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ABSTRACT

Two-dimensional (2D) van der Waals nanomaterials have attracted considerable attention for potential use in photonic and light–matter
applications at the nanoscale. Thanks to their excitonic properties, 2D perovskites are also promising active materials to be included in
devices working at room temperature. In this work, we study the presence of very narrow and spatially localized optical transitions in 2D lead
halide perovskites by l-photoluminescence and time-decay measurements. These discrete optical transitions are characterized by sub-
millielectronvolt linewidths (’120leV) and long decay times (5–8 ns). X-ray photoemission and density-functional theory calculations have
been employed to investigate the chemical origin of electronic states responsible of these transitions. The association of phenethylammonium
with methylammonium cations into 2D Ruddlesden–Popper perovskites, ðPEAÞ2ðMAÞn�1PbnI3nþ1, particularly in phases with n � 2, has
been identified as a mechanism of donor–acceptor pair (DAP) formation, corresponding to the displacement of lead atoms and their replace-
ment by methylammonium. Ionized DAP recombination is identified as the most likely physical source of the observed discrete optical emis-
sion lines. The analysis of the experimental data with a simple model, which evaluates the Coulombic interaction between ionized acceptors
and donors, returns a donor in Bohr radius of the order of ’10 nm. The analysis of the spectral and electronic characteristics of these single
donor–acceptor states in 2D perovskites is of particular importance both from the point of view of fundamental research, as well as to be able
to link the emission of these states with new optoelectronic applications that require long-range optically controllable interactions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176692

INTRODUCTION

Research on perovskites (PVKs) has experienced rapid increase and
visibility during the last decade due to their use in high performance and
low cost solar cells, which represent a potential alternative to the com-
mercially available silicon photovoltaic wafers.1 Since the discovery of the
high light-energy conversion efficiency published in 2009,2 the use of
perovskite materials has been demonstrated in a large number of photon-
ics devices owing to their interesting properties related to charge trans-
port, excitons and photoexcited carriers generation, bandgap tunability,

and high exciton binding energy in metal halide perovskites (MHPs).
This rapid growth in academic activity has merged with another intense
field of research, the study of two-dimensional (2D) semiconductors.
The isolation of mechanically exfoliated graphene in 2004 has boosted
the engineering of an interesting new set of high-quality 2D semicon-
ductor samples that can be prepared very easily. This is the case for 2D
lead halide perovskites (LHPs),3,4 which have recently been analyzed
more closely because of their potential integration in high-efficiency
photovoltaics and photonic devices.5–8
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As a 2D van der Waals family material, layered perovskites show
enhanced stability and structural tunability,3,7,9 but with a particular
soft lattice and a dynamically disordered structure. Its crystal lattice
typically consists of single or multiple organic–inorganic hybrid phases
arranged into a Ruddlesden–Popper (RP) structure.10 The general
chemical formula for 2D perovskites is R2An�1BnX3nþ1, where R2 is a
long organic cation [phenethylammonium (PEA), butylammonium,
ethylammonium, etc.], A is a short organic cation [methylammonium
(MA), formamidinium (FA), etc.], B is a metal inorganic cation (e.g.,
lead, tin, and so on), and X is the halide inorganic anion (i.e., chloride,
bromide, or iodide).7,10–13 In contrast to 3D perovskites, the semicon-
ducting inorganic layer is passivated with insulating organic cations,
forming a 2D natural quantum well (QW) structure. The thickness of
this natural QW is controlled by the n value,9 which labels the number
of inorganic monolayers building the QW structure (from n¼ 1, 2, 3
to � 1).7,9 As a consequence, the n value defines the electronic and
optical properties, as the bandgap energy increases as the n value
decreases. The 2D RP perovskites show a strong quantum confinement
and a weak dielectric screening, leading to excitonic states with binding
energies up to several hundreds of millielectronvolt for n¼ 1 (strictly
2D structure),3 which leads to good exciton stability up to room tem-
perature14 and following the emergence of large fine structure energy
shifts.15,16

The intense excitonic features present in small n value 2D MHPs
play an important role in the development of optoelectronic devices.
First, and as a negative consequence, the high excitonic binding energy
characteristics of small n values 2D MHPs reduce the overall photo-
current generation for solar cell applications.17 Thus, for overcoming
such drawback, larger n values (namely, 2D–3D structures) with
smaller excitonic binding energies can be used.13 As a consequence,
low-n phases that exhibit enhanced excitonic effects are more com-
monly used for optical emission devices, or light–matter interaction
platforms as excitonic polariton lasers and condensates,18,19 for exam-
ple. However, there are alternative approaches to produce different
optoelectronic applications using these highly excitonic 2D perov-
skites. It has been reported that molecular doping by a small and
highly electron acceptor complexes of 3,4,5,6-tetrachloro-1,2-benzo-
quinone (TCBQ) into n¼ 1 LHPs containing naphthalene cations
serving as a donor, give rise to the formation of donor–acceptor pairs
(DAPs) within the organic layer.20 These DAP organic species located
between the inorganic layers have been used to increase the electro-
static screening of the exciton, and hence to tune the excitonic binding
energy in 2D hybrid layered perovskites.13,20 However, this charge
transfer has not been observed when using bulkier phenethylammo-
nium (PEA) organic cations as the only layer spacers, which isolate the
inorganic sheet and thus inhibit the charge transfer processes at the
inorganic crystal interface. The same consequence is found when using
MHPs with n> 1 that reduces the exitonic character.13 The optical sig-
natures of donor and acceptors as shallow defects in single-crystal
hybrid LHPs have been also studied.21,22 Particularly, discrete DAP
optical features have been reported in bulky CH3NH3PbI3 single crys-
tals, which were associated with the presence of native shallow
defects.23 In this single-crystal LHP, l-photoluminescence (l-PL)
experiments revealed both structureless and well-structured emission
features below the free exciton energy. In samples positions with high
defect density, DAP emission is observed as a broad emission band
with particular power, temperature, and dynamical dependencies.

However, at low defect density sample positions, the DAP emission is
characterized by sharp single transitions, with full width half maxi-
mum (FWHM) on the order of 3meV. The ensemble parametric
dependence of the DAP optical spectra with excitation power, temper-
ature, or time dynamics represents a well-known behavior, which is
manifested by the statistical evolution or large collection of DAP tran-
sitions. This study with high spatial resolution techniques gave the
opportunity to analyze single DAP (S-DAP) optical transitions, as
already carried out with other materials, like 2D hexagonal boron
nitride (hBN).24 As a consequence, there is an active and open debate
about the identification of extrinsic optical transitions in the emission
spectra of LHPs,25 where the analysis and the understanding of the
properties of single DAP states can be revealed as an important tool
with the correct combination with other spectral techniques.

