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ABSTRACT: Understanding the sub-band gap luminescence in
Ruddlesden—Popper 2D metal halide hybrid perovskites (2D
HaPs) is essential for efficient charge injection and collection in
optoelectronic devices. Still, its origins are still under debate with
respect to the role of self-trapped excitons or radiative
recombination via defect states. In this study, we characterized
charge separation, recombination, and transport in single crystals,
exfoliated layers, and polycrystalline thin films of butylammonium
lead iodide (BA,Pbl,), one of the most prominent 2D HaPs. We
combined complementary defect- and exciton-sensitive methods
such as photoluminescence (PL) spectroscopy, modulated and
time-resolved surface photovoltage (SPV) spectroscopy, constant
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final state photoelectron yield spectroscopy (CFSYS), and constant light-induced magneto transport (CLIMAT), to demonstrate
striking differences between charge separation induced by dissociation of excitons and by excitation of mobile charge carriers from
defect states. Our results suggest that the broad sub-band gap emission in BA,Pbl, and other 2D HaPs is caused by radiative
recombination via defect states (shallow as well as midgap states) rather than self-trapped excitons. Density functional theory (DFT)

results show that common defects can readily occur and produce an

energetic profile that agrees well with the experimental results.

The DFT results suggest that the formation of iodine interstitials is the initial process leading to degradation, responsible for the
emergence of midgap states, and that defect engineering will play a key role in enhancing the optoelectronic properties of 2D HaPs

in the future.

Bl INTRODUCTION

Dion-Jacobson and Ruddlesden—Popper layered (“quasi-2D”)
hybrid perovskites (hereinafter termed simply as “2D HaPs”)
have emerged as promising semiconductors with tunable
emission suitable for a variety of device applications."”
Furthermore, 2D HaPs are being introduced as passivation
layers for devices based on 3D HaPs, enhancing their efficiency
and stability.”™> One of the typical features that 2D HaPs
exhibit is sub-band gap photoluminescence (PL). Under-
standing the origin of sub-band gap photoluminescence (PL)
emission in semiconductor materials is crucial for their
development as active layers in optoelectronic devices such
as LEDs and solar cells. Such sub-band gap emission hinders
precise control over the desired emission wavelength and the
resulting LED performance, and is a signature of additional
charge recombination paths that result in a loss in the
photovoltaic efficiency of solar cell devices. As a typical sub-
band gap emission mechanism, relaxation of photogenerated
carriers to defect states within the band gap and subsequent
radiative recombination induces light emission with photon
energies below the band gap. An alternative mechanism for
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sub-band gap PL emission, is the self-trapped exciton (STE)
mechanism, which has often been suggested.”” Depending on
the underlaying mechanism, photoexcited charge carriers can
either contribute to photocurrent through the material or
alternatively stay as bound excitons. Distinguishing between
these two mechanisms can elucidate whether the sub-band gap
emission is an inherent property of the material (STE), or it
can be completely mitigated by removal of the defects
responsible for it.

The two different sub-band gap emission mechanisms are
described schematically in Figure 1. In the STE mechanism
(Figure la), strong electron—phonon coupling is required, in
which upon above band gap (supra-band gap) photoexcitation
and the formation of excitons, a new “deformed” excited state
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Figure 1. Diagrams describing the self-trapped exciton (STE) mechanism (a) vs defect-assisted recombination mechanism (b) Purple, yellow,
green, and red arrows denote optical excitations, band-to-band radiative decay transition, defect-assisted radiative decay transitions and radiative
decay transitions via self-trapped excitons, respectively. The numbering in (a) denotes the temporal sequence of the STE process: (1): fundamental
excitation into the exciton state (E,,) from the ground state (GS); (2) structural deformation due to strong electron—phonon coupling; (3) below-

band gap STE emission.

with reduced energy forms from which sub-band gap photons
can be emitted. Previously, such mechanism has been
suggested to be responsible for sub-band gap emission in
metal halides and rare gas crystals.” Specifically for metal
halides, it was proposed that the initial event leading to STE
formation is actually the localization of the photogenerated
hole in the newly formed excited state, generating a self-
trapped hole, followed by bounding of an electron to the self-
trapped hole site, resulting in an STE.® For decades, STE has
been suggested to explain the emission properties of various
metal halides,*® metal oxides with an ultrawide band gap (ie,
>5 eV)'”"" and some metal oxides with a wide band gap such
as titania (anatase).'”

In spite of its higher complexity compared to defect-assisted
recombination, the STE mechanism has become quite popular
in recent years to explain sub-band gap emission in Dion-
Jacobson and Ruddlesden—Popper layered hybrid perov-
skites.”"*~'° However, recent studies question this assignment,
and there is growing evidence that defect-assisted recombina-
tion as illustrated in Figure 1b is the more likely cause for the
sub-band gap emission in this family of materials.'®~*

STE requires fundamental absorption from the ground state
to the excited state to form an exciton. Therefore, it is possible
to distinguish between STE and defect-assisted emission by
comparing sub-band gap PL emission feature(s) with
corresponding feature(s) in the UV—vis absorption spectrum,
or, alternatively, by using sub-band gap excitation in the
acquisition of the PL emission spectrum, as was successfully
shown by Hu et al.”> and Kahmann et al."” It is known that
halide perovskites exhibit a high degree of electron—phonon
coupling, due to their ionic and soft lattice nature, resulting in
polaron formation.”* In addition, it was shown that for some
HaP compositions defects are present, with sub-band gap
transition energies.”>”® Thus, another possibility arises in
which STE and defects coexist, where the excitons get trapped
at the defect sites, resulting in defect-assisted STE recombi-
nation.”’”

