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ABSTRACT: We report an investigation of lead halide perovskite CH;NH;PbBr; %Em
nanocrystals and associated ligand molecules by combining several different state-of- WE
the-art experimental techniques, including synchrotron radiation-based XPS and VUV e CBM P
PES of free-standing nanocrystals isolated in vacuum. By using this novel approach for Ercam ,
X K i X i Photoelectron VBM Capping
perovskite materials, we could directly obtain complete band alignment to vacuum of spectroscopy N PhE capene
both CH;NH;PbBr; nanocrystals and the ligands widely used in their preparation. We . 3| ’ h3" A
discuss the possible influence of the ligand molecules to apparent perovskite properties, N -ﬁ- calibration

and we compare the electronic properties of nanocrystals to those of bulk material. The

experimental results were supported by DFT calculations.

Lead halide perovskites (LHPs) have been attracting
enormous attention in recent years as low-cost and
unprecedentedly efficient absorbers for solar cells.'”” Very
recently, LHP nanocrystals (NCs) have gained in interest due
to advantages over the polycrystalline LHP thin films in several
critical aspects, for example, the optical transitions are less
affected by structural defects, and they exhibit higher stability
against degradation, unique optical versatility, and high
photoluminescence and thus offer new prospects in optoelec-
tronic applications including solar cells, light-emitting diodes,
photodetectors, and memory devices.*”'® Further research is
still required to achieve the characteristics necessary for their
commercial exploitation.®” "% In particular, accurate and precise
determination of the electronic structure of any specific
material under study is a fundamentally important step that
provides necessary information for developing applica-
V12 Determination of the complete band structure still
appears to be a challenging task for many materials, most
notably obtaining precise values of the vacuum level (E,,.),
work function (WF), valence band maximum (VBM), and
conduction band minimum (CBM)."""*'* Matter in the NC
form adds an additional level of complexity due to the
drastically increased importance of surface properties over the
bulk, size confinement effects and possible influence of ligand

tions.
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molecules in the case of ligand-assisted reprecipitation
(LARP)" production.

This Letter reports a novel approach for studying the
electronic properties of LHP NCs by performing laboratory-
based X-ray photoelectron spectroscopy (XPS), as well as
synchrotron-based XPS, VUV photoelectron spectroscopy
(PES), and photoelectron—photoion coincidence spectroscopy
(PEPICO) on isolated NCs, produced by atomization of NC
organocolloids transported and focused into the vacuum of the
spectrometer by an aerodynamic lens.">™"” We investigated
NCs of methylammonium lead bromide (CH;NH;PbBr;,
MAPbBr;), which represents one of the most investigated
LHPs (see refs 11, 13, and 18—20 and references therein) and
has been attracting significant attention as a candidate as an
absorber material for solar cells."'”*'72° A complete
determination of the electronic structure was obtained
experimentally by combining photoemission measurements
of isolated NCs at the SOLEIL synchrotron (France), hereafter
denoted gas-phase XPS, and of the same NCs deposited on a
substrate (Notre Dame Radiation Laboratory, USA), hereafter
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Figure 1. (a—c) Surface XPS of deposited MAPbBr; NCs of 11 + 3 nm on a FTO surface recorded using a SPECS Surface Nano Analysis GmbH
apparatus (photon energy of 1486.7 eV). (d) Gas-phase XPS of isolated MAPbBr; NCs of 11 + 3 nm (SNC, red line) and 20 + 5 nm (BNC, blue
line), recorded at the SOLEIL synchrotron facility, at a photon energy of 600 eV.

denoted surface XPS. The experimental results are compared
with calculations based on density functional theory (DFT).
Furthermore, we have performed the first detailed study of the
electronic properties of the attached ligand molecules used to
terminate the crystal growth, based on both gas-phase XPS and
VUV PEPICO measurements, also compared with DFT
calculation results.