In this work, wemeasured and identified discrete DAP spectral lines
at low temperatures, as long-lived optical transitions in 2D RP-based
materials. By means of spatial and time-resolved l-photoluminescence
(l-PL), we recorded optical transitions with narrow linewidths, as low
as ’120leV FWHM, and time decays as long as 8.6 ns. Excitation
power and temperature-dependent spectral measurements are com-
patible with the presence of DAP transitions. X-ray photoelectron
spectroscopy (XPS) has been employed to identify chemical processes
giving rise to electronic states responsible to DAP-related optical tran-
sitions. In particular, the DAP appears to be related to the exchange of
methylammonium (MA) molecule and Pb atoms present in 2D LHPs
samples with phase thickness n¼ 2 (for n¼ 1, only PEA is present
forming the strictly 2D LHP), leading to optical recombination in a
broad spectral range between two excitonic transitions. This claim is
supported with complementary optical spectroscopic data by means of
l-Raman spectra. Our experimental effort is accompanied by predic-
tions from a simple model to calculate the density of states (DOS) as a
function of DAP binding energy, which is built up by the attractive
Coulombic interaction between their net charges. Using this analysis,
we extract a rough estimation of the effective donor/acceptor in Bohr
radius (’10 nm), one order of magnitude larger than the excitonic
Bohr radius. Our complete dataset and analysis help to understand the
principal signatures and elucidate the nature of the DAP state in
microexfoliated 2D RP LHPs, and its relationship with the selected cat-
ion spacer. The ability to isolate single DAP state can potentially be
used to study advanced light–matter strategies with very sharp and
bright optical transitions with potential high non-linearity, as related
to the DAP binding energy and Bohr radius tunability. These findings
could stimulate the analysis of important drawbacks for the use of 2D
LHP semiconductors for the development of light photodetectors and
light-emitting devices, or to produce new alternative routes to the
study of fundamental light–matter interaction effects.26–29

RESULTS
Synthesis and preparation

Two different phases of 2D RP LHP single crystals with the low-
est quantum well thicknesses corresponding to n¼ 1 and n¼ 2 were
synthesized (see Materials and Methods for more details). The crystal
lattice consists of an inorganic octahedral layer that is sandwiched by
long organic cations, forming 2D quantum well structures. Figures
1(a)–1(c) show the crystal structures of both PEA2PbI4 (n¼ 1) and
PEA2MAPb2I7 (n¼ 2) phases. They are made up of a single layer
(n¼ 1) and a double layer (n¼ 2) of perovskite inorganic octahedral

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 021401 (2024); doi: 10.1063/5.0176692 11, 021401-2

Published under an exclusive license by AIP Publishing

 04 April 2024 08:04:45

pubs.aip.org/aip/are


flakes composed of (PbI6)� anions sandwiched by long organic
(PEA2)þ cations, which serve as spacers. The inorganic double layer is
intercalated by short organic (MA)þ cations for n¼ 2. Only the n¼ 1
phase has a well-defined structure, whereas small inclusions of another
n phase are formed for a higher inorganic flake thickness n> 1.31

We used a confocal microscope to measure l-PL and time-
resolved l-PL (l-TRPL), as shown in Fig. 1(d). In our setup, the sam-
ples are held in the cold finger of a closed-cycle He cryostat (see
Materials and Methods for more details) to investigate the optical
characteristics of a large number of exfoliated flakes of 2D perovskites
single-crystal PEA2PbI4 (n¼ 1) and PEA2MAPb2I7 (n¼ 2) at 4K,
with spectral system resolution of 100 leV at 532 nm and sub-
diffraction limited spatial resolution (’500 nm). Synthesized crystals
can be easily exfoliated down to a single monolayer, thanks to the rela-
tively weak van der Waals interlayer coupling. In this study, synthe-
sized single crystals of both phases were exfoliated onto SiO2/Si
substrates using scotch tape (see Materials and Methods for more
details). Exfoliated single-crystal flakes with a typical lateral size of tens
to hundreds of micrometers and a thickness of tens of nanometers are
shown in Fig. 1(e) (n¼ 1) and Fig. 1(f) (n¼ 2). Exfoliation reduces the

occurrence of unwanted hybrid phase formation31 and leads to a
strictly flat crystal orientation to the substrate.32

l-photoluminescence and time decays

The identification of the nature of the excitonic states observed in
the 2D LHPs is still under debate in the academic community. In pre-
vious studies, four different discrete excitonic transitions contributing
to PL and absorption spectra in 2D LHP single crystals have been mea-
sured and calculated when including spin–orbit interaction.15,16

Accordingly, Fig. 1(g) shows three examples of the l-PL spectrum
containing four excitonic transitions labeled as X1, X2, X3, and X4, for
n¼ 2 sample. As it is shown, the emission from X1 and X4 transitions
is very weak compared to the central emission with contributions of
X2 and X3. Here, we focus our attention to the analysis of the spectral
characteristics for the first three excitonic transitions (X1, X2, and X3),
for both n¼ 1 and n¼ 2 samples. The intensity of the fourth peak, X4,
whose optical transition appears at higher energy, is weak and not
always measurable. We could not provide clear identification or exci-
tonic assignation of this fourth transition, which could be tentatively
explained by mixed dark-bright states33 or spin–orbit coupling.15,16

FIG. 1. (a) 2D perovskites are composed of inorganic octahedral (PbI6)
�, short organic methylammonium (MA)þ cation, and long organic Phenethylammonium (PEA2)

þ cation.
(b) Crystal structure of a monolayer of 2D perovskite PEA2PbI4 crystal with a quantum well thickness of phase n¼ 1, where a single octahedral sheet is sandwiched by a
PEA2 organic spacer. The level structure indicates its energy levels diagram, with valence band (VB), conduction band (CB), electronic bandgap (Eg), the free exciton optical
transition (X2;3), and the exciton binding energy (Eb), including their values obtained from Ref. 30. (c) Crystal structure of a monolayer of 2D perovskite PEA2MAPb2I7 crystal
with a quantum well thickness of phase n¼ 2, consisting of two octahedral sheets intercalated with short MA molecules, sandwiched by a PEA2 organic spacer. The level struc-
ture indicates its energy levels diagram as before, but for the phase n¼ 2. (d) Scheme of the confocal l-photoluminescence spectroscopy system with a steady state and
time-resolved detection. A blue excitation laser beam with wavelength of 450 nm is focused through a beam splitter and an objective with NA¼ 0.42 to the focal plane of 2D
perovskite flake is used to achieve micro-localization. Steady-state l-photoluminescence is detected by a charge-coupled device (CCD) camera and time-resolved l-PL by the
avalanche photodiode (APD). Molecularly thin exfoliated flake of 2D perovskites with phase n¼ 1 (e) and n¼ 2 (f) with tens of lm lateral size. (g) Examples of the l-PL spec-
trum containing four excitonic transitions, labeled as X1, X2, X3, and X4, for a n¼ 2 sample.
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In this sense, the origin and dynamics of this higher energy optical
transition are out of the scope of our analysis.

