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ABSTRACT: Two-dimensional (2D) perovskites are well-known for
the broad tunability of their optoelectronic properties. One of the prime
methods is templating the inorganic sublattice via a selection of organic
spacers. Here, with the use of magneto-optical spectroscopy, we
demonstrate the remarkable potential of distortion engineering to tune
the effective mass in 2D perovskites. We show that the 2D perovskites
containing benzotriazole-based organic cations are characterized by the
lowest reduced effective mass that has been measured for a lead iodide
2D perovskite. This stems directly from the very low degree of
octahedral distortion in this material system. The practically flat
structure of inorganic sublattice with no measurable out-of-plane
corrugation results in the reduction of reduced effective mass by 12%
with respect to the reference structure of (PEA)2PbI4. The reduction in
the mass is naturally accompanied by a lower 1s exciton binding energy of ∼200 meV.

■ INTRODUCTION
Two-dimensional (2D) layered metal-halide perovskites have
raised significant attention as a more stable alternative1−3 to
their three-dimensional (3D) counterparts.4,5 These natural
quantum wells, which consist of octahedral metal-halide slabs
separated by large organic spacers, are considered promising
candidates for low-cost light emitters and for energy harvesting
applications.5−9 The improved stability of 2D perovskites is
related to the hydrophobic nature of the large organic spacers,5

which also offers an efficient means to tune the optoelectronic
properties of these materials.1,8,10

An appropriate selection of the organic spacer enables to
control the emission and absorption energy,11,12 the exciton−
phonon coupling13,14 or to tune the effective mass of charge
carriers12,15−17 via octahedral templating (steric effects)18,19

and dielectric confinement.20 The latter is of paramount
importance because it governs essential physical parameters
such as the carrier mobility, the exciton binding energy, and
the carrier diffusion length. All of them are crucial for
applications as light emitters and in solar cells. In the case of
photovoltaic applications, it is expected that a lower carrier
mass is beneficial, enhancing diffusion length and reducing
exciton binding energy. Therefore, it is very tempting to make
use of the templating effect to tune the reduced effective mass,
and very interesting to understand to what extent this tuning
knob can be used.

Recent theoretical and experimental investigations have
shown that both the bandgap and effective mass can be

controlled by the octahedral unit distortion angles imposed by
the organic spacers.11,12,15,17,21−24 A simplified scheme of the δ
and β distortion angles of the inorganic sublattice is shown in
Figure 1a. A precise definition of the δ angle is presented in
Figure S1. The lower the distortion angles the lower the
effective mass and the band gap.15 To date, the reduced
effective mass μ has been determined for (PEA)2PbI4 (μ ∼
0.091 m0)15 and (BA)2PbI4 (μ ∼ 0.22 m0),25 where PEA
stands for phenylethylammonium and BA stands for
butylammonium. The lowest effective mass in the family of
PbI4-based 2D layered perovskites has been reported for
(PEA)2PbI4,15,16 which primarily stems from a much smaller δ
angle when compared with other measured compounds.

Here, we show that the distortion engineering can be pushed
even further with the use of benzotriazole-based ammonium
cation BTa and its difluorinated derivative F2BTa. The two
corresponding 2D perovskites compounds, (BTa)2PbI4 (Figure
1b) and (F2BTa)2PbI4 (Figure S2a), are synthesized and the
cations’ structure is presented in Figure 1c. Both samples are
characterized by an exceptionally low degree of octahedral
distortion26,27 − the presence of intramolecular hydrogen
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bonding between the ammonium head of the alkylammonium
tail and a nitrogen atom of the benzotriazole core results in a
negative penetration depth of the ammonium head into the
inorganic framework, with minimal distortion of the inorganic
framework as a result.27 In these benzotriazole-based 2D
perovskites, the octahedral slab is practically flat (out-of-plane
distortion angle δ = 0, see Figure 1b), and the in-plane
deviation of the I−Pb−I angle from 180° is much smaller than
in the case of (PEA)2PbI4 or (BA)2PbI4, which translates to β
∼ 3°. Therefore, a low reduced effective mass and a low
exciton binding energy is expected. Our magneto-optical
spectroscopy studies up to 86 T confirms this expectation.
Both the diamagnetic shift of the excitonic transition and the
interband Landau level transitions provide evidence for the
lowest reported effective mass in lead-based 2D perovskites
(for summary see Table 1). Our studies show that the control
of the reduced effective mass in 2D perovskite by the
templating effect can be treated as a general strategy, which
might also be extended for tin-based 2D perovskite
compounds.

