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ABSTRACT: Layered two-dimensional (2D) hybrid organic-inorganic perovskites (HOP) are promising materials for light har-
vesting applications due to their chemical stability, wide flexibility in composition, and recent increases in photovoltaic power con-
version efficiencies. Three 2D lead iodide perovskites were studied through various X-ray spectroscopic techniques to derive de-
tailed electronic structures and band energetics profiles at a titania interface. Core-level and valence band photoelectron spectra of
HOP were analyzed to resolve the electronic structure changes due to the reduced-dimensionality of inorganic layers. The results
show orbital narrowing when comparing the HOP, the layered precursor Pbl,, and the conventional 3D (CH;NH;)Pbl; such that
different localizations of band edge states and narrow band states are unambiguously due to the decrease in dimensionality of the
layered HOPs. Support from density functional theory (DFT) calculations provide further details on the interaction and bandgap
variations of the electronic structure. We observed an interlayer distance dependent dispersion in the near band edge electronic
states. The results show how tuning the interlayer distance between the inorganic layers affects the electronic properties and pro-
vides important design principles for control of the interlayer charge transport properties, such as the change in effective charge
masses as a function of the organic cation length. The results of these findings can aid in establishing design principles for new,
layered materials.

1. INTRODUCTION

Organic-inorganic lead halide perovskites have been inves-
tigated for over three decades" * but their application in solar

dimensional (2D) layered structure. Layered perovskites have
opened an impressive approach to the perovskite solar cells
that are significantly more stable and have power conversion

cells dates back merely to 2009.> Since then, impressive im-
provements and breakthroughs have led to power conversion
efficiencies beyond 22%.* > Improvements in solar cell archi-
tecture® and sample preparation processes”o during the inter-
ceding years has led to the impressive efficiencies we have
today. Despite remarkable efficiency improvements, there are
major questions that need to be addressed regarding thermal
and moisture instabilities of the most efficient perovskites that
are still lead-based (CH;NH;Pbl; and its derivatives) and their
related problems with toxicity."*** The chemical structure of
CH;NH;Pbl; and its derivatives consist of three-dimensional
networks of corner-shared octahedral [Pbls] units, which form
a cavity that facilitates the intercalation of CH;NH;" (MA") or
NH,CHNH," (FA") cations." ** Substitution of CH;NH;" or
NH,CHNH," cations with molecules that have larger cationic
radii results in lowering the network dimensionality to a two-

efficiencies now surpassing 12% for multilayered materials.'®
18 Later reports used the stabilizing concepts of these materials
toward even more efficient devices' as well as larger device
sizes that require durability standards.”® In ongoing work, 2D
materials are being used as dopants in 3D host materials or
terminating phases as an alternative to a fully 2D layered
structure.

Previously, we have investigated 2D perovskite materials
with dialkylammonium cations [(dA)Pbl,;] for use in solar
cells; butyl-1,4-diammonium lead(Il) iodide [(BdA)Pbl],
hexyl-1,6-diammonium lead(Il) iodide [(HdA)Pbl,], and oc-
tyl-1,8-diammonium lead(Il) iodide [(OdA)Pbl,].*" Although
(BdA)PDI, has a relatively high bandgap for a light absorption
in a single-junction solar cell (2.37eV), it had the highest
power conversion efficiency of the pure 2D perovskites
(1.1%).** A preliminary attempt in device fabrication for 2D
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perovskites is in a similar solar cell architecture to those based
on the optimized configuration for (CH;NH;)Pbl; solar cells.”
However, to understand the mechanism for light absorption
and electron transfer in 2D perovskite solar cells, it is impera-
tive to learn more about their electronic structures. To probe
these properties, we use x-ray spectroscopy to directly observe
the occupied and unoccupied electronic levels in the material.
We exploit the combination of hard X-ray photoelectron spec-
troscopy (HAXPES), high-resolution fluorescence detected X-
ray absorption near edge structure (HERFD-XANES), and
resonant inelastic X-ray scattering (RIXS) to draw a picture of
the partial density of states (PDOS) for the valence and con-
duction band (VB, CB).* To support the experimental meth-
ods, density functional theory (DFT) is used to calculate the
partial and total density of states as well as the band structure
in the different inter-layered systems. The relation between the
electronic structure and previously reported chemical struc-
ture®" provides a comprehensive understanding for the future
design of new, stable, layered 2D perovskites for solar cell
applications.

