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Abstract

In atomically thin 2D crystals, the excitonic properties and band structure scale
strongly with the thickness, providing a new playground for the investigation of exciton
physics in the ultimate confinement regime. Here, we demonstrate the evolution of the
fundamental excitonic properties, such as reduced mass, wave function extension and
exciton binding energy, in the 2D perovskite (PEA)y(MA),,—1Pb,I3,41, for n =1,2,3.
These parameters are experimentally determined using optical spectroscopy in high
magnetic field up to 65T. The observation of the inter band Landau level transitions
provides direct access to the reduced effective mass y and band gap E,. We show that
1 increases with the number of inorganic sheets n, reaching the value of 3D MAPbI3
already for n = 3. Our experimental observations contradict the general expectation
that quantum confinement leads to an enhanced carrier mass, showing another aspect of

the unprecedented flexibility in the design of the electronic properties of 2D perovskites.
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Two-dimensional metal-halide perovskites constitute an important step in the evolution
of low-cost organic-inorganic hybrid light absorbers and emitters. '™ Similar to their 3D coun-
terparts, layered perovskites show promising performance in photovoltaic and light emitting
devices, % while preserving high environmental stability.*'° The latter is of paramount im-
portance for the industrialization of perovskite technology.

In 2D perovskites the improved stability stems from the large hydrophobic organic cations
L separating inorganic octahedra sheets. The general formula describing Ruddlesden-Popper
(RP) 2D layered perovskites is LoA,_1M,,X3,+1, where A is a small monovalent cation, M
is a metal atom, X is a halide atom and n denotes the number of octahedral layers. In
contrast to their 3D counterparts (AMX3), where A cannot be chosen arbitrarily, in 2D
perovskites there is a wide choice of the organic spacer L, including aliphatic chains, benzene-
like molecules with different substitutions and many others."*'"!3 This makes 2D perovskites
an unprecedented material system regarding the tuning flexibility of the opto-electronic

properties. Large organic spacers L provide control over the dielectric confinement !4 17 as

1,2,5,18,19 20,21

well as the crystal and band structure and, as a result, the carrier effective mass.

The carrier mass can be substantially modified by the octahedral layer thickness,?° structural
phase transitions?!' or cation composition.??

2D lead-based perovskites with phenethylamine (PEA, CgH;CoH4NH;3) as a organic spac-
ers, namely (PEA);MA,,_1Pb,I5,11 (where MA stands for methylammonium) are one of the
most studied systems. They are often considered as a reference structure to understand
the influence of L on the opto-electronic properties of 2D perovskites. %1323 Despite their

popularity and successfully deployment in various opto-electronic devices, 102425

some ques-
tions about their fundamental opto-electronic properties remain unanswered. For example,
determining the effective mass of charge carriers in 2D perovskites is challenging, with most

26-28 wwhich are known

attempts so far limited to density functional theory (DFT) calculations
to have limited accuracy without experimental support.?? It is also interesting to understand

how the carrier effective mass changes with increasing n, as the crystal structure evolves from



that imposed by the large organic spacer L, to the crystal structure determined mostly by
MA i.e in the bulk limit. Currently, the only report addressing this problem is limited to
the case of butylamine (BA).?® It was shown that the carrier effective mass is enhanced in
this 2D perovskite with respect to 3D MAPbDI3, and with an increasing number of inorganic
sheets n, the effective mass p decreases, reaching the bulk limit for high n values.

Here we demonstrate that such an observation does not necessarily apply to all 2D per-
ovskites. Using optical spectroscopy in high magnetic fields, we observe inter band Landau
level transitions which provide direct access to the reduced effective mass p of charge car-
riers in (PEA);MA,,_1Pb,I5,.1 2D perovskites, where n = 1,2,3. We demonstrate that
increases with the number of inorganic layers n, reaching the same value as 3D MAPDI;

20.22 prove that an

already for n = 3. Our observations, and previous experimental reports
appropriate choice of organic spacer and inorganic layer thickness provide efficient meth-
ods to engineer the carrier effective mass in 2D perovskites, which can be either lower or
higher than in their 3D analogues. Having precisely determined p we then report on all
important exciton parameters, such as binding energy and in-plane radius, and how these
parameters evolve with increasing n. Our experimentally determined parameters can serve
as a benchmark for first principles calculations and exciton models.

