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Variations in local strain, defect densities, and composition of hybrid metal-halide perovskites have been
reported to create heterogeneous energy landscapes in thin films, which impact charge-carrier diffusion
and recombination dynamics. Here, we employ one- and two-photon transient absorption spectroscopy
to selectively probe the dynamics of charge carriers from surface and bulk regions of methylammonium
lead bromide thin films. Differences in the transient absorption spectra indicate that an energy gradient of
approximately 100 meV is formed between the higher band-gap surface and lower band-gap bulk regions.
Thus, during their lifetime, photoexcited carriers move away from the surface to recombine in the bulk,
where our experiments detect long-lived charge populations despite the significant band splitting that has
conventionally been assumed to inhibit efficient radiative recombination. Supported by first-principles
calculations, we demonstrate that bright emission can still arise from the bulk with states that occupy a
wide range of momenta in the vicinity of the band extrema, which show strong dipole transitions. Our
results report that photoexcitations in the hybrid perovskites avoid defect-rich surface regions, and that

particularly strong emission is generated from accumulated excitation populations in the bulk.
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I. INTRODUCTION

Insights on the local distribution of energy levels,
symmetry, and nature of photoexcited states in hybrid
metal-halide perovskite semiconductors are required for
the efficient operation of hybrid perovskite optoelectronic
devices [1]. Further, charge extraction efficiencies require
detailed knowledge of the band alignment between the
hybrid perovskite surface and connected extraction lay-
ers [2,3]. Efficiencies of high-performance devices can
be enhanced even further by optimizing photoexcitation
dynamics, e.g., by improved open-circuit voltages from
reduced recombination [4,5], and avoidance of interfacial
charge-carrier buildup [6]. Metal-halide hybrid perovskites
are direct-band-gap semiconductors with tunable band
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gaps depending on the chemical composition. For instance,
cubic methylammonium lead bromide (MAPbBr;) has a
band gap of approximately 2.34 eV located at the high-
symmetry k-point R. However, the presence of the dipolar
MA molecule in the material breaks the exact inversion
symmetry. Combining the lack of inversion symmetry
and strong spin-orbit coupling of the heavy Pb and Br
ions that constitute the band edges, the so-called Rashba
effect arises, leading to momentum splitting at the band
edges [7]. As a result, the band gap becomes slightly
indirect. Long carrier lifetimes in the metal-halide per-
ovskites, which support efficient charge extraction, have
been claimed to originate from the Rashba splitting effects
in the electronic band structure. Long lifetimes often cor-
respond to low emission efficiency if competing nonra-
diative losses occur. However, reports of high lumines-
cence yields [8,9] and detailed analysis of rate equations
[10] suggest efficient radiative recombination [11], which
indicates that defects have surprisingly little impact on
photoexcitation.

Insights on photoexcitation dynamics have been gained
with transient photoluminescence and transient absorp-
tion techniques. The underlying optical transitions in
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halide perovskites have commonly been analyzed based on
optical selection rules that assume the Rashba-split bands
are labeled by well-defined values of the total angular
momentum projection m;. However, first-principles calcu-
lations have shown that the combination of strong spin-
orbit coupling and structural distortions of the inorganic
lattice—likely induced by the dipolar methylammonium
molecule—leads to a complex spin texture [12,13]. Pre-
vious reports utilizing photoluminescence measurements
[14] have employed one-photon and two-photon photoex-
citation to populate states near the surface or within the
bulk [Fig. 1(a)] and have gained insights on how lumi-
nescence is generated under these conditions. However,
insights into the surface and bulk optical band gap and
the photoexcitation populations are challenging [15,16].
We now combine the concept of selective surface excita-
tion and bulk excitation with one- and two-photon transient
absorption spectroscopy [Figs. 1(a) and 1(b)], which can
be employed as a sensitive probe for optical transitions
and excitation dynamics at the surface and in the bulk of
thin films [17,18]. We employ this method to gain detailed

insights into the energy level structure and photoexcita-
tion dynamics at the surface and in the bulk regions of
MAPDBr; thin films, which was not possible with previous
experiments.