The three 2D HOP structures analyzed in this study along
with the 3D MAPbDI; and Pbl, consist of inorganic Pbly octa-
hedra where the 2D structures consist of sheets separated by
bilayers of alkylammonium cations that are largely held to-
gether through van der Waals interactions in between the alkyl
chains.*" # For (dA)Pbl, materials, the formal electronic con-
figurations of Pb 6s°6p° and 1 55°5p° are apparent from their
oxidation states. At least in the case of (CH;NH;)Pbl;, this
translates to the valence band edge that is largely formed from
I p orbitals and the conduction band edge formed from the
unoccupied Pb p orbitals.** The organic cations in the perov-
skite framework do not constitute a primary role in the states
close to the valence and conduction band edges, but indirectly
influence them by deforming the lattice and tuning of dimen-
sionality. Here, utilizing element specific X-ray spectroscopic
techniques, we provide a detailed survey of the electronic and
chemical properties of these light-absorbing materials, as well
as examine the relevance of these specific techniques in their
application to 2D and 3D perovskites. By combining X-ray
spectroscopy results with DFT calculations, an in-depth un-
derstanding of the electronic structure of these 2D perovskite
materials is obtained.

2. EXPERIMENTAL AND COMPUTATION
2.1 HAXPES

HAXPES was carried out at BESSY II (Helmholtz Zentrum
Berlin) at the KMC-1 beamline using the HIKE end-station.”
A photon energy of 4000 eV was selected using a first-order
light from a Si (311) double-crystal monochromator (Oxford-
Danfysik), and the photoelectron kinetic energies (KE) were
measured using a Scienta R4000 analyzer optimized for high
kinetic energies. An X-ray grazing incidence angle of ~ 5°
relative to the surface and normal emission to the electron
analyzer was used. The base pressure in the analysis chamber
was ~ 10~° mbar. All spectra were energy calibrated versus the
Fermi level, defined to be at zero binding energy, which was
determined by measuring a gold foil in electric contact with
the sample and setting the Au 4f;, core level peak to 84.0 eV.

The spectral intensity is normalized to the maximum intensity
if not stated otherwise. Quantitative ratios presented between
different core levels were calculated from the experimental
results after correcting the intensity by the photoionization
cross sections for each element using database values.*

2.2 HERFD-XANES & RIXS

The HERFD-XANES and RIXS experiments were per-
formed at beamline ID26 at the European Synchrotron Radia-
tion Facility.”” The incident energy was selected using the Si
(311) reflection from a double Si crystal monochromator. The
energy calibration was performed using the Pbl, precursor.
The HERFD-XANES (henceforth referred to XANES) spec-
tra, as well as, the experimental procedure used to obtain them
have been described previously.”® XANES data at the I L,
edge were recorded at the maximum of the Ly, ; emission line
(hOO= 5065 eV). RIXS spectra were recorded at the excita-
tion energy of the first maximum of iodine L, edge in the en-
ergy range of 5173-5196 eV with a step size of 0.2 eV. The
emitted energy in XANES and RIXS was selected using the
(331) reflection of three spherically bent Si crystal analyzers.
The intensity was normalized to the incident flux measured
using a photodiode. Samples were positioned at 45° to the
beam. A helium-filled bag was used to reduce absorption of
the fluorescence radiation between the sample and the spec-
trometer. The resolution of the monochromator and spectrom-
eter is around 0.5 eV and 0.6 eV respectively. Measurements
were carried out on multiple spots on the samples to assess
radiation damages. No radiation damages could be detected
within the acquisition time (5 min for HERFD and 25 min for
RIXS) for the different spectra.

