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Abstract

Metal halide perovskites are an intriguing class of semiconductor materials being explored
for their linear and non-linear optical, and potentially ferroelectric properties. In particular,
layered two-dimensional Ruddlesden-Popper (RP) halide perovskites have shown non-linear
optoelectronic properties. Optical second harmonic generation (SHG) is commonly used to
screen for non-centrosymmetric and ferroelectric materials, however, SHG measurements of
perovskites are complicated by their intense multiphoton photoluminescence (mPL) which can
be mistaken for SHG signal. In this work, we introduce multidimensional harmonic generation
as a method to eliminate the complications caused by mPL. By scanning and correlating both
excitation and emission frequencies, we un-ambiguously assess whether a material supports
SHG by examining if an emission feature scales as twice the excitation frequency. Careful mul-
tidimensional harmonic generation measurements of a series of n = 2 and n = 3 RP perovskites
reveal that, contrary to previous belief, n-butylammonium (BA) RP perovskites display no
SHG, thus they have inversion symmetry; but RP perovskites with phenylethylammonium
(PEA) and 2-thiophenemethylammonium (TPMA) spacer cations display SHG. Multidimen-
sional harmonic generation is also able to confirm the SHG and thus non-centrosymmetry of a
recently reported ferroelectric RP perovskite even in the presence of an obscuring mPL back-
ground. This work establishes multidimensional harmonic generation as a definitive method
to measure the SHG properties of materials and demonstrates that tuning organic cations can
allow the design of new non-centrosymmetric or even ferroelectric RP perovskites.
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Two-dimensional (2D), Ruddlesden-Popper (RP) layered perovskites have emerged as an in-
triguing class of halide perovskites due to their quantum-well-like structure which allows for tun-
able optical properties and enhanced environmental stability compared to 3D lead halide per-
ovskites, 12 while still being easily processable into efficient solar cells.*® In addition, the versatile
structural chemistry of RP perovskites makes them ideal candidates for applications in non-linear
optoelectronics. RP perovskites have the general formula of (RNHs)2(A), 1M, Xs,41 in which
RNHj is a long chain ammonium cation, including n-butylammonium (BA),® phenylethylammo-
nium (PEA),?7 and 2-thiophenemethylammonium (TPMA);®? A is small, monovalent cation; M
is a divalent metal cation (e.g. Pb?*"); X is a halide anion; and n is a positive integer. RNH3
acts as a spatial and dielectric barrier between the inorganic layers consisting of corner-sharing
[MX4]* octahedra, creating quantum wells that support large binding energy excitons with in-
tense room-temperature PL.10 The value of n controls the exciton binding energy and bandgap
(both binding energy and bandgap decrease as n increases).'® The identity of M, X and n largely
determines the bandedge optical properties with the A and RNHj3 cations having a smaller in-
fluence. 1113 However, the size and shape of the RNH3 spacer cation can impact the perovskite
layers by templating the metal halide octahedral network’s bonding.!'4'® The choice of RNH3
and A cation have significant impact on the symmetry of the resulting crystal structure, and can
lead to non-centrosymmetric structures, which are a prerequisite to even-order non-linear optoelec-
tronic properties. Therefore there are many recent reports of SHG active and ferroelectric layered
perovskites, including diverse RP perovskites like (BA)y(FA)PboBr; (FA = formamidinium), 6
(BA)2CsPbaBr7, 17 (BA)o(EA)oPbslyg, ' and the biaxial (EA)4Pb3Brig (EA = ethylammonium).
These ferroelectric materials lack inversion symmetry, exhibit an electric polarization with no ap-
plied field, and can have the direction of their polarization switched with the application of an
electric field. 202!

Notably, proving that a metal halide perovskite is ferroelectric can be an arduous task.??28
A first step involves ensuring that a candidate material lacks inversion symmetry. Optical second
harmonic generation (SHG) has commonly been employed to screen ferroelectric candidates because
materials that are SHG active necessarily lack inversion symmetry.2?:30 Metal halide perovskites
are known to efficiently support a wide variety of nonlinear optical phenomena?! including SHG
in special cases, %1719:23:32.33 third harmonic generation (THG),?*3 high-harmonic generation up
to 13th harmonic,3® and multiphoton photoluminescence (mPL).3"3% Figure la diagrams these
phenomena. SHG and THG are spatially coherent processes with a directional output.3® SHG and
THG are caused by an intense electric field driving a material polarization which then emits a new
electric field with frequency components not found in the original field. The output frequencies
and intensities of SHG and THG scale with the driving laser color, w, and intensity, I, as
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in which ("™ is the m!-order susceptibility. Importantly, within the electric dipole approximation,
if a material has inversion symmetry, then it is necessarily the case that x = 0.3940 Thus, if
a material supports SHG, the response is due either to a lack of bulk inversion symmetry, or
the air-material interface which always lacks inversion symmetry. THG does not have this strict
constraint and can occur in materials with inversion symmetry. These considerations imply that
the presence of SHG can be a sensitive tool to probe whether a material is noncentrosymmetric. 2
We consider SHG to be a complementary technique to the more definitive single-crystal X-ray