■ MATERIALS AND METHODS
Optical Spectroscopy Setup. Reflectivity spectra as a

function of the magnetic field were measured in a pulsed field
magnet with a maximum field of 86 T and pulse duration of
∼100 ms. A UV lamp was used to provide broad-band white
light. The light was directed to the sample using an optical
fiber. The reflected signal was collected by a fiber bundle and
guided back to the detection system. The signal was spectrally
dispersed using the grating of a monochromator and detected
using a liquid-nitrogen-cooled CCD camera. The sample was
placed in a liquid helium cryostat situated inside the magnet.
The photoluminescence excitation (PLE) experimental results
have been obtained at cryogenic temperatures of ∼4 K, by
cooling down the sample mounted on the coldfinger of a He
flow cryostat. A pulsed Ti-sapphire laser was used to pump an

optical parametric oscillator, which was used as the tunable
excitation source. The laser was focused on the sample with a
50× objective having a numerical aperture of 0.55. The
photoluminescence signal was collected by the same objective
and directed toward a spectrograph equipped with a liquid
nitrogen cooled CCD detector.
Sample Synthesis Details. Single crystals of all perov-

skites were synthesized as reported in ref 27. Stoichiometric
amounts of the organic lead halide were dissolved in a mixture
of propylene carbonate (PC), water, and HI (57% in water).
HI was extracted three times with a 9:1 (v/v) mixture of
chloroform and tri-n-butyl phosphate before use. Lead iodide-
based mixtures were stirred at 50 °C until a clear solution was
obtained. The solutions were then filtered through a syringe
filter into a base-bath cleaned glass vial and were heated to
their crystallization temperature. The lid of the vial was
perforated with a needle to enable CO2 to escape during the
solvent degradation process. (BTa)2PbI4 and (F2BTa)2PbI4
crystallized as orange needles.27

■ RESULTS AND DISCUSSION
Figure 2a shows the comparison of the reflectivity spectra of a
reference (PEA)2PbI4 and (BTa)2PbI4 samples, both measured
at T = 4 K. For both samples we observe the typical line shape
for 2D layered perovskites.14,30,32−34 For (PEA)2PbI4 the signal
(green line) related to the 1s excitonic transition is visible at
2.36 eV, marked by an arrow, followed by the broad high-
energy sideband spanning up to ∼2.42 eV related to the
phonon replica/polaronic effects.14,33,35−37 By analogy, for
(BTa)2PbI4 we assign the 1s exciton transition energy at 2.31
eV (the corresponding reflectivity spectrum of (F2BTa)2PbI4 is
shown in Figure S2b in Supporting Information). The change
of organic spacer results in the red shift of the excitonic
transition by approximately 50 meV, due to lower distortions
imposed on the octahedral units.11,26,38 This general trend is
summarized in Figure 2b, where the 1s exciton energy is

Figure 1. (a) Definition of octahedral distortion angles β and δ. (b) Crystal structure of (BTa)2PbI4. (c) Benzotriazole organic spacers: BTa (top)
and F2BTa (bottom).26

Table 1. Summary of Octahedral Distortion Angles β and δ for Different 2D Layered Perovskite together with Exciton
Reduced Mass (μ), Diamagnetic Coefficient (c0), and Exciton Binding Energy (Eb)a

compound β angle (o) δ angle (o) μ (m0) c0 (μeV T−2) Eb (meV)

(BA)2PbI4 15.38 (LT)12.5 (HT)28 12.92 (LT) 5.78 (HT)28 0.2225 0.1317 250−47025,29

(PEA)2PbI4 1430 231 0.09115 0.3615 223−26015,29

(BTa)2PbI4 3.2526 026 0.081 ± 0.002 0.41 ± 0.03 206 ± 2
(F2BTa)2PbI4 326 026 0.080 ± 0.002 0.44 ± 0.02 208 ± 4

aLT: low temperature phase; HT: high temperature phase.
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plotted as a function of the distortion angle β for several
perovskite compounds.

Typically for semiconductors the reduction of the optical
bandgap correlates with the reduction of the effective mass.39

To directly measure this quantity via Landau level spectros-
copy, we performed reflectivity measurements in magnetic
fields up to 86 T (for experimental details, see section
Materials and Methods). Figure 3a shows the evolution of the
reflectivity ratio spectrum (spectrum at a given magnetic field
B divided by spectrum measured at 0 T) of (BTa)2PbI4 at
different magnetic fields (similar data for (F2BTa)2PbI4 are
summarized in Figure S3 in SI).

In the reflectivity ratio spectra, we observe the characteristic
resonance-like optical transitions emerging at high magnetic
fields above 2.6 eV as detailed in Figure S4. These features,
labeled N = 0, N = 1, and N = 2 in Figure 3a, are not visible
without the magnetic field, but gain intensity and blue-shift
with increasing magnetic field. This behavior is characteristic of
the optical transitions between Landau levels with the same
orbital quantum number N formed in the valence and
conduction band.15,16,39

By a careful analysis of the reflectivity ratio spectra R(B)/
R(0T) and their derivative (see Figure S5 in SI), we follow the
energy evolution of interband Landau level transitions. The
resulting optical transition energies are presented in Figure 3b
as a function of the magnetic field, yielding a fan chart graph.

Assuming a parabolic band dispersion, the magnetic field
dependence of the interband Landau levels transition EN(B)
reads

= + +i
k
jjj y

{
zzzE B E N( )

1
2N g c (1)

where Eg is the band gap, N is the Landau orbital quantum
number in the conduction and valence band, = eB

c is the
cyclotron energy, and μ is the exciton reduced mass, 1/μ = 1/
μe + 1/μh.15,39 To determine the reduced effective mass μ, we
analyze the energy difference ΔE between consecutive Landau
levels EN+1 and EN. With this approach, we eliminate the
uncertainty of band gap energy. Based eq 1, we obtain

= =E B
B

( )
e

c
(2)

By fitting the experimental ΔE data points in Figure 3c with
eq 2, we obtain (0.081 ± 0.002) m0 for (BTa)2PbI4 and (0.080
± 0.002) m0 for (F2BTa)2PbI4, where m0 is the electron rest
mass (see Figure S2). For both benzotriazole-based com-
pounds, the reduced effective masses are approximately 12%
lower as compared to that of (PEA)2PbI4. This demonstrates
that organic cation templating can be effectively used to tune
the reduced effective mass of charge carriers. According to
DFT calculations presented in15 the μ in lead−iodide
Ruddlesden−Popper 2D perovskite characterized with β ≈
3° and δ ≈ 0° should be in the range of 0.065−0.075 m0. This
is slightly lower than our experimental result of 0.08 m0,
however, it certainly follows the trend emerging from the DFT
simulations.

Having determined the μ we go back to the fan chart
presented in Figure 3b to estimate the band gap energy.
According to eq 1 the Landau levels intercross at 0 T, which
provides a direct estimate of Eg. The determined Eg value
equals ∼2.517 ± 0.002 eV for (BTa)2PbI4 and ∼2.518 ± 0.002
eV for (F2BTa)2PbI4, see Figure S3b. The extracted value is in
good agreement with the Eg determined from photo-
luminescence excitation (PLE) spectroscopy, as shown in
Figure 3d (for details on PLE measurements see section
Materials and Methods). In the PLE spectrum, we observe a
maximum at around ∼2.518 ± 0.002 eV for (BTa)2PbI4 and
∼2.521 ± 0.003 eV for (F2BTa)2PbI4 (shaded region in Figure
3d), which corresponds to the Eg. Finally, having the band gap
energy, we estimate the exciton binding energy Eb as the
difference between the 1s exciton energy and Eg. We obtain Eb
≈ 206 ± 2 meV and ≈208 ± 4 meV for (BTa)2PbI4 and
(F2BTa)2PbI4, respectively (see also Table 1).

The decrease of the exciton reduced mass and exciton
binding energy is also reflected in the behavior of the excitonic
transition in the magnetic field. In Figure 3e we show the
second derivative of reflectivity spectrum in the energy range
corresponding to the 1s excitonic transition. In the highest
magnetic field of 86 T (top curve), we observe a clear splitting
due to the Zeeman effect. The total magnetic field-induced
shift of the 1s exciton state δE1s is given by the sum of the
Zeeman and diamagnetic contributions:

= ± +E g B c B
1
21s B 0

2
(3)

where g is the Lande ́ g-factor, μB is the Bohr magneton, and c0
is the diamagnetic coefficient. In Figure S6a we present both
Zeemann branches of the 1s excitonic transition. By fitting the