2.3 COMPUTATIONAL METHODS

All theoretical calculations were performed with Quantum
Espresso package = according to previously reported proce-
dure for lead perovskite’** In summary, the Perdew-Burke-
Ernzerhof” exchange-correlation functional together with a
plane wave basis set was implemented together with pseudo-
potentials. Our implemented non-spin-orbit coupling (SOC)
scalar relativistic calculations based on generalized gradient
approximation (GGA) has been shown to predict the band gap
of the lead® and bismuth® perovskites where the good agree-
ment between the theoretical and experimental data is partly
due to error cancelation“; however, the amount of the error
cancelation is different for lead and bismuth.”® The starting
configurations in the unit cells of the 2D-HOPs in the present
study were based on experimental XRD data®® and the lead 54/
6s/ 6p, the nitrogen 2s/2p , the iodide 5s/5p , and the carbon
2s/2p electrons were considered as valence electrons. All unit-
cell vectors and atom coordinates were geometry relaxed to
have a total force lower than 0.08 Ry/a.u. Cutoff energies for
the plane wave function and the charge density were set to 45
and 450 Rydberg, respectively. Brillouin zone samplings were
carried out on a 3x3x3 Monkhorst-Pack grid (MPG) during the
relaxation procedure, a 4x4x4 MPG for the self-consistent
procedures, and a 6x6x6 MPG for the non-self-consistent pro-
cedures. The Xcrysden package®’ was used for visualization of
the charge densities.

3. RESULTS AND DISCUSSION
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Figure 1. HAXPES measurements on the three 2D HOP and MAPbI; and Pbl, measured at 4000 eV. (a) Overview spectrum of the three
2D HOP samples on a TiO,/FTO substrate. The intensities are scaled vs. I 3d intensity and vertically offset for comparison, (b) Pb 4f core
level peaks measured with photon energy of 4000 eV. The peaks are normalized to 4f;/, intensity for comparison, (c) I 3d core level peaks,
and (d) C 1s and N 1s core levels. Nitrogen spectra are normalized to maximum intensity and carbon spectra are normalized to Pb 4f7,

intensity.

The HAXPES overview spectra of the various (dA)Pbl, ma-
terials film deposited on top of a TiO,/FTO substrate are
shown in Figure la [dA is the organic di-cation:
[NH;(CH,)xNH;]*; X = 4 (BdA), X = 6 (HdA), and X = 8
(OdA)]. As expected, the samples display carbon, nitrogen,
iodine, and lead. The mesoporous TiO, substrate is perfectly
covered as no titanium or oxygen peaks are detected, indicat-
ing thorough film coverage. An appropriate estimation of
sample stoichiometry was made by measuring the I 4d and Pb
5d core level intensities (Figure S1). The estimation takes into
account differential atomic subshell photoionization cross-
sections. On the basis of these cross sections, we obtain exper-
imental relative intensities that to a first approximation are in
accordance with what is expected from the stoichiometry of
(BdA)Pbl,, (HdA)Pbl,, and (OdA)Pbl,, (Table 1).

Table 1. Ratio of the recorded intensities from iodide and
lead core levels as calculated from overview spectra. Ex-
perimental results are in accordance with the expected
ratios from the chemical formula.

Sample I/Pb Formula

(BAA)PbL,— [NH,(CH,),NH,]Pbl,  3.82 4
(HdA)PbL— [NH;(CH,){NH;]Pbl,  4.09 4
(OdA)PbL— [NH;(CH,){NH;]Pbl,  3.85 4
MAPbI, — (CH;NH;)Pbl, 2.70 3
Pbl, 1.80 2