diffraction (SCXRD) which sometimes requires additional confirmation of a crystal’s symmetry
group in order to determine its structure (as noted in ref.%).
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Figure 1: Comparison of various nonlinear optical processes, and methods to measure SHG. (a)
energy level diagrams of SHG, THG, mPL. Arrows pointing up are the input laser, wavy arrows
are emission, and diagonal arrows are cooling of hot carriers to a bandedge. Shadings are used to
correlate the subfigures defining the different cases when the SHG and mPL have the same [yellow,
see (b)] and different [lilac, see (c)] emission frequencies. (b) Measured emission spectrum from
a 2D-RP perovskite when the expected SHG is within the band of mPL and no aperture is used
to select against mPL—this spectrum corresponds to a conventional SHG measurement. (c) Same
as (b) except the excitation laser is increased in frequency so the SHG output is moved outside
the band of mPL and an aperture is used to select against mPL. (d) Diagram demonstrating how
output frequency and input frequency can both be scanned to determine if a process is SHG (blue),
THG (magenta), or mPL (green). Horizontal yellow and lilac lines indicate the cases shown in (b)
and (c).

However, as noted by Govinda et al. 22, the strong, broad mPL present in lead halide perovskites
(c.f. refs.3738) can compete with weak SHG and lead to erroneous conclusions. In contrast to
SHG and THG, mPL is caused by photons, usually with energy below the bandgap, undergoing
multiphoton absorption to create hot carriers which then cool to the bandedge and isotropically
fluoresce, just like carriers excited by normal, above-bandedge photon absorption. The output
frequency and intensity of mPL will therefore be

thPL ~ Eg ImPL 0.8 X(Qj—l)-[j (3)

for E, being the material’s optical bandgap, j being the number of photons interacting in the
multiphoton absorption process, and assuming no saturation effects or Stokes shift. Initially, we
attempted to measure the SHG capabilities of a library of RP perovskites as part of a structure-
property study. The broad, intense mPL from the perovskites swamped our initial (conventional)
SHG measurement and obscured the weak SHG signals (see Figure 1b).%2

To address this challenge, here we report a multidimensional harmonic generation method which
relies on a tunable excitation laser, spatial filtering, and a spectrally resolved output to ensure that



we can definitively determine whether a material supports SHG by correlating the excitation and
emission frequencies. We call this a multidimensional technique because it is analogous to coherent
2D spectroscopies which resolve both emission and excitation frequencies.*14? As illustrated in Fig-
ure 1d, we can confidently assess whether a material supports SHG (or THG) because SHG (THG)
will have an emission frequency that scales as twice (thrice) the excitation frequency (Equation 1,
blue line, for SHG and Equation 2, magenta line, for SHG), in contrast to the mPL emission fre-
quency which is not dependent on excitation frequency (Equation 3, green band). In this way, mPL
emission features cannot obscure the definitive assignment of SHG features regardless of the relative
intensities or peak positions of mPL vs. SHG. We use this technique to conclusively determine the
SHG responses of RP perovskites with different n values, spacer cations, and A-site cations, all of
which have intense mPL, thus elucidating and clarifying their respective crystal symmetries.

In order to access the influence of the RNHj3 cation on the symmetry of the perovskite cage
network, we synthesized millimeter-sized single crystals of the n = 2 and n = 3 variants of
(RNH3)2(MA),,.1Pb, 13,41 with RNH3 being one of BA, PEA, TPMA and MA being methylam-
monium. Figure 2 shows the crystal structures of our samples. Note that we have established
the exact single-crystal structure of (PEA)y(MA)Pbgl7 based on the data collected from a high
quality crystal at 100 K. The synthesis details, optical micrographs (Figure S1), and powder X-ray
diffraction patterns (Figure S2) confirming the phase purity of these compounds are all presented
in the SI.

