified by the in-
corporation of CsPbBrz NCs but almost not influenced by the con-
centration of the NCs. Shown in Fig. 1c is the energy-level diagram of
perovskite film before and after CsPbBrz NCs modified. We can find that
a band shift appears after incorporation of CsPbBr; NCs, which is
beneficial to improve device performance, as previously reported.'®
In order to gain a good understanding of the electronic structure of
perovskite films after incorporating different concentrations of CsPbBr;
NCs, we used XPS to investigate further the chemical characteristics.
Presented in Fig. 2 are the XPS spectra of C 1s, N 1s, I 3ds,,, Br 3d and
Pb 4f;,, of perovskite films fabricated with different concentration of
CsPbBr3 NCs. The binding energy (BE) of each element at the surface of
the perovskite film was calibrated with reference to the amorphous
carbon C 1s core level of 284.5eV. We find that the BE of I 3ds,,, Pb
4f,,5, C 1s, Br 3d, and N 1s core level shift to low BE after incorporation
of CsPbBr3 NCs and the total shift is about 0.32 eV, almost following the
same shift trend observed by the UPS spectra (Fig. 1). With the in-
creasing of the concentration of CsPbBr3 NCs, the core level keeps un-
changed. Chen et al. reported that the depth-dependent distribution of
CsPbBr3 NCs in the modified perovskite film due to the sample surface
and bulk are closed to the CsPbBrs NCs and PVSK respectively.'? The
depth of CsPbBr; NCs incorporation in the perovskite films is limited
and it is beyond the detection depth of UPS and XPS (the detection limit
is about 10 nm). Thus, the VBM and core level keep unchanged with the
increasing of the concentration of CsPbBr3 NCs (as shown in Figs. 1 and
2). The I 3ds,, core level include a single peak as shown in Fig. 2a,
which can be assigned to lattice I components in FAggsMA 15Pb
(Ip.85Brg.15)3 films before and after incorporation of CsPbBr; NCs. As
shown in Fig. 2b, the Pb 4f,, core level include only one peak which is
located at ca. 137.81 eV after incorporation of CsPbBr; NCs. Literature
reported that the Pb component in CsPbBrs is located at
138.30-139.20 eV [25,26]. It is higher than the test results, indicated
that the Pb 4f;,, core level located at ca. 137.81 eV come primarily
from the Pb component in FAggsMAy 15Pb(Iy g5Bro 15)3 films after in-
corporation of CsPbBrs NCs. This indicated that traces of CsPbBrz NCs
incorporation into FAy gsMAg 15Pb(Ig.g5Brg.15)3 films and the content of
Pb in the incorporation of CsPbBrz NCs is below the XPS detection limit.
Similarly, no Cs 3d signals has been detected due to the lower content
CsPbBr; NCs in modified perovskite films.!° In Fig. 2¢, the C 1s core
level includes more than one peaks for all perovskite films. The C 1s
peaks centered on 284.50 and 288.06 eV are assigned to amorphous
carbon and carbons in the formamidine of the FAggsMAg.15Pb
(Io.s5Bro.15)3 film, respectively. The methyl carbons peak centered on
ca. 285.9 eV has been reported in the literature which appear to be
partially overlapping in the spectra (Fig. 2c). Similar to Pb, the Br 3d
core level located at ca. 68.96 eV which is lower or higher than that of
the previous report.?> 2° Furthermore, we calculated the core level
difference between Pb 4f and Br 3d in ref. 25, 26 is about 70 eV, which
is higher than that of FAygsMAg 15Pb(Ig.g5Brg.15)3 film in here (the
value is about 68.85eV). Thus, the Pb 4f and Br 3d in Fig. 2 can be
attributed to the lattice Pb and Br components in FAggsMAg 15Pb
(Ip.8sBro.15)3 film. As shown in Fig. 2e, f, it is found that the N 1s core
level located at ca. 399.95 and 401.70 eV which can be assigned to the
N signal in FA and MA respectively before and after incorporation of
CsPbBr3 NCs. After incorporation of CsPbBr3 NCs, the N 1s core level
shift to lower binding energy. As shown in Fig. 2f, the relative content
of N components in MA increased and the FA/MA ratios are ca. 14.27,
8.63, 6.18, 8.36 respectively, corresponding to the CsPbBr; NCs con-
centration increases from 0 to 3 mg/mL. The ratio of FA/MA decreases
and reaches the minimum value when the concentration of CsPbBrs NCs
increase to 2mg/mL, which is close to the stoichiometric ratio of
FAo.85sMAg 15Pb(Ig g5Brg 15)3 film. Further increases the CsPbBr; NCs
concentration, the ratio of FA/MA has significantly increased. It is in-
dicating that the stoichiometric ratio of FAggsMAg 15Pb(Io.85Bro.15)3
film can be affected by incorporation of CsPbBr; NCs and the proper
concentration of CsPbBrz NCs would improve the stoichiometric ratio of
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Fig. 1. UPS spectra of (a) cut-off region and(b) VB region near the Fermi level as a function of the CsPbBr; NCs concentration. PVSK corresponding to as-grown
perovskite film. (c) Energy-level diagram of perovskite film before and after CsPbBr; NCs modified.
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Fig. 2. XPS spectra of (a) I 3ds,», (b) Pb 4f;,» (c) Cls (d)Br 3d (e) N 1s for
perovskite films fabricated with different concentration of CsPbBrs NCs in the
dripping solvent (f) The X 5 magnified image of the dashed box in (e).

perovskite film.