MAPDBr; NCs dispersed in hexane were prepared according
to the emulsion method reported previously”  that employs
methylammonium bromide (CH3;NH;Br) and lead bromide
(PbBr,) as precursors dissolved in dimethylformamide
(DME), as well as octylamine (OL) and oleic acid (OA) as
phase transfer/capping agents (see the Experimental and
Theoretical Section and Figure SI1 in the Supporting
Information for a detailed description). The size of the
resulting NCs was investigated by transmission electron
microscopy and found to be in the range of 11 + 3 nm
(Figure SI2), hereafter denoted as small NCs (SNCs). The
perovskite crystal structure was verified by X-ray diffraction
analysis (XRD) (Figure SI3). The XRD pattern obtained is
consistent with that of previously published reports exhibiting
the characteristic diffraction pattern of the cubic MAPbBr;
crystal structure.”® An optical band gap (Eg) of 2.34 eV (530
nm) (Figure SI4) was observed by UV—vis absorption
spectroscopy, in accordance with a previously reported value
for NCs.”

LHP NCs were deposited on a fluorine-doped tin oxide
(FTO) substrate to obtain the standard high-energy surface
XPS spectra given in Figure la—c. These spectra reveal the
binding energies of the Pb and Br core levels, as well as the
VBM, relative to the Fermi level (BEF) calibrated according to
the adventitious carbon (see the Experimental and Theoretical
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Section). The binding energies obtained (BEFs) are Pb 4f,/, =
139.0 + 0.5 €V, Pb 4f;), = 143.9 % 0.5 eV; Br 3ds/, = 68.9 +
0.5 eV, Br 3d;/, = 69.9 &+ 0.5 eV; and VBM = 1.9 + 0.5 eV. Pb
and Br values are in a very good agreement with those
previously reported for the MAPbBr; NCs and microcrystals
(Pb 4f,), = 139.0 eV; 4f;,, = 143.9 eV)* and thin films (Pb
4f,/, = 139.1 eV)."® On the other hand, the VBM for MAPbBr,
NCs was reported previously at 2.46 eV,”” which is
significantly higher than the present value of 1.9 eV (Figure
Lc). The previous”” value was obtained in the standard way, as
a linear extrapolation of the whole valence band edge obtained
from XPS experiment. Applying the same method with the
present measurement would give a VBM even above 2.5 V. As
has been already suggested and discussed previously, this
procedure overestimates the real VBM.'"*’

Gas-phase XPS measurements of isolated MAPbBr; NCs
were performed using a recently developed nanoparticle
injection technique,"> with important modifications, both in
the setup and the sample preparation, due to the specific
characteristics of the LHP material (see the Experimental and
Theoretical Section). We also prepared NCs, denoted BNC,
using a smaller amount of the OA. The resulting colloid
contained larger nanoparticles with a diameter of about 20 nm
for which the size confinement will be less pronounced. The
reported electronic properties of the BNCs should therefore
correspond to that of the bulk material MAPbBr;. Figure 1d
presents a gas-phase XPS result obtained at a photon energy of
600 eV for both types of NCs. The 3p, 3s, and satellite peaks of
Ar, which was used as a carrier gas for the NCs, is clearly seen
between 15 and 60 eV binding energy (BE). Features from the
solvent hexane molecules, some of which pass through from
the atomizer to the XPS spectrometer, are also visible in this
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Figure 2. (a,b) Gas-phase XPS of isolated MAPbBr; NCs of 11 + 3 nm (SNC, red line) and 20 + S nm (BNC, blue line), as well as pure hexane
solution (green line) recorded at the PLEIADES beamline at a photon energy of 140 eV. The dark red line in (b) represents the VUV PEPICO
spectrum of the pure hexane solution recorded at the DESIRS beamline. The insets in (b) show a zoom-in of the regions of interest. (c) VUV
PEPICO spectra for selected fragments of the OA and OL from the SNC solution, recorded at a photon energy of 10 eV. (d) VUV PES of isolated
MAPbBr; NCs of 11 + 3 nm (red line) and “blank solution” containing only OA and OL (olive line) recorded at a photon energy of 8 eV.