To date, all studies used methods based on optical
properties of 2D HaPs, such as PL and UV—vis absorption,
as the main characterization tools. A drawback for
interpretation of PL spectra is the difficulty in assigning the
dominant recombination mechanism (free carriers/bound
excitons/trapped carriers). One of the key differences between

defect-assisted and STE mechanisms is the difference in
transport properties of photogenerated species involved. In a
defect-assisted mechanism, remaining untrapped mobile charge
carriers can diffuse or drift and therefore contribute to
electrical currents. Excitons and STEs are neutral quasi-
particles which do not contribute to electrical currents.
However, dissociation of excitons into mobile charge carriers
can induce additional electrical currents.

In our work, we use this fundamental difference of
contributions to electrical currents in order to distinguish
experimentally between defect-related and STE mechanisms.
For this purpose, we combine methods characterizing sub-
band gap emission by radiative and photoelectron emission
(PL and CFSYS — Constant Final State Photoelectron Yield
Spectroscopy,”® respectively) with methods characterizing
separation of photogenerated charge carriers in space
(transient and modulated SPV — Surface PhotoVoltage —
Spectroscopy”’) and (photo)electrical currents and mobilities
(Hall and photo-Hall,’® or CLIMAT — Constant Light
Induced Magneto Transport). We showed in previous studies
of 3D HaPs that SPV and CFSYS are highly sensitive
contactless methods that directly detect defect states in 3D
HaPs whereas these defects could not be detected by PL and
other optical methods.”**"**

SPV signals are generated when photogenerated charges are
being spatially separated. In general, the sign of an SPV signal
is determined by the direction of charge separation and the
resulting net difference in the (average) location of positive
and negative charges. A net larger hole density near the surface
would result in a positive SPV signal, and vice versa. Light-
Modulated SPV spectroscopy measurements rely on absorp-
tion and not only significantly enhance the S/N, but also allow
to distinguish between SPV signals that follow the light
modulation vs retarded SPV signals.”” Transient SPV (tr-SPV)
probes the charge carrier dynamics over more than 7 orders of
magnitude in time after photoexcitation with a short (ns) light
pulse.”® The fundamental difference between charge transport
mechanisms in STE and defect-assisted recombination induces
two radically different pictures of charge separation detected by
our optoelectronic methods.

Experiments were performed on single crystals, peeled layers
and polycrystalline thin films of 2D butyl ammonium lead
iodide (BA,Pbl,), a typical 2D HaP, in order to show the
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Figure 2. PL emission spectra of a BA,Pbl, single crystal: (a) before and after peeling with a 3 M scotch tape on a semilogarithmic scale; (b) at the
center of the crystal (blue) and on the edge (black), normalized. Dashed lines are shown at E = 2.20 eV (T, transition) and E = 2.36 eV (exciton
emission, E,). The excitation wavelength was 472 nm, at a fluence of ~7 X 10" photons per cm’.

general behavior of electronic transitions in relation to the
mechanisms of charge separation. It is shown that BA,Pbl, is a
p-type semiconductor with a very low dark equilibrium carrier
concentration, indicating that the majority of trapped carriers
are electrons. Dissociation of free excitons caused electron
trapping at defect states at/near the surface. In contrast,
excitation at photon energies below and above the energy of
the free exciton transition resulted in preferential separation of
photogenerated holes toward the surface. We find several
shallow and deep defect states that are evidenced by
independent measurement techniques, and show that the
broad sub band gap emission in 2D HaPs is caused by defects,
not by STE. To elucidate the chemical nature of the defects,
we then perform ab initio electronic structure calculations that
show that common, readily formed defects in a BA,PbI slab
lead to trap states similar in nature to those we experimentally
observe. Furthermore, we demonstrate that during photo-
emission measurements, 2D HaPs readily undergo degradation
and deep defects close to midgap are formed, which, using the
calculation results, are found to be iodine (I) interstitials.

B RESULTS AND DISCUSSION

Shallow Defects. Typical PL spectra of a BA,Pbl, single
crystal before and after peeling are shown in Figure 2a. The
observed peak at 2.36 eV matches well with the excitonic band
gap emission at room temperature reported in the literature.”*
Interestingly, an additional emission peak below the band gap
is observed at about 2.2 eV (termed hereinafter as transition
T,). This sub-band gap feature at 2.2 eV has been initially
claimed to be caused by a “second band gap”.”> However, in a
following study, the same authors concluded that this feature
was actually related to Pb—I interlayer interaction, which is
enhanced at the crystal edges.36 As can be seen from Figure 2a,
upon peeling off the top layer of the crystal, the relative PL
intensity of the shoulder decreases. In addition, when
comparing the PL spectra at the edge vs the center of the
peeled crystal, the relative PL intensity at the same energy
region (2.2 eV) is much higher on the edge of the crystal
(Figure 2b). Hence, these findings raise the question whether
this feature at 2.2 €V is an intrinsic property of the material, or
related to surface/edge defects.