With our approach, we report that heterogeneity exists
in the electronic states throughout hybrid metal-halide per-
ovskite thin films and demonstrate that the surface of
hybrid perovskite films shows larger band gaps than the
bulk, leading to carrier funneling into the bulk region of
thin films [19]. There, radiative recombination occurs from
Rashba-split bands, which we find to show larger splitting
than at the surface of perovskite films. Our findings pro-
vide a rationale for the unusual surface defect tolerance
of hybrid perovskites and suggest limitations on charge
extraction from the bulk due to energy barriers. We employ
first-principles calculations to identify the local orientation
of MA molecules and local strain as a potential struc-
tural origin for the observed local energy level differences
throughout the hybrid perovskite films, which provides
guidelines for optimization of hybrid perovskite surfaces
for optimal device performance.
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FIG. 1. (a) Experimental concept of one-photon and two-photon optical spectroscopy. Schematic of the pump-probe scheme with

one-photon excitation (1PE) at 3.1 eV and two-photon excitation (2PE) at 1.55 eV. Probe photon energies are centered at 2.2 eV (visible
range) for one-photon transient absorption (1PTA), and at 1.15 eV (near-infrared region) for two-photon transient absorption (2PTA)
to study photoexcitation energies and dynamics in a thin film (~500 nm) of MAPbBr3. Below: sketch of initial photoexcited carrier
density as a function of film depth for 1PE surface excitation (blue) and 2PE bulk excitation (red). (b) Sketch of the conduction bands
(CBs) and valence bands (VBs) in hybrid perovskites near a symmetry point, and the transitions that are probed with 1TPA and 2PTA.
The shaded arrows indicate the transitions between the outer branches (VB; to CB;) while full colors indicate the higher energetic
transition starting at the symmetry point (involving VB, or CBy). (¢),(d) Maps of the energy-resolved 1PTA response following 1PE
surface excitation and 2PE bulk excitation at fluences of 6 and 45 pJ/cm?, respectively. (e) 1PTA spectra at 1-ps time delay following
1PE surface excitation (blue) and 2PE bulk excitation (red). (f) Kinetics of the ground-state bleach signal at a probe energy of 2.34 eV

following 1PE (blue) and 2PE (red).
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II. RESULTS AND DISCUSSION

First, we study the recombination dynamics of photoex-
cited carriers with one-photon transient absorption (1PTA)
on a thin film of MAPbBr3, following one-photon surface
excitation (1PE) at 3.10 eV and two-photon bulk excita-
tion (2PE) at 1.55 eV with linearly polarized laser pulses
[Fig. 1(a), see experimental details in the Supplemental
Material [20]]. Using one-photon excitation, excitations
are dominantly photogenerated near the surface of the film
(~50 nm), while using two-photon excitation, a more uni-
form excitation density throughout the film is created (see
Fig. S1 in the Supplemental Material [20]).

We record maps of the energy-resolved transient absorp-
tion response for 1PE and 2PE [Figs. 1(c) and 1(d)]. Note
that the comparable maximum value of the signal ampli-
tude indicates that we have created comparable excitation
densities, despite the typical difference in excitation flu-
ence for 1PE and 2PE conditions. We find unexpected
differences in the energy position of the main bleach fea-
ture, and the recombination dynamics of the excited states.
To analyze this further, we compare spectral shapes and
kinetics. The shapes of 1PTA spectra at a time delay of
1 ps following 1PE [Fig. 1(e), blue line] and 2PE [Fig. 1(e),
red line] show distinct differences. The 1PE-1PTA signal,
arising from photoexcitations formed closer to the surface
of the film, is dominated by transient reflectivity changes
[27], giving a more derivativelike shape, as we further con-
firm by transient reflectivity measurements (see Fig. S2
in the Supplemental Material [20]). In these reflection-
dominated spectra, the energy of the optical absorption
transition is located close to the zero-crossing of the 1PE-
1PTA spectra, which we find at around 2.38 eV. On the
other hand, the 2PE-1PTA signal, arising from photoexci-
tations that are more homogenously distributed throughout
the bulk of the film, shows a less derivativelike shape, with
a ground-state bleach (GSB) peak at 2.32 eV. Thus, we find
different values for the main optical transition under 1PE
and 2PE conditions. One possible mechanism is that the
optical band-gap energy is lower in the bulk than at the
surface of our hybrid perovskite thin films.