region. Finally, the peaks corresponding to the ionization of Br Isolated NCs in the gas phase still possess an intrinsic work
3d, 3p, and Pb 4f core levels from the LHP NCs are clearly function."*'”*® An accurate experimental determination of the
resolved at Br 3p;/, = 186.72 + 0.20 eV, Pb 4f;,, = 143.06 + work function of a semiconductor material is not a trivial
0.20, Pb 4f;,, = 147.91 + 0.20 eV; Br 3d;,, = 73.85 + 0.20 eV, task.'* Commonly used methods such as Kelvin probe and

Br 3ds,, = 72.76 + 0.20 eV; and VBM = 6 eV. The signal from low-energy electron cutoff from PES or the recently introduced
. . 14

the LHP NCs is clearly much stronger for BNC due to the gas-phase PES using a .near—amblent XPS"" may be. even le§5

significantly lower surface coverage of the organic ligands, accurate for NCs deposited on a substrate. For NCs 1‘solated in

which influences the escape depth of photoelectrons even for the gas phase, on the other hand, one cannot calibrate the

relatively high kinetic energy electrons. There is no apparent P ositi.on .Of the F .ermi level. II} ,the present work, tbe work
shift between SNC and BNC Br and Pb core levels. function is determined by combining the surface-deposited and

Because the aerodynamic lens used to inject the nano- §5°P hase free-standing NC XPS measurements (Figure 1)
particles into the spectrometer focuses the NCs to a narrow using the Pb 4f core levelz. WE = BEV.(Pb 4f7,) — BEF(PD
. . . . . 4f,,,) = (4.1 £ 0.5) eV. This work function for MAPbBr; NCs

beam in the interaction region while the gaseous components

f about 11 diamet to b lose to that
are diffusely injected into the spectrometer, this XPS method o avou fm clameter appears to be very close o i
EAREN ! ) recently reported for bulk MAPbBr; film, extracted from a

allows us to distinguish photoelectrons coming from either the

) combined experimental (PES) and theoretical study.'' Our
gas phase or the NC beam (see Figure SIS). All detected

: a - value was determined experimentally from the core-level BE of
species, the NCs (containing MAPbBr; and ligands OA and the central Pb atom and with an accuracy simply determined
OL), hexane, and argon are isolated in vacuum and are not in

by the uncertainty of the measured electron kinetic energies

physical or electrical contact with anything in the spectrometer. (dominantly) and the reference IPs of Ar gas and the

The kinetic energies and corresponding binding energies of the adventitious carbon (in the present case).

measured photoelectrons are therefore referenced to the The NCs of MAPbBr used in this study were inevitably

vacuum level. The BE with respect to vacuum (BEV) scale covered by organic ligand molecules (OA and OL). To further

was calibrated according to the jonization potential (IP) of Ar investigate the effects of the ligands on the obtained results, the

3ps/, (see the Experimental and Theoretical Section). surface properties of MAPbBr; NCs were enhanced by
3606 DOI: 10.1021/acs jpclett.8b01466
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Figure 3. Left panel: Calculated DOS for MAPbBr; cubic perovskite bulk material, broadened by a Gaussian with a standard deviation of 0.3 eV
(blue curve) and normalized VUV PES of isolated MAPbBr; NCs of 11 + 3 nm (red circles). Middle panel: Experimentally obtained band
alignment of MAPbBr; NCs of 11 + 3 nm (SNC). Directly measured values are presented in olive, while evaluated values (from these
measurements) are presented in blue. Measured IPs for single molecules are in green. Right panel: Calculated quantum confinement energy in the
valence band of MAPDbBr; cubic perovskite NCs as a function of their diameter.