In order to gain further insight into the nature of the
potentially defect-related PL emission at 2.2 eV, modulated
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SPV measurements were performed on a freshly peeled
BA,Pbl, single crystal.

A comparison between the in-phase component of the
modulated SPV signal (the fast component that follows the
light modulation period”) and the PL spectrum is shown in
Figure 3 (For a reference UV—vis spectrum of a flake of the
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Figure 3. PL emission spectra (black) vs the in-phase signal of the
modulated SPV measurement result (red) of a BA,Pbl, single crystal.

single crystal, see Figure S1). Interestingly, while both the sub-
band gap and excitonic features are seen clearly in both
measurements, the trend in their relative intensities is opposite.
In contrast to the PL spectrum, where the feature at 2.2 eV
appears as a shoulder to the main peak centered at 2.36 eV, in
the SPV spectrum, the signal at 2.2 eV is much larger than that
at 2.36 eV. This finding is explained by the different nature of
the two methods: while PL is more bulk-sensitive, the SPV
signal can be very sensitive to the surface,””*” and hence any
surface or edge-related defects that contribute to charge
separation processes would result in a larger SPV signal
compared to the main excitonic feature. Since SPV relies on
charge separation, ie, the motion of free photogenerated
charge carriers, the higher signal at 2.2 eV directly excludes the
formation of STEs, since an excitation energy of 2.2 eV is not
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Figure 4. Contour plot of time-resolved SPV spectroscopy of a BA,Pbl, single crystal (a); Transient SPV spectrum, deduced at t = 10 s, including
a closeup at low photon energies in the inset (b); and (c) selected transients at different laser excitation energies: 2.0 eV (red), 2.25 eV (blue) and

2.8 eV (green).

sufficient in order to generate excitons in the first place. As
evident from the SPV results, where in contrast to PL, a signal
could be observed only when charge separation occurs, these
photogenerated free carriers readily undergo charge separation
at the crystal edges (horizontal surface/grain boundaries),
which will be discussed later in the text. In addition, a non-
negligible SPV signal is observed below 2 eV which is
attributed to absorption related to deep defects. Since in this
regime below the band gap straylight effects can play a
significant role, an appropriate long-pass filter needs to be
used, as shown in Figure S2.

In Figure 3, an additional rise of the in-phase SPV signal is
observed at higher photon energies, which can be attributed to
the band-to-band transition at about 2.55 eV. Thus, from our
SPV measurements we find that the exciton binding energy for
the BA,Pbl, amounts to about 190 meV (2.55—2.36 eV),
which lies within the wide range of exciton binding energies
reported in literature ranging from values as low as 80 meV
(based on UV—vis and PL)** to values of about 300 meV
(based on photoelectron spectroscopy).”® Furthermore, a dip
between the excitonic transition and the band-to-band
transition is observed around 2.4 eV. Such a change in the
magnitude of the in-phase signal hints to a change in the
charge separation mechanism (i.e., a variation of the e—h
separation direction) around the exciton transition. This point
will be investigated in more detail by transient SPV (tr-SPV)
spectroscopy in the following section.

Charge Separation Kinetics and Deep Defects. Figure
4a shows a contour plot, ie., the map of the SPV signals as a
function of photon energy and logarithmic time, of the time-
resolved SPV spectrum of an as-peeled BA,Pbl, single crystal.
Two main features are seen from Figure 4a: First, the onset of
the SPV signal starts at photon energies as low as ca. 1.2 eV
(transition Tj), ie., roughly around midgap, providing direct
experimental evidence for the existence of deep defects close to
midgap. Second, a change of the sign from positive to negative
SPV signal occurs, where the change of the sign occurs at much
longer times (ms range) for photon energies below and above
the band gap but at much shorter times (ns--us range) for
photon energies around the free exciton transition. The similar
times at which the sign changes below and above the free
exciton transition suggest a similar charge separation
mechanism for excitation at both these photon energies.

Figure 4b shows an SPV spectrum deduced at 10 ys after the
start of the excitation pulse, including a closeup at the low
photon energy regime shown in the inset. The onset of positive
SPV signals at 1.2 eV can be clearly seen. To confirm that the
observed onset at 1.2 eV does not originate from experimental

artifacts such as variations in the laser intensity as a function of
wavelength (which were suppressed using a variable beam
expander, as shown in Figure S3) or processes related to 2-
photon absorption (which are highly unlikely due to the
relatively long pulses (2—3 ns) used in the tr-SPV measure-
ments), sub-band gap modulated SPV spectra were recorded
using halogen lamp with a 610 nm long pass filter (to suppress
straylight), and a similar SPV onset at ca. 1.2 eV was observed,
as shown in Figure S2 in the SI. Around 1.8 eV, a strong
increase of the positive SPV signals set on. Between 2.15 and
2.2 eV, the SPV signals decrease strongly and change to
maximum negative signal at E,p,,, = 2.25 eV. In the following,
the SPV signal changes to positive sign for photon energies up
to about 2.35 eV. To conclude, the formation of free excitons
causes a change of the direction of charge separation, in
contrast to other transitions.