The strength of the GSB and reflectivity signal in our
transient absorption measurements give a measure for the
overall carrier density, and hence provide a method to
track the carrier recombination within the film. Transient
absorption is integrated here over the excitation density
throughout the film. We have ensured comparable peak
signal intensities for A7/T under 1PE and 2PE conditions,
which translates to comparable photoexcited excitation
populations immediately after excitation. However, we
find that the recombination kinetics is different under 1PE
(surface) and 2PE (bulk) conditions [Fig. 1(f)]. Initially
after photoexcitation, up to 200 ps, carrier recombination
following 1PE (blue) is faster than for 2PE (red). Then, car-
rier recombination following 1PE becomes slower than for

2PE, and both kinetics converge around 1 ns. We further
confirm the impact of 1PE vs 2PE conditions on recom-
bination dynamics with time-resolved photoluminescence
measurements and simulate the spatial excitation profiles
(see Figs. S3—S6 in the Supplemental Material [20]).

However, 1PTA and photoluminescence are not directly
sensitive to differences in local carrier distribution between
surface and bulk. Thus, we employ two-photon transient
absorption (2PTA) spectroscopy to separately probe the
optical transition energies and dynamics of surface and
bulk excited states. In short, the 2PTA technique uses
the same pump-probe principle as 1PTA. However, opti-
cal transitions are probed by the simultaneous absorption
of two photons, thus probing transitions at the sum of
the two probe photon energies. The linear absorption and
1PTA signals of our hybrid metal-halide perovskites are
around 2.2 eV, in the visible range [Fig. 1(e)]. Accord-
ingly, we detect 2PTA signals at probe photon energies
around 1.1 eV [Figs. 2(a) and 2(b)]. There are small over-
laid signals from 1PTA signals in this probe range, likely
from defect or free-carrier intraband excitation. However,
since 2PTA signals scale quadratically with probe fluence,
while 1PTA signals scale linearly, we can use a probe
fluence series for correction and obtain the pure 2PTA
signals (see the experimental details in the Supplemental
Material [20]).

The energy-resolved maps of the 2PTA response of the
material show broad bleach signals [Figs. 2(a) and 2(b)],
which we assign to the two-photon probed optical band-
edge transition at twice the probe photon energy (i.e., in
the energy range 2.1-2.6 eV). Here, a redshift of the optical
transition for 2PE vs 1PE is clearly visible. To analyze this
further, we compare in the following selected spectra and
kinetics.

The 2PTA spectra following 1PE, forming photoexci-
tations near the surface of the film [Fig. 2(d), blue lines],
shows a positive bleach signal at an energy of 1.2 eV, relat-
ing to a two-photon probed optical transition at 2.4 eV.
Owing to the bulk-sensitive nature of our 2PTA measure-
ment, the spectrum is not much affected by reflectivity
changes that we have seen when probing after surface exci-
tation with 1PTA. We note that the energy of this bleach
peak agrees with the transition energy of around 2.38 eV
that we had determined in the 1PE-1PTA spectra [Fig. 2(c),
blue lines].

The 2PTA signal following 2PE, in which we excite a
more uniform carrier distribution throughout the bulk of
the film, shows a bleach signal with a peak centered around
2.28 eV [Fig. 2(d), red line]. This energy is about 40 meV
further below the redshifted transition that we observed
in 1PTA under 2PE (bulk) excitation [Fig. 2(c), red line],
suggesting that our 2PTA gives a clearer signal on these
low-energy transitions. We note that the respective optical
transition is around 100 meV lower in energy than the tran-
sitions we found after 1PE (surface) excitation [Fig. 2(d),

033001-3



SEAN A. BOURELLE et al.

PRX ENERGY 3, 033001 (2024)

Surface (1PE)

23 24 25 26

Probe Energy (eV)
Norm. ATIT
ATIT (arb. units)

Surface (1PE)

Bulk (2PE)
—1ps
=-=-=--1500 ps

1ps
----1500 ps

1.10

0.1 1 10 100 1000
Time Delay (ps)

115 120 125
Probe Energy (eV)

1.30

FIG. 2.