performing gas-phase XPS using a lower photon energy of 140
eV, providing both higher energy resolution and lower kinetic
energy photoelectrons with very short inelastic mean free
paths, below 1 nm."> A wide-BE range gas-phase XPS spectrum
of NCs and pure hexane solution is presented in Figure SI6,
with segments of interest shown in Figure 2a,b. The smaller
SNCs, with greater ligand coverage relative to the large BNC
particles, clearly exhibit an increased background and reduced
Br 3d signal, but with no apparent shift of 3d core levels
(Figure 2a). The valence band region (Figure 2b) is also seen
to be strongly affected by the presence of ligands. The feature
observed at a BE of 12.6 eV (inset in Figure 2b) is ascribed to
mixed C and N p-type orbitals from the methylammonium
cation of MAPbBr; NCs with the aid of the calculations (see
Figure SI11). The ligand valence signal clearly comes from the
nanoparticles (NC beam), in contrast to the hexane valence
band, as can be seen from the gas-phase XPS spectrum shown
in Figure SI7. The valence band edges for the two NC samples,
SNC and BNC, are difficult to define precisely from the
present gas-phase XPS spectra as they are strongly masked by
signal from the ligands covering the surface. Still, close
inspection of the region at 4.5—7.5 eV reveals a threshold at
about 6 eV both for SNC and BNC (right inset in Figure 2b).
The perfect agreement of the hexane valence band from gas-
phase XPS and VUV PES data recorded independently on
different beamlines and just calibrated to the same Ar IP
(Figure 2b) constitutes a convincing cross-check of the
consistency of the data acquired with the two methods.

With VUV photoemission, the low kinetic energies of the
photoelectrons result in electron scattering lengths that are
comparable to or even greater than the size of the NCs;
therefore, the whole volume of the particles can be probed.
VUV PEPICO measurements using a photon energy of 10 eV
(mass spectrum given in Figure SI8) allowed precise
determination of the IPs for OL and OA (Figure 2c), 8.40
+ 0.05 and 8.30 =+ 0.05 eV, respectively. This is in reasonably
good agreement with the DFT calculations that give 8.02 eV
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for OL and 8.01 eV for OA. The DFT calculated value for the
IP of hexane of 9.6 eV was also lower than the measured one of
10 eV. The difference between calculated and experimental
values might originate from the fact that the calculation
assumes ideally straight molecule in vacuum, while the exact
shape of the molecule is not well-known and it is partially
surrounded by other ligand molecules and the nanoparticle.
One should also note that the accuracy of the B3LYP
functional in predicting the IP of organic molecules is typically
0.2—0.3 eV (see Table 1 in ref 31), being therefore comparable
to the difference between our theoretical and experimental
results.

Having determined the IPs of isolated OA and OL
molecules to above 8.3 eV, we performed VUV angle-resolved
photoemission spectroscopy (ARPES) of the MAPbBr; aerosol
below this energy at 8 eV photon energy to obtain the precise
experimental value of the MAPbBr; NC VBM, avoiding any
influence from the ligand molecules on the spectrum. To
isolate the effect of the NCs, measurements were also
performed on the aerosol obtained by atomization of the
“blank solution”, containing only ligands dissolved in hexane.
The resulting velocity map images, presented in Figure SI9,
showed a clear difference in radius, between the two systems,
indicating different IPs. The corresponding photoemission
spectra extracted from the images are shown in Figure 2d. The
ionization threshold of the particles produced by atomization
of the NC organocolloid is distinct and obvious in Figure 2d,
defining the valence band maximum of MAPbBr; NCs as 6.00
+ 0.05 eV. The threshold observed in the spectrum of the
“blank solution” aerosol appears ~1 eV below the measured
IPs of single molecules (Figure 2c). This effect is due to
clustering of the ligand molecules in the aerosol source,
producing nanodroplets with IPs lower than the individual
molecules (see Figure SI10). A shift of up to 1 eV is typically
reported for such an effect.'”**™** Note that, to our best
knowledge, photoelectron spectra of OA, either as a free
molecule or in an aerosol, has never been investigated before.
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A synthesis of the experimental and theoretical results is
given in Figure 3. Our study shows that the electronic structure
of MAPbBr; NCs with a size range of 8—15 nm (commonly
investigated previously) does not differ significantly from the
bulk material. The calculated density of states (DOS) for
MAPDbBr; cubic perovskite bulk material, broadened by a
Gaussian with a standard deviation of 0.3 eV, is shown on the
left panel in Figure 3. However, it is important to point out
that, in using the LARP method'’ to produce MAPbBr; NCs,
the attached ligands may have a significant influence on the
apparent valence properties of the resulting NCs. Although the
IPs of OA and OL are shown to be above the NC VBM, size
reduction increases the VBM, while at the same time, the
increase concentration of ligands could lead to clustering that
reduces their IPs, potentially making them indistinguishable.
The calculated quantum confinement energy in the valence
band of MAPbBr; cubic perovskite NCs, as a function of their
diameter (Figure 3, right panel), shows a strong increase of the
VBM for the NCs below 10 nm.