Figure 2(a) displays a typical optical spectrum for the n¼ 1 phase
samples covering our spectral range of interest. We tentatively identify
the two central peaks X2 and X3 (in the following will be labeled as
X2;3, due to its proximity in energy) to free exciton recombination [see
Fig. 1(f)].25,34 However, the exciton may recombine through other

paths, such as intrinsic optical transitions (e.g., self-trapped excitons,
biexcitons, triexcitons, or phonon replicas) or extrinsic optical transi-
tions, as excitons bound to defects.3 The general and basic excitonic
trends will be summarized in the following. Figure 2(b) shows the data
dispersion of FWHM, as extracted from fitting the experimental
spectra to two Lorentzian profiles for both X1 and X2;3 exciton transi-
tions. In the case of the main excitonic transition at �2.344 eV X2;3

FIG. 2. l-Photoluminescence (l-PL) and time-
resolved l-photoluminescence (l-TRPL) gen-
eral characteristics at low temperature (4 K). An
example of measured l-PL spectra for phase
(a) n¼ 1 and (g) n¼ 2. X2;3 and X1 optical tran-
sitions correspond to the three main excitonic
transitions. Statistics of X1 and X2;3 peak line-
width full width at half maximum (FWHM) as a
function of emission energy of X1 and X2;3 for
phase (b) n¼ 1 and (h) n¼ 2. Example of
TRPL of X1 and X2;3 on a 10 ns timescale for
phase (c) n¼ 1 and (i) n¼ 2. Statistics of X1
and X2;3, fast decay (s1) for phases (d) n¼ 1
and (j) n¼ 2, and long decay (s2) for phases (e)
n¼ 1 and (k) n¼ 2. Statistics of the relative
intensity (l) between both fast and slow radia-
tive channels of X1 and X2;3, as a function of
emission energy for phases (f) n¼ 1 and (l)
n¼ 2.
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(Black star), we deduce a mean FWHM¼ 6.5meV with a standard
deviation r¼ 1.48meV. For the X1 transition (Orange star) at
2.290–2.305 eV, the data return larger mean FWHM¼ 22.1meV and
r¼ 6.8meV. When analyzing X1 and X2;3 recombination in samples
with n¼ 1, both transitions are clearly differentiated by their spectral
signatures. Figure 2(c) shows an example of two l-TRPL spectra for
both X1 and X2;3 transitions present in the n¼ 1 phase, which are
characterized by two decay channels (fast and slow decay times, s1 and
s2, respectively). The best fits for these transients [continuous red lines
in Fig. 2(c)] yield fast decay times of 0.2416 0.006 ns and
0.3936 0.019ns for X1 and X2;3 transitions, respectively.

Figures 2(d) and 2(e) show the statistical sampling of the decay
time measurement for both fast and slow components. The mean
value of X2;3 is s1 ¼ 0:24 ns, with r¼ 0.04ns, while for X1

s1 ¼ 0:38 ns, with r¼ 0.07 ns. Additionally, the residual long s2 shows
mean value of 6 ns for X2;3 transition with r¼ 2.8 ns, while for X1, it
reaches a mean value of 9.5ns, with r¼ 2.7ns [Fig. 2(e)]. This residual
long component found in the decay trace can be associated with the
conventional avalanche photodiode (APD) time response function,
which is clearly several decades lower in magnitude35 or a second long
decay associated with real optical recombination processes, as observed
in perovskites mostly at room temperature.36,37 In order to provide
quantitative information about the strength between these two fast and
slow dynamics, we analyzed the relative intensity between both com-
ponents. To do this, we define new parameter (l) to compare the
weight of the coincidences counts from both decay channels. Hence,

we define it as l ¼ IF ðTÞ
ISðTÞ, where IF=SðTÞ ¼

Ð t¼T
t¼0 a1exp

�t
s1=s2 � dt, and T is

the laser period. In this sense, the l value will describe situations where
the fast decay dominates (l > 1), both channels have similar contribu-
tion (l � 1), or the slow decay dominates (l < 1). As shown in the
plot of Fig. 2(f), l > 1 for almost all cases, both for X1 (open orange
circles) and X2;3 (filled black circles). Accordingly, the fast decay time
(’240 ps) always dominates over the long decay time in samples with
the RP phase n¼ 1, and hence, the long decay is identified as the APD
detection tail. We now present a similar analysis carried out in samples
prepared with the RP phase n¼ 2. Figure 2(g) shows an example of
the l-PL spectra of a representative sample. First, and as before, we
focus our attention to the first three excitonic transitions. Following
similar arguments as described earlier, these are labeled as X1, X2;3

transitions. The increase in n in the 2D RP perovskite produces a clear
red shift of its optical emission energy [see Fig. 1(f)]. The X2;3 transition
is observed now at �2:15 eV, hence shifted almost 200meV toward
lower energies concerning its n¼ 1 counterpart. Figure 2(h) shows the
dispersion of the FWHM values deduced from X1 (Violet star) and X2;3

(Black star) l-PL lines vs the emission peak energy, where the X2;3/X1

mean FWHM is 5.7/10.4meV, with r¼ 2.5/5.8meV. Here, we clearly
identify larger linewidth dispersion than in the previous statistical analy-
sis made in the RP n¼ 1. We tentatively associate this effect to the more
complex electronic scenario present in the n¼ 2 phase.

Similarly, it occurs with time decays. Figure 2(i) shows one exam-
ple of the X1 and X2;3 l-TRPL measurements, displaying the same
double component of for both X1 and X2;3 peaks as in the n¼ 1 phase.
Figures 2(j) and 2(k) show the statistics of the fast (s1) and slow (s2)
decay times for both X1 and X2;3 transitions. The mean s1 value of X2;3

is 0.35 ns, with a r¼ 0.07ns, while for X1 is 0.38 ns, with a r¼ 0.07ns.
The mean s2 value of X2;3 is 8.4ns, with a r¼ 3.5ns, while for X1 is
8.8 ns, with a r¼ 2.8 ns. The principal difference between n¼ 1 and

n¼ 2l-TRPL is the higher observed dispersion for the n¼ 2 phase,
although here mean values are slightly larger than previously. This
larger dispersion reinforces the claim that a more complex scenario is
present in this thicker phase. Finally, and as before, we analyzed the
relative intensity of both short and long decay channels with the
parameter l. Figure 2(l) shows the dispersion of l for the phase n¼ 2.
As is shown, almost all values are situated close to l � 1 or l > 1.
This means that the fast decay still dominates in both X2;3 (filled black
circles) and X1 (open violet circles) measurements, and thus, the long
decay can be associated in most cases with the APD detector tail, as
before. However, in a small fraction of cases, we appreciate a dominat-
ing contribution of the slow component (l < 1).

Donor–acceptor pair optical emission

The higher complexity observed in recombination dynamics in
the RP n¼ 2 phase is accompanied in some cases with the presence of
narrow optical transitions, whose central peak energy position ranges
between X1 and X2;3 excitonic optical transitions [see Figs. 3(a), 3(c),
and 3(e)]. In our analysis, this third kind of peaks has been found in
different points across the surface of different flakes with a frequency
� 11%; hence, a non-negligible probability of finding such discrete
emission lines labeled here as DAP states, attending to their origin, as
elucidated below. Figures 3(a), 3(c), and 3(e) (top panel) show l-PL
spectra of n¼ 2 phase samples where the discrete DAP transitions are
present. We performed multi-Lorentzian fitting in all recorded spectra
to extract more accurately the spectral parameters of the DAP transi-
tions. The contribution of X1 and X2;3 optical emission lines is depicted
with violet and black shadows, whereas the blue shadows indicate the
emission from DAP transitions, with characteristic FWHMs ranging
from 150 leV up to ’5meV. The amplitude of the transition is more
than 20 times the Poissonian RMS noise of the baseline; which is more
important, the optical transition reaches a steady state, i.e., the DAP
optical transition can be continuously monitored in time, maintaining
its amplitude and intensity. In this sense, it is completely discarded any
spurious signal as its source, like cosmic rays.

As before, we performed l-TRPL spectra for X1, X2;3, and DAP
transitions, as shown in Figs. 3(b), 3(d), and 3(f) (black, violet, and
blue, respectively). Here, X1 and X2;3 transitions show similar behavior
than before: fast decay dominating over the slow decay. However, the
sharp DAP transition presents in the RP n¼ 2 phase shows a DAP
dynamics (blue scattered dots) characterized by a fast decay followed
by a slow decay being now the dominant intensity contribution.

The dependence of the integrated l-PL intensity on the excitation
power for X1 and X2;3 excitonic transitions (filled squares and trian-
gles) and the DAP transitions (filled circles) is shown in a log–log plot
in Fig. 3(g). The slope of X1/X2;3 is 0.78/0.81, whereas the DAP transi-
tion exhibits a very small slope (0.32) and even saturates. This weak
dependence on the power excitation is clearly related to a finite num-
ber of DAP states, which are being filled with photogenerated carriers
after a relatively low incident laser power; hence, it is a first signature
about their origin as donor–acceptor pair recombination.38,39 The
most accepted experimental proof of DAP recombination is the blue
shift of the peak energy as a function of excitation power. However,
this characteristic blue shift is commonly explained as a consequence
of the dynamical filling of DAP density of states for different energies
(different states due to different DAP distances) and hence as an
ensemble manifestation of the DAP nature. In our work, we are

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 021401 (2024); doi: 10.1063/5.0176692 11, 021401-5

Published under an exclusive license by AIP Publishing

 04 April 2024 08:04:45

pubs.aip.org/aip/are


measuring structured DAP transitions, consisting of discrete emission
lines associated with sufficiently separated DAP energy states, due to
very low DAP defect density within the incident excitation spot.

Figure 3(h) shows the evolution of l parameter as a function of
the DAP binding energy (EC). The calculation of EC will be described
in the Discussion section. As can be seen, there is a clear energy range
where the radiated intensity from the slow decay channel dominates
over the fast decay (l < 1), where this fast decay contribution is
almost negligible; this energy range is marked with a bluish shadow in
Figs. 3(h) and 3(i). The residual presence of the fast decay when filter-
ing the DAP transition can be associated with the background emis-
sion from X1 and X2;3 transitions. Figures 3(a), 3(c), and 3(e) show
how the Lorentzian tail of X1 and X2;3 produces an overlap with the
DAP peak energy position, and hence, it is plausible that l-TRPL
traces can contain a minor contribution from X1 and X2;3 excitonic
recombination lines.

Figure 3(i) shows the statistical sampling of DAP s1 and s2 time
decays as a function of EC. We can assume that DAP optical transitions
are characterized by longer time dynamics, which is in correspondence
with its sharpest spectral features. However, neither decay nor FWHM
are Fourier transform-related, and hence, we should expect the effect of
extra carrier dynamics mechanism in the DAP recombination, even

though our limited spectral resolution (’100 leV) does not completely
excludes the reduction of our capacity to estimate the real FWHM
values. To obtain the full description of the characteristics and magni-
tude of the correlation time and dephasing process acting on the DAP
transition, it will be necessary to perform alternative interferometric
measurements.40

A second distinctive characteristics of the optical emission of
DAPs is the strong blue shift of its emission peak energy as a function
of temperature.22,41 The DAP band is usually associated with a large
distribution of pairs. Each pair is defined by the relative distance R
between the donor and acceptor, and therefore different binding ener-
gies. As soon as the thermal energy provided to the DAP distribution
is high enough to equal the binding energy, the donor–acceptor pair
will dissociate/quenche. The critical temperature to produce this disso-
ciation will be smaller for pairs with lower binding energies. As a con-
sequence, the collective or ensemble DAP PL will show an effective
blue shift as the temperature increases, associated with the selective
quenching of the less bonded DAPs. However, optical transition from
single DAP will not follow this last collective blue shift evolution. As
the transition is produced by the recombination from a single pair, its
peak energy temperature evolution will follow the bandgap energy
shift.

FIG. 3. Donor–acceptor pair (DAP) optical emis-
sion signatures in n¼ 2 samples. (a), (c), and
(e) l-Photoluminescence spectra of three differ-
ent samples with highlighted X1 (violet color),
X2;3 (black color), and ionized donor–acceptor
pair emission peaks (DAP, blue color) with their
corresponding l-time-resolved photolumines-
cence traces (b), (d), and (f) of the observed
X2;3 (black scattered dots), X1(violet scattered
dots), and DAP (blue scattered dots) optical
transitions. (g) Integrated intensity as a function
of the excitation power in a log –log plot for X1,
X2;3 and DAP optical transitions present in n¼ 2
example sample, where DAP transition shows
clear sublinear slope (m). (h) statistics of the rel-
ative intensity parameter (l) as a function of the
DAP binding energy (EC). (i) Statistics of fast
(s1) and slow (s2) decay times as a function of
the DAP binding energy (EC).
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In Fig. 4, it is represented the identification and the evolution
with temperature of the spectral lines present in a n¼ 2 exfoliated
flake. In Fig. 4(a), four distinct optical transitions are labeled and ana-
lyzed as a function of sample temperature. Two of them corresponding
to excitonic transitions (X1 and X2;3) and two others associated with
the emission of donor–acceptor optical transitions: DAP for the case
of the ensemble donor–acceptor and S-DAP to indicate the optical
emission of a single donor–acceptor pair (defined by a narrow PL
line).

Figure 4(b) shows the l-TRPL transients of the X1 and S-DAP-
labeled transitions. As it is shown, the X1 transient is mainly composed
of a fast and single decay with a very weak second slow decay, while in
the case of S-DAP, the transient shows two clear components, corre-
sponding with the fast and slow decays discussed before. The main
contribution from X1 transition comes from the fast decay (l¼ 5.7),
while the S-DAP optical emission is dominated by the slow decay
(l¼ 0.43). We identify the sharp and narrow spectral transition
together with the slow decay dominance with the recombination of a
single DAP (S-DAP).

Figure 4(a) shows the temperature evolution of the four transi-
tions. As the sample temperature increases, the band identified as DAP
(ensemble) very soon begins to undergo quenching of the emission at
its low energy side, producing an abrupt effective blue shift. Such a
large-effective blue shift, it is commonly identified in the literature as
the fingerprint of the DAP transition.22,41 In the contour plot shown in
Fig. 4(c), this effective blue shift is indicated by a curved dotted arrow,
showing that less bonded pairs with optical emission located at lower
energies are quenched at very low temperatures (5–15K). The peak
energy of the S-DAP transition associated with the emission of a single
donor–acceptor pair would evolve with temperature following the
energy gap, like the free exciton transitions. However, its optical

intensity is suffering a large intensity reduction above’12K. At a tem-
perature around 25K, the optical emission from S-DAP is residual,
and the X2;3 excitonic optical contribution starts to dominate. Here,
we can report two important consequences: first, since S-DAP optical
intensity practically vanishes at a temperature above 30K, we can asso-
ciate its thermal quenching mechanism with a relatively small activa-
tion energy, again compatible with a DAP transition; and second,
when the DAP is thermally dissociated, the excitonic contribution X2;3

is dominant. This behavior has been found previously in the literature
and explained as a promotion from DAP states to bound exciton
complexes.22

The set of measurements of the optical emission as a function of
excitation power, temperature, and time provides a broad experimental
basis for assessing the association of these narrow optical transitions
found in the n¼ 2 phase as coming from the recombination of donor–
acceptor pairs. However, in order to extend the evaluation of this
hypothesis, we have analyzed the photoemission properties of the dif-
ferent phases of 2D perovskite samples.