(9)

Signal Ratio

—12ev
"o T oo
Time Delay (ps)

"o00

Signal Ratio

Momentum

10
Time Delay (ps)

100

(a),(b) Maps of the energy-resolved 2PTA response following 1PE surface excitation at 3.1 eV and 2PE bulk excitation

at 1.55 eV. (c¢),(d) TA spectra for one-photon (1PTA) and two-photon (2PTA) probing following 1PE and 2PE, taken at time delays
as indicated. (e),(f) Integrated 2PTA kinetics in the energy range around 1.1 eV (dotted line), which we attribute to signals from the
bulk, and 1.2 eV (solid line), which we attribute to signals from the surface region, following 1PE and 2PE. (g) Sketch of the energy
alignment of the observed optical transitions and carrier dynamics at surface and bulk regions of the studied hybrid perovskite films.
The transition energies are extracted from our measured TA spectra shown in (c),(d) at a time delay of 1 ps.

blue line]. These results show that optical transitions in
the surface and bulk regions occur at different energies,
and that the lowest-energy optical transitions of the studied
hybrid perovskite thin films are in the bulk region.

Using 2PTA spectra at different time delays, we resolve
the impact of the energy gradients on the dynamics of pho-
toexcited surface and bulk states. In the 1PE-2PTA spectra,
at a time delay of 1500 ps, as carriers have moved away
from the region of surface excitation and into the bulk
[Fig. 2(d), blue line], we find a rise in the low-energy range
around 1.15 eV, which we have identified previously to
probe mostly bulk states. The small difference to the bulk
vs surface peak separation determined with 1PTA is within
the error of the experimental setup. We attribute this to
a preferential diffusion of photoexcitations away from the
surface and into the bulk region. We obtain the dynamics of
these carrier dynamics by integrating the 2PTA spectrum
in the spectral regions around 1.1 eV (bulk) and 1.2 eV
(surface) [Fig. 2(e)]. The signal at 1.2 eV, which probes
bulk excitations, initially shows a higher rate of carrier
recombination [Fig. 2(e)], which levels out at later times
as further photoexcitations diffuse from the surface into the
bulk with time delays longer than around 100 ps.

Following 2PE (bulk), this leveling out of recombina-
tion kinetics is not observed and carrier recombination
in the bulk remains faster than at the surface [Fig. 2(f)].
Accordingly, the 2PE-2PTA spectrum at a time delay of
1500 ps [Fig. 2(d), red line] contains increasing contribu-
tions of signals from the surface region, which is reflected
by the rise in signal at 1.2 eV, despite the initially uniform
excitation distribution (see Fig. S1 in the Supplemen-
tal Material [20]). We assign this to a slower decay of

excitations that remain near the surface. In conclusion,
we find two main observations from our 2PTA experi-
ments: (i) energy gradients exist in the optical transitions
between surface and bulk, with lower-energy transitions in
the bulk region; (ii) photoexcitations diffuse into the bulk
with increasing time delay, where they recombine with
higher rates than at the surface.

To gain insights into the origin of the energy level
variations at the surface and in the bulk, we compare
our experimental observations with first-principles calcu-
lations. Owing to the combination of strong spin-orbit
coupling and structural distortions induced by the dipo-
lar methylammonium molecule, the picture in which the
Rashba-split bands are characterized by sharp values of
m; is oversimplified, and therefore transitions between
two bands cannot be described by simple optical selec-
tion rules that could potentially be addressed by single- or
two-photon absorption [12,13].

To explore the material origin of our observations, we
compute the electronic structure of MAPbBr; from first
principles. The rotation barrier of MA in MAPDbBr; is sub-
stantial (11 kJ mol™) [28,29], and diffraction experiments
have shown that the MA molecules in bulk MAPbBr3
are preferentially oriented along [110] at room tempera-
ture [30,31]. However, the picture may be different near
the surface: studies of MAPDI; have suggested that there
exists surface band bending [32]. Such surface band bend-
ing acts as an electric field that is significantly stronger
than the coercive field (~0.6 kV cm™') [33] induced
by the dipolar MA molecule. Thus, the MA molecule
will reorient toward [001] at the surface to align with
the electric field. We therefore perform first-principles
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computations to determine the expected electronic struc-
ture using these organic cation orientations for the sur-
face and the bulk (see the computational details in the
Supplemental Material [20]).