The experimental Pb 4f signals for the three samples along
with Pbl, are shown in Figure 1b. The spin-orbit splitting be-
tween Pb 4f;,, and 4f;, lines are 4.87 eV. The peak maxima of

the Pb 4f;, core levels of (BdA)Pbl,, (HdA)Pbl,, and
(OdA)Pbl, are at a binding energy of 138.4 138.1, and 138.3
eV, respectively. The binding energy is similar to that of
(CH;NH;)Pbl; indicative of a Pb*" oxidation state.®® In previ-
ous investigations, similar samples have exhibited spectral
features indicating the presence of metallic lead (Pb°), nega-
tively impacting the performance by providing nonradiative
decay pathways.**” However, no signature of Pb’ was found
for the samples investigated here, which suggests there was
proper crystallization during synthesis and enhanced stability
to the reduction of lead. It should be noted that metallic lead
features are a directly related to synthesis and annealing condi-
tions.”® Figure 1c shows a single I 3ds), core level at a binding
energies of 619.2, 618.9, and 619.1 eV for (BdA)Pbl,,
(HdA)Pbl,, and (OdA)Pbl, samples respectively. The
spin—orbit splitting between I 3ds, and 1 3d, is 11.5 eV for
all samples. The binding energy separation between the Pb 4f
and I 34 core levels is found to be the same in all samples, and
also very similar to what has previously been found for
(CH3NH3)PbI3Q, (Table S1). This indicates that lead and io-
dide are in the same oxidation states (Pb>" and I) for the entire
series and that iodine and lead have similar local electronic
environments in all compounds. In light of the constant bind-
ing energy difference between Pb 4f'and I 3d as well as with N
ls and C ls (Figure 1d), we observe that the differences in
core level binding energy positions is largely the result of the
position of the Fermi level in the bandgap.

3.1 VALENCE BAND

The valence band spectra of the 2D perovskites on mesopo-
rous-TiO, (mTiO,) are presented in Figure 2 along with the
precursor Pbl, for comparison. The overall spectral contribu-
tions to the valence band are quite similar, with the exception
of the band edge positions towards lower binding energy. At
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Figure 2. HAXPES spectra of the valence bands for the 2D perov-
skites (BdAPbl,, HdAPbI,, and OdAPbl,), along with the 3D
MAPDI; and the precursor Pbl,. The inset shows the extrapolated
line used to determine the valence band maximum.

the photon energies used here, the probe depth (defined as
three times the inelastic mean free path) can be estimated to 10
nm, indicating that the signal is dominating from structures
below the surface atomic layers and should be less affected by
possibly surface reconstruction or dangling bonds. The spec-
tral contributions from 1.75 — 5 eV for the 2D perovskites in
Figure 2 originates from levels with iodine and lead character,
as discussed later. The inset in Figure 2, the abscissa (purple
dashed line) of the trailing edge is used to approximate the VB
offset from the Fermi level (Ep). The intersections for VB
offset are listed in Table S2. The VB offsets from the Fermi
level (set to 0 eV of Au Fermi level) all fall within 250 meV
for the considered samples. The relative difference between
the core level signals for the 2D HOP are nearly the same, and
therefore the shift in the valence band maximum is a result of
a Fermi level shift. The valence band position for (HdA)Pbl,
is the closest in the 2D HOP series to the Fermi energy, which
indicates that this material is the most capable to oxidize in the
2D series. This is in agreement with previous electrochemical
studies on these materials.*"

The calculated total and partial DOS in the valence band is
presented in Figure 3. The results of the calculated DOS and
experimental VB (Figure 2) are in reasonable agreement indi-
cating similar band edge profile for the three samples. The
partial density of states due to carbon and nitrogen moieties
are found between 8 and 13 eV, as reported previously for
similar organic-inorganic perovskites™ *> *' At the excitation
energies used in our experiments, the corresponding spectral
features are very weak due to the small photoionization cross
sections for carbon and nitrogen in comparison to lead and
iodine. The spectral features characteristic of the precursor
Pbl, and 3D MAPDbI; at = 5 €V, 10 eV, and 14 eV are similar
to that of 2D perovskites. Near the valence band edge, the
electronic contribution originates solely from the inorganic
sheets for the HOPs and Pbl,. However, there is a noticeable
change in the valence band for our 2D materials. The ele-
mental contribution to the upper edge (~ 5 eV) of the valence
band of our samples and Pbl, show similar hybridization be-
tween I 5p and Pb 6s, while the bandwidth for all 2D HOP
samples are much narrower than to that of layered PbI2 and

1 pDOS A Pbl, Exp.
—— Pb pDOS
—— Pb + 1 Only

PN

e o L
T Mt

5
s A

A MAPbI, Exp.