XPS experiments have been performed to identify the electronic
states that originate the DAP transition. Figures 5(a)–5(c) show the Pb
4f, I 3d, and N 1s core-level spectra acquired in both phases n¼ 1,
n¼ 2 and in a reference bulk sample. These measurements are
expected to provide direct information about the oxidation degree and
chemical environment of each atomic species. In the bulk samples, Pb
4f and I 3d core-level spectra are dominated by Pbþ2 and I�1 spin–
orbit doublets with a Pb4f7=2 component located at 138.1 eV and a
I3d5=2 component at 618.7 eV, respectively [Figs. 5(a) and 5(b)]. These
components are attributable to Pb and I atoms in the inorganic octahe-
dral anions. Together with the main Pbþ2 core-level signal, we have
observed traces from Pb0 (with its Pb4f7=2 component located at
135.9 eV), which reveals the presence of metallic Pb segregated to the

FIG. 4. Evolution with temperature of the
l-photoluminescence of a flake of phase
n¼ 2. (a) Measurement of the l-photolumi-
nescence spectra between 4 and 35 K. Four
main emission bands are identified, two of
them associated with excitonic emission (X1
and X2,3) and two others associated with
Donor–Acceptor optical emission (DAP and
S-DAP). (b) Time-resolved photolumines-
cence traces of the observed X1 (open dots)
and S-DAP (filled dots) transitions. (c)
Contour plot representation of the data plot-
ted in panel (a). Here, dotted lines are
guides for the eye.
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surface of our test bulk sample [upper panel in Fig. 5(a)]. As in bulk
samples, traces from Pbþ2 and Pb0 species have been observed in the
Pb 4f and I 3d core-level spectra acquired in n¼ 2 samples. However,
we have detected additional Pb 4f and I 3d doublets, these appearing at
the high energy side of the main Pbþ2 and I�1 doublets with their
Pb4f7=2 and I3d5=2 components located at 138.9 and 619.5 eV [middle
panels in Figs. 5(a) and 5(b)], respectively. These results, together with
the fact that these new Pb 4f and I 3d components exhibit an atomic
Pb/I ratio of �0.36 0.1, suggest that their origin may be related to the
presence of PbI2-like species at the sample surface. In the Pb 4f and I
3d core levels measured in the n¼ 1 sample [lower panels in Figs. 5(a)
and 5(b)], spectra reveal the presence of Pb and I atoms in PbI2-like
species coexisting with the Pbþ2 located in the lead–iodide inorganic
octahedral configuration. However, no traces from metallic Pb0 have
been observed, interestingly.

l-Raman spectroscopy results shown in Figs. 5(d)–5(f) also sup-
port previous oxidation assignment. We identify two intense peaks
centered at 102 and at 132 cm�1 for both n¼ 1 [Fig. 5(d)] and n¼ 2
[Fig. 5(e)] phases. The lower-frequency peak is associated with the
PbI2 and the higher-frequency peak to organic cation molecule vibra-
tions.1,2 Another less intense peaks centered at 224 and 261 cm�1

could be attributed to organic cation vibrations42 and a peak located at
303 cm�1 to c-Si vibrations from the Si/SiO2 underlying substrate. By a
closer examination of the Raman spectra can be found that the intense
peak related to the vibration of the organic cation is relatively broad

with FWHM¼ 40 cm�1 for both phases n¼ 1, 2. On the other hand,
the lowest frequency intense peak attributed to vibration of the PbI2
shows more differences between n¼ 1, 2 phases. The PbI2-related
peak is sharper for n¼ 1 (FWHM¼ 8 cm�1) than for n¼ 2
(FWHM¼ 15 cm�1), suggesting a noticeable better crystal quality of
n¼ 1 phase. This conclusion supports our previous evidence for a
more complex carrier dynamics scenario when studying the n¼ 2
phase. Figure 5(f) shows the integrated intensity as a function of excita-
tion power of the Raman spectra of PbI2 and the organic cation peaks,
for both n¼ 1, 2 phases. As it is shown, the evolution follows a linear
power dependency (the slope is’1, for all samples).

The photoemission and Raman results indicate a different chemi-
cal behavior and crystal quality as going from one kind of sample to
the other, which imply a rich structural-dependent chemical activity.
Of course, Pb 4f and I 3d spectra appear dominated by signals coming
from (pristine) inorganic octahedral sheets in all kinds of samples
[Figs. 5(a) and 5(b)]. However, we have detected metallic Pb0, but not
PbI2-like species, in the bulk sample [upper panels in Figs. 5(a) and
5(b)] and we have detected PbI2-like species, but not metallic Pb0, in
the n¼ 1 samples [lower panels in Figs. 5(a) and 5(b)]. Only in the
n¼ 2 samples, both metallic Pb0 and PbI2-like species coexist [middle
panels in Figs. 5(a) and 5(b)]. Structurally, n¼ 1 and bulk samples dif-
fer one from each other, precisely, in the nature of their organic com-
ponents: MAþ cations constitute the organic species in bulk samples,
whereas PEA2 ones are those of the n¼ 1 ones. These facts suggest

FIG. 5. XPS spectra of (a) Pb 4f, (b) I 3d, and (c) N 1s core levels measured in n¼ 1, n¼ 2, and bulk lead iodine perovskite crystal phases. The broad peak appearing on the
low binding energy side of Pb 4f spectra for n¼ 1 and 2 samples (shaded in light blue), corresponds to the second replica of the Si 2p plasmon (plasmon energy of �17.8 eV
from Si 2p3/2). (d) and (e) Raman spectra of phase (d) n¼ 1 and (e) n¼ 2 2D HPs as a function of laser power with marked peaks attributed to PbI2 organic cation (OC) and
c-Si vibration modes. (f) Raman integrated intensity of the PbI2 and organic cation-related peaks as a function of the laser power for both phases showing a linear dependency
as a function of laser power.
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that different organic components give rise to defects of different
chemical nature: MAþ cations somehow promote segregation of
metallic Pb0, whereas PEA2 cations tend to favor decomposition of
inorganic sheets to produce PbI2-like species at the LHP surface.

