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Electronic coupling between the unoccupied states of the organic and inorganic sublattices
of methylammonium lead iodide: A hybrid organic-inorganic perovskite single crystal
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Organic-inorganic halide perovskites have been intensively reinvestigated due to their applications, yet the
optoelectronic function of the organic cation remains unclear. Through organic-selective resonant Auger electron
spectroscopy measurements on well-defined single-crystal surfaces, we find evidence for electronic coupling in
the unoccupied states between the organic and inorganic sublattices of the prototypical hybrid perovskite, which
is contrary to the notion based on previous studies that the organic cation is electronically inert. The coupling is
relevant for electron dynamics in the material and for understanding optoelectronic functionality.
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In spite of the substantial amount of research effort in-
vested globally, the optoelectronic function of the organic
cation in the prototypical hybrid organic-inorganic perovskite
(HOIP) methylammonium lead tri-iodide (MAPbI3 or MAPI)
is still unclear [1,2]. Since the early demonstrations of
methylammonium-containing perovskite solar cells, device
applications of halide perovskites (HaPs) have transitioned
towards the use of mixed-cation (with/without methylammo-
nium) formulations due to concerns about the thermal and
chemical stabilities of methylammonium [3,4]. This trend was
justified in part by evidence from a multitude of approaches
that the organic cation is predominantly an electronically in-
active filler [2,5–12]. However, the highest-performing HaP
solar cells typically incorporated some fraction of methy-
lammonium in the absorber layer and hot fluorescence was
only observed from lead bromide perovskites with organic
cations, suggesting that the organic sublattice plays an opto-

*gman@alumni.princeton.edu
†Present address: Swerim AB, Kista, Stockholm, 16407, Sweden.
‡pabitra.nayak@tifrh.res.in
§hakan.rensmo@physics.uu.se

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

electronic role [13–15]. In principle, the comparison between
direct or inverse photoelectron spectroscopy measurements
and electronic structure calculations should reveal the con-
tributions from the occupied or unoccupied states of the
organic and inorganic sublattices [6,16]. The occupied states
near the valence-band maximum (VBM), relevant for op-
toelectronic functionality in MAPI and related compounds,
have been studied using angle-resolved photoelectron spec-
troscopy; however, it is unclear if methylammonium-related
states are present in the energetic region close to the VBM
as no explicit evidence for their presence has been found us-
ing nonelement-selective photoelectron spectroscopy [17,18].
The unoccupied states have been less commonly investigated;
a combination of nonelement-selective inverse photoelec-
tron spectroscopy and density of states (DOS) calculations
suggests the unoccupied methylammonium states are ener-
getically positioned near the vacuum level and may not play
a role in optoelectronic functionality involving band-edge
states [6,19].

In this paper, we investigate both the valence-band and
conduction-band states of MAPI via an array of electron spec-
troscopies performed on clean surfaces of in-vacuum cleaved
single crystals, and find evidence for organic-inorganic elec-
tronic coupling in the unoccupied states. We have resonantly
excited the nitrogen 1s (N 1s) core level to impart organic
cation selectivity to the electron spectroscopies. We have per-
formed checks for beam-induced sample damage and ensured
the measurements are representative of the intrinsic physics
of MAPI. Our nitrogen-projected DOS calculation suggests
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a spectroscopically low intensity of methylammonium states,
relative to the iodide states, exists in the valence-band re-
gion. Our N 1s resonant photoelectron spectroscopy (RPES)
measurements confirm that the intensity of methylammonium
states, if present in the valence band, is low, and are consistent
with a report which shows a low intensity of methylammo-
nium states near the VBM using a complementary technique
[N 1s x-ray emission spectroscopy (XES)] [20]. The low-
intensity distribution of methylammonium states may still
be relevant for optoelectronic functionality. In the course of
performing N 1s RPES, we observe nitrogen core-valence-
valence (N KVV) Auger decay, contrary to the findings of
a study which reports N 1s RPES measurements on MAPI
films [21]. Through the use of N 1s resonant Auger electron
spectroscopy (RAES), we discover the existence of x-ray ex-
cited electron delocalization with a timescale comparable to
the N 1s core-hole lifetime of ∼6 fs, demonstrating electronic
coupling between the unoccupied states of the organic and
inorganic sublattices. Based on the aforementioned findings,
we conclude that the occupied states of the organic and in-
organic sublattices of MAPI are largely independent but the
unoccupied states are significantly coupled, and suggest that
the coupling is relevant for slow hot electron cooling.