To further analyze the elemental composition and the distribution of
all components in the bulk and surface regions of the perovskite films
before and after the incorporation of different concentration of CsPbBr3
NCs. XPS and AR-XPS is used for the perovskite films fabricated with
different concentration of CsPbBr; NCs in the dripping solvent. As
shown in Fig. 3, the atomic concentrations of all components are
plotted as a function of the concentration of CsPbBr3 for the take-off
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Fig. 3. Atomic concentration of all components in the perovskite films as a
function of the concentration of CsPbBr; NCs for (a) the take-off angle is 0° (b)
the take-off angle is 60°. The inset is the measurement geometry of AR-XPS. The
dash line corresponds to the stoichiometric ratio of FAy gsMAg.15Pb(Io.85Bro.15)3
film and the different colors correspond to the corresponding element.

angle is 0° and the take-off angle is 60°. The measurement geometry of
AR-XPS is shown in the inset of Fig. 3a. The probing depth is Acos6,
where A is the mean diffusion length of electron in perovskite 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 [27,28].

Shown in Fig. 3a are the elemental composition in FAj gsMA 15Pb
(Ip.gsBro.15)3 films with different concentration of CsPbBr; NCs in the
dripping solvent. The percentage of I decreased while the percentage of
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Br gradually increased with the increase of concentration of CsPbBr3
NCs, that's because of CsPbBr; NCs incorporation which increase the
content of Br. The percentage of amino FA remain nearly unchanged
and that of the MA increases first and then decreases as the increase of
concentration of CsPbBr; NCs. For the as-grown perovskite film, we can
find that the I content is about 55% which is higher than that of the
FAo.85MAg 15Pb(I g5Brg 15)3 film, as shown in Fig. 3a. With the in-
creasing of concentration of CsPbBr; NCs, the I content decreases and
reaches the minimum value (about 50%) in the CsPbBr; NCs con-
centration of 3 mg/mL. For the 2 mg/mL CsPbBr; NCs, the I content is
about 50.6% which is close to the stoichiometric ratio of
FAg gsMAg 15Pb(I g5Brg 15)3 film, and the Pb, Br, FA, MA content are ca.
21.4%, 6.5%, 18.4%, 2.9% respectively. It is relatively close to the
stoichiometric ratio of FAggsMAg 15Pb(Igg5Brg15)3 film after mod-
ification of 2 mg/mL CsPbBr; NCs.

Comparing Fig. 3a with 3b (0° and 60° corresponding to the bulk
and surface regions respectively), we can find that the I fraction de-
creases slightly as the takeoff angle increases, indicating that there is
more I in the bulk than in the surface region of the perovskite film
before and after the incorporation of CsPbBr; NCs. The Pb fraction in-
crease slightly as the takeoff angle increases, indicating that there is
more Pb in the surface than in the bulk region of the perovskite film.
The amounts of Br, FA and MA remain nearly unchanged as the takeoff
angle increases, showing a homogeneous distribution in the perovskite
film.

To highlight the relative distribution of all components in the per-
ovskite films, we plot the relative depths of all chemical components in
the perovskite film fabricated with different concentration of CsPbBrs
NCs by using the AR-XPS data, as shown in Fig. 4. This plot uses the
relative sensitivity of each chemical component with respect to the
takeoff angle, which allows sorting the components as a function of
depth. The relative depth is calculated from the ratio of relative in-
tensities, In(Isyrface/Ibuix) for each component, where Igyf.ce represents
the intensity at takeoff angle of 60 and Tpui represents the intensity at
takeoff angle of 0 [29]. For the original perovskite film, it is observed
that the Br and FA components have smaller relative depth, the I and
MA component have greater relative depth, and the Pb component has
a moderate relative depth as shown in Fig. 5a. Then, the relative depths
of the Pb component have reduced slightly and MA component have
greater relative depth after modification of 1 mg/mL CsPbBrs NCs as
shown in Fig. 4b. Furthermore, the relative depth of the MA has re-
duced slightly while FA component have increased slightly after mod-
ification of 2 mg/mL CsPbBr; NCs as shown in Fig. 4c. However, there is
slight change in relative depth of FA and MA components after mod-
ification of 3 mg/mL CsPbBr; NCs as shown in Fig. 4d. These changes
are related to interaction between CsPbBr; NCs and perovskite film,
which have an influence on the surface component and its distribution.

The surface morphologies of the perovskite films fabricated with
different concentration of CsPbBr; NCs were investigated with AFM. As
shown in Fig. 5, the grain size of perovskite decreased as the
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Fig. 5. AFM morphology images of perovskite film fabricated with different
concentration of CsPbBr; NCs.

concentration of CsPbBrs NCs increased, while the density of the film
increased. The surface morphology changed obviously as the con-
centration reached 3 mg/mL.

4. Conclusions

In summary, we have investigated the electronic structure, surface
composition and morphology of the FAg gsMAg 15Pb(Ip g5Bro.15)3 films
fabricated with different concentration of CsPbBr3 NCs using UPS, XPS
and AFM. It is found that the change of the concentration of CsPbBr3
NCs would adjust the electronic structure and surface composition of
perovskite films. An upward shift in valence band of the perovskite film
is resulted by incorporating the CsPbBrz NCs and the shift is in-
dependent of the concentration of CsPbBr; NCs. The stoichiometric
ratio of perovskite film also can be improved by incorporating the
proper concentration of CsPbBr; NCs. These results provide a better
understanding of the underlying mechanisms between the perovskite
film and the concentration of the modified materials, which is useful to
improve the performances of perovskite solar cells.
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