The N 1s core-level XPS spectra are shown in Fig. 5(c). These
data support the scenario proposed above. In our samples, the N 1s
signal stems from the organic components of the 2D perovskites. In
fact, in the bulk and in the 2D perovskite with n¼ 1, the dominant N
1s singlet signal comes from the MAþ and PEA2 cations, respectively
[see upper and lower panels in Fig. 5(c)]. Only an additional weak sig-
nal can be observed at the low energy side of the N 1s spectrum mea-
sured in the bulk sample, which may be attributed to MAþ cations in
Pb sites (hereafter called the MAþ defective). Indeed, the N 1s spec-
trum acquired in the 2D perovskite with n¼ 2 exhibits peaks coming
from both theMAþ and PEA2 cations located at their own crystal sites
[middle panel in Fig. 5(c)]. However, interestingly, a third important
line is observed at lower energies than previous ones and clearly domi-
nating. We identify this third state with the aforementioned MAþ

defective level, which now is shifted to lower binding energies than in
the bulk perovskite, indicating that PEA2 promotes the exchange of
MAþ cations with Pb in octahedral sites favoring MAþ to act as
acceptors. In summary, our XPS findings are compatible with the ori-
gin for the formation of DAP states from PbMA and MAPb antisite
defects present in the RP n¼ 2 perovskites.43

Perovskites can naturally host a wide variety of optically active
defects whose optical recombination energy depends on their chemical
nature.14 For instance, several defects acting as acceptors (Ii, MAPb,
VMA, VPb, IMA, and IPb) or donors (MAi, PbMA, VI, Pbi, MAI, and PbI)
have been found in 3D44–46 and 2D43 LHPs (here, V¼ vacancy,
subscript i¼ interstitial, and AB denotes A substitutes for B).45 Taking
this into account, our XPS results reveal a rich n-dependent chemical

activity in 2D perovskites, which would give rise to optically active
defects whose nature would depend on the specific organic component
involved in and its dependence with the n value [see Figs. 6(a)–6(c)].
This fact becomes particularly relevant for disentangling optical prop-
erties of 2D perovskites with n¼ 2, in which both PEA2 and MAþ

organic cations coexist in a similar proportion [see Fig. 1(c) or
Fig. 6(c)]. Here, our hypothesis is that the joint action of the two
organic cations present in the n¼ 2 perovskites is responsible for the
generation of DAP complexes, as it is depicted in Fig. 6(d). MAþ cati-
ons seem to promote Pb segregation, but the presence of PEA2 cations,
which strongly disturb the inorganic sheet, collaterally enhances the
Pb segregation and favoring MAþ cations to occupy Pb atomic sites
within the perovskite octahedrals and creating the MAPb acceptors.

43

At the same time, displaced Pb atoms may occupy MAþ sites out of
the octahedrals, eventually acting as PbMA donors. It seems reasonable
to assume that the effects of both cations were particularly efficient
when acting on the same sites of the crystals; then, it would be
expected that MAPb-related acceptors and PbMA-related donors are
close to each other. Consequently, their wavefunctions would easily
interact giving rise to DAPs complexes [Fig. 6(d)] and their observed
spectral signatures in l� PL experiments.

DISCUSSION

With the intention of evaluating our starting hypothesis of
addressing the sharp l-PL and long-lived l-TRPL features found in
the n¼ 2 phase with the DAP state optical recombination, suggested
from the presented photoluminescence measurements, its sublinear
intensity variation and saturation, and most directly by XPS and
l-Raman spectroscopy techniques, we test now our optical results
with a simple model. Particularly, we will calculate the DOS of the

FIG. 6. Simplified scheme of ideal and defective PbI6 octahedra units surrounded by different compositions of organic cations for each crystal phase with corresponding defects
identified by XPS. Results indicate that (a) MAþ cations present in bulk crystals seem to promote metallic Pb0 segregation generating Pb vacancies (VPb), whereas (b) PEAþ2
cations in n¼ 1 crystal phase tend to decompose inorganic sheets into lead iodine PbI2-like species favoring the generation of VPb and I vacancies (IPb). (c) Coexistence of
both MAþ and PEAþ2 cations in n¼ 2 crystal phases enhances multiple defect generations. (d) The joint action of both MAþ and PEAþ2 cations in n¼ 2 crystals promotes the
generation of MAPb acceptors, besides of PbMA donors. As a consequence, these two kinds of defects tend to form DAPs with a recombination emission energy that depends
on their distance r.
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DAP transitions and evaluate its decay time as a function of its binding
energy and extract information about the DAP wavefunction.

Our model takes into account the presence of neutral donor (D0)
and neutral acceptor (A0) levels, both defined with their corresponding
binding energies. The spatial coordinate of their wave functions in the
crystal structure will be separated with a relative distance R, as it is
shown in Fig. 7(a). Figure 7(b) explains the dynamical process of the
emission of a photon by the DAP complex. First, D0 and A0 do not
form a bonded complex, as both do not have net charge. Second, each
defect get ionized by the emission of a photon, i.e., the extra electron
from D0 relaxes to the extra hole state in A0, emitting a photon and
producing the ionized DþA� pair. This ionized pair state, as we will
explain later, is sensitive to the Coulomb’s attraction between both
positive and negative net charges. Dþ andA� states can then be neu-
tralized again by the capture of and electron (e�) and a hole (hþ) from
conduction band (CB) and valence band (VB), respectively. Finally,
the neutral pair D0A0 can restart the photon emission cycle. Hence,
this dynamical process is described with three main elementary pro-
cesses: the (formation of the) initial state (D0A0), the emission of a

photon (�hx) followed by the (formation of the) final state (DþA�).
Coulombic interaction (EC) between DþA� obeys a relation inversely
proportional to the distance between them (i.e., EC / 1

R). This means
that the energy of the final state (DþA�) will change as a function of
the relative distance R between the ionized donor Dþ and the ionized
acceptor A�. Figure 7(c) shows a visual scheme where the dependence
with R is represented for the initial state D0A0 (no dependence), for
the energy of the photon (smaller photon energy as R increases) and
for the final state DþA� (smaller EC as R increases). This physical pic-
ture allows us to model the DAP transition and to compare the output
calculations with our l-PL and l-TRPL measurements. Following this
procedure, we will estimate the possibility to find sharp-peaked transi-
tions along the energy range between X1 and X2;3, extract the estima-
tion of the Dþ and A� binding energies, and hence their relative
distances (R) and the corresponding donor and acceptor effective Bohr
radius (aD and aA).

To develop our model, we assume the existence of D0 and A0

defect states within the bandgap, which here we associate their origin
with the PbMa (D) and MaPb (A) antisite defects, as elucidated from

FIG. 7. (a) Sketch of the DþA� bonded
complex state in a 2D perovskite lattice. R is
the relative distance between Dþ and A�

wave functions. (b) DAP dynamical evolu-
tion: (from left to right) DAP ionization by the
emission of a photon from the neutral D0A0

pair transition (D0A0 ¼ DþA� þ �hx), DAP
neutralization from electron and hole capture
processes (DþA� þ e�CB þ hþVB ¼ D0A0).
(c) D0A0 and DþA� level energies as a
function of R. Grayish shadow indicates the
magnitude of the DþA� binding energy (EC)
as a function of R. The emitted photon
energy (wavy yellowish arrow) decreases as
the distance R. (d) l-Photoluminescence
spectrum example plotting the four excitonic
optical transitions present in n¼ 2 samples.
(e) Calculated DOS as a function of DAP
binding energy (Ec) for three different
Coulomb screenings (er ¼ 1; 10; and 20).
(f) Calculated R value as a function of DAP
binding energy (Ec) for three different
Coulomb screenings (er ¼ 1; 10; and 20).
(g)–(i) are zooms of plots (d)–(f), comprising
the energy range between X1 and X2;3 opti-
cal transitions. (j) Inverse of the measured
DAP decay time [s2 from Fig. 3(i)] as a func-
tion of the calculated R for er ¼ 10. Black
dashed line represents the best fit of the
model described in the text.
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our previous XPS analysis. According to Ref. 43, density-functional
theory calculation on two-dimensional ðCH3NH3Þ2PbðSCNÞ2I2 per-
ovskites returns PbMa/MaPb antisite defect transition at ’0.11 eV/
’0.15 eV below the conduction band (CB)/above the valence band
(VB). The energy of the emitted photon in a DAP transition defined
by its relative distance R is given by