In conclusion, we have performed a detailed investigation of
the electronic properties of CH;NH;PbBry NCs using a range
of complementary PES techniques, together with independent
DFT calculations. For the first time, to our knowledge, we have
probed isolated MAPbBr; perovskite NCs by XPS and VUV
PES methods, allowing for direct band alignment with respect
to the vacuum level and a detailed study of the attached ligand
molecules. The latter do not seem to modify the structure or
affect the intrinsic properties of the perovskite NC. However,
the ligand molecules can affect the experimental character-
ization of the NCs and produce additional effects that can
influence the properties of the material on the macroscopic
level. Indeed, the presence of ligand molecules has recently
been identified as one of the major issues in present application
of LHP NCs in optoelectronic applications.”'® By combining
gas-phase and surface XPS, we determined the work function
for the crystals of about 11 nm, which was found to be very
similar to that of bulk material. The present technique opens
up new possibilities for precise and detailed investigation of the
electronic properties of LHP NCs, as well as other similar
materials and different capping molecules, and for a range of
nanoparticle sizes. Such an approach can quickly provide
complementary information for material development.

B EXPERIMENTAL AND THEORETICAL SECTION

Sample Preparation and Characterization. MAPbBr; NCs were
synthesized by the emulsion synthesis method using a
previously reported procedure,”” which was scaled up to
produce a sufficient amount of the colloidal solutions for the
aerosol studies. Briefly, we dissolved 179.2 mg of CH;NH;Br
and 734.4 mg of PbBr, in 3 and S mL of DMF solution,
respectively. Next we mixed these two precursor solutions and
stirred for 10 min. To form the emulsion, the resulting solution
was added dropwise to the mixture of hexane (100 mL), OA
(5 mL for SNC and 2 mL for BNC), and OL (200 L), 80 mL
of tertiary butanol was added to this solution to start
demulsion, and the precipitate was collected by centrifugation
at 6000 rpm for S min. To form the colloidal solution, the
precipitate was redissolved in 40 mL of hexane and centrifuged
at 5000 rpm for S min. The green fluorescent supernatant
containing MAPbBr; nanocrystals was collected and used in
the experiments reported here.

The XRD pattern was acquired using a Bruker D8 Advanced
Davinci powder X-ray diffractometer with a Cu-K,, (4 = 1.5406
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A) source. TEM was carried out using an FEITecnaiF30 high-
resolution transmission electron microscope operating at a 300
keV accelerating voltage. Dynamic light scattering (DLS)
measurements were performed by using a Nanotrac ULTRA
(Microtrac) instrument. The BNC were not examined by
TEM; thus their crystal size has been estimated according to
DLS measurements.

Surface XPS. High-resolution photoemission spectra were
recorded using an XPS apparatus (SPECS Surface Nano
Analysis GmbH). This apparatus was used previouslg to
characterize surfaces of CH;NH;PbI; perovskite films.”> A
photon beam with an energy of 1486.7 eV was generated from
an aluminum anode in a microfocus X-ray (XR-MF) source.
The XR-MF source was also equipped with a quartz crystal
mirror as a monochromator, producing the monochromatic Al-
K, X-ray beam. A PHOIBOS 150 hemispherical energy
analyzer (HEA) with a nine-single-channel electron multiplier
detector (MCD-9) was used to collect photoemission spectra.
High-resolution spectra were recorded with a pass energy of 20
eV, which gave a full width at half-maximum (fwhm) of ~0.5
eV for the Au 4f,, peak. We calibrated the BE of the
photoemission spectra with reference to C 1s at 285.3 eV.”