Figure 2. (a) Reflectivity spectrum of (BTa)2PbI4 and (PEA)2PbI4.
Arrows indicate 1s excitonic transitions. (b) 1s exciton transition
energy versus distortion angle β for (BA)2PbI4 (low temperature
phase),28 (PEA)2PbI4,30 (BTa)2PbI4

26 and (F2BTa)2PbI4.26
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data points with eq 3, we estimate the g-factor ∼2.4 ± 0.1 for
both samples (see Figure S6b). Furthermore, by averaging the
spin-split Zeeman branches, we extract the diamagnetic
contribution (the diamagnetic term is the same for both
Zeeman-split bands−see eq 3). Data points in Figure 3f show
the diamagnetic contribution to the energy shift ΔE1s. This
shift is proportional to B2, and can be modeled with the
equation ΔE1s = c0 B2. The fitting procedure yields c0 = 0.41 ±
0.03 μeV/T2 for (BTa)2PbI4 and c0 = 0.44 ± 0.02 μeV/T2 for
(F2BTa)2PbI4, as shown Figure S2f in SI. All of our findings are
summarized in Table 1.

The c0 coefficient depends on the reduced effective mass μ
as c0

1
3 , whereas μ is proportional to the exciton binding

energy Eb ∼ μ.39 The determined c0 values are higher than
those reported for (PEA)2PbI4

15 and (BA)2PbI4,17,25 which we
plot as green and blue curve in Figure 3f. This corroborates the
reduction of the effective mass μ and the related reduction of
the exciton binding energy Eb. It is worth noting that c0
coefficient can serve to quantify the effective mass of the
carriers based on the phenomenological scaling law proposed
in work40 :

=
i
k
jjjjj

y
{
zzzzzc

2

0 (4)

where ε∞ is the effective dielectric constant (we used the
values for 2D perovskites in the range 3.8−4.1), and α is a

proportionality factor equal to 0.024. eq 4 yields μ in the range
of 0.079−0.086 m0 in good agreement with our Landau levels
analysts providing additional support for our findings.

■ CONCLUSIONS
In conclusion, our magneto-optical investigation demonstrates
the remarkable potential of distortion engineering in 2D
perovskite materials, particularly with the introduction of
organic cations with strong intermolecular interactions such as
benzotriazole-based organic spacers. By investigating
(BTa)2PbI4 and (F2BTa)2PbI4, we show that the reduction
in octahedral distortion has profound implications for the
electronic properties of these materials, leading to a lowering of
the reduced effective mass by 12%. This represents the lowest
reported effective mass in lead-based 2D perovskites so far.
Correspondingly, the band gap energy and the exciton binding
energy are also reduced. Importantly, our work highlights the
broader applicability of templating techniques to tailor the
electronic properties of 2D perovskites. This strategy may be
further extended to include tin-based compounds, opening up
new avenues for the design and optimization of 2D layered
perovskites for various optoelectronic applications.
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Figure 3. (a) R(B)/R(0T) ratio reflectivity spectrum of (BTa)2PbI4 at selected magnetic fields. Arrows indicate the evolution of the interband
Landau level transitions. (b) Fan chart showing the energy of the interband Landau level transitions as a function of the applied magnetic field B for
(BTa)2PbI4. (c) Energy difference ΔE = EN+1 − EN between Landau levels as a function of the magnetic field for (BTa)2PbI4 (purple) along with
the fitted line, whose slope is inversely proportional to the effective mass. (d) Photoluminescence excitation (PLE) spectrum of (BTa)2PbI4.
Shaded region indicates the energy position of the band gap Eg. (e) Evolution of the 2nd derivative of the reflectivity spectrum of (BTa)2PbI4 as a
function of the magnetic field. Arrows indicate the 1s exciton resonance split by the Zeeman effect. (f) Energy shift of the 1s exciton as a function of
the magnetic field for (BTa)2PbI4 (points) together with fit (violet line). Green and blue lines are the diamagnetic shifts of (PEA)2PbI4

15 and
(BA)2PbI4,17 respectively.
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Definition of δ angle, crystal structure, reflectivity
spectrum, determined the effective mass, diamagnetic
coefficient, and band gap of (F2BTa)2PbI4; reflectivity
spectra of (BTa)2PbI4 in a magnetic field; detailed
uncertainly analysis of Landau level transitions; and
determined Zeeman splitting for both samples (PDF)
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