From our calculations, we find two key differences in the
optical transitions between surface and bulk regions. First,
the MA reorientation gives rise to a difference in the transi-
tion energy between conduction and valence band extrema
of the bulk and surface regions, as seen by the transition
energy plotted for a slice (k, = 0.5 in units of 2r/a) of k
points in the Brillouin zone with the respective (“bulk” and
“surface”) MA orientations [Figs. 3(a) and 3(c)]. Second,
the Rashba splitting at the surface is significantly weaker

MA: [110]

than that in the bulk [Figs. 3(b) and 3(d) insets]; the cor-
responding Rashba coefficients for the lowest conduction
band (ar = 2AE/Ak, where AE and Ak are the energy
and momentum splittings, respectively) are 2.34 eVA for
bulk and 1.40 eVA for surface. Typically, one would
expect surface effects to enhance the Rashba splitting due
to a breaking of inversion symmetry. However, in the case
of hybrid metal-halide perovskites, we have previously
shown that the strength of the Rashba splitting directly
correlates with the distortion of the [PbBrg]*~ octahe-
dra [12,13], which can be characterized by the standard
deviation of the Br—Pb—Br bond angles from 90°. When
the molecule is oriented along [110], the distortion of
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Calculated band structure and one-photon absorption of MAPbBTr;. (a) Transition energy between the lowest two CBs and

the highest VB [as defined in (b)] for a slice (k, = 0.5 in units of 277/a) of k points in the Brillouin zone with MA oriented along [110].
The coordinates of the k points are defined relative to the R point (0.5, 0.5, 0.5). (b) Absorption coefficient of MAPbBr; with MA
oriented along [110]. £, refers to the lowest energy band gap and E,(R) denotes the band-gap energy at k=R. (c) Transition energy
between the lowest two CBs and the highest VB for a slice (k, =0.5 in units of 27/a) of k points in the Brillouin zone with MA
oriented along [001]. (d) Absorption coefficient of MAPbBr; with MA oriented along [001]. The insets in (b) and (d) show the band
structures of MAPDbBr; along the k-point path where the Rashba splitting is most pronounced.
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the [PbBrg]*~ octahedra is much larger than that in the
case with the MA oriented along [100] due to interac-
tions between the dipolar MA cation and the inorganic
lattice. Hence, the Rashba splitting is reduced when MA
is reoriented along [001] [Fig. 3(d), inset].

To rationalize why radiative recombination still effi-
ciently occurs within the bulk, despite the larger Rashba
splittings we see in our calculations, we calculate the
one-photon absorption spectrum of MAPbBr;. We use the
information on transition energies [Figs. 3(a) and 3(c)] and
transition matrix elements throughout momentum space
to calculate the absorption profile from first principles
[Figs. 3(b) and 3(d)]. These represent the averaged value
for all crystal directions to account for the polycrystallinity
of our thin film in the experiments. At the band minima we
observe one-photon transition strengths of approximately

6 x 10° cm™! [Fig. 3(d)] at the surface, and approximately
8 x 10? cm™! within the bulk [Fig. 3(b)]. This demonstrates
that, even near the minima of the Rashba-split bands, opti-
cal transitions are still strongly allowed. However, for the
bulk, the absorption coefficient shows a two-step behav-
ior with a quick rise to approximately 8 x 10? cm™! at the
band edge and then an additional increase of more than one
order of magnitude from band edge to the energy at the
point of symmetry, Eq,(k =R) [Fig. 3(b)], while at the sur-
face the absorption increases more sharply, and reaches its
maximum already close to the band edge [Fig. 3(d)]. This
is due to a decreased joint density of states near the absorp-
tion onset for the bulk, which has stronger Rashba splitting.
Additionally, for operational carrier densities of 10" cm~>,
our calculated carrier distributions show that states around
Eq(k=R) are significantly populated at room temperature
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FIG. 4.

(a),(b) Calculated lowest energy band gap (E,) (a) and the band gap at k=R [E,(R)] (b) of MAPbBr; with MA oriented

along [001] and [110] as a function of the biaxial strain. The blue and orange arrows next to the y axis indicate the experimentally
measured band gaps. Under —1% strain, the surface has greater band gaps than the bulk, which explains the experimentally observed
larger band gap at the MAPbBr; surface than in the bulk. (c) Schematic band structure of MAPbBTr3, illustrating the Rashba splitting
near the band extrema. AE,. and AE, represent the Rashba splitting at the conduction-band minimum and valence-band maximum,
respectively. (d),(e) Variations of AE. and AE, of MAPbBr; with MA oriented along [001] and [110] as a function of the biaxial
strain. The Rashba splitting at the surface ([100] orientation) is always weaker than that in the bulk ([110] orientation), irrespective of

strain.