Norm. Intensity (arb. units)

A HdA(Pbl,) Exp.

-
e e NN

A BdA(Pbl,) Exp.

i,
s i

e 1

10 8

Binding Energy (eV)

Figure 3. The calculated valence band spectra are presented with
respect to the experimental spectra. Calculations are divided into
individual atomic contributions to the valence band.

the 3D MAPbDI;. This is an indication that the organic cation-
linked 2D perovskites constitute more localized bands than the
layered Pbl, and MAPbDI; counterpart. This outcome is also
consistent with the lower dimensionality of the layered
HOPs.* Since the same spectral features exist for Pbl, and
MAPDI; and the 2D perovskite samples, with the same orbital
contributions at the edge of the valence band, the relative posi-
tion of the band edge can be attributed to modification in the
bandwidth of the orbitals and the Fermi level position in the
2D monolayer samples. In order to determine iodine’s role and
modification in the frontier states, we exploit the element spe-
cific nature of HERFD-XANES and RIXS to probe occupied
and unoccupied orbitals of iodine.

3.2 HERFD-XANES & RIXS

Figure 4 shows the experimental XANES spectra (Fig. 4a)
and RIXS spectra (Fig. 4b) for the same set of samples. The
XANES spectra show the unoccupied p states of iodine and
follow dipole allowed transitions. The 2D HOP samples have
some differences in local symmetry and coordination that are
reflected in the differences in the absorption spectrum. The
position of the absorption edge near 5,188 eV (inset Fig. 4a,
determined by maximum of second derivative) for the differ-
ent samples indicates slightly different conduction band posi-
tions. This is observed from (BdA)Pbl, to (HdA)Pbl, and is in
a similar sequence to the onset of absorption from UV-vis
spectra. An increase in intensity implies a larger number of
unoccupied states for (BdA)Pbl, at regions marked / and /I in
the spectra. This increase may be the consequence of lower
symmetry compared with (HdA)Pbl, and (OdA)Pbl,, which is
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Figure 4. (a) Spectra of unoccupied states of iodine obtained by HERFD-XANES, and the inset shows the rising edge of the absorption
spectrum and b. Occupied states of iodine in the three 2D perovskite samples (along with reference MAPbI; and Pbl,) obtained from RIXS

plotted on an energy loss axis.

seen by minor changes to lattice positions as well as octahe-
dral tilt. For Pbl,, the intensity in the highlighted region is the
likely result of stronger I-Pb-I chemical bonding by virtue of
shorter distances between adjacent lead atoms. The higher
energy region shows narrower features of likely 6p states. The
signature differences from MAPDI; and Pbl, versus our sepa-
rate 2D layered compounds are the broadening of the unoc-
cupied p orbitals and a change in the available states in the
conduction band for the 2D HOP materials.

RIXS spectra, taken at the first maximum of iodine L, ab-
sorption edge at an incident energy of 5190 eV, are shown in
Figure 4b. The main structures are attributed to the transition
from I 5p to I 2s orbitals, i.e. the Ly, emission line. The spec-
tra represent the distribution of I 5p DOS in the valence band
of the studied compounds. A comparison of the spectra of
(BdA)Pbl,, (HdA)Pbl,, and (OdA)Pbl, with those of MAPbI;
and Pbl, on the energy loss scale reveals the I S5p behavior
similar to that detected in the HAXPES spectra of the valence
band in Fig. 3, i.e. a significant amount of the spectral weight
appears at the higher energy loss in MAPbI; and Pbl,. Howev-
er, the RIXS spectra can be more affected by the transition
matrix elements compared to the photoemission spectra. This
is usually reflected in a reduced contribution of the DOS at the
bottom of the valence band to the RIXS spectra, thus enhanc-
ing the relative contribution of the states at the top of the va-
lence band to these spectra.