Beam-induced chemical changes to HaP sample surfaces is
a known experimental challenge; the starting composition of
a HaP film has been reported to influence how tolerant HaP
samples are to x-ray irradiation [22,23]. We mitigate this ex-
perimental challenge through the use of single crystals, which
offer a lower concentration of processing-related defects, and
a low photon intensity beamline (∼1011 photons cm−2 s−1),
which necessitates the use of a high-transmission electron
spectrometer [24]. Millimeter-scale single crystals of MAPI
were grown in solution and characterized with x-ray diffrac-
tion (XRD), which confirmed the presence of the tetragonal
phase at room temperature and its purity [25,26]. Electron
spectroscopy measurements were performed at the syn-
chrotron BESSY II, at the soft x-ray beamline PM4, and
end-station LowDosePES [24]. The crystals were cleaved in
ultrahigh vacuum (UHV) immediately prior to measurement.
All measurements were performed at room temperature in a
UHV chamber with a base pressure of 1 × 10−9 mbar. Us-
ing PES measurements, we have extensively checked that
the chemical integrity of the single-crystal surfaces remains
intact [26]. Through the use of clean surfaces, we ensured
all electron emission arising from N 1s core-hole decay
can be attributed solely to methylammonium; the N 1s PES
spectrum can be fitted with one symmetric peak which we
assign to the nitrogen atom in methylammonium. Nitrogen K-
edge near-edge x-ray absorption fine structure (NEXAFS) and
ground-state electronic structure calculations were performed
on snapshots of the 2 × 2 × 2 supercell geometry sampled
for five configurations at regular intervals during the ab initio
molecular dynamics (AIMD) simulations, where the initial
supercell model was generated from reported lattice param-
eters [25]. The AIMD simulations were performed with the
CP2K code at 300 K and 0 atmosphere (atm) to approximate
the experimental conditions [27]. Nitrogen K-edge NEXAFS
spectra, obtained within the half core-hole transition potential
approximation (TPHH), were calculated for each nitrogen
present in the supercell [28]. Projected DOS calculations

FIG. 1. Experimental vs computed valence photoemission and N
K-edge NEXAFS spectra aligned onto a common energy scale. See
text for details regarding the energy alignment and the estimation of
the energetic position of the ionization threshold. The valence-band
peak to NEXAFS peak offset serves as one common reference be-
tween experiment and computation. The photon energy labels show
the excitation energies used to record detailed autoionization and
Auger electron spectra.

were performed using the ground-state wave function. The
reader is referred to the Supplemental Material for basic
characterization (XRD, surface chemical integrity checks, and
characterization with PES) and further experimental and com-
putational details [26].

The complex composition of MAPI implies that element-
and orbital-projected DOS calculations are essential for
interpreting valence-band photoemission spectra, and the
agreement depends on the underlying structural model,
the photoionization cross sections, and the modeling of the
spectroscopic process [26]. We compare experimental and
computed values of the VB peak to NEXAFS peak energy
offset, shown in Fig. 1, and simultaneously examine the ac-
curacies of the underlying structural model, the simulated
NEXAFS spectrum, and the modeling of the PES spectra in
terms of DOS calculations. The experimental spectra consist
of the valence-band PES and N K-edge NEXAFS spectra.
The NEXAFS spectrum was aligned onto the PES energy
scale by subtracting the photon energy from the N 1s binding
energy. The valence-band spectrum of MAPI is similar to
a reported spectrum recorded with hv = 500 eV [16]. The
computed spectra include the I p-projected DOS as a represen-
tation of the occupied states, since it comprises the dominant
contribution to the valence band, and the computed N K-edge
NEXAFS (aligned using the computed N 1s orbital energy
in the TPHH calculation). The ground-state DOS calculations
are consistent with previous reports and serve as an approx-
imation to the photoemission spectra [26]. We observe that
the VB peak to NEXAFS peak offsets for the experimental
and theoretical spectra are in good agreement, demonstrat-
ing that our structural model and calculations are sufficiently
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FIG. 2. Nitrogen contributions from the organic sublattice to the
electron spectra. The computed DOS is aligned to the valence-band
spectra using the I-projected DOS. The subtraction of the off-
resonant hv = 394.5-eV spectrum from the resonant hv = 405.3-eV
spectrum yields a difference spectrum for comparison to the
nitrogen-projected DOS.