PEA (n = 2) PEA (n = 3) TPMA (n = 2) TPMA (n = 3)

Figure 2: Crystal structures of the n = 2 and n = 3 (RNH3)2(MA),,-1Pb, 15,41 2D-RP perovskites
with BA,5 PEA,? and TPMA®? spacer cations studied in this work. The PEA (n = 2) structure is
a new structure reported here-in. Colored octahedra are [Pblg]*, with different colors to highlight
the different crystallographic sites of Pb; for instance, in BA n = 3, all blue are Pbl and green are
Pb2 corresponding to two different symmetry-independent crystallographic sites. The color scheme
for the subfigure borders used in this figure will be used consistently throughout this work.

In our measurements we use a backscattering (also known as reflective or epi) geometry to collect
SHG and THG in order to minimize absorption and phase-mismatch effects.*3%* As discussed in
the SI, the sampling depth SHG and THG is constrained by phase-matching to be less than 100 nm.
To perform the multidimensional harmonic generation measurements, we use an ultrafast optical
parametric amplifier (OPA) to generate tunable near-IR light. This light passes through a variable
neutral density filter and is loosely focused onto the sample. The SHG and THG are selected by



an aperture, spectrally resolved with a monochromator, and detected with a photomultiplier tube.
To intentionally measure PL and mPL, we remove the aperture and excite with 3.1 eV (400 nm) or
0.99 eV (1250 nm) light, respectively; note that the collection efficiency of our photoluminescence
apparatus is very low compared to a traditional PL microscope because our long focal length
collection mirror leads to a numerical aperture of merely ~ 0.05. Additional details about our
multidimensional spectrometer are described in the SI. Note that our methodology is similar to the
shifted excitation difference technique used in the resonance and stimulated Raman community to
remove fluorescence interference. 4546

Our main spectroscopic results are shown in Figure 3, in which we measure the output in-
tensity for six different samples as a function of both excitation OPA frequency, w, and emission
frequency, hwy,. The most consistent and prominent feature in all six spectra (right hand side)
has an excitation/emission frequency dependence of fiwy, = 3hw. This feature is THG. The 2D-RP
perovskites with PEA and TPMA spacer cations show a weaker but definitive feature which goes as
hwm = 2hw. Note that this feature is SHG. Conversely, no SHG is observed for 2D-RP perovskites
with BA spacer cations. Here, conclusive assignments of SHG and THG are not based merely on
the presence or absence of an emission feature, but rather the scaling relationship of the emission
features.

The width of the THG and SHG features along the hwy, axis is determined by the frequency
bandwidth of our ultrafast driving laser. When recording the data shown in Figure 3 we were not
always able to fully reject mPL with our aperture. This mPL appears as broad features (upper left
corner of each spectrum) whose emission frequency does not depend on the excitation frequency.
The SHG and THG features exhibit structure which is not merely due to the non-uniform spectrum
of our driving laser (Figure S3). For instance, the SHG from TPMA n = 2 shows a sharp peak
which may due to some form of excitonic enhancement. Additionally, projections of the THG
spectra corrected for the excitation laser power (Figure S4) demonstrate prominent peaks between
fwm = 2.9 — 3.2 eV—these enhancements are at significantly bluer frequencies compared to the
enhancements at excitonic resonances observed by refs.343% in similar 2D-RP perovskites. Because
the present work is focused on the existence of SHG in materials, we elect to not provide further
discussion of the structure present in the SHG and THG spectra.

Furthermore, our assignments of SHG, THG, and mPL are confirmed by measuring each fea-
ture’s output intensity scaling as a function of excitation laser fluence. The data presented in
Figure 4 demonstrate the expected quadratic (Equation 1) and cubic (Equation 2) output intensity
scaling for SHG and THG, respectively. Slight saturation is present at the highest fluences. The
mPL feature has cubic or higher scaling which indicates that the photoluminescence is excited by
a three or more photon process.

Because SHG is a second-order process, standard heuristics dictate that it will be brighter than
third-order processes such as THG.3%47 However, the observed SHG intensity in all cases herein
is at least an order of magnitude less than the THG intensity (ratios tabulated in Table 1 for the
specific case of fiw = 1.03 eV). In the ST we discuss and rule out various reasons why Itpg > Isug
and conclude that SHG is weaker than THