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Abstract

There is a variety of possible ways to tune the
optical properties of 2D perovskites, though the
mutual dependence between different tuning pa-
rameters hinders our fundamental understand-
ing of their properties. In this work we attempt
to address this issue for (C,Ho,y1NHs)oPbly
(with n=4,6,8,10,12) using optical spectroscopy
in high magnetic fields up to 67T. Our experi-
mental results, supported by DFT calculations,
clearly demonstrate that the exciton reduced
mass increases by around 30% in the low tem-
perature phase. This is reflected by a 2-3 fold
decrease of the diamagnetic coefficient. QOur
studies show that the effective mass, which is an
essential parameter for optoelectronic device op-

eration, can be tuned by the variation of organic
spacers and/or moderate cooling achievable us-
ing Peltier coolers. Moreover, we show that
the complex absorption features wvisible in ab-
sorption/transmission spectra track each other
in magnetic field providing strong evidence for
the phonon related nature of the observed side
bands.

The inherent sensitivity of lead-halide per-
ovkites to ambient conditions” is the Achilles
heel which currently prevents the deployment
of their superior properties®® in real world
applications.” The last few years have wit-
nessed rapid development of numerous per-
ovskite derivatives,*Y* in an attempt to over-
come the environmental stability issue. For
example, 2D Ruddlesden-Popper perovskites
have already demonstrated power conversion
efficiency greater than 10%, with significantly
improved stability.1?#20 Ruddlesden-Popper
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halide perovskites are natural type I quantum
wells formed by thin layers of halide perovskite
separated by organic spacers layers, which act
as barriers. 142122 They are described by general
formula A’5A,, 1M,,X,,.1 where A’ is a mono-
valent organic cation acting as a spacer, A is a
small monovalent cation (MA, FA, Cs), and M
a divalent cation that can be Pb?*, Sn?*, Ge?*,
Cu?*, Cd?*, etc., X an anion (C17, Br~, I7) and
m=1,2.3... is the number of octahedra layers in
the perovskite slab. The hydrophobic nature of
the organic spacers significantly increases the
stability of these compounds promising an ex-
cellent long term performance in photovoltaic
and light-emitting applications. 128720423124

A unique feature of 2D perovskites is that
their properties can be tuned in far more ways
than in the case of 3D perovskite semiconduc-
tors. The band gap can be tailored by varying
chemical composition of the inorganic part?4¢
or by changing the thickness of the octahedral
slabs, which significantly impacts the optoelec-
tronic properties.1#2%28 In addition, many of
the 2D perovskite properties can be tuned by an
appropriate choice of the building blocks with a
plethora of different organic spacers to choose
from.1*2Y Varying the organic spacer modifies
the dielectric environment of the inorganic slab,
affecting the exciton binding energy and the
band gap.1#2829 Moreover, the length and cross
section of the organic ligands affect the dis-
tortion of the inorganic cages, modifying the
band structure and the electron-phonon inter-
action 232430, 34

While the large variety of ways to tune the
optical properties of 2D perovskites is un-
doubtedly their huge advantage, the interac-
tion between different parameters hinders our
fundamental understanding of their proper-
ties. To date their structural, dielectric, op-
tical, and excitonic properties remain largely
unexplored.  Many of 2D perovskite fam-
ily members exhibit complex absorption and
emission spectra with many sidebands.2#278
Today their origin is generally attributed to
phonon replicas,?¥#3%38 however, other inter-
pretations invoking bound excitons or biexci-
tons can be found in literature.??3%4% Moreover,
early magneto-optical studies report different

diamagnetic coefficients for the various side-
bands, which is not consistent with the phonon
replica picture.”®3% Another interesting aspect
is related to the temperature driven phase tran-
sition.®##"%3 The band structure of 2D per-
ovskites is highly sensitive to octahedral distor-
tion controlled by the organic spacer (templat-
ing).”% Therefore, a significant change of the
effective mass and bandgap can be expected
at the phase transition due to the rearrange-
ment of the organic spacers in the different crys-
tal phases.*'3 Here, we address these issues
for a series of (C,Ha,+1NHj3)oPbly structures,
schematically presented in figure[l] (a), with the
varying length of organic spacers (n=4, 6, 8,
10, 12 is number of carbon atoms in the or-
ganic spacer). We use optical spectroscopy in
magnetic fields up to 67T. The application of
such high magnetic fields allows us to resolve
reliably the diamagnetic shift, despite the large
exciton binding energies in these systems (up to
~ 400meV).*™4 We show that the complex ab-
sorption features precisely track one another in
magnetic field, as expected for phonon replicas.
The different diamagnetic shift of the transi-
tions in different crystal phases is a direct proof
of the significant modification of the carrier ef-
fective masses at the phase transition in agree-
ment with detailed density functional theory
(DFT) calculations. Since for some compounds
the phase transition occurs close to room tem-
perature, our findings suggest an additional way
to engineer the properties of 2D perovskites via
heating or a moderate cooling achievable using
Peltier coolers.

Figure[l] (b) shows a summary of the trans-
mittance spectra of (C,Hs,1NH;3)oPbl,; with
n = 4,6,8, 10, 12 measured at T = 4K. A
strong excitonic absorption is observed in all
cases. Transitions which occur around 2.55
eV correspond to the low temperature (LT)
2D perovskite phase where the in plane Pb-I-
Pb bridging bond angle v is >~ 149° while tran-
sitions around 2.3eV correspond to the high
temperature (HT) phase with a v ~ 155° as
revealed by our XRD analysis presented in SI
and previous reports®#4HH (gee figure (1] (a)
for angles definitions). The phase transition
generally occurs in the vicinity of room tem-
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Figure 1: (a) Scheme of (C4HgNHj3),Pbly crystal structure together with bridging Pb-I-Pb ~ an-
gle and corrugation angle ¢ definitions. v = 180 — 2 when § = 0. (b) Transmittance spectra
of (C,Ha,11NH;3)2Pbly structures measured at 7' = 4 K. Spectra are labeled (4-12) according to
number of carbon atoms in the organic spacer. Two groups can be distinguished, low energy tran-
sitions (HT phase) located at ~ 2.35eV and high energy transitions (LT phase) at ~ 2.55eV which
are characterized by v = 155° and = 149°, respectively. (c¢) Normalized transmission spectra
of (C4HgNH;3),Pbl, at different temperatures. Red corresponds to maxima and blue corresponds
to minima in transmittance. The dashed white lines which follow the evolution of the two transi-
tions are drawn as a guide to the eye. The LT phase appears around 270 K, while the HT phase
can be still observed down to T = 4K. (d) Transmission and derivative of reflectance spectra of
(CeH13NH;3)2Pbly. Solid and dotted lines are separated by 15meV with respect to each other,
indicating the position of the zero phonon lines and phonon replicas.

perature. However, the interaction between  as shown in figure[l] (d) for (CeHi3NHj;)oPbl,.

the spin coated 2D perovskites and the sub-
strate can completely (n = 6,12) or partially
(n = 4,8) inhibit the transition to the LT
phase, the latter case leads to the formation
of frozen high temperature phase domains.**
This effect can be directly observed in the tem-
perature dependence of the transmittance spec-
trum of (C4H9NHj3),Pbl, presented in ﬁgure
(c). The phase transition is observed around
270K as for single crystals.*! However, the sig-
nature of the HT phase remains even at T' = 4 K
due to the presence of frozen domains.

The transitions in the transmittance spectra
are asymmetric and in some cases multiple ad-
ditional features (phonon replicas) are observed

In the transmission spectrum a series of dips
is visible. The most pronounced one (Xj) is
situated at ~ 2.33eV and is followed by two
phonon replicas (X; and Xj) at 2.345eV and
2.360eV separated by ~ 15meV. A second
transition at 2.38eV (Xo+) is observed. These
transitions are also observed in reflectivity. We
plot the derivative of the reflectance spectrum
where minima correspond to the transition en-
ergy.“® The equal spacing of first three transi-
tion is characteristic for phonon-assisted transi-
tions (phonon replicas).* &40 The energy of
the involved LO phonon ~ 15meV can be at-
tributed to the vibration of the inorganic part
of the 2D perovskite (Pb-I character).*™7 In-
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Figure 2: (a) Comparison of transmittance spectra of (CgH;3NH3).Pbl, sample at 0T (black) and
67T for o (blue) and o~ (red) polarization. (b) Transmittance spectra at different magnetic
fields ratioed by 0T spectrum (black lines) and fitting results (red lines) for the energy range
corresponding to Xy transition and its phonon replicas. See detailed description in text. (c¢) Shift
relative to 0T spectrum for o™ and o~ polarization and (d) extracted Zeeman and diamagnetic

shift.