Gas-Phase XPS. Formation of Aerosol Nanocrystals for XPS
and VUV ARPES. MAPbBr; aerosols were generated by
atomization of the organocolloid solution (with hexane as the
solvent) using a TSI 3076 atomizer. The resulting aerosols
were transported, using 2.5 bar of Ar carrier gas, first through a
metallic tube (gently heated to a temperature of about 40 °C
to help evaporate hexane) and then through a cold trap
(cooled to 0 °C to remove excess hexane from the beam) to
the aerodynamic lens system (ALS, placed inside of a
differentially pumped stage) that focused the nanoparticle
beam into the high-vacuum interaction chambers of the
spectrometers.

PLEIADES Beamline. The experiment was performed using
the Multi-Purpose Source Chamber (MPSC) connected to the
C-branch of the PLEIADES beamline, as described pre-
viously.’® Aerosols containing the NCs were introduced in
MPSC through a 200 ym limiting orifice, followed by an ALS
focusing the nanoparticle beam, which was then directed
through a skimmer to the ionization chamber at a 107 mbar
base pressure (107°—107° mbar working pressure). The NC
beam was crossed by the beam of monochromatized linearly
polarized (in the present case) synchrotron radiation from the
magnetic undulator. Both the exit of the ALS and the skimmer
position can be remotely controlled to align the nanoparticle
beam to the photon beam, which is monitored by a total
photoelectron yield from the NCs measured by a channeltron.
Gas-phase XPS spectra presented in this work were recorded
using a +30° aperture wide-angle lens VG-Scienta R4000
electron energy analyzer, at incident photon energies of 140
and 600 eV. A permanent magnet APPLE II type undulator,
with a period of 80 mm, was used as the synchrotron radiation
source, in combination with a high-flux 600 1/mm grating used
to monochromatize the synchrotron radiation produced by the
undulator. The exit slit of the modified Petersen plane grating
monochromator was set to 200 ym for 600 eV and 400 ym for
140 eV photon energies, yielding an overall resolution in the
XPS spectra of about 0.8 and 0.2 eV, respectively. The photon
energy was calibrated, depending on the range, accordin_g to
several different transitions: Ne (Is — 3p) at 867.14 eV,”” N,
(N 1s, v = 0 — 7*) at 400.865 eV, and SF, (S 2 — 2t,) at
184.5 €V.*’ Calibration gases were introduced into the

DOI: 10.1021/acs.jpclett.8b01466
J. Phys. Chem. Lett. 2018, 9, 3604—3611


http://dx.doi.org/10.1021/acs.jpclett.8b01466

The Journal of Physical Chemistry Letters

calibration chamber (downstream of the XPS measurements)
by an eflusive jet crossing at a right angle the SR beam where
photoions were extracted by a continuous electric field to a
multichannel plate chevron stack, which amplified the signal to
be detected by pulse counting electronics. Calibrations were
performed several times during the experiment, and the overall
accuracy of the photon energy calibration was estimated to be
0.3 eV, not including the accuracy of the literature values used
as reference points. Note that uncertainty in the photon energy
does not influence calibration of the BE scale, which has been
determined from the measured kinetic energies of the Auger
lines and IPs of the Ar carrier gas. The linearity of the
photoelectron kinetic energy scale has been calibrated
according to the 3p, 3s, 2p, and 2s Ar IPs,***" as well as the
Ar L;M,;M,; Auger line."” The BE scale of the XPS spectra,
with respect to vacaum (BEV), was then obtained according to
the convoluted Ar 3p IP at 15.80 eV. The overall uncertainty of
the BEV is estimated to be 0.2 eV.

DESIRS Beamline. VUV ARPES/PEPICO experiments were
performed on the SAPHIRS endstation® of the undulator-
based VUV beamline DESIRS.** The NC aerosols were passed
through a 200 pym limiting orifice that ensured 6 mbar of
pressure in the aerodynamic lens system (ALS) during the
experiment. The focused aerosol beam (420 + SO ym in
diameter in the interaction region) was skimmed twice before
arriving at the ionization chamber at a 107® mbar base
pressure. In the chamber, the aerosol beam was crossed by the
beam of circularly polarized synchrotron radiation (hv = 8—16
eV, flux = 10"2—10" photons/s). The electrons and ions
formed in the interaction region (420 X 100 X 100 um
volume) were detected and analyzed by the double-imaging
photoelectron—ghotoion coincidence DELICIOUS III spec-
trophotometer,” which combines velocity map imaging
(VMI) on the electron side (providing AR-PES) with a 3D
momentum imaging/time-of-flight spectrometer for detecting
the coincident gas-phase cations. The PES data on the NPs
were treated by considering all of the electrons, while the PES
data on free gas-phase species were obtained by considering
only the electrons in coincidence with a given cation (m/z
selection). From the recorded velocity map images, the PES
were calculated by using the image inversion pBasex
algorithm.*®