accurate. Changes to the Fermi-energy position would affect
the VB and NEXAFS (via the N 1s binding energy) posi-
tions equally. The computed N p-projected DOS of MAPI
is displayed also in Fig. 1 as a first approximation to the N
K-edge NEXAFS spectrum. Core-hole relaxation effects are
manifested as a buildup of resonance intensity towards higher
binding energy and a narrowing of the DOS, as evidenced by
the comparison between the ground-state nitrogen p-projected
DOS and the experimental and simulated N K-edge NEXAFS
spectra. Other details displayed in Fig. 1 include the reported
band gap of MAPI (∼1.6 eV) and the energy position of the
ionization threshold (or vacuum level), which is estimated
from the experimentally determined position of the valence-
band maximum and reported values for the band gap (1.6
eV) and electron affinity (3.6 eV) [6,26]. Detailed electron
spectra were recorded at the five photon energies labeled in the
plot. The deduced energy position of the ionization threshold
suggests that photoexcitations with energies �405.3 eV are to
bound states while photoexcitations with energies �407.0 eV
are to continuum states. This deduction is consistent with the
observation that the normal Auger spectrum (hv = 412.3 eV)
is similar to the hv = 407.0 eV spectrum, within signal to
noise limitations [26]. Due to its higher signal to back-
ground, the hv = 407.0 eV spectrum will be utilized as the
normal Auger spectrum. We conclude that the accuracy of our
computational work is adequate for interpreting experimental
valence photoemission spectra. See Supplemental Material for
the reference ground-state DOS calculations and supporting
data analyses [26].

In Fig. 2, we present an off-resonant or background
spectrum (hv = 394.5 eV) and a resonant spectrum (hv =
405.3 eV), from which a difference spectrum, which high-
lights all electron emission channels (with different final

states) associated with N 1s core-hole decay, is extracted.
A wider energy region is shown in the Supplemental Mate-
rial [26]. We compare the N 1s participator autoionization or
resonant photoemission portion, of the difference spectrum,
to the computed ground-state N-projected DOS. Participa-
tor autoionization features are identified by their dispersive
nature versus varying photon energy; if plotted on a binding-
energy scale, they remain constant. A comparison of the
hv = 405.3 eV (Fig. 2) and 403.3 eV [Fig. S9(c)] difference
spectra indicates that similar features in the same 16–0-eV
binding-energy region can be seen. To align the N-projected
DOS to the valence-band spectra, the I-projected DOS is
first aligned in a manner that is consistent with a past re-
port [16]. The nitrogen-projected DOS shows a number of
features labeled according to the molecular point group of
the methylammonium cation. The highest-occupied molecular
orbital of methylammonium is the 2e molecular orbital (MO).
The calculations suggest that hydrogen-bonding interaction(s)
between methylammonium and its environment results in the
formation of states with weak nitrogen character at binding
energies close to the VBM. We interpret the origin of these
states as hybridization between the organic and inorganic
sublattices and note that the intensity of the hybridized states
is low relative to the intensities of the other N features. The
hybridized feature has been observed with N K-edge XES,
a complementary technique which interrogates the occupied
states [20]. The participator autoionization features have a
positive slope as a function of increasing binding energy,
which qualitatively agrees with the N-projected DOS. Our
RPES measurement reveals that the spectroscopic intensity of
the hybridized states, if present, is low. Kot et al. performed N
1s RPES measurements on thin films of MAPI and observed
nitrogen-related resonant intensity enhancements close to the
VBM, though it is unclear what the origin of the nitrogen
states is due to the multiple nitrogen species seen in their N 1s
PES spectrum [21]. The overlap of nitrogen and iodide states
near the VBM is small, according to our DOS calculations,
suggesting that the occupied electronic substructures of the
organic and inorganic sublattices are largely independent.