033001-6



OBSERVATION OF ENERGY LEVEL ...

PRX ENERGY 3, 033001 (2024)

(see Fig. S7 in the Supplemental Material [20]), such that
the effects of band splitting on radiative recombination are
reduced even further.

Unexpectedly, the experimentally observed larger band
gap of the surface compared with the bulk is not repro-
duced using the crystal structures we assumed for our
first-principles electronic structure calculations. Yet, these
were performed for strain-free material. It has been exper-
imentally demonstrated that a residual strain is present in
the mixed halide perovskite thin films [34]. It is thus highly
likely that our MAPbBr; thin films contain residual strain,
which in turn impacts the band gaps. Hence, we explic-
itly compute the electronic structures of the MAPDBr;
surface and bulk under biaxial strains of —1% (compres-
sive), 0%, and 1% (tensile) [which are reasonable strain
values as observed in experiments [34]], and the corre-
sponding band gaps are summarized in Figs. 4(a) and 4(b).
The band gap of MAPDbBr; with the organic molecule MA
oriented along [110] (the bulk scenario) decreases with
compressive strain, while the band gap of MAPbBr; with
MA along [001] (the surface scenario) is almost indepen-
dent of strain. Under —1% compressive strain, both £, and
E,4(R) of the MAPbBr3 surface are greater than those of the
bulk, consistent with experiment. We note that the relative
strength of the Rashba splitting of MAPbBr; bulk and sur-
face remains the same after taking the biaxial strains into
account [Figs. 4(c)4(e)].

ITII. CONCLUSIONS

Our findings report three key insights on the electronic
states and charge-carrier dynamics in thin-film hybrid per-
ovskites: (i) the band-gap energy in the bulk is lower
compared to the surface; (ii) the Rashba-type band split-
ting is larger in the bulk compared to the surface; and (iii)
fast radiative recombination occurs in the bulk from carrier
funneling and strong one-photon transitions even from the
extrema of Rashba-split bands.

We interpret the difference in optical band-gap energies
as the existence of heterogeneity between the surface and
the bulk electronic states, which we expect to drive charge-
carrier transport away from the surface and thus reduce
the impact of nonradiative carrier losses from surface
defects [35]. Such heterogeneity would give rise to further
charge extraction barriers, which highlights the importance
of interfacial energy alignment of electron and/or hole
extraction layers [2,3,36], and rationalizes charge-carrier
buildup at device interfaces, despite rigorous optimization
of electron transport layers [37], which leads to open-
circuit voltage losses. Our results highlight the need to
obtain the exact band alignment and band bending from
built-in electric fields at the surface, e.g., from photoelec-
tron microscopy for the surface, and, e.g., from optical
absorption for the bulk. Our results further agree with
depth-dependent band-gap profiling experiments, which

found a strain gradient in MAPDI3 thin films from the
surface to the bulk [27].

Our study unifies seemingly contradictory reports on
varying levels of Rashba splitting and bright emission
from the hybrid perovskites [12,38—41]. Our findings of
an intrinsic heterogeneity between electronic states of the
surface and bulk of the hybrid perovskite suggest that the
material cannot be considered isotropic in its electronic
structure, and that different results are to be expected from
probing surface and bulk regions as reported [42,43]. Our
first-principles calculations explain the bright lumines-
cence from the bulk, despite the presence of Rashba-split
bands, through the high quasi-Fermi energies of elec-
trons and holes with respect to the high-symmetry point
(R) at application-relevant carrier densities, as well as the
relaxed optical selection rules from bands that we find
to be no longer “pure” in their total angular momen-
tum. Our results on energy gradients between surface and
bulk have implications on the design of hybrid perovskite
photovoltaics, which require alignment of charge extract-
ing and/or injecting layers with the hybrid perovskites, as
well as light-emitting applications, in which knowledge on
recombination regions and charge-carrier densities is key
for optimal design.
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