terestingly, the energy of the phonon that dom-
inates the absorption and emission spectra can
be tripled by using a different organic spacer
such as phenethylammonium®*#%38 showing the
complex interaction between the inorganic and
organic layers of 2D perovskites. The higher en-
ergy dip in transmission, labeled X§ in figurdI]
(c), is not at the correct energy, and has too
large amplitude to be a phonon replica of Xj.
It is most probably related to another phase of
(C¢H13NH;3),PbI, 2 with a Pb-I-Pb bond angle,
which remains close to 155°. For this transi-
tion, a weak phonon replica is observed in the
reflectance derivative spectrum around 15 meV
above Xg-.

A critical test of the phonon replica picture
is provided by their evolution in magnetic field.
As the lattice vibrations are unaffected by the
magnetic field, the phonon replicas should ex-
actly track the evolution of the zero phonon
line. Figure [2] (a) shows transmittance spectra
at 0T and 67 T for two circular polarization o™
and o~. A small shift of a few meVs to higher
and lower energies is clearly visible in the o™

and o~ spectra at 67T, respectively.

Figure[2] (b) shows the spectra measured in
the magnetic field divided by the 0T spectrum.
The ratioed spectrum has many sharp features
(black curves). Their amplitude, width, and
position depend sensitively on the energy shift
with respect to the zero field spectrum. As-
suming the shape of the spectrum is unaffected
by magnetic field, the ratioed spectra can be
reproduced using a shifted 0T spectrum

Ty(E)  ATy(E + AE) +C :
TE) T @

where Tp(E) and Ty ( F) are transmittance spec-
tra at a given magnetic field and zero field, re-
spectively. A and C are constants which take
into account any possible change of the transi-
tion amplitude or background during the field
sweep. AF is the shift of the transition en-
ergy (with respect to zero field) at a given mag-
netic field. To determine the value of AE we fit
the ratioed spectra from equation using the
least-squares method (see red curves in figure[2)
(example of fitting procedure for other samples
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Figure 3: (a) Comparison of Zeeman (open squares) and diamagnetic shifts (open circles) for the
LT (blue) and HT (red) phases for (C4;H9NH3)oPbly. (b) Measured g-factors and (¢) diamagnetic
coefficients as a function of transition energy. Symbols correspond to different number of carbon

atoms in organic spacer.

can be found in supplementary information).
The agreement with experimental data is very
good for all fields and results in the shift error
determination in the range of single percentage
(see supplementary information). The fact that
we can fit all features using the same energy
shift unequivocally demonstrates that the tran-
sitions Xy, X; and Xy exactly track each other
in magnetic field, providing further support for
the phonon replica picture. Importantly, this
method allows us also to precisely determine
the shift of the transition despite the compli-
cated line shape.

Figure[2] (c) shows the measured dependence
of the exciton transition shift as a function of
magnetic field for o™ and o~ polarizations. In
the Faraday configuration, the shift is deter-
mined by the spin dependent Zeeman energy
and the exciton diamagnetic shift

1
A = :l:§g,uBB + coB? (2)

where the ¢ is the in-plane g-factor, up is Bohr
magneton and c¢j is the diamagnetic coefficient.
The individual spin and diamagnetic contribu-
tions to the exciton shift are presented in figure
2(d), where we plot the splitting and the aver-
age as a function of the field. Based on equation
2l g ~ 1.5 and ¢y ~ 0.33 ueVT~2 for the lowest
energy (Xp) transition of (C¢Hi3NH;3),Pbly.
The simultaneous observation of different

crystal phases for n = 4 and 8 allows us to in-
vestigate the electronic properties of both high
and low temeprature phases of the 2D per-
ovskite at low temperature. In semiconductors,
an increase in the band gap (transition energy)
is accompanied by an increase of the effective
mass.*Y This should change the diamagnetic
coefficient which depends on the exciton re-
duced mass and wave function extension.”! It
is described by the general formula:

62

" 8

Co (r?) (3)
where 1 is the reduced mass of the exciton and
(r?) is expectation value of the squared radial
coordinate perpendicular to B. Since the ex-
tension of the exciton wave function decreases
with increasing effective mass, the diamagnetic
shift can serve as a sensitive tool for revealing
the carrier mass variation. For example, in the
simplest case of 2D and 3D hydrogen model
the diamagnetic coefficient is proportional to

1/p3 52
An example of the Zeeman splittings and dia-
magnetic shifts observed in the n = 4 sam-

ple are presented in figuref3| (a). The Zee-
man splitting for the LT (¢ ~ 1.45 blue line)
and HT (g ~ 1.6 red) phases are comparable.
The diamagnetic shift for the HT phase ¢y ~
0.32 ueVT~2 is comparable to the HT phase in
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Figure 4: Band structure corresponding to LT (a) and HT (b) phases of (C4H9NHj3)2Pbl, together
with schematic crystal structure for high and low temperature phase). (¢) Dependence of reduced

exciton mass versus § and § angles.

the n = 6 sample. However, the diamagnetic
shift of the LT phase ¢y ~ 0.13 ueVT 2 is about
2-3 times smaller. Similar trends can be ob-
served for the range of investigated samples (see
supplementary information for more examples)
as shown in figure[3| (b), (c) and[l} The g-factors
for all LT and HT phases are in the range of
1.2-1.6 in agreement with previous reports. =2+
The HT phase have diamagnetic coefficients
grouped around ¢y ~ 0.3 ueVT~2, while the LT
phase has a diamagnetic coefficients which are
systematically 2-3 times smaller.

Table 1: Values of g factors and diamagnetic
coefficients ¢y (ueVT™2) presented in figure

(c).

n 1 6 8 | 10 | 12
LT g | 1.45 - 14 [1.22] -
HT g | 1.6 | 1.5/1.56| 155 | - | 1.56
LT ¢, | 0.13 L 0.11 016 -
HT ¢, | 0.317 | 0.33/0.3 | 0.32| - |0.285

This observation strongly suggests a system-
atic mass enhancement in the LT phase. Within
the 2D hydrogen atom model this requires a 30-
35% increase of the exciton reduced mass in the
LT phase.

This rough estimation is supported by DFT
band structure calculations performed over the
HT and LT phases of (C4HoNH;3).Pbl, (fig-
ure {| (d) and (e)). Both phases show a di-
rect band gap at the center of the Brillouin
zone with a band gap that slightly increases
when going from the HT to the LT struc-

ture (1.57 eV to 1.70 eV) in good agreement
with the experimental trend despite the well-
known DFT underestimation of semiconductor
band gaps. As expected, these layered sys-
tems present flat bands in the stacking direc-
tions, whereas strong dispersions are displayed
by the valence and conduction bands. Rough
estimations of the hole and electron effective
masses can then be extracted. More quantita-
tive computation would require self-consistent
many-body and relativistic treatments which
are currently out of reach for such layered struc-
tures.” For the HT phase, we find hole (my,)
and electron (m,) effective masses of —0.103my
and 0.049mg, respectively, leading to the re-
duced effective mass pugr = 0.033mgy. These
values become my = —0.200mg, m, = 0.060m,
and upr = 0.046mq for the LT phase. There-
fore, we describe an increase of about 28% of
the reduced excitonic mass in the LT phase in
good agreement with the experimental estima-
tion.

The physical origin of mass change is related
to the enhanced distortion of the octahedral
cages, i.e., variation of bridging Pb—I-Pb bond
angle and corrugation angle o, which is be-
tween the normal to the inorganic layers and
the vector connecting the Pb atom and the ter-
minal one (see the definition of angles in figure
3). The v () angles are about 155° (6°) and
149° (12-13°) for HT and LT phases respec-
tively 4443 regardless of the organic spacer
length. The variation of this angle is cru-
cial for the band structure. To visualize this



we perform calculations for artificial 2D per-
ovskite lattice structure as a function of distor-
tion angles. For 0 = 0 we define angle [ as
v = 180 — 2. An increase of both 5, and ¢
results, in the band gap opening and in a re-
duction of the bands dispersion (see also fig-
ures 510 and S11 in supporting information and
previous studies™S%5%) - Therefore the mass of
carriers enhances as shown in figure [4] (c). This
explains also why the transition energy and the
diamagnetic coefficients group into two sets for
all investigate structures, in spite of the differ-
ent length of organic spacers.