�hxðRÞ ¼ EGAP � EA � ED þ e2

4pe0erR
: (1)

The term EC ¼ e2
4pe0erR

(DAP binding energy) accounts for the
energy correction due to the Coulomb interaction between the ionized
DþA� final state, which produces the corresponding change in the
photon energy (�hx), as it is described above. Figure 7(a) shows the
geometry of the square lattice of the 2D perovskites with a sketch of
the DþA� bound final state. For the model calculations, we have
assumed two inorganic layers 2D perovskite, to emulate the case with
phase n¼ 2. The DOS is obtained by calculating �hxðRÞ for all possible
R’s between an electron in the donor site and the hole in the acceptor
site. Here, it is important to mention that the calculation is done for a
finite collection spot, obtained from the diffraction limit condition for
the corresponding wavelength. This spot size will produce a limit for
the maximum value of R, as we will define later. Figure 7(d) shows an
example of the l-PL spectrum of a n¼ 2 sample, where the horizontal
axis shows energy expressed in units of EC. As a reference, it is
included the energy positions of the four excitonic transitions found in
the spectra [see Fig. 1(f)], with three vertical dashed lines fixed at
X1;X2;3, and X4. Figure 7(e) shows the calculated DOS for three differ-
ent values of the dielectric screening (e¼ 1, 10, and 20). The first situa-
tion, er ¼ 1, represents the unscreened situation, which is typical of
molecules or pure 2D monolayers. DOS as a function of EC is repre-
sented with a grayish shadow. Clearly, the DOS is very large and dense
through the whole energy range covering all four excitonic transitions.
Therefore, it is not possible to find single DAP transitions within the
evaluated spectral range if the effective dielectric screening was absent.
This conclusion is reasonable, as these 2D RP perovskites contain long
organic ligands, which clearly should increase the dielectric screening
of the excitons photogenerated in the inorganic layers, as expected and
found in the literature.21 Figure 7(f) shows the extracted R value from
the model calculations as a function of EC, for the same three values of
the screening. Figure 7(c) clearly shows the EC dependence on the cal-
culated R value. When R ! 1, EC¼ 0, which corresponds to the
extreme case for large R values represented in Fig. 7(c), where DþA�

are largely separated and the Coulombic term becomes null. However,
Fig. 7(f) shows a maximum and finite value for R [’400nm, a limit
plotted as a horizontal black dotted line in Fig. 7(f)] for all screening
values, which corresponds with R¼ collection spot size. This is the rea-
son why the DOS in Fig. 7(e) suddenly drops for the corresponding EB
value associated with this value of R. Here, we have used the confocal
diffraction limit as our collection spot size limit. When comparing R vs
EC dependence for the three different values of the screening, it is
clearly shown that for a fixed value of EC, when the dielectric constant
increases, then the value of R decreases. In this way, to obtain equal
binding energies using higher dielectric constants, the radius R should
be smaller. In order to plot with higher resolution the DOS and R val-
ues as a function of EC located in the vicinity of photon energies
between X1 and X2;3 excitonic transitions, Figs. 7(g)–7(i) show zooms
of the same data represented in Figs. 7(d)–7(f). Figures 7(e) and 7(h)

show that the use of er ¼ 10 produces discrete states through the pho-
ton energy range of interest, along with a collapse of the DOS in the
energy region near EC¼ 0. If we further increase the value of the
dielectric constant up to er ¼ 20, it is clearly shown that the DOS col-
lapse occurs in a narrower energy region around close to EC¼ 0, hence
with almost negligible occurrence of discrete states between X1 and
X2;3 transitions.

A value of er ¼ 10:75 between the static and the infinite frequency
limit has been reported for single crystal of methylammonium lead bro-
mide perovskite.21 Therefore, our model prediction for er ’10 would
be representative of a DOS closer to the real case and it will yield discrete
DAP sates between X1 and X2;3 excitonic transitions. Hence, er ’10 is
a good approximation for the actual dielectric screening. It is important
to note here that although the n¼ 1, 2, 3, …, RP phases are defined
by generating a quantum well-like confinement in the inorganic layer,
the exfoliated samples are usually composed of multiple stackings of
layers, forming samples of hundreds of nanometers of thickness.16 In
the case of phase n¼ 1, the stacking contains only this single phase,
while in the case of n> 1, there may be heterogeneous mixtures of dif-
ferent RP n phases.

Once we have obtained a valid range of er value, we can proceed
to analyze the relation between DAP decay times and DAP binding
energy (EC), and hence to extract an estimation of the donor and
acceptor Bohr radius. We use the following expression to extract the
wavefunction extension dependence from the DAP decay time:47,48

1
sDA

¼ a
sX

exp�2ðR=aD;AÞ; (2)

where sDA and sx are the DAP and the excitonic decay times, R is the
distance between Dþ and D� extracted from the DAP binding energy
values (EC), aD;A are donor and acceptor Bohr radius, and a represents
a constant of proportionality to be defined in the fit. This expression is
reflecting an increase in sDA by increasing the DAP radius, because the
smaller overlap between electron and hole overlap. Here, we use the
mean s1 value of X2;3 as sx [’0.35 ns, Fig. 2(j)]. We define sDA as a
function of R from s2 values plotted in Fig. 3(i). The associated R val-
ues will be extracted using the expression of EC and er ¼ 10, as defined
above. Finally, as the donor in Bohr radius is usually larger in the tetra-
hedrally bonded semiconductors, then here we assume that aD > aA,

48

and therefore, we are basically extracting the value of aD. Following all
previous considerations in Fig. 7(j), it is shown the best fit of the
expression 2 to the experimental data. The fit returns a ¼ 0:09 and
aD ’ 11 nm. The value of aD found in our fitting is around one order
of magnitude larger than the excitonic Bohr radius calculated previ-
ously for 2D hybrid perovskites with er ¼ 10.49 This ratio is in corre-
spondence with the fitted value of a, as this constant estimates the
proportionality between sDAP and sX for R¼ 0. This large Bohr radius
of the donor/acceptor wavefunction represents an important finding.
Our study reveals that this large aD is directly related to the extremely
sharp spectral features (’120leV) and long-lived bonded DAP
complexes.