The different quality in charge separation for excitation
below, within and above the energy of free exciton generation
can be also seen in the transients depicted in Figure 4c. The
transients excited at 2.0 and 2.8 eV are very similar to a
monotonous increase of the SPV signals in time up to a
maximum at about 30 and 150 us, respectively, and with a
monotonous decrease toward negative signals with a minimum
at about 0.16 s. In general, we find negligible dependence of
the transients on excitation energies above the band gap
(Figure S4), as expected, since the excited higher-energy
carriers quickly cool down to the band edge (within sub-ps to
ps)- In contrast, the decay of the transient excited at 2.25 eV
reaches its minimum at about 10 ms, which is preceded by well
pronounced bump of a positive signal between 30 and 500 us.
The existence of the bump in the decay of the transient excited
at 2.25 eV gives evidence for the superposition of several
processes of charge separation and relaxation that are occurring
simultaneously. The fact that a sub-band gap SPV signal is
observed already from photon energies as low as 1.2 eV,
suggests a substantial density of deep defect states (no excitons
are formed at energies below 2.2 eV). The behavior of sub-
band gap SPV transients is very different to these excited
around 2.25 €V, i.e., within the transition of free excitons.
Therefore, the observed sub-band gap SPV signals provide
direct experimental proof that sub-band gap transitions,
including PL emission, can be directly related to defect-
assisted processes such as defect-assisted recombination in case
of PL emission. In other words, the observations of sub-band
gap SPV signals, alongside with the fact that no excitons are
formed below 2.25 eV, suggest that the STE model can be
ruled out for the 2D HaP BA,Pbl, single crystal. For
comparison, Figure S shows the contour plots of peeled
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Figure S. Contour plots of time-resolved SPV spectroscopy of a peeled layer of a BA,Pbl, single crystal on carbon tape (a); and of a polycrystalline

thin film deposited on ITO (b).
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BA,Pbl, thin layer on carbon tape (a), and a polycrystalline
thin film of BA,Pbl, spin coated from solution onto ITO (b).
Both contour plots are qualitatively very similar to that
measured for the BA,Pbl, single crystal, with three significant
differences: (i) The negative signals, which are typical for the
photon energy range leading to free exciton formation, have
their onset already at the shortest times, ie., within the
duration time of the laser pulses (5 ns), (for selected transients
at different laser excitation energies see Figure SS) and su$gest
fast dissociation of excitons, in line with other works.”~*" (ii)
The center of the negative signals shifted toward about 2.45
€V. (iii) The SPV signals set on at photon energies of about 1.8
eV (transition T,). Therefore, the transition energy of the free
excitons is higher by about 0.2 eV for the spatial regions closer
to the surface and for thin films of the BA,Pbl, a in comparison
to the BA,Pbl, single crystal. Furthermore, charge separation
related to excitation from defects close to midgap could not be
observed on peeled BA,Pbl, thin layers and on spin coated
BA,Pbl, thin films. This finding could be related to the spatial
distributions of the deep defects, i.e., deep defects related to
transition T3 could be distributed in the bulk of the BA,Pbl,
single crystal (as also confirmed in the modulated SPV spectra
shown in Figure S2 in the SI), or, alternatively, that the
different synthesis conditions of the single crystals vs the spin
coated polycrystalline thin films result in a lower density of
deep defects for the thin films.

Incidentally, the qualitative behavior of SPV signals in the
ranges below, around and above the transition of free excitons
was also very similar for a slightly different perovskite

23441

composition of a PEA,Pbl, single crystal and PEA,PbBr,
polycrystalline thin films, as shown in Figure S6 in the SIL
This points to the fact that the observed phenomena are not
affected by changes in the organic spacer and/or halide anion
in the 2D HaP lattice, but are caused by more general
mechanisms of charge transport and charge separation in 2D
HaPs. Furthermore, to show that our conclusion is more
generic and there is no need to invoke the STE model in order
to explain sub-band gap emission in other 2D HaPs, we also
performed modulated SPV measurements on thin films of
PEA,Pbl,, BA,PbBr, and PEA,PbBr, (see Figure S7). In all
cases, we find sub-band gap SPV signals that point to the
existence of defect states and charge carrier separation,
suggesting that any observed sub-band gap emission can be
related to these defect states. It is important to note that the
obtained defect-related transitions (i.e., transitions below the
transition energy of the free excitons) reflect the bulk of the
single crystal, since the optical absorption coeflicients for
photon energies below the transition energy of the free
excitons are orders of magnitude lower than those above it.
This implies that sub-band gap absorption, and, therefore, any
possible carrier generation/release occurs at least up to a few
microns below the surface, and hence mostly reflects the bulk
area of the single crystals. However, in the case of strong
absorption in the exciton regime and above the band gap,
carrier generation would be limited to the first few 100 nm of
the surface. Hence, in these regimes, the charge carrier
dynamics that we find is mostly related to the surface and first
few 100 nm below the surface of the single crystal. Therefore,
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Figure 7. Simplified band diagrams explaining the dominating mechanisms of charge separation for excitation in the ranges below and above the
excitonic regime (a) and in the range of the excitonic regime (b). The transfer of photogenerated excitons toward the surface is faster than the
transfer of holes and much faster than the transfer of electrons toward the surface. The detrapping of electrons trapped at surface states is much
slower than the detrapping of holes trapped at surface states. E, denotes a representative defect level, for a more detailed defect distribution map,