Calculations. Ionization Potential of Molecules in the Gas
Phase. IPs of molecules in the gas phase were calculated by the
definition as IP(M) = E(M*) — E(M), where E(M") is the
energy of the positive ion and E(M) is the energy of the
neutral molecule. These energies were calculated using DFT,
where exchange—correlation energy was modeled using the
B3LYP functional,"”’~* which was shown to yield accurate
values of IPs for a variety of organic molecules.’’ Calculations
were performed using the NWChem code,”® and the 6-31G*
basis set was used to represent the wave functions.

Density of States of Bulk CH;NH;PbBr;. To understand the
spectra obtained, we performed DFT calculations of the
electronic structure of cubic bulk CH;NH;PbBr;. The
correlation term was modeled using the local density
approximation, while the exchange term was modeled using
the modified Becke—Johnson potential’' using the para-
metrization of ref 52, which was shown to yield accurate
band gaps of halide perovskite materials. Effects of spin—orbit
interaction were also included. Calculations have been
performed using the Abinit code.’”** Core electrons were
treated using Hartwigsen—Goedecker—Hutter pseudopoten-
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tials,”” while wave functions were represented using plane
waves with a 50 Ha kinetic energy cutoff. A constant energy
shift was applied to the calculated DOS to match the VBM
energy with the experimental one. In figures presented, the
DOS was also broadened by a Gaussian with a standard
deviation of 0.3 eV.

Quantum Confinement Energy in the Valence Band of
CH;NH;PbBr; Nanocrystals. The VBM of cubic
CH;NH,PbBr; is located at the R point of the Brillouin
zone. Consequently, the highest occupied states of
CH;NH;PbBr; are derived from R point states of bulk
CH;NH;PbBr;. The dispersion of the cubic material around
the VBM is isotropic, and we modeled it as parabolic
dispersion with effective mass m*. The quantum confinement
energy was then calculated by solving the corresponding
Schrodinger equation for a particle of mass m™ in a sphere with
infinite potential at the boundary of the sphere. The value of
the effective mass was set to m* = 0.15m, (where mj is the free
electron mass), which is close to the values reported for an
analogue inorganic material CsPbBr;.>>*° We note that
calculation of the band structure of one unit cell of
CH;NH;PbBr; does not yield an isotropic dispersion around
the VBM due to the effect of organic group orientation, which
sets a preferential direction. Dispersion in a real
CH;NH;PbBr; material is on average isotropic due to different
orientations of organic groups in different unit cells, which on
average restore isotropy. Full calculation of the band dispersion
that takes these effects into account is a rather challenging task
and is beyond the scope of this work. For these reasons, we
choose to approximate the valence band dispersion of
CH;NH;PbBr; with the valence band dispersion of the
corresponding inorganic cubic CsPbBr;, whose valence band
dispersion around the R point is fully isotropic.
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Preparation of CH;NH;PbBr; nanocrystals
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Figure SI1. A scheme of the preparation procedure for CH3NH3PbBr; nanocrystals. The insets show photos of the
final solutions used in the atomizer to obtain the nanoparticle beam; SNC stands for small nanocrystals
(~11 nm), BNC stands for big nanocrystals (~20 nm).