The above discussed increase in the spectral weight at the
higher energy loss while going from (BdA)Pbl,, (HdA)PbI,
and (OdA)Pb], to Pbl, is in agreement with the DFT-predicted
changes in the occupied I 5p DOS reported below for these
compounds and which originate from the weaker I 5p — Pb
6s,p hybridization in Pbl, due to larger I-Pb distances. An
interesting feature of the RIXS spectra of the 2D compounds
is a presence of the structure/shoulder at the energy loss of
around 2.5 eV. This structure is seen for all three 2D materials
while the DFT calculations predict such a distinct structure
only for (BdA)Pbl,. This structure is a result of the I 5p — Pb
6s hybridization and originates from the S5p orbitals of so-
called axial I atoms pointing towards the Pb atoms (see sup-
porting information Figure S2). The valence edge states of
iodine 5p also has a shift towards lower energy loss for
(BdA)Pbl, followed by (HdA)Pbl, and (OdA)Pbl,. This trend
follows the sequence of increasing band gap from (BdA)Pbl,
(2.37 eV), (HdA)Pbl, (2.44 V), and (OdA)PbI, (2.55 eV) and

is in agreement with the photoemission spectra reported earli-
er. This leads us to conclude that the effects by forming lay-
ered 2D perovskites with a large cation, as a result of the low-
er dimensionality, modify the position of the iodine orbitals at
the edge of the valence band.

In Figure 5, schematic diagram of the relative band posi-
tions of the materials are presented. The position of the va-
lence band maximum (VBM) has been determined from
HAXPES data and the position of the conduction band mini-
mum (CBM) relative to Ep is estimated by subtracting the
optical band gap from the VBM. From this picture, we ob-
serve limited changes at the conduction band minimum, as
seen in the Iodine L, absorption spectrum. From the relative
positions of the CBM, electron transfer at the interface is en-
ergetically favorable. This finding can suggest our materials
can be employed in several different charge extraction devic-
es, and would be most suitable for a tandem solar cell.

O bt e 2

VBM =-1.46 VBM =-1.31 VBM =-1.33

=2
3
4
5L

mTiO,  (BdA)Pbl, (HdA)Pbl, (OdA)Pbl,

Binding Energy [eV]
T

Figure 5. Energy band diagram of the 2D perovskite materials
highlighting the differences in the valence band maximum posi-
tion. Recorded data from HAXPES have been used alongside
optical band gap data from the previous report.%!

3.3 DFT CALCULATIONS

The total DOS and PDOS for the 2D lead perovskites as
well as layered Pbl, and the 3D MAPDI; are presented in Fig-
ure 6. The organic cation states do not directly participate in
the states close to the VB or CB edges;, but indirectly affect
the bandgap through the structural changes imposed in the
inorganic structure® of the perovskite lattice. The plot high
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Figure 6. Calculated total and partial density of states (DOS) of
2D perovskites plotted alongside Pbl, and 3D MAPDI;. Partial
density of states (PDOS) show a dominating orbital contribution
from iodine in the valence band and lead orbitals in the conduc-
tion band for the 2D and 3D perovskites, and a slight contribution
of iodine in the CB of Pbl,. The 2D perovskites with the shortest
alkyl chain (BdAPbI,) show distortion of the valence band edge,
consistent with the increased inter-layer interaction. The Fermi
level has been set to 0 eV.

-lights the contribution of the lead 6s and iodide 5p orbitals in
the VB and CB edges and is in agreement with our experi-
mental HAXPES valence band and I XANES and RIXS.”" All
of the 2D structures have a nearly similar direct band gap
close to 2.14 eV from the theoretical calculations. The exper-
imental band gaps, however, display a difference of 0.35 eV in
comparison to calculated values. Considering the DFT error
for band gap estimation and neglecting excitonic effects, this
difference is reasonable. For bulk MAPbI;, an error cancela-
tion coming from neglecting SOC effects™ is also expected.
The magnitude of these effects are so far not known for 2D
perovskites since inclusion of GW or hybrid DFT and van der
Waals interaction would alter the picture in addition to SOC
effects. Quantum confinement effects can also be responsible
for band narrowing and slight band edge shifts in 2D layered
perovskites and is partly included in the DFT calculations.
However, due to the strong columbic hole-electron interac-
tions, this effect cannot be well described within a DFT
framework based on local density approximation (LDA) or
general gradient approximation (GGA) functionals.

The band structures were calculated for all of the 2D perov-
skite for different directions within the first Brillouin zone are
presented in Figure 7. The second derivative of the band edges
versus energy for 2D HOPs are rather small compared to the
3D crystal at the optical transition point I', and therefore a
larger effective mass for charge carriers. One can also observe
a directional dependence for the effective masses (see Fig. 7);
the charge carrier effective masses are smaller for the in-plane
directions within the inorganic planes and are much larger
perpendicular to the inorganic plane, i.e. a direction between

Energy (V)
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Figure 7. Band structures of (a) (BAA)PbL,, (b) (HdA)Pbl,, and
(c) (OdA)PDI, together with K-space paths with the first Brillouin
zone and their estimated band-gap values calculated with DFT.

two inorganic planes separated by the organic molecules. This
is in line with the expectation that the charge transport mainly
occurs within the inorganic network. In addition, a dispersion
for the direction perpendicular to the inorganic network is
observed for the shortest alkyl chain (BdA)Pbl, perovskite
(Fig. 7a), showing an interaction and possible charge transport
in between the layers. This dispersion becomes flatter for
(HdA)Pbl, and disappears for the (OdA)Pbl, (Fig. 7c). There-
fore the observed distant dependence can be interpreted as
long range columbic interactions between the interlayers re-
vealing that for distances longer than 6 A limit, there is no
interaction between the inorganic planes. A charge density
plot between two closest inorganic interlayers (Fig. S3) also
support this showing that there is more charge density in be-
tween the two nearest iodine atoms for shorter alkyl chain 2D
perovskite compared to the larger alkyl chain 2D perovskite
which in agreement with band structure dispersions observed
for I to Z direction (Fig. 7).

By analyzing the bond lengths and angles of the three 2D
perovskite (see Table S3), we found more variation in the
lead-iodide bond lengths and angles for (BdA)Pbl, as com-
pared with (HdA)Pbl, and (OdA)Pbl,. The in-plane Pb-I-Pb
angle of the adjacent octahedra deviates substantially from the
MAPDI; cubic structure (180°) for (BdA)Pbl, (see Fig. 7).
This observed variation show that the main structural and
composition differences between the samples are the lengths
of the organic cations and suggests that for (BdA)Pbl,, differ-
ent bonding orbitals are more equal in energy and thus allow a
larger variation in bond length. A longer organic cation has
previously reported to induce a blue shift in the band gap™ but
also includes effects of distortion of the curvature of inorganic
Pb-I layer and thus variation in Pb-I bond lengths and angles,
something not included in our DFT calculations where we
instead see only a slight modification in the charge density
profile within the unit cell (plots of the 2D perovskites within
the inorganic plane depicted in Fig. S3).

3.4 Pb and I UNIT CELL DENSITY

Based on previously reported crystallographic data for these
2D perovskite materials® and 3D (CH;NH3)PbI3ﬁ, we have
calculated Pb and I number density (per volume) in the unit
cells (Table 2). The results are presented in Table 2. By intro-
ducing a bulkier cation in the unit cell for 2D perovskite, the
volume of unit cell increases compared to 3D perovskite [cf.
(CH;3NH;)Pbl;], which leads to a reduced number of lead and
iodide atoms per volume for 2D perovskites. We can assume
that the extinction coefficients for the 2D perovskite materials
to be proportional to Pb and I atom number densities since the
optical transition is in between the electronic states belonging
to lead and iodide. It was proposed for methylammonium lead
iodide™ *® that the organic cation is not contributing in the
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visible light absorption, but can indirectly affect the properties
by induced perturbation of the inorganic lattice. Based on the
reduction of Pb and I atom number density from 3D to 2D and
following the 2D series with the bulkier cation from
(BdA)Pbl, to (OdA)PbL,, a decreasing trend in the absorption
coefficient and light harvesting efficiency can be expected
from our data (Table 2) which also is in agreement with corre-
spogd}Pg experimental UV-visible spectra of these materi-
als.™

Table 2. Calculated lead and iodide density per unit cell
volume based on the single crystallographic data, %

Pb density / I density /

(nm)? (nm)?
3D- (CH;NH,)Pbl, 4.03 12.09
2D — (BdA)Pbl, 2.61 10.45
2D- (HdA)PbI, 2.32 9.29
2D- (OdA)PbI, 2.02 8.09

An early report on CH;NH;Pbl; perovskite predicted an ex-
tinction coefficient of 1.6 x 10* M'em™ at 490 nm.*” Follow-
ing this and the assumption of no contribution from the orbit-
als of the organic cations in light absorption (apart from the
perturbation of the inorganic lattice), approximate theoretical
extinction coefficient of 1.0, 0.9, and 0.8 x 10* M'em™ can be
estimated for (BdA)Pbl,, (HdA)Pbl,, and (OdA)Pbl, respec-
tively. The change in electron density is also experimentally
observed in the XANES and RIXS spectra of the 2D hybrid
perovskites compared to Pbl,; from XANES there is a de-
crease in intensity at section I for the 2D perovskites relative
to Pbl, and from RIXS there is an increase in intensity at low
energy relative to Pbl,. The calculations of DOS and PDOS
support this picture and show similar effects for an increase in
valence band density and decrease in conduction band density.

4. CONCLUSION

We have presented a detailed experimental and theoretical
investigation of three different 2D perovskite solar cell mate-
rials with varying inter-layer distance and compared with Pbl,
and MAPDbI;. The electronic structure of the valence band and
conduction band for these materials was investigated by
HAXPES, XANES, and RIXS. In contrast to the layered Pbl,,
the observed structural changes in the 2D hybrid materials
results in a dimensional constraint of the inorganic layer. The
results show similar spectral weight to the partial density of
states with different degree of hybridization between the 1 5p
and Pb 6s orbitals but a noticeable narrowing of the states at
the edge of the valence and conduction bands. A key distinc-
tion in the materials studied from spectroscopic data is the
positions of the Fermi level. The interface energetics from
HAXPES data show a band interface that is suitable for elec-
tron injection into a mTiO, substrate. Our spectra show that
only slight changes to the overall electronic structure result
from varying the inorganic interlayer distance if effects of
bending and bond-length variations are held to a minimal.
This picture is supported by DFT band structure calculations
which also show a clear directional dependence changes in the
dispersion at band edges, in agreement with suggested in-
plane directional carrier transport. Effective mass of electrons
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and holes for the interlayer charge transport show a dependen-
cy on the alkyl chain lengths and thus the distance between the
inorganic layers. By analyzing the near band edge dispersions,
i.e. more energy dispersion in (BdA)Pbl, and no dispersion in
the (OdA)Pbl, system, we could estimate a cut-off of the co-
lumbic interaction distance of about 6 A after which there is
minor or no interaction between the inorganic layers. Since the
layered 2D perovskite has recently shown great advancement
in terms of efficiency and stability of solar cells,” the present
findings can reveal key parameters for increased control of
band alignments for matching energy levels and charge carrier
mobilities toward more efficient 2D perovskite devices.
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