see Figure 9.

the tr-SPV dynamics obtained at these energies are highly
dependent on surface quality and surface states.

Mechanisms of Charge Transport and Charge
Separation. The qualitatively different behavior of SPV
signals excited at photon energies within the transition of free
excitons in comparison to SPV signals excited at photon
energies within defect related and valence band to conduction
band transitions points to the existence of two different
mechanisms of charge transport and charge separation in 2D
HaPs depending on the excitation.

The polarity of minority and majority charge carriers plays a
decisive role regarding trapping of charge carriers. CLIMAT
measurements’~ showed that holes are the majority and
electrons are the minority charge carriers in our 2D HaPs. The
concentration of holes was very small in the dark and
amounted to only about 10° cm™ and increased to more
than 10" cm™ under illumination depending on light intensity
and photon energy (see Figure 6a). Furthermore, the hole
mobilities ranged between 0.5 cm?/(V s) (dark, excitation of
holes from deep defects) and 4 cm?®/(V s) (band-to-band
excitation at 10 mW/cm?, see Figure 6b). The corresponding
diffusion constants of holes amount to 0.012 and 0.1 cm?/s.
For comparison, the diffusion constant of excitons is
significantly higher, in the order of 1 cm?/ % Overall, the
mobilities of holes (0.5—4 cm?/(V s)) are in very good
agreement with literature values, such as those obtained via
optical pump—THz probe measurements for PEA,Pbl, (1
em?/(V s)* and 7.6 cm?/(V s)**) and BA,Pbl, (3.4 cm?/(V
s))," as well as the mobility that was obtained via time-
resolved microwave conductivity (TRMC) for BA,Pbl, (0.3—
0.4 cm?/(V s)).* Still, these mobilities are low in comparison
to the mobilities of conventional semiconductors such as
crystalline silicon (electron mobility of 1350 cm?/(V s))*° but
of the same order as for amorphous silicon (of the order of 1
em?/(V s)).*” Therefore, it appears that potential fluctuations
that could be caused, for example, by defects and/or band
discontinuities between 2D domains, limit the transport of
charge carriers in 2D HaPs.

The qualitative behavior of charge separation and relaxation
was similar for single crystals, peeled layers and thin films of
2D HaPs. Thus, it appears that charge separation is dominated

by the surface and the influence of internal or buried interfaces
can be neglected. As a consequence, we surmise that the
mechanisms of charge separation are based on separation of
charge carriers (Figure 7a) and on dissociation of excitons
(Figure 7b) at surface states.

It is reasonable to assume that surface states are available for
both electrons and holes and that in dark equilibrium, electron
traps are less saturated than hole traps in the bulk of 2D HaPs
(remark: the term “trap” is used by keeping also in mind the
possibility of potential discontinuities at interfaces between 2D
domains). Under these assumptions, upon illumination it is
more probable that photogenerated electrons get trapped in
the bulk. Therefore, more photogenerated holes than photo-
generated electrons will reach the surface within shorter times
and can be trapped there at surface states. The preferential
trapping of photogenerated holes at surface states results in
positive SPV signals at shorter times. At longer times, electrons
can also reach the surface and holes trapped at surface states
can be detrapped faster than electrons trapped at surface states.
This causes a change of the sign of SPV signals from positive to
negative.

The change of the sign of the SPV from positive to negative
was observed for excitation below and above the transition
energy of free excitons, ie., in the defect range, and in the
range of band-to-band absorption, respectively. Furthermore,
SPV transients behave similarly for excitation via defect
transitions and via band-to-band absorption. This means that
both electrons and holes can reach the surface at different
rates, and, since electrons were found to be the minority
carriers, that the majority of traps are electron traps.

The excitation with photon energies around 2.4 eV and
subsequent dissociation of excitons at surface states resulted in
negative SPV signals. This means that surface states attract
much more strongly electrons than holes during the
dissociation of excitons. In this sense, excitons serve as an
electron shuttle to surface states and exciton diffusion is the
dominant transport mechanism of photogenerated charge
carriers for excitation around the exciton energy of 2.4 eV.

For peeled layers and thin films of 2D HaPs, the dissociation
of excitons started within the laser pulse. The slow relaxation
times of electrons trapped at deep surface states, in
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combination with fast detrapping of holes that diffuse away
from the surface, results in negative SPV signals in the range of
the exciton transition energy throughout the entire probed
time domain.