The optical spectroscopy measurements were performed on a series of three perovskite
crystals (PEA)osMA,,_1Pb,I3,41, where n = 1,2,3 (i.e. (PEA)Pbly, (PEA)sMAPb,I; and
(PEA);MA,Pbslyg (see Methods section for more details on sample preparation and exper-
imental techniques). Figurel summarizes the optical response (reflectivity (R) and pho-
toluminescence (PL)) for each sample in the spectral range of the 1s excitonic transition,
measured at 4.2 K. The reflectivity spectra (solid lines in panels a-c) show multiple absorp-

tion minima characteristic of phonon replicas.30:3!

The photoluminescence response (shaded
curves) from the respective crystals are a “mirror image” of the absorption (Fig. S1).3°
In the presence of external magnetic field, the 1s exciton transition blue shifts for all

three crystals, which can be seen in the false-color maps in Fig. 1 (d-f). When the cyclotron
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Figure 1: (a-c) Steady-state optical response, reflectivity (solid) and photoluminescence
(shaded), in the spectral range of the 1s exciton for n = 1,2, 3 crystals. Panels (d-e) show
the evolution of the 1s exciton in the presence of external magnetic field. Data points in panel
(g) represent the 1s transition energy extracted for several magnetic field values whereas solid
lines are fits using Eq. 1. (h) The diamagnetic coefficients o versus the number of inorganic
sheets n.



energy of carriers in a magnetic field is much lower than the exciton binding energy, the

transition energy shifts quadratically in the magnetic field according to,
AE = o0B?, (1)

where the diamagnetic coefficient ¢ depends only on the exciton reduced mass p and root

mean square (rms) wave function extension \/(r?),

62

U:@

(), 2)
The extracted energy shift in magnetic field (Fig. 1g) is well described by Eq. 1, providing a
precise determination of the diamagnetic coefficient o for each crystal. The evolution of o
with number of inorganic sheets n is summarized in Fig. 1(h) and is in agreement with our
previous work on thin films.3!

In the high energy range of the reflectivity spectra, we observe the formation of Landau
levels in each sample. To better visualize this in Fig2(a-c), reflectivity ratio spectra are
presented (i.e., spectra measured at a high magnetic field divided by the zero-field spectrum).
In each case we observe several equally-spaced spectral features (labeled LLO, LL1...) which
we ascribe to optical transition between Landau levels induced by the magnetic field. Each
minimum in the R(B)/R(0) spectrum strengthens, and shifts towards higher energies as
the magnetic field increases, corroborating our interpretation. Remarkably, this finding
shows that electron and hole states in 2D perovskites are quantized into Landau levels in
the presence of sufficiently strong magnetic field. Each Landau level is described by its
orbital quantum number N, as schematically depicted in Fig.2(g). Optical transition are
dipole allowed between conduction and valance band states with the same N. The energy
corresponding to the minimum of each feature in the ratio spectra is thus the inter band

transition energy between the valence and conduction band Landau levels with the same

N.32



(@), T et
LL1 LL2
8 65T
9\:\ 1.00 s
a 55T
m o
) T
0_96 il | PR RSy 1 P | 1 n 1 n n n 1
2.7 2.8 2.9 24 2.5 2.2
Energy (eV) Energy (eV) Energy (eV)
i 29 () E i ;%,
> 28 L3 4 > >
(<) F = (S >
o 27¢r = 1@ Q
L L 1 1 1 L L

0 20 40 60
Magnetic field (T)

Magnetic field (T)

T T o 0.1 1 T T

— ) (h)

> P ~5 === ]
~ e SR e | \E, 0.10 ]
~ ]
3 =4 1
[0]

2 0.09f % ? ]

0 20 40 60 1 2 3
Magnetic field (T) n

Figure 2: (a-c) R(B)/R(0) reflectivity ratio spectra for n = 1,2,3 crystals, respectively.
The magnetic field strengths indicated in panel (a), apply for all three panels. Labels LLN,
N = 0,1, 2.. enumerate the interband Landau level transitions. The evolution of each optical
transition as a function of magnetic field is plotted in panels (d-f) in the form of fan charts.
(g) Only optical transitions between the valence band (VB) and conduction band (CB) states
with the same orbital quantum number N are dipole allowed. Solid lines in panels (d-f) are
fits to the Landau level transitions using Eq. 3 which provides the values of reduced effective
mass 4 plotted as a function of n in (h). In panel (c) the dotted line separates two different
data sets and the dashed arrow is a guide to the eye.



Assuming a parabolic band dispersion, the energy of inter band Landau levels transitions

are given by,

1
Ex(B) = Ey+ (N + 5 ) (3)
where Ej is the band gap, NV = 0,1,2,... represents the Landau orbital quantum number in

the conduction and valence band, fuww, = eB/u is the combined (electron + hole) cyclotron

1 1

energy and p~' = m_ ' + m; " is the exciton reduced mass (m. and my are the effective
masses for electrons and holes, respectively). Fig.2(d-f) summarizes the evolution of the
N-th Landau level transition energies for the n = 1,2, 3 crystals.

Using Eq. 3 we fit the experimental points in panels (d-f) to extract the reduced effective
mass p and the band gap energy E,. The obtained values of ;1 increase with the number
of inorganic layers n (0.087 + 0.004, 0.090 + 0.003 and 0.103 + 0.003, for the n = 1,2,3
crystals (in units of the free electron mass), see Tab.1). As n increases, the initially 2D
layered crystals transform into a more 3D-like (bulk) structures. Hence, it is natural that
the charge carrier properties follow the structural transformation and also tend to approach
3D values with increasing n.

Although the effective mass p indeed approaches the value for bulk MAPbI; (Fig. 2h),
the increase in p with increasing n is in striking contrast to what is known for fully inorganic
epitaxial quantum wells®* 37 and BA-based 2D perovskites,?’ where the reduction of quan-
tum well width leads to an enhancement of u. The experimentally observed trend is also
in contrast to the theoretically estimated behaviour for PEA-containing 2D perovskites,®
where p is reduced while n increases, very similar to the BA case.?® Clearly, the resulting
confusion in the literature regarding the estimated values of effective mass requires clarifica-
tion by direct experimental measurements, which in turn could contribute to improvements
of available theoretical models.

Our results clearly show that 2D perovskites constitute a novel material system where

the carrier effective mass in low dimensional structures can be either lower or higher than

for the 3D counterparts, even though the bands are built primarily from the same atoms of



Pblg octahedral units. All these findings point to the importance of the templating effect ®

(imposed by organic spacers), which not only affect the band gap but is also reflected in the
band dispersion and all related quantities. In the case of 2D perovskites with n = 1, the
simple correlation between carrier effective mass and the in- and out-of-plane distortion of

the octahedral units can be drawn,?"??

where the effective mass p is larger for structures
with higher distortions. In the case of n = 2 and 3 the structure of the octahedral layer
and the angles describing its geometry are much more complex i.e. the octahedra distortion
can be different for consecutive inorganic sheets.*’ Furthermore, the lack of low temperature
crystallographic data for n = 2,3 crystals prevents us from finding a direct correlation
between the octahedra distortion and the observed reduced effective mass. However, it is
well-known that PEA organic spacer imposes a low degree of corrugation on the inorganic
framework, 24142 much lower than for example the aliphatic chains (i.e. n-butylamine®43).
The out-of-plane distortion § (Fig. S2) for n =1 (§ < 2) is even lower than for 3D MAPbI3
(6 > 3, distortion mapped from orthorhombic phase assuming the stacking direction is along
the ¢ axis?®). Taking into account that all excitonic parameters studied within this work are

approaching the 3D MAPbDI3 values with increasing n, this observation provides a guideline

as to how distortions would be affected by increasing n.

Table 1: Material parameters determined in this work; (from left) band gap en-
ergy, exciton binding energy, rms radius, and reduced effective mass. The data
for the M APDI; crystal are taken from previous magneto-absorption measure-
ments reported by Miyata et al.*®

E, By V(Y o
(eV) (meV) (nm) (me)

(PEA),Pbl, 2.625 265 1.3 0.087
(PEA)y(MA)PboI;  2.337 162 2.3 0.090
(PEA)o(MA),Pbsly  2.09 78 3 0.103
MAPbDI; 1.65 16% ~8 0.104%

The observation of Landau levels also allows for a precise determination of the the band
gap energy. It is important to note that determining the band gap from the absorption

spectrum is quite arbitrary, since the line-shape of the absorption spectrum close to the
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band edge can be affected by high energy excitonic states or the Urbach tail. In contrast,
the Landau level energies intersect at £, (Fig. 2d-f) when the magnetic field B — 0, providing
a better estimation of E, as more Landau level transitions are observed. Figure 3(a) shows
the evolution of the extracted band gaps together with the 1s exciton energies for all three
crystals. Similar to p, £, moves closer to the band gap value of MAPbI; (~1.65eV) when
the number of inorganic sheets n increases from 1 to 3 in the (PEA)2(MA),,—1Pb,I3,.1. The
obtained values of band gap and 1s exciton energies determine the exciton binding energies
E, of 265, 162 and 78 meV for n = 1,2, 3 crystals, respectively. All values of E,, E;, 1 are
summarized in Tab. 1. For n = 1 we can see that the extracted Ej is in the upper range of
reported values. 130314647 This might indicate that the value of E, was often underestimated
from the onset of the absorption spectrum.