It is worth to note that in case of 3D MAPDI;
negligible (if any) change of exciton reduced
mass has been observed® after phase transi-
tion showing, importance of organic spacers for
the band structure of 2D perovskites. With in-
creasing octahedral slab thickens (m > 1) of
2D perovskites the impact of long spacers on
crystal structure will progressively decrease and
crystal structure will be controlled more by MA
cations. Therefore it can be expected the band
structures modification would not be as dra-
matic as in presented case. However this aspect
still need experimental verification.

In conclusion, using magneto-optical spec-
troscopy, we have shown that the complex ab-
sorption features in (C,,Ha,, 11 NHj3)oPbl, are re-
lated to phonon replicas of excitonic transitions.
The reduced mass of the exciton increases by
around 30% in the low temperature phase of
(CnHa2,+1NH;3)2Pbl,. This is reflected by the
2-3 fold decrease of diamagnetic coefficient in
the LT phase. The crystal structure can be
controlled by the choice of appropriate organic
spacers. Moreover our results suggest that tem-
perature can be directly used as an additional
parameter to engineer the properties of 2D per-
ovskites. As the effective mass is a crucial
parameter that determines carrier mobility in
semiconductors, understanding how this quan-
tity vary in complex 2D perovskite system is
essential for identifying the impact on the prop-
erties that govern optoelectronic device opera-
tion.

Methods

Alkylammonium iodide salts (RAI, RA =
CoHgnioN, n = 4, 6, 8, 10, 12) were pre-
pared via neutralization of HI with RA. Un-
reacted species were removed by evaporation.
The product was purified by recrystallization
in minimal diethyl ether/excess hexane and iso-
lated via vacuum filtration. Films were pre-
pared by spin-coating solutions which were pre-
pared by dissolving RAI and Pbl; powders at a
2.5:1 molar ratio in a 1:0.34 volume ratio mix-
ture of THF and methanol. Films were spin-
coated from solutions of 20 mg/mL at 2000 rpm
for 30 s and annealed for 15 min at 70 °C. All
precursors were purchased from Sigma Aldrich.
The crystal grown preferential with lead iodide
layers parallel to the glass substrate®?

Magneto-transmission measurements were
performed in pulsed magnetic fields up to 68 T
with a pulse duration of ~ 500ms. The broad
band white light was provided by a tungsten
halogen lamp. The magnetic field measure-
ments were performed in the Faraday config-
uration with the c-axis of the sample parallel
to the magnetic field. The circular polariza-
tion was resolved in situ by a combination of
a quarter waveplate and a polarizer, and the
selection between o and o~ was achieved by
reversing the direction of the magnetic field.
The light was direct to sample by optical fiber.
Transmitted signal was collected by lens and
coupled to coupled to another fiber. Signal was
dispersed by a monochromator and detected us-
ing a liquid nitrogen cooled CCD camera. The
sample was placed in a liquid helium cryostat.
Temperature dependent transmission measure-
ments were performed in the same setup. In
such configuration the probed are of sample
is in the range of few hundreds of ym?. Nev-
ertheless the optical response related to the
absorption is qualitatively and quantitatively
the same for thin films and single exfoliated
flakes for 2D perovskite with thickness n=1 as
was discussed in work™

XRD was performed using a Bruker X-ray D8
Advancediffractometer with Cu Koy pradiation
(A= 1.541 A). Temeprature control was pro-
vided by Oxford Cyrosytem PheniX stage.



Spectra were collected with an angular range of
5° < 20 < 60° and AO= 0.01022° over 60min.
Measurements were made on both as prepared
spin coatedfilmsand powder samples obtained
from the films. More detail can be found in
ref. 54,

First-principles calculations are based on den-
sity functional theory (DFT) as implemented
in the SIESTA package.?® Calculations have
been carried out on experimental structures
with the GGA functional in the revPBE form."®
Core electrons are described with Troullier-
Martins pseudopotentials.®” The valence wave-
functions are developed over double-( polarized
basis set of finite-range numerical pseudoatomic
orbitals.®Y In our calculations, spin-orbit cou-
pling is taken into account through the on-
site approximation as proposed by Fernandez-
Seivane et al®’ An energy cutoff of 150 Ry
for real-space mesh size has been used and
the Brillouin zone was sampled using a 5x5x1
Monckhorst-Pack grid.

Supporting Information

The Supporting Information is available free
of charge on the ACS Publications website at
DOI: XXXX Detailed uncertainty analysis, cal-
culated band structures for varying £ and ¢ an-
gles, summary of XRD structural characteriza-
tion.
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