The participator autoionization shown in Fig. 2 comprises
a minority fraction of the total N 1s core-hole decay. A com-
parison of the decay spectra arising from excitations to bound
(hv = 403.3 eV) versus continuum (hv = 407.0 eV) states is
shown in Fig. 3; it reveals that the majority of the N 1s
decay is similar (normal Auger decay). This indicates that for
the majority of excitations to bound states, the photoexcited
electrons have delocalized from their host nitrogen atom and
are unable to participate or spectate in the local decay of
the N 1s core hole. Possible origins of delocalization include
resonant excitation directly into a hybridized and extended
(Bloch-like) organic-inorganic state and/or transfer of the ex-
cited electron from the organic to inorganic sublattices with
a timescale that is clocked by the N 1s core-hole lifetime
(∼6.3 fs) [29,30]. Both cases imply that the organic and
inorganic sublattices are electronically coupled. We inter-
pret the electron delocalization as charge transfer (CT) from
the organic to inorganic sublattices of MAPI for the pur-
pose of estimating a CT time [31,32]. We note that the
spectral fingerprints of dynamics in the N–H bond, a connec-
tor between the sublattices, in the intermediate core-ionized
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FIG. 3. Nitrogen 1s core-hole decay spectra associated with res-
onant excitations to bound (hv = 403.3 eV) vs continuum (hv =
407.0 eV) states. The hv = 407.0-eV spectrum is treated as a normal
Auger spectrum (see text). The difference spectrum highlights the
autoionization features.

state were reported in a N K XES study of MAPbI3−xClx,
which suggests similar dynamics could be present in our
RAES measurements involving the core-excited state and af-
fect CT [20]. The relevant decay spectra to examine are the
403.3- and 405.3-eV spectra. The energetic overlap, seen in
Fig. 1, between the experimental N K-edge NEXAFS and
the bound MAPI empty states (not shown) located between
the ionization threshold and the conduction band minimum
(CBM) suggests that electron transfer between the organic
and inorganic sublattices is possible in the N 1s core-excited
state. The 403.3-eV spectrum can be regarded as a super-
position of the normal Auger spectrum and autoionization
features. To highlight the autoionization features in the dif-
ference spectrum, we normalize the two spectra utilizing
the ∼362- to ∼370-eV region and the background levels
at 402 eV. We observe that the difference spectrum lacks
spectral features in the ∼362- to ∼370-eV region, which
indicates that normal Auger decay, the spectral fingerprint
of electron delocalization, is present in the hv = 403.3-eV
spectrum. We emphasize that this observation holds even if
the difference spectrum is generated from the un-normalized
403.3- and 407.0-eV spectra. This interpretation of organic
to inorganic sublattice CT is based in part on the observation
that the computed C-, N-, and H-projected DOS overlap in
the same energy regions (Fig. S8), which implies that the
methylammonium orbitals are fully hybridized and therefore
CT from one methylammonium MO to another MO seems
unlikely. To estimate the CT time, we assume electron delo-
calization is a tunneling process with exponential probability
as a function of time, the core-hole decay rate is exponen-
tial also, and the two processes are independent [30]. The

CT time τCT = τN 1s × Iautoionization
Inormal Auger

, where τN 1s is the ∼6.3-fs
core-hole lifetime of N 1s and I represents the integrated area
of autoionization or normal Auger decay, extracted from the
hv = 403.3-eV spectrum. The normal Auger energy window
for ammonium extends over ∼50 eV and the Auger energy
window for methylammonium is expected to be similarly
wide [33,34]. Given the limited energy windows of the spec-
tra we have recorded, which introduce uncertainties into the
modeling of the inelastic background, we provide an order
of magnitude estimate of the CT time here. In the range
between 362 to 404 eV KE, the integrated area of the nor-
malized hv = 403.3-eV spectrum is 16.2 and the integrated
area of the normalized hv = 407.0-eV spectrum is 14.0, with
the autoionization features accounting for the difference. The
normal Auger component is certainly overestimated since the
inelastic background has been included; hence, we do not
provide uncertainty estimates. Our τCT = 6.3 fs × 2.2