For the crystal of 2D HaPs, in contrast, the sign of SPV
transients changed from positive to negative in the range of the
transition of free exciton generation at times between about
one us and one ms. Furthermore, the highest positive SPV
signals were observed for the 2D crystal in the range of the
transition of free exciton generation. This means that excitons
dissociate also in the bulk of crystals of 2D HaPs. It is
intriguing that this phenomenon was not observed for peeled
layers and thin films of 2D HaPs and that the transition energy
of free exciton generation was significantly higher for the
peeled layers and thin films of 2D HaPs than for the bulk of
crystals of 2D HaPs. It seems that deep defects, which were not
observed in peeled layers and thin films of 2D HaPs, are
related to the dissociation of free excitons in the bulk of
crystals of 2D HaPs.

Evolution of Defect States. To map the defect
distribution using a different, independent method, we turn
our attention to constant final state photoelectron yield
(CFSYS) measurements, which have been proven to be a
valuable tool in detecting low densities of occupied defects in
3D HaPs.”® The results of CFSYS measurements of a BA,Pbl,
single crystal are shown in Figure 8, as a function of the
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Figure 8. Photoelectron yield spectra of consecutive CFSYS
measurements (Scans 1—4) of a BA,Pbl, single crystal.

energetic distance from the valence band maximum (VBM)
(for more details on the determination of the VBM see Section
S2 in the SI as well as for the CFSYS spectra plotted vs the
photon energy/binding energy scale, please see Figure S9). As
CESYS is a photoemission related method, we only observe
occupied states, thus below the Fermi level. We find a
significant, broad defect-related feature above the VBM,
spanning nearly the entire gap, in combination with a less
broad, distinct defect feature around 1.2 eV above VBM.
The CFSYS spectra shown in Figure 8 provide additional
experimental evidence for the existence of a broad distribution
of defect states, in-line with the tr-SPV results shown in Figure
4. It is known that metal halide perovskites can decompose in
ultrahigh vacuum.***” Therefore, the evolution of a very broad
observed defect distribution can be explained by the generation
of point defects, the formation of a very thin layer of Pbl, and/
or of precursors of such a layer. We previously found using
CFSYS that gap (defect) states are present in Pbl, with a broad

distribution of about 1.5 eV above the VBM,*® which we
further confirm using modulated SPV, as shown on Figure S8.
Furthermore, ongoing reduction of lead iodide toward
elemental lead would contribute to the defect distribution
with occupied states up to the Fermi edge, as typically
observed for metals. As a remark, since the CESYS is extremely
sensitive, the concentrations of Pbl, and elemental lead could
be far below the sensitivity of X-ray photoemission spectros-
copy or X-ray diffraction.

We will now explore whether the very broad defect
distribution observed in the CFSYS measurements can be
linked to the different transitions observed by SPV measure-
ments—where transition energies of 2.2 (T,), 1.8 (T,) and 1.2
eV (T;) were found. Deconvolution results of the defect region
in the CFSYS spectra of the single crystal into 4 individual
defect positions are shown in Figure S10. Figure 9 summarizes
the defect positions w.r.t the VBM (averaged over the 4
different scans, for details see Figure S11a). Interestingly, for
the single crystal, a prominent defect peak (D;) appears at ca.
1.2 eV above the VBM (5.0—S5.2 eV photon energies, as shown
in Figure S9). By performing several subsequent scans, we find
a measurement-induced defect formation, seen clearly as the
rise in intensity of D This intensity saturates, but the peak
continues to broaden with increasing number of scans (See
Figure S11b). In addition, from the fitting procedure outlined
in Section S2, we find that the exponential band tail parameter
(defined as the inverse of the exponential slope of the VB)
increases with the number of scans as well, from a low value
below the resolution limit of our setup in the first scan, to
nearly SO meV in the fourth scan (see Figure S11c).

For the sake of comparison, a sequence of consecutively
measured CFSYS spectra of a polycrystalline thin film is shown
in Figure S9 in the SI. For the polycrystalline thin film, the
defect peak around midgap (D;) is missing in the initial
spectrum, giving additional evidence that this defect transition
is caused by reactions in UHV in combination with UV
illumination. With ongoing CFSYS measurements, or after an
XPS measurement, an even more severe beam-induced damage
appears for the thin film (Figure S9), including significant
defect broadening, alongside with significant increase in the
defect densities above the VBM, suggesting X-ray induced
beam damage for the polycrystalline thin film.