The extracted excitons binding energies indicate the importance of dielectric screening
for all n, and the non-hydrogenic nature of excitons in 2D perovskites. Indeed, the transfor-
mation of the pure-hydrogen model from 3D to 2D should result in a fourfold increase of the
exciton binding energy. Even though the extracted u are lower or the same as for MAPbI3
for all n, the binding energy Eg is higher than 64 meV (4 x Ej, of MAPDI3), pointing to the
importance of the dielectric confinement effect.

Having determined p, we can now use eq. 2 to estimate the 1s exciton root-mean-
square (rms) radius in the plane of the octachedral sheets. We find the 1s rms radius of
1.33+0.15nm for the n = 1 sample, which increases to 2.25 4+ 0.23nm and 3.04 +0.16 nm
for samples with n = 2 and n = 3, respectively (Fig. 3b). Fig. 3(c-e) schematically depicts
the 1s exciton wavefunction extension as the number of inorganic sheets increases from 1
to 3. For comparison, 3D MAPDI;, with a binding energy of 16 meV in the orthorhombic
phase,*® shows an exciton rms radius of ~ 8nm (v/3ag, where ap is the Bohr radius).
All of the extracted parameters show a gradual progression towards the 3D values with
increasing n. However only u reaches bulk value for n = 3. This is because band dispersion

and effective mass are predominantly related to the lattice structure and overlap of atomic

11



orbitals,?? while the remaining quantities are in addition strongly affected by the quantum
and dielectric confinement.

To summarize, we have determined the basic excitonic parameters for the PEA-based
metal-halide 2D perovskites with a different number of inorganic sheets n. We have investi-
gated three crystals (n = 1,2, 3) from the (PEA)y(MA),_1Pb,I3,1 material family. Using
optical spectroscopy in high magnetic fields, we observe inter band Landau level transitions
in the above band gap spectral range, providing a direct and precise value of the reduced
effective mass p of the exciton. The determined reduced effective mass for the n = 1 crystal
equals to 0.087£0.004 m, and increases with number of inorganic layers to reach the value of
3D MAPbDI; already for n = 3. Moreover, an analysis of the Landau level transitions allows
a precise determination of the band gap, giving direct access to the exciton binding energy.
Furthermore, having precisely determined the p and the diamagnetic shift of the 1s exciton,
we can estimate the in-plane root-mean-square values of the exciton wave function, and how
it evolves with the number of inorganic sheets n. Importantly, all of these parameters were
extracted experimentally, and can serve as benchmark for band structure and exciton models

in this challenging material system.

Experimental Methods

To access the properties of the 1s excitons, such as the reduced effective mass p and rms
size (r?) we have performed a comprehensive magneto-reflectivity measurements. Three per-
ovskite crystals (PEA);MA,,_1Pb,l5,41 with n = 1,2,3 (ie (PEA)2Pbly, (PEA);MAPbD,I;
and (PEA);MA,Pbslyg, abbreviated as n = 1, 2, 3 throughout this work, have been prepared
as pure phases by the cooling induced crystallization method %% (see Supporting Informa-
tion).

The reflectance (R) measurements were performed in a back scattering geometry in a

liquid helium cryostat placed in the bore of a pulsed magnet.’® A broad band white light

12



source was provided by a tungsten halogen lamp and transmitted to the sample using an
optical fiber. The reflected light was collected by a fiber bundle, which surrounds the ex-
citation fiber. The same setup was used for photoluminescence (PL) measurements. The
reflected light, or the PL signal, were analyzed by an optical spectrometer (30 or 50 cm long)
equipped with a liquid nitrogen cooled CCD camera. Magnetic field measurements up to
65T were performed in the Faraday configuration in a pulsed magnet, with a pulse duration
of ~ 300ms. All measurements, unless otherwise stated, were performed with the sample at

T =22K.
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