Figure SI2. Transmission electron microscopy images of MAPbBTr3; nanocrystals (SNC, as in Figure SI1).
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Figure S13. X-ray diffraction (XRD) pattern of MAPbBTr; nanocrystals (SNC, as in Figure SI1).
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Figure Sl4. UV-VIS absorption spectrum of MAPbBr; nanocrystal organocolloid (11+3 nm particle size)
measured using Thermo Scientific Carry 4000 spectrophotometer.
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Figure SI5. Gas-phase XPS photoelectron spectrum in two-dimensions (top) and as an integrated spectrum
(bottom). The kinetic energy distribution is obtained using a Scienta hemispherical analyzer, in
transmission mode (all electrons emitted along the axis of the ionizing photon beam are focused to the
same vertical position of the detector, independently from their emission angles), which images
photoelectrons produced within a limited area defined roughly by the entrance slit, and disperses them
according to their Kinetic energies in the horizontal direction onto a position sensitive detector (top panel).
The kinetic energy distribution (bottom panel) is then obtained by integrating the obtained 2D image along
vertical lines. The axis of the electron energy dispersion coincides with the axis of the nanoparticle beam.
Electrons from the central part of the beam are imaged onto the central (vertical) part of the 2D image (top
panel). The large nanoparticles (c.a. 50-500 nm) are focused by the aerodynamic lenses to form a beam of
a few hundred microns diameter, much smaller than the Scienta imaging area. The carrier Ar gas and
small solvent molecules (hexane in the present case) are not focused by the aerodynamic lenses and form a
diffuse cloud around the central nanoparticle beam and thus fill the whole vertical area of the detector.
Therefore, photoelectron lines corresponding to the nanoparticle beam (“nano-phase”) are seen in the
center of the image while those from the gaseous non-focused species (“gas-phase”) fill the whole image,
allowing the two components to be easily identified. Note also that the background is dominantly
produced from dense nanoparticle beam.
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Figure SI6. Gas phase XPS of isolated MAPbBr nanocrystals of 11+3 nm (red line) and 20 nm (blue line), as well
as pure hexane solution (green line) recorded at the PLEIADES beamline at the photon energy of 140 eV.
The dark red line represents the VUV PEPICO spectrum of the pure hexane sample recorded at the
DESIRS beamline.
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Figure SI7. 2D XPS images (see Figure SI5 for explanation) that correspond to the valence region of the XPS
spectrum presented in Figure S16 above, for SNC (left panel) and BNC (right panel). In both cases, the
lower energy valence edges corresponding to nanocrystals and ligand molecules (OA and OL) are clearly
restricted to the central part of the image, in contrast to the hexane valence edge (at about 10 eV) that is
spread over the whole 2D image. Therefore, the photoelectrons from the ligand molecules OA and OL
dominantly come from the focused nanoparticle beam, confirming that the probed ligands are attached to
the nanocrystals. Note also that intensity from the ligands is much stronger for the case of the smaller
nanocrystals, as discussed in the manuscript.
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Figure SI8. The mass spectra of the MAPbBr; nanocrystal hexane dispersion (labeled ‘sample’) and the
octylamine an oleic acids hexane solution (‘blank”) obtained at 10 eV photon energy. The spectra suggest
presence of free surfactant molecules in the organocolloid. The contribution of the free molecules was
subtracted from the net photoemission to obtain the PES of the MAPbBr3; nanocrystals.

Figure S19. The background-corrected velocity map images of the photoelectrons recorded for the blank solution
(hexane+OA+OL) and the MAPbBr; NC sample at 8 eV photon energy.
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Figure SI10. 2D gas phase XPS images (top panel - see Figure SI5 for explanation) corresponding to the valence
region of the XPS spectrum recorded at hv =140 eV for the “blank solution”, containing only OA and OL
molecules in hexane. The integrated spectrum is presented in the bottom panel (orange line). The XPS of
pure hexane taken at the same photon energy is also presented for comparison (green dashed line). The 2D
image indicates clustering of OA and OL molecules in the beam with a wide range of cluster sizes as
evidenced by the increased intensity on axis for the red-shifted lower binding energies.
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Figure SI11. Density of electronic states of bulk CHsNHsPbBr; obtained from density functional theory
calculations. Total density of states is presented in the upper panel. Lower two panels present angular
momentum projected partial density of states in the sphere surrounding an atom. The radius of the sphere
was 1.4 bohr for C and N, 2.6 bohr for Pb, and 2.1 bohr for Br.