CONCLUSIONS

In conclusion, our work shows that the research on DAP in 2D
materials represents a growing field with high potential. Our observa-
tion of the narrow and discrete PL lines associated with discrete DAP
transitions in 2D perovskites is added to recent reported properties
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found in single-crystal perovskites.21–23 By means of XPS spectroscopy,
we show that the two organic components present in the n¼ 2 sample
promote the formation of the defects responsible of the DAP transi-
tion. In detail, the coexistence ofMAþ cation, giving rise to Pb segrega-
tion, and PEA2 cation, causing the inorganic lattice sheet distortion,
might favor the displacement and exchange of MAþ and Pb atoms,
hence the formation of MAPb acceptor and PbMA donor states. Our
model predicts the presence of low-density DAP states in the spectral
range close to the X2;3 emission, and hence, both low DOS and large
donor Bohr radius explain the observation of DAP narrow optical
transitions with nanosecond lifetimes. The control of this large wave-
function extension photon emission process can be very attractive for
future non-linear applications based on the control of the wavefunc-
tion overlap and spatial tunability. Nowadays, the use of highly bonded
excitons but with larger wavefunction extensions represent desired
route to build robust but highly interactive carriers, important to real-
ize short- and long-range optically controllable interactions. These
properties, together with its high photoluminescence brightness, make
the DAP state in 2D perovskites an interesting electronic state to be
considered in recent advanced quantum application proposals.29,50

However, in order for the DAP state present in these samples could be
considered as an alternative, specific sample preparation routes should
be designed to control and optimize the DAP state population, locali-
zation, and isolation.

EXPERIMENTAL
Synthesis

Materials were prepared by modifying a synthetic procedure that
has been reported elsewhere.10 Synthesis of PEA2PbI4 (n¼ 1). Solution
A. PbO powder (1116mg, 5mmol) was dissolved in a mixture of 57%
w/w aqueous HI solution (5.0ml, 38mmol) and 50% aqueous H3PO2

(0.85ml, 7.75mmol) by heating to boiling under vigorous stirring for
about 10min. It was then possible to see the formation of a bright yel-
low solution. Solution B. In a separate beaker, C6H5CH2CH2NH2

(phenethylamine, PEA) (628ll, 5mmol) was neutralized with HI 57%
w/w (2.5ml, 19mmol) in an ice bath, resulting in a clear pale-yellow
solution. If a solid precipitate or the formation of a suspension is
observed, then it is possible to heat slightly until it has dissolved. Once
both solutions have been prepared, we proceed to the slow addition of
Solution B to Solution A. A quick addition could produce a precipitate,
which was subsequently dissolved as the combined solution was heated
to boiling. After keep the solution at boiling point for 10min, the stir-
ring was then discontinued and the solution was left to cool to room
temperature, during which time orange rectangular-shaped plates
started to crystallize. The crystallization was deemed to be complete
after 1 h. The crystals were isolated by suction filtration and thoroughly
dried under reduced pressure. The obtained single crystals were
washed with cold diethyl ether.

Synthesis of PEA2MAPb2I7 (n¼ 2). Solution A. PbO powder
(1116mg, 5mmol) was dissolved in a mixture of 57% w/w aqueous HI
solution (5.0ml, 38mmol) and 50% aqueous H3PO2 (0.85ml,
7.75mmol) by heating to boiling under vigorous stirring for about
5min and forming a yellow solution. Then, CH3NH3Cl powder
(169mg, 2.5mmol) was added very slowly to the hot yellow solution,
causing a black precipitate to form, which rapidly redissolved under
stirring to achieve a clear bright yellow solution. Solution B. In a sepa-
rate beaker, C6H5CH2CH2NH2 (PEA) (880ll, 7mmol) was

neutralized with HI 57% w/w w/w (2.5ml, 19mmol) in an ice bath,
resulting in a clear pale-yellow solution. The addition of the PEAI solu-
tion to the PbI2 solution initially produces a black precipitate, which
was dissolved under heating the combined solution to boiling. After
discontinuing the stirring, the solution was cooled to room tempera-
ture, and cherry red crystals started to emerge. The precipitation was
deemed to be complete after �1 h. The crystals were isolated by suc-
tion filtration and thoroughly dried under reduced pressure. The mate-
rial was washed with cold diethyl ether.

Crystal cleaving and sample preparation

A large statistical set of 2D PVKs and 3D single crystals was
investigated. All of the measurements are carried out at room tempera-
ture. 2D PVKs crystals (PEA2PbI4 and PEA2MAPb4I7) have been
mechanically exfoliated on Si substrates by scotch tape.

Optical spectroscopy and confocal optical microscopy

All low-temperature measurements were carried out using a stan-
dard l-PL setup, with the samples placed in the cold finger of a
vibration-free closed-cycle cryostat (AttoDRY800 from Attocube AG).
A continuous-wave (pulsed) excitation laser with a wavelength of
k¼ 405nm (450nm) was used to excite the sample, providing spectral
l-TRPL measurements. Furthermore, single-mode fiber-coupled laser
diodes at k¼ 532 and 660nm were used to align the collection and
excitation spots for 2D perovskite (n¼ 1, n¼ 2), respectively. The con-
focal pinholes will be defined by the single-mode optical fibers used for
excitation and detection. Excitation and detection were carried out
using a 50� microscope objective with a long working distance and a
numerical aperture of NA¼ 0.42, which was placed outside the cryo-
stat. The sample’s emission was long-pass filtered, dispersed by a dou-
ble 0.3 m focal length grating spectrograph (Acton SP-300i from
Princeton Instruments), and detected with a cooled Si CCD camera
(Newton EMCCD from ANDOR) for recording l-PL spectra, and a
silicon single-photon avalanche photodiode detector (from Micro
Photon Devices) connected to a time-correlated single-photon count-
ing electronic board (TCC900 from Edinburgh Instruments) for
l-TRPL measurements.51

Micro-Raman spectroscopy

Micro-Raman spectroscopy using a confocal Raman microscope
Horiba-MTB Xplora was carried out using a red laser illumination
with 638 nm excitation wavelength, 0.8–8 mW laser power, and 100�
objective (NA¼ 0.9, WD¼ 0.21mm).

X-ray photoelectron spectroscopy

Part of the x-ray photoemission experiments was performed at
the ALOISA beamline of the Elettra Sincrotrone of Trieste, Italy.52 In
this case, the x-ray photon energy of 515 eV (overall resolution of
150meV, FWHM) was used for C 1s, N 1s, and Pb 4f core levels and
photon energy of 740 eV (overall resolution of 280meV) was used for
I 3d core levels. The samples (n¼ 1 and 2) were kept at a grazing angle
of 4� in close to p-polarization. The spectra were measured in normal
emission with a homemade hemispherical spectrometer (mean radius
of 66mm) equipped with the Elettra 2D delay-line detector. The other
part of the XPS experiments was performed in a SPECS Gmbh system
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(base pressure 1.0� 10–10 mbar) equipped with a ASTRAIOS 190 2D-
CMOS hemispherical analyzer. Energy resolution was found in the
range of 0.1 eV. Photoelectrons were excited with the Al-Ka line
(1486.7 eV) of a monochromatic x-ray source l-FOCUS 500 (SPECS
GmbH). In the high resolution (HR)-XPS experiments performed, the
spot size was about 0.5mm in diameter. Measurements were taken at
room temperature with a pass-energy of 20 eV. For all of the HR-XPS
measurements, freshly exfoliated 2D PVKs were exposed to air and
placed in ultrahigh vacuum (UHV) conditions (with an analysis cham-
ber base pressure lower than 1.0� 10–10 mbar). In contrast, 3D sam-
ples were just grown and immediately introduced into the UHV
chamber to avoid any perturbation of the surface species induced from
being in contact with standard atmospheric conditions.
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