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ABSTRACT

The organic component (methylammonium) of CH;NH;Pbl; Cli-based perovskite shows
electronic hybridization with the inorganic framework via H-bonding between N and I sites.
Femtosecond dynamics induced by core excitation are shown to strongly influence the measured
x-ray emission spectra and the resonant inelastic soft x-ray scattering of the organic components.
The N K core excitation leads to a greatly increased N-H bond length which modifies and
strengthens the interaction with the inorganic framework compared to the ground state. The
study indicates that excited-state dynamics must be accounted for in spectroscopic studies of this
perovskite solar-cell material, and the organic-inorganic hybridization interaction suggests new
avenues for probing the electronic structure of this class of materials. It is incidentally shown that
beam damage to the methylamine component can be avoided by moving the sample under the
soft x-ray beam to minimize exposure, and that this procedure is necessary to prevent the

creation of experimental artefacts.
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The rapid advancements in conversion efficiency of metal-halide perovskite (MHP) solar-cell
devices is fueled in part by the tuneability of the material’s optical and electronic properties via
variation of the anion and cation constituents and ratios. The highest efficiencies are currently
reached when methylammonium (CH;NH;*, MA) is included in the cation mixture,'* although it
is associated with accelerated degradation of the device performance. Understanding the role of
MA with respect to the electronic structure of the material and its behavior under
characterization and operating conditions is needed to fully understand both the positive and
negative aspects of its influence. The regions of the valence and conduction bands most
associated with the optical and electronic structure are dominated by the inorganic MHP
components’ derived density of states — with MA seeming to play only a small role**. However,
the material properties are influenced by dynamics of the organic-inorganic system on numerous
time scales™.

Combining site- and element-specific soft x-ray spectroscopic measurements of CH;NH;Pbl;.
«Cl; with molecular dynamics and density functional theory modelling, we present a thorough
study of the electronic structure and ultrafast dynamics of the organic MHP component. MA is
related to several materials that we have previously examined using C and N K-edge x-ray

absorption (XAS) and emission (XES) spectroscopy, as well as resonant inelastic soft x-ray



scattering (RIXS). The XES, XAS, and RIXS"#’ spectra of ammonia and ammonium serve as a
basis for analyzing the spectra in the MHP system. Understanding the hybridization of these
groups with the carbon chain in ethylammonium (probed by XAS') adds another layer of

understanding. Based on previous studies of amino acids'"'?

, we expect ultrafast proton
dynamics in the intermediate, core-ionized state to have a strong influence on the measured
spectra, and we will show that this is indeed the case in the methylammonium lead halide
system. The modelling and measurement of these effects and the density of electronic states in
the material describe hybridization between the organic and inorganic components of the
perovskite, suggesting a new avenue for understanding the structure and dynamics of the system.

XES spectra were measured at the rollup position of beamline 8.0.1 of the Advanced Light
Source, Lawrence Berkeley National Laboratory, with the high-transmission x-ray spectrometer'?
of the SALSA endstation'. To avoid beam-induced damage, the XES spectra were measured
while the sample was moved in a direction perpendicular to the incoming photons at a speed of
400 um/s. Given the size of the photon beam, this limits exposure of a given sample position to
approximately 0.075 s. Spectra measured at lower scanning rates led to strong distortion of the
spectral features, as well as the emergence of strong emission when exciting below the MA
absorption onset.

Spectral modeling was accomplished based on density functional theory (DFT) using Kohn-
Sham orbitals to model x-ray transitions'. The effects of ultrafast dynamics were included by ab
initio molecular dynamics (AIMD) simulations of the core-ionized state. Snapshots from the

AIMD trajectories at fs intervals were used to simulate individual spectra, which were then

combined in a lifetime average to model the measured spectrum.



Figure la) compares the measured nonresonant (hve. = 420 eV) N K XES spectrum of
CH;NH;PbI; Cl, (black dots) with the results of the spectral modeling (see Simulations section
of SI for details) of CH;NH;Pbl;. (NB: There may be small differences in electronic structure
between the measured CH;NHPbI;,Cl, and the simulated CH;NH;Pbl;. However, it has been
observed that films prepared in the described way have little or no Cl integrated into the
perovskite structure'®, particularly within the near-surface interaction volume associated with
XES.) Using the ground-state geometry (black line), most features in the measured spectrum can
be reproduced, but there is considerable disagreement in some regions (most notably around 396
eV). When ultrafast dynamics are included in the model (red line), a more complex lineshape
emerges, and it becomes clear that all features in the measured N K XES spectrum are
represented; adding a nonuniform Lorentzian broadening (blue line, for details see the SI) to the
calculation highlights the excellent agreement between measured and calculated spectra. A core-
hole lifetime of 5.8 fs was used to simulate lifetime-averaged N K spectra, which will be

described in detail when discussing Figure 2, below.
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Figure 1. a) Measured N K XES spectrum of CH;NH;Pbl; (Cl, (black dotted line), compared to
the calculated, Gaussian-broadened CH;NH;Pbl; spectra using the ground-state electronic
structure (solid black line) and by including dynamic effects (red). A calculated spectrum with
additional Lorentzian broadening (blue) is also included (on an adjusted intensity scale) for
closer comparison to the measured spectrum. b) Calculated N K XES (black, lower abscissa) and

C K XES (green, upper abscissa) spectra, including orbital assignment, of isolated CH;NH;".

For preliminary analysis of the nonresonant N K XES spectrum, it is useful to discuss the
molecular character of the Kohn-Sham orbitals underlying the simulated spectra. As a basis, the
calculated C and N K XES spectra of the isolated (i.e., gas-phase) MA ion — without inclusion of
dynamic effects — are shown in Figure 1b, and it is clear that most features of the ground-state

perovskite N K XES spectrum in Figure la are already well-represented in the gas-phase MA



spectrum. Using the notation for the Cj;, point group symmetry of the isolated MA ion, we
associate the largest peaks le and 5a, with C-N bonding orbitals of 7 and o symmetry,
respectively. (Isodensity surfaces of the gas-phase MA orbitals are shown in Figure S1 of the
supplementary information.) The le orbital has predominantly nitrogen character, and so the
respective transition can contribute strongly to the N K XES; the corresponding anti-bonding 2e
orbital has mainly carbon character and thus contributes only weakly. The 5a; orbital is
composed of atomic 2p character at both sites and contributes strongly to both N and C K XES.
The weak 4a, peak arises from a o orbital dominated by C 2s-N 2p mixing. Altogether, this
orbital analysis explains the systematic intensity differences in the N and C K XES spectra. Due
to the localized molecular character of the corresponding orbitals (see, e.g., 2e in Figure 2a,iii)),
the main features in the ground-state XES spectra of CH;NH;Pbl;in Figure 1a are still dominated
by the same lines as for the gas phase (isodensity surfaces of selected orbitals for CH;NH;Pbl;
are shown in Figure S2 of the supplementary information, both in ground-state and dissociated
geometry).

Even in the ground state, however, distinct and important differences between MA in isolation
and in the perovskite material are found. Most prominently, the feature at approximately 398 eV
seen in Figure 1a has no analogue in the calculation of the gas-phase MA spectrum (Figure 1b).
It is of intermolecular origin and due to the N-H:--I hydrogen bond , with the underlying orbital
located predominantly on iodine (as can be seen in Figure 2a,iv, discussed below). The H-
bonding and other non-covalent interactions within the hybrid perovskite have been shown to
play key roles in the hybrid perovskite structure'’; here we will show that ultrafast dynamics can
significantly increase and modify the contributions such interactions to the measured XES

spectra.
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Figure 2. Simulations of the CH;NH;Pbl; N K XES spectrum and its evolution as a function of
elapsed time after core excitation. a) Calculated spectrum at O fs (“ground state”, bottom) and
after 12 fs of the dissociated CH;NH,----H* (top), together with exemplary orbitals (i-iv) from
the two geometries. b) Calculated emission spectra, with intensity denoted by the color code, and

¢) N-C and N-H bond lengths as a function of time after core ionization.

The detailed effects of ultrafast dynamics on the N K XES spectra are shown in Figure 2b and
c. Figure 2b depicts the evolution of the calculated N K XES spectra as the geometry of the
system changes due to the perturbation created by the N 1s core ionization. The spectra (Figure

2b) and corresponding N-C and N-H bond lengths (Figure 2c) are given as a function of elapsed



time since core ionization. The modelled N K XES spectra in Figure 1, including dynamic
effects, were created by a sum of the individual time-resolved spectra, weighted according to the
exponential decay of the core-ionized state with a time constant of 5.8 fs (chosen to maximize
agreement between measurement and calculation, and in good agreement with the Auger-
process-dominated core-hole lifetime'®). A similar plot of the C K XES, using a time constant of
8.4 fs', is included in Figure S3.

In the time from O - 12 fs after core ionization, one of the N-H bonds elongates significantly
(Figure 2c¢). The resulting CH3;NH,----H* moiety (here, we use the dashed line to denote the
stretching of the N-H bond in the core-ionized state far beyond what is observed in a ground
state structure) has an electronic structure that differs strongly from the intact ground state,
exemplified by the calculated ground-state and 12 fs spectra and diagrams of the most relevant
molecular orbitals (i-iv) in Figure 2a. Due to the substantial increase (in fact, doubling) of the N-
H bond length on the time scale relevant for the XES spectra, we will denote this state as
“dissociated” in the following. The strong emission at 395.4 eV is associated with a three-center
N-H-I anti-bonding orbital (Figure 2a,ii) with strong N 2p - I 5p hybridization; the orbital can be
seen as a hybridization of the ground-state orbitals diagrammed in Figure 2a,iii (from the
CH;NH;* orbital 2¢) and iv (associated with the N-H---I bond). Note that the N-H-I interaction in
the core-ionized state may not strictly conform to all criteria for H-bonding®. Similar emission
features, without strong H-bond contributions, have been modelled and measured previously: In
the N K XES of zwitterionic glycine NH;*CH,COO™ ', it emerges at a similar position due to
similar femtosecond proton dynamics as described here. Somewhat analogous features are also
present in the ground state of ammonia (NHj3, in both gas-phase and aqueous solution)” and of

neutral glycine (NH,CH,COOH) ''.
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The 5a, orbital shape (Figure 2a,i) at 12 fs differs substantially from the ground state, with
significant electron density on both the dissociated CH;NH,----H* moiety and the I sites. The
strong hybridization that occurs upon creation of the core hole suggests that, despite the small
degree of interaction between the MA and the inorganic framework in the ground state of
CH;NH;Pbl;, N K XES can probe the valence electronic structure of the material via the
interactions that arise due to ultrafast dynamics.

The ultrafast production of the dissociated CH;NH,----H* moiety indicates that deprotonation
of the ammonium site can occur even for the smallest photon flux, as such ultrafast processes are
inherent to the measurement technique. They thus are very different from beam damage due to
secondary processes (e.g., emission of Auger electrons with a two-hole final state), which can be
minimized by reducing the x-ray dose to a given sample volume. The observed deprotonation of
the ammonium group could trigger reactions leading to degradation of the perovskite. For
example, it has previously been reported by Kerner er al.*** that an amine group, such as that in
deprotonated CH;NH;*, can react with a Pbl, impurity to form a Pb-alkylamide CH;NHPbI (NB:
the complete reaction requires two CH,NH, and two Pbl, to form a CH;NH;Pbl; perovskite and
the Pb-alkylamide). Kerner et al. find that CH;NHPbI impurities in halide perovskites can
degrade with moderate energy input (i.e., by ambient visible light, not only by x-rays) and
without the need for additional reagents to form Pb° impurities under illumination®. The
requirement for excess Pbl, (which may or may not be present in the material, depending on the
specific synthesis conditions) to induce Pb° impurities is consistent with a previous report of
photoinduced production of such impurities in mixed-ion (CH,(NH,),Pbls)yss(CH,NH;PbBr3)0 ;5
perovskites with slight Pbl, excess, even when x-ray exposure is kept to minimal levels to

prevent beam damage®*. Several pathways for producing Pb® are proposed in* and elsewhere**?’,
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some of which lead to the release of iodine, which has been shown to aggressively degrade these
materials, possibly leading to the fast production of other impurities within the sample. The Pb-
alkylamide, with its singly-protonated N site, is a candidate for the impurity species giving rise
to the pre-edge absorption resonance at 399.9 eV in the current study (see Figure S4). The
expected strong pre-edge feature in the N K-edge XAS of such a compound® suggests that its
contribution would be minimal when exciting across the main resonance of the sample. We have
previously observed Pb® impurities in similar samples to those studied here®.

To further investigate the electronic structure of CH;NH;Pbl; (Cl,, RIXS measurements at the
N K edge are shown in Figure 3. As a function of excitation energy, we find strong variations in
absolute and relative intensities of the different spectral features. Figure 3a shows three spectra,
extracted from the RIXS map in Figure 3c, resonantly excited at three distinct energies: 404.0 eV
(the first resonance), 405.5 eV (the maximum of the main resonance), and 408.8 eV (above the
resonances; note the similar shape to the nonresonantly excited spectrum in Figure 1). For on-
resonance excitation, particularly into the first resonance, the shape of the spectrum differs
significantly from the nonresonant spectrum (Figure 1). The intensity of the 395.4 eV peak is
strongly enhanced under core excitation (compared to core ionization), and an overall
broadening toward lower emission energies appears in the main emission features. Comparison
with the time-resolved models in Figure 2 suggests that these effects are consistent with an
increased contribution from the dissociated CH;NH,----H* moiety (i.e., the positions of 5a; and
le orbitals in the spectra around 12 fs match, respectively, the increased intensity observed
around 388 eV and 392 eV in the resonantly core-excited spectra). However, the resonant spectra
cannot be simply explained by an increased excited state lifetime, as the 404.0 eV-excited

spectrum does not resemble the calculated spectra with larger time constants (shown in Figure
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S5). The effect is therefore rather due to changes in the local potential of the core-excited state
compared to the ionized state, and/or to changes in the fluorescence cross section under resonant
excitation.

The characteristics of the Rayleigh line, which appears as a diagonal line in Figure 3c, also
differ on- and off-resonance, with a strong increase in both relative and absolute intensity in the
region between 404 and 406 eV, indicating core-excitonic effects®. The differing character of the
Rayleigh line (participator emission) and main fluorescence (spectator emission) intensity is
shown by the partial fluorescence yield (PFY) spectra in Figure 3d, which tracks the respective
normalized emission intensity as a function of excitation energy. NB: the intensity normalization
is chosen to accentuate the common onset energy of the two absorption spectra and their
differing lineshapes, rather than to quantify the intensity changes. In this region, the Rayleigh
line also becomes strongly asymmetric toward lower emission energies. The change in lineshape
is illustrated in Figure 3b, where three representative Rayleigh lines from below- (398.0 eV),
above-, and on-resonance are plotted on an energy-loss scale. An average of all the Rayleigh
lines from the region 404.4 - 406.0 eV, corresponding to the core-excitonic region discussed
above, is also included to show the modification in lineshape with improved statistics. In the
resonant region, the Rayleigh line shows energy loss features associated with vibrational final
states, two of which are labelled V, and V, in Figure 3b;the vibrational structure is presumably
related to the N-H bond elongation, but would require higher-resolution experimental data and
appropriate modeling to describe further. The additional low-energy broadening is likely due to a
combination of further vibrational-excited states and a dissociation (or varying H-bonding)
attributed to proton dynamics’?'. These effects are consistent with the discussion of the changes

in spectator emission in Figure 3a and c discussed above. Above resonance (408.8 eV), these
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energy losses contribute only a slight broadening of the Rayleigh line, which can be seen when

comparing to the 398 eV (below-resonance) line.
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Figure 3. N K-edge RIXS analysis of CH;NH;Pbl;,Cl,. a) Selected emission spectra, excited
above the main absorption resonance (408.8 eV), at the maximum of the main resonance (405.5
eV), and on the first resonance (404.0 eV). Spectra are normalized to the main resonance and
vertically stacked for clarity. Rayleigh lines are indicated by arrows. b) Rayleigh lines excited
above resonance, at the maximum of the main resonance, and well below the absorption onset
(398.0 eV), shown on an energy-loss scale. The average of the Rayleigh lines in the resonance

region (404.4 eV — 406.0 eV) is also included (thick gray line). Intensities are normalized to the
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peak maximum. ¢) N K-edge RIXS map of CH;NH;Pbl; ,Cl,, color code indicates spectral
intensity. Spectra in a) and b) are extracted from this map. d) Absorption spectra, showing
integral intensity from the entire RIXS map region (PFY, red) and the Rayleigh line only (black).
A uniform background signal was subtracted from both, and their intensities were normalized to

overlap at the absorption onset.

In summary, ultrafast proton dynamics thus play a significant part in forming the N K XES
spectrum of CH;NH;Pbl; Cl,, and to a much lesser extent in the corresponding C K XES, as
shown by comparing measured and simulated spectra based on molecular dynamics and density
functional theory. The primary effect is an elongation of a N-H bond, forming a dissociated
CH:;NH,----H* moiety characterized by a three-center N-H-I orbital. The electronic structure
calculations indicate a hybridization between the organic cation and the highest occupied orbital
of the system, which is located on the anion. This hybridization is present, but weak, in the
ground-state geometry of the system, while it is strongly enhanced in the excited state. This
suggests an interesting opportunity for future research, as XES of the organic cation can now be

used to probe the electronic structure of the anion as well.
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