Based on the deconvolution results and the defect levels
obtained from the CFSYS measurements (D,_,), a suggested
defect band diagram is shown in Figure 9 alongside with
possible assignments of the different transitions observed in the
SPV measurements (T;_;). We note that the fwhm of the
fitted Gaussian defect peaks D;, D, and D, (shown as gray
lines in the energy diagram) is quite large, and hence the exact
defect positions still contain a large amount of uncertainty. In
contrast, the energetic position of D;, (shown in black), is
extracted with more confidence due to the much narrower
fwhm. It is important to note that in order to try and assign the
observed defect levels from the CESYS to the transitions seen
in the SPV measurements, one needs to take into account
possible structural reorganization of the lattice when the
occupation of a certain defect changes, resulting in a Franck—
Condon (FC) shift. Since in the CFSYS measurements, only
occupied defects are being probed, the obtained energetic
position corresponds to the position after any possible
reorganization of the lattice. However, in the case of SPV,
which relies on absorption, two possible scenarios are possible:
(1) band-to-defect transition; and (2) defect-to-band tran-
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Figure 9. Suggested band diagram mapping the energetic defect distribution in BA,Pbl,, extracted from the deconvolution results of the CESYS
measurements shown on the left. Defect levels D,, D, and D, are shown in gray lines, D5 is shown in black, transitions from the SPV measurements

are shown as black arrows.
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Figure 10. Projected density of states (pDOS) of the “Bulk” like I interstitial (I; 4) system with spin-polarized calculation: BA ligand (blue), Pb
(orange), I (green). Along with the band charge density of 1 (Experimental VBM), 2 (sum of the states in the isolated occupied band region,
contains three individual states) (individual charge states shown in Figure S16), 3a (hole trap state, occupied), and 3b (electron trap state, empty).
A table of transition energies between the VBM and orbital of interest is seen as an insert within the pDOS. The transition between the VBM and

the empty electron trap state (1 — 3b) is 1.2 eV, consistent with the experimentally observed D5 defect.

sition. In (1), the obtained transition extracted from SPV
corresponds to a defect position before reorganization, since
the defect level was empty prior to the absorption event.
However, in (2), since the defect level is occupied, the
transition corresponds to the energetic level after reorganiza-
tion. Thus, comparing between the energetic positions
obtained from CFSYS to SPV is not straightforward. In our
case, to a first approximation, we first assume that small-to-
negligible FC shifts are present in BA,Pbl,, and find relatively
good agreement for defects D;,D, and D with transitions T},
T, and T}, suggesting that indeed our underlying assumption is
useful and small-to-negligible FC shifts are present in BA,Pbl,.
With regards to D,, we could not find a transition that
corresponds to this defect level, which could be due to a
relatively large FC shift present for this specific defect.
Furthermore, care must be taken with regards to D, since its
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fwhm is larger than 0.5 eV, suggesting an extremely wide defect
band as a result of the fitting procedure, which is probably not
physical. Also, the CFSYS spectrum shows only the states in
the band gap that are occupied by electrons, i.e., states up to
the Fermi level Eg. In our measurements it appears as if D, lies
well below Eg (cf. Figure S9b,d). However, this is an artifact
due to charging of the samples, which could not be avoided
due to experimental constraints. The actual energetic distance
Eg — Eypy is about 2.0—2.2 eV. Therefore, D4 is actually close
to the cutoff of the spectrum caused by the Fermi occupation
function, which further complicates the fitting,

Our results are in line with the charge separation mechanism
described in section (b), since the comparison between the PL
and the SPV measurements (Figure 3) suggest that the density
of D, is greater closer to the surface, and that it is a shallow
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recombination center for holes, yet a very deep trap for
electrons.

To try and understand the chemical origins of the observed
defect DOS, we now turn our attention to DFT calculations.
Earlier DFT calculations on the ground state of bulk BA,Pbl,
found several low-formation energy defects in this material.>’
The results from that study indicated that most common
defects were benign and only caused negligible perturbations
to the electronic structure and optoelectronic properties,
consistent with other 2D perovskite experiments.”' > The
lone exception in that case were halogen defects that break the
electron spin pairing, such as I vacancies and I interstitials that
lead to localized trap states. For this study, to understand the
defect physics in the first few nm of the material (i.e., the
probing depth in the CFSYS), we created a BA,Pbl, slab and
used DFT to determine if common material defects lead to
shallow or deep trap states. Since I vacancies and interstitials
were the defects of most interest in the bulk systems, we
looked at 4 different types of I vacancies and interstitials, with
different locations in the slab, see SI Section S3, Figures S12—
S16. These defects have been found to be the most readily
created point defects with low formation energies in single-
layered BA,Pbl,.>* The computational methods are discussed
in Section S3 of the SI. We again found that most defects
resulted in shallow trap states, and those results are also shown
in the SI. We find that all the I interstitials we modeled did in
fact create localized midgap trap states. The “Bulk” like I
interstitial (I; 4) system along the center of the PbI layer results
in the energetically deepest localized trap states, and they are
the focus of our deeper analysis, however, we note that the I
vacancies found in SI15Sa—c in the SI may also play a role in
explaining shallow defects such as D, for example. We also
calculated the DOS before and after defect-induced lattice
reorganization and confirmed that even then, I vacancies lead
to shallow defects, as shown in Figure S17 and Table S1.
Figure 10 shows the spin polarized projected density of states
for the I interstitial (I, 4) system as well as the energy
differences between electronic states as they would map to
experimental values in Figure 9. The pDOS shows an isolated
occupied band region ca. 0.3 eV above the VBM, containing
three individual states (2a, 2b and 2c). They are not resolved
in the pDOS in Figure 10, but charge distribution analysis
reveals them to be delocalized hole trap states (individual
charge states shown in Figure $16). While the three individual
states (2a, 2b and 2c) are delocalized parallel to the plane of
the slab, they are localized to a single layer and differ by their
location on the slab: 2a is on the center layer, 2b and 2c are on
the surface layers. In contrast, the charge distribution analysis
of trap “3” reveals a highly localized trap state near the I
interstitial site. Due to the uneven number of excess electrons
of the additional I in the system, state 3a becomes a hole trap
state (filled orbital), while 3b becomes an electron trap state
(empty orbital), despite having the same highly localized
charge distribution. It is the 1 to 3b transition that should be
compared to the Dj; transition in experiment. Overall, a
remarkable agreement is found between the experimental
results and DFT calculations, as discussed next.

All experimental transition energies correlate well with
energetic distances between the valence band edge and trap
state energies associated with bulk I interstitials: D, (0.27 eV)
corresponds to the calculated transition 1 (VBM) — 2ab,c
(0.26—0.32 eV), D, (0.81 eV) corresponds to transitions 1
(VBM) — 3a (0.79 eV) and most interestingly D; (1.20 eV)

corresponds to the deep trap state formation with transition 1
(VBM) — 3b (1.19 eV). Our calculations indicate that surface
defects are less detrimental than deep bulk interstitial point
defects. We note that although defect-to-defect transitions are
also possible, we focused our attention on VBM-to-defect
transitions as the more likely ones, since they involve an
extended and a localized state—whereas localized-to-localized
transitions are very unlikely due to the lack of overlap between
the wave functions, and the very low concentration of the
initial and final states. We suggest that upon subsequent
ionization during CFSYS measurements, Frenkel defects are
created in the form of surface I migration into deep I
interstitial sites. I migration has been previously studied in 2D
perovskites, and a low energy barrier for migration between a
single layer was found with less than 0.8 eV, while the
migration barrier for I migration between layers is less than 0.5
eV. This could explain why the I, defect shown corresponds
most closely to experimental results.’’ This suggests that
surface interstitials and vacancies are more likely to migrate
deeper within the 2D perovskite (becoming more “bulk” like
defects) than staying within a single layer of the material. This
would result in a more substantial growth of the signal
originating from I, and hence a much more pronounced
increase of the D; feature, as observed experimentally from the
CFSYS measurements.

Vacuum-induced degradation of BA,Pbl, was already
reported by Hofstetter et al.>> However, the relation between
the degradation mechanism and the microscopic processes
occurring inside the material was not resolved. The agreement
between our experimental and calculation results suggests that
the most prominent defect, D;, which increases in density
upon irradiation with UV light under UHV conditions, is
related to the formation of I interstitials, which are found to be
the first step in the degradation mechanism.

In contrast to the 2D HaPs, only weak UV-induced
degradation was observed for 3D HaPs.”® This could be
related to inferior self-healing properties of the 2D perovskite
surface. Since the probing depth of the CFSYS is between 5—
10 nm, our finding suggests that although for the 2D HaP, self-
healing of the bulk was found to be more efficient than for the
3D counterparts,56 in terms of the surface, self-healing in 2D
HaPs is far less efficient than in the 3D HaPs, and UV-induced
formation of Iodide interstitials in 2D HaPs is not reversible.

B CONCLUSIONS

Defects and self-trapped excitonic states are critical factors
limiting charge transport in 2D perovskites, but fundamental
knowledge of both processes is limited. The complementary
methods of PL, SPV, CLIMAT, and CESYS demonstrated that
spectral features in the range between 2.36 and 2.5 eV are
dominated by exciton generation and diffusion whereas
transitions below 2.36 eV are caused by defect states and not
by self-trapped excitons, and hence can probably be mitigated,
depending on the preparation route. Since sub-band gap SPV
spectroscopy relies on monochromatic light absorption below
the band gap, the observed sub-band gap transitions serve as a
direct experimental proof that emission from defect states can
explain sub-band gap emission in 2D HaPs, which allows to
exclude the Self Trapped Exciton model as an alternative
explanation. In addition, ab initio calculations suggest that
common defects readily occur and yield electronic states that
agree well with what is observed experimentally. We further
observe fast diffusion and dissociation of photogenerated
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excitons in the 2D HaPs, resulting in relatively high charge
separation efficiency for a material with a large exciton binding
energy. In addition, the UV radiation-induced iodide
interstitials formation that results in the creation of midgap
states observed in our study suggests that special care needs to
be taken upon characterization of 2D HaPs using photon
energies in the UV/X-ray range, ie, He-UPS and/or XPS,
widely used in the materials science community.

The unique combination of optical (PL), photoelectrical
(SPV), photoemission (CFSYS) and computational techniques
used in our study can be applied in the future to a variety of
novel hybrid organic—inorganic semiconductors, in order to
reliably determine the mechanisms responsible for degradation
mechanisms as well as any sub-band gap emission or transport
losses. This will help with further development and
optimization of optoelectronic devices based on these
materials.
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