14 = 1 fs
estimate establishes a lower bound for this particular exci-
tation (hv = 403.3 eV). A similar treatment of the 405.3-eV
spectrum indicates that the vast majority of the N 1s decay is
Auger and the autoionization features are barely visible, lead-
ing to a CT estimate that is <1 fs. Given our two data points,
the CT efficiency appears to be positively correlated with
photon energy, and one observation of this finding is that the
methylammonium-Pb,I electronic coupling strength increases
with more negative binding energies towards the ionization
threshold. The use of RAES for elucidating element-specific
features in the conduction band has been demonstrated for
other materials. For single-crystal TiO2, crystal-field splitting
originating from titanium d states in the conduction band was
identified [35]. We conclude that normal Auger decay, the
spectral fingerprint of electron delocalization, has been found
for resonant excitations to bound states, and if interpreted
as CT from the organic to inorganic sublattices of MAPI,
leads to an order of magnitude estimate of 1 fs for the CT
time. See Supplemental Material for supporting data analyses
and a schematic displaying charge transfer, participator, and
spectator autoionization processes [26].

We first summarize the findings relevant for organic-
inorganic electronic coupling in MAPI, then discuss the
possible implications for electron dynamics in HOIPs. We
demonstrated chemically well-defined single-crystal surfaces
of the prototypical HOIP MAPI that are stable under con-
tinuous x-ray irradiation and concomitant electron emission
for hours. This development provided access to the intrinsic
physics of HOIPs. We assessed our computational work to
be sufficiently accurate, based on a comparison of the experi-
mental and computed VB peak to NEXAFS peak offsets. The
computed nitrogen-projected DOS shows weak features close
to the VBM of MAPI which we attribute to hydrogen bonding
between the organic and inorganic sublattices. The computed
intensity of the hybridized states is low relative to the other
features in the N-projected DOS, which may explain why we
have not directly observed the states with N 1s RPES.

In our investigation of the conduction-band states of
MAPI, the element specificity of RAES showed, for resonant
excitations to bound states (below the core-ionization
threshold), that the photoexcited electrons delocalized from
their host nitrogen atoms with a timescale comparable to the
N 1s core-hole lifetime of 6.3 fs. Irrespective of the origin of
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delocalization, the presence of delocalization shows the
existence of electronic coupling between the conduction-band
states of the organic and inorganic sublattices. By interpreting
the delocalization as CT from the x-ray absorption populated
states of the organic sublattice to the empty states of the
inorganic sublattice, we deduce the lower bound of CT to
be ∼1 fs. Charge transfer in the core-excited state, relevant
for RAES, may be related to CT in the valence-excited
state, relevant for optoelectronic functionality, if the core and
valence exciton binding energies are similar. The energies
are similar for materials which exhibit efficient core-hole
screening such as C60 [36].

Our work motivates further inquiry into the mechanism(s)
of electron dynamics in HOIPs. The mechanism of slow hot
carrier cooling in HaPs is currently not understood and slow
hot carrier cooling has been attributed primarily to slow elec-
tron cooling [37,38]. Polaronic effects have been associated
with the mechanism of slow hot carrier cooling in HaPs; we
note that though polaronic effects exist in HaPs, it is not clear
if both the polaronic and potential CT effects can operate
concurrently [39–41]. The mechanism underpinning slow hot
carrier cooling may be related both to the CT mechanism
and the structural dynamics of methylammonium, since the
femtosecond charge-transfer time is substantially faster than
the two characteristic time constants, ∼300 fs and ∼3 ps, as-
sociated with structural reorientation of the methylammonium
cation [42].
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