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reflectance spectroscopy with circularly polarized laser pulses to

investigate the optical Stark effect in dimensionally pure single ’ 2 xég % .| ,ooi,o
crystals of n = 1, 2, and 3 Ruddlesden—Popper PQWs. From these "% I o OB SR f |
measurements, we extract in-plane transition dipole moments of 97 P o5 = @O\G
11.1 (+£0.4), 9.6 (+0.6) and 13.0 (+£0.8) D for n = 1, 2 and 3, Time (fs) °o—o

respectively. We corroborate our experimental results with density

functional and many-body perturbation theory calculations, finding that the nature of band edge orbitals and exciton wave function
delocalization depends on the PQW “odd—even” symmetry. This accounts for the nonmonotonic relationship between transition
dipole moment and PQW dimensionality in the n = 1—3 range.

Metal halide perovskites are solution- and vacuum- engineering is possible through control of mixed PQW
processed semiconductors that possess remarkable dimensionality.**

optoelectronic properties and have been used to fabricate This energy funneling has been shown by multiple groups to
efficient photovoltaics,' ~* light-emitting diodes," ™" and lasers.” occur on ultrafast time scales (hundreds of femtoseconds to a
Low-dimensional analogues of these materials can be few picoseconds).5’7‘22_24 Recent multidimensional spectros-
synthesized by using large alkyl or aryl ammonium ligands to copy measurements have suggested that ultrafast exciton
bisect the 3D perovskite llg‘ttlife along one axis into a finite transfer occurs between oriented PQW:s via a Forster resonant
number of monolayers, n.” " These low-dimensional perov- energy transfer (FRET) mechanism.”> A key determinant of
skites, quantum confined along the axis of lattice termination, FRET rates (derived from Fermi's golden rule)®® is the

exhibit the 2D electronic structure of a quantum well>~"” and

strongly bound excitons. Dielectric confinement by organic
ligands further increases the exciton binding energy,”’18 values
of which have been reported to be in the range of hundreds of
millielectronvolts."”*° Both types of confinement contribute to
increased optical transition strengths, which scale with exciton
binding energy.21

Variations in the degree of confinement across the range of
perovskite quantum well (PQW) thicknesses cause thin films

electronic coupling element between donor and acceptor.
When donor and acceptor chromophores are separated beyond
their van der Waals radii, interchromophore (or interwell)
coupling can be described by the Coulombic interaction
between the transition charge densities of the donor and
acceptor species.”” This transition charge density between
ground (g) and excited (e) states is often approximated as the
first term of its multipole expansion (dipole approximation)*

of mixed-dimensionality multiple PQWs to possess largely and is known as the transition dipole moment (ug,).*"*"*
fluctuating energy landscapes. The band alignment between

PQWs leads to an energy gradient that funnels excitons and Received: November 12, 2019

carriers to the smallest band gap PQWs, leading to improved Accepted: January 14, 2020

photoluminescence quantum yields and high external quantum Published: January 14, 2020

. . . 4-6,8
efficiencies for solution-processed LED devices and
efficient luminescent solar concentrators, where Stokes shift
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Figure 1. (a) Molecular structure of n = 1, 2, and 3 perovskites depicted with phenylethylammonium bilayers separating two QWs. Photographs of
the single crystals mounted on glass substrates are shown beside each respective structure. (b—d) Optical constants and (e) absorption coefficients
obtained from ellipsometry measurements for the three single crystals. The lack of other sharp excitonic features besides the main exciton peak for

each single crystal verifies their dimensional purity.

Larger transition dipoles favor stronger interwell coupling and
therefore faster energy transfer. In addition to magnitude, the
electronic coupling is also influenced by the relative orientation
of p between donor and acceptor. In PQWs and other
quantum-confined two-dimensional semiconductors, the tran-
sition dipole moment should be oriented in the plane of the
well.*' 7% Gao et al. confirmed the in-plane orientation for the
transition dipole moments of CdSe nanoplatelets and MoS,
monolayers using back focal plane imaging.’* Rowland et al.
have shown that solids consisting of cofacially aligned CdSe
quantum wells, owing to the strong electronic coupling
afforded by the in-plane orientation of y in these 2D materials,
exhibited rapid interwell FRET that could outpace Auger
recombination.”> Furthermore, y is proportional to the
oscillator strength, f, of an optical transition,”® which is
fundamental to the electronic structure of the ground and
excited states and determines the absorption cross section and
Einstein coefficients of a given material.* It is therefore of
interest to determine the magnitude of the in-plane component
of py. in PQWs and the relationship between p,, and PQW
dimensionality, because such knowledge could inform how to
achieve stronger coupling (and faster energy transfer) between
donor and acceptor wells for more efficient exciton funneling,
which may be beneficial to mixed-PQW materials used in
LEDs,””® lasers,”” and luminescent solar concentrators.>”
Although p and f of a material can be related to its
absorption coefficient (the relationships between absorption
cross sections, y, f, and Einstein coefficients are thoroughly
described by Hilborn in ref 36), u can be directly quantified
from ultrafast transient reflectance measurements revealing the
optical Stark effect (OSE). In an OSE experiment, a broadband
probe pulse is spatially and temporally overlapped with a
nonresonant (sub-band gap) “pump” pulse that, because of the
oscillating electric field of the pulse, shifts the energy levels of
the ground and excited states—only during the duration of the
pulse. Detailed quantum mechanical and semiclassical treat-
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ments of this phenomenon can be found in ref 38—40. As this
shift occurs only during the duration of the pump pulse, the
energy shift can be calculated by comparing pump-on and
pump-oft transient reflectance spectra during the pump and
probe overlap, which results in a derivative-like spectral feature
centered around the optical transition. The energy shift, AE, is
proportional to ,uge:38

Mgez &2

A

AE = (1)

where &,* is the time-averaged value of the electric field
squared due to the nonresonant pump pulse (which can be
calculated from excitation fluence) and A is the detuning of
the pump pulse relative to the energy of the optical transition.
While OSE experiments providing estimates of /1, have been
reported for dimensionally pure thin films of 2D (n = 1)*" and
3D perovskites," there are no theoretical studies to offer a
physical or mechanistic basis of comparison with these
experimental values and no reports of transition dipole
moments for PQWs of higher dimensionality. One factor
militating against such combined experimental—theoretical
studies is the lack of dimensional purity among the quasi-two-
dimensional perovskites making up spin-coated thin films.
We reasoned that the growth of single crystals of
dimensionally pure PQWs*~* could enable the experimental
study of OSE and comparison with theory for a series of highly
confined PQWs having well-defined well thicknesses. We use
ultrafast transient reflectance spectroscopy and ellipsometry on
dimensionally pure single crystals of n = 1, 2, and 3 lead iodide
PQW:s and, from the observed OSE, extract in-plane values of
Hge for these materials for the first time. We experimentally
obtain fi, of 11.1 (+0.4), 9.6 (+0.6), and 13.0 (+0.8) D for n
=1, 2, and 3, respectively. The nonmonotonic trend seen in
the experimental values is shown theoretically using density
functional theory (DFT) and many-body perturbation theory

https://dx.doi.org/10.1021/acs.jpclett.9b03349
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(MBPT). We account for the “odd—even” relationship
between y . and dimensionality through the stronger local-
ization of the highest occupied molecular orbital (HOMO) in
n =1 and 3 and greater delocalization of the HOMO in n =2,
arising because of greater symmetry within these bilayer
materials. These dipole moments are significantly higher than
those found in analogous inorganic QW systems (e.g, 6.4 D
for GaAlAs,*® 6.2 D for InGaAs*’) and are close in magnitude
to Xglues measured in single-walled carbon nanotubes (11.8
D).

The crystal structures of the n = 1, 2, and 3 PQWs are shown
in Figure la. Details of the single crystal growth can be found
in the Supporting Information. In brief, the crystals were
grown using a slow-cooling method with a heated and
saturated precursor solution. As reported previously,” this
method produces crystals that have physical dimensions that
span several millimeters and are dimensionally pure. X-ray
diffraction (XRD) patterns display no observable peaks
corresponding to PQWs with different widths than the
expected n value (Figure S1).°° The phase purity and large
dimensions were necessary to ensure accurate quantification of
these materials’ optical properties and Stark shifts.

We used spectroscopic ellipsometry to measure the real and
imaginary parts of the dielectric function, results which were
used for optical modeling imperative to the determination of
the Stark shifts from the transient reflectance experiments.
Scattering was minimized in ellipsometry measurements by
exfoliating the crystals several times to expose clean surfaces.
Strong signal intensities were achieved in all the measurements,
indicating that the crystal surfaces were smooth. In addition,
thick crystals were chosen for the measurements such that they
could be considered as substrates in the modeling. The optical
constants of the complex refractive index, 7 = n + ik, for each
material are provided in Figure 1b—d. The spectra for the
crystals exhibit strong anomalous dispersion and absorption at
the excitonic resonances, exemplifying the dimensional purity
of the samples. The absorption coefficients (Figure le and
Table 1) scale with well width, a confluence of changes in

Table 1. Optical Properties Extracted from Ellipsometry
Measurements and Experimental Parameters for OSE
Experiments

crystal  exciton peak (eV) @y (cm™')  detuning (eV) 1 (1.65 eV)
n=1 2.41 374000 0.76 1.92
n=2 2.19 278 000 0.54 2.19
n=3 2.04 128 000 0.39 2.30

packing density of the wells as well as possible changes in y,,
and the density of states (DOS). Although the absorption
coeflicient directly depends on the transition dipole moment
(and so the oscillator strength), it also depends on the joint
DOS and the Fermi functions. The differences in the densities
of the quantum wells within the materials is a significant
contributor. As n decreases, the spacing between the number
of quantum wells per length of material increases. We include a
more detailed discussion regarding the relationship between
the transition dipole moment and the absorption coeflicient in
the Supporting Information.

In recently reported OSE experiments on 2D materials such
as perovskite QWs or transition metal dichalcogenides like
monolayer WS,,*® circularly polarized pump and probe pulses
have been used in order to characterize the extent to which this
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effect breaks valley degeneracy. The transient signals arising
from OSE are maximized when pump and probe pulses are
cocircularly polarized and are absent when cross-circularly
polarized.”****

We take advantage of this selectivity herein in order to
remove signals unrelated to OSE that may influence the
magnitude of the measured AR signals. All experiments are
therefore performed with co- and cross-circularly polarized
pulses, and then the cross-polarized data is subtracted from the
copolarized data for analysis. Further discussions of exper-
imental considerations used to obtain accurate estimates of y,,
can be found in the Supporting Information. Figure S3 shows a
representative 2D transient reflectance map of the signals
caused by the OSE in a single crystal of n = 3 using detuned
pump pulses with a central wavelength of 750 nm (1.65 eV).
The positive and negative derivative-like spectral features are
centered about the excitonic transition. Deviation from the
typical derivative-like feature was also observed, a result of the
sensitivity of reflection-mode measurements to refractive index
changes associated with the changes to the absorption
coeflicients.

Transient reflectance spectral traces obtained using pump
pulses with energies of 1.65 eV and intensities ranging from
1.21—4.45 GW-cm™ for the n = 1, 2, and 3 crystals are shown
in Figure 2a—c. In order to obtain AE, we fit these spectral
traces with simulated transient reflectance spectra. Utilizing the
optical constants determined with ellipsometry, the simulated
spectra were calculated with an optical model that produced
reflectance spectra for the crystals in pump-on and pump-off
cases. For the pump-on case, changes to the absorption
coefhicient following
= _Mda g

2dE (2)
were added and corresponding changes to the refractive
indices were calculated and added as well. The simulated
spectra were fit to the experimental data by varying AE to
minimize the differences in absolute area of the spectra. The
energy shifts, plotted as a function of pump intensity (Figure
2d), were then used with eq 1 to determine the values of Hee-
The shifts in energy follow the expected linear trend, with their
slopes increasing with n value. The calculated values of .
were found to be 11.1 (+0.4), 9.6 (£0.6), and 13.0 (+0.8) for
the n = 1, 2, and 3 crystals, respectively. We note some
apparent discrepancies between peak positions and amplitudes
in the raw versus fitted transient reflectance data. These arise
because we fit AE to minimize the differences in the spectral
weight transfer (SWT), the area of the curve, between the
empirical and simulated curves. In addition to eq 2, the relation
between changes in absorption and Stark shift can also be
written in integral form, following Sie et al.>!

Aa

/ AadE = aAE = SWT

Ey

()

which clearly shows the importance of the area of the curve,
rather than the positions or amplitudes of spectral features, in
elucidating the Stark shifts. Uncertainties are calculated from
the mean squared error of AE. Details about modeling, fitting,
and uncertainties in AE and pg, are included in the Supporting
Information (methods and supplemental discussion).

To gain insight into the optical properties of the PQW
materials, we carried out DFT and MBPT simulations on the n
= 1-3 series using the Quantum Espresso program package.””

https://dx.doi.org/10.1021/acs.jpclett.9b03349
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Figure 2. Fluence-dependent transient reflectance spectra for (a) n =
1, (b) n =2, and (c) n = 3 single crystals. Spectra are taken at delay
times corresponding to the maximum in the OSE signal (i.e., peak of
the Gaussian fit of the temporal pump pulse profile). Experiments are
performed with co- and cross-circularly polarized light at each pump
fluence. The cross-polarized 2D transient reflectance maps are
subtracted from the copolarized 2D maps, and spectral traces plotted
here are taken from the residual map. Dotted lines correspond to raw
transient reflectance data, and solid lines correspond to the fitted data.
(d) Energy shift versus pump pulse intensity, showing the expected
linear trend for all crystals.

Starting from the experimental crystallographic structures, we
performed geometry optimization, relaxing the atomic
positions and fixing the cell parameters to the experimental
values (see Supporting Information for computational details).
For the optimized geometries, a single-point calculation
including spin—orbit coupling (SOC) was performed and the
DOS of the n = 1—3 series were simulated, with results shown
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in Figure 3. The DOS shows a reduction of the band gap going
from n = 1 to n = 3 due the simultaneous upshift of the valence
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Figure 3. PBE-SOC DOS plot for n = 1-3. The inset shows the
overview of the band gap region.

band (VB) and downshift of the conduction band (CB) (the
DOS were aligned to the Sd orbitals of the Pb d atoms).
Excitonic properties were addressed by solution of the Bethe—
Salpter equation (BSE). BSE calculations require particularly
dense sampling of the Brillouin zone for yielding converged
excitonic properties such as the exciton binding energy and the
corresponding transition dipole moment; it has been shown
that exciton binding energies must be evaluated by
extrapolating the results for increasing k-point density in the
limit of continuum sampling.”*** We accomplished such an
analysis only for the n = 2 system, for which a 6 X 6 X 1 k-
mesh gives an exciton still localized in reciprocal space at the
sole I' point, giving a lower plane average transition dipole
moment of 17.3 D. Extrapolating through a simple 1/Nj_pqine
line yields an estimate of the converged transition dipole
moment value for n = 2 of 16.5 D. For estimating the trends in
the transition dipole moment on the same footing for all
layered structures, we chose a smaller 2 X 2 X 2 k-point
sampling because in this case all excitons are centered at the I
point. We averaged the modulo of the transition dipoles over
symmetrically equivalent excitations, finding values of 19.2,
18.9, and 22.7 D for the n = 1, 2, and 3 series, in agreement
with the experimental trend (see Table 2). The calculated
transition dipole moments of n = 1 and n = 3 scaled by the
same factor as for n = 2 from coarse to converged k-mesh are
equal to 16.8 and 19.8 D, respectively (see also Table 2).

In inorganic QW systems, a decreasing well thickness yields
a higher exciton binding energy, owing to decreased electron—
hole separation, and therefore higher oscillator strengths
(proportional to the transition dipole moment).>® As the
QW is made sufficiently thin, the exciton binding energy
reaches a maximum before it begins to decrease, as the exciton
wave function starts to penetrate into the surrounding layers
(e.g, for GaAs QWs with Ga,_,Al,As surrounding layers),”’
resulting in a nonmonotonic trend of QW width versus exciton
binding energy and oscillator strength. Such a trend has also
been observed for ZnCdSe/ZnSe QW heterostructures.”®
However, the PQWs studied herein are distinct from these

https://dx.doi.org/10.1021/acs.jpclett.9b03349
J. Phys. Chem. Lett. 2020, 11, 716—723
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Table 2. Transition Dipole Moments Calculated for the a n=1
First Four Excitations of n = 1, 2, and 3 Perovskites and BSE H-3 H-2 H-1 H
Excitation Energy (eV)“ m T‘ A m ;}_"1
crystal Exc. En. 7 y z o Yav w\ } o~ “ \ o~ “ ‘\ ; o~ ‘\ \ |
n=1 1 0.61 23.8 29.3 0.2 19.1 19.2 powe| powe| pewe| XX
2 0.61 183 16.5 0.0 - %ﬂ%ﬁ ,\\ 3 : ’:_‘
3 0.61 18.4 16.8 0.1 i.zo \ o} ) ° | A@Q]
4 0.61 14.8 7.6 0.0 @ P~ P
n=2 1 070 260 225 05 189 189 ‘ \ ‘ ,
2 070 233 251 06 ‘ ‘ ‘ !
3 077 116 85 04
4 0.77 8.5 147 03
n=3 1 056 329 119 02 228 226
2 058 180 333 03
3 059 251 169 02
4 0.59 59 224 03

“Absolute contributions along the x, y, and z directions and the
averages x,, and y,, along the x and y Cartesian directions
corresponding to the in-plane perovskite directions are reported in
Debye (D). A k-point mesh of 2 X 2 X 2 points has been used in the
calculations. Extrapolated in-plane values of a converged k-point mesh
are 16.8, 16.5, and 19.8 D for n = 1, 2, and 3, respectively

inorganic QW systems because they consist of exactly 1, 2, or 3
perovskite monolayers and therefore exist at or near the limit
for 2D quantum confinement, rather than the multiple
monolayers typically used in inorganic QWSs. Furthermore,
the PQW confining layers are composed of organic ligands
rather than wider-band gap inorganic semiconductors, which
may influence the extent to which the exciton wave function
may penetrate into the surrounding layers. We find instead that
in the n = 1, 2, and 3 PQWs, the trend of transition dipole
moment versus QW width for the ground-state exciton is
influenced by the degree of wave function delocalization.
Inspection of the wave function plots (Figure 4a—c) allows
us to qualitatively understand the origin of the nonmonotonic
variation of pg. with dimensionality. For all systems the
electronic state corresponding to the lowest unoccupied
molecular orbital (LUMO) is delocalized throughout the
entire crystal. The n = 2 system shows a reduced j,, because of
the delocalized wave function of the HOMO (and HOMO-1,
irrespective of their energy separation) on the two PbI layers,
while for n = 1 and n = 3 the HOMO is localized on a single
Pbl layer (which is obvious for n = 1, because there is only 1
PbI layer), with delocalized orbitals for n = 3 lying at lower
energy. Because the transition dipole approximately scales as
the overlap between starting (mainly HOMO) and arriving
(mainly LUMO) orbitals involved in the excitation, a more
localized starting orbital should give rise to stronger transitions.
The n = 2 PQW must show a delocalized HOMO by
construction because there is no preferential plane to localize
the electron density, while such a plane exists for n = 1 and 3,
giving rise to the odd—even alternation of transition dipole
moments. We thus propose a different physical origin for the
nonmonotonic trend of QW thickness versus oscillator
strength in n = 1, 2, and 3 PQWs compared to inorganic QWs.
In sum, ultrafast transient reflectance spectroscopy and
ellipsometry were performed on dimensionally pure single
crystals of n = 1, 2, and 3 iodide-based PQWs. Through the
optical Stark effect, we were able to extract values of the
transition dipole moment for the PQW crystals. The
experimentally measured values were found to be 11.1, 9.6,
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Figure 4. Wave function plots of the n = 1, 2, and 3 series at the PBE-
SOC level of theory. Wave functions displayed are (from left to right):
HOMO-3, HOMO—2, HOMO~—1, and HOMO.

and 13.0 D for n = 1, 2, and 3, respectively. Our experimental
results were corroborated by SOC-DFT and MBPT calcu-
lations, which supported a nonmonotonic trend of transition
dipole magnitude versus PQW dimensionality. We attribute
this to the n = 2 crystal structure exhibiting a more delocalized
HOMO compared to n = 1 and n = 3, resulting in reduced
overlap between the frontier orbitals involved in the band edge
transition. The odd—even symmetry dependence of the
transition dipole moment may prove to be important for
dipole-mediated carrier-transfer processes and light emission in
optoelectronic devices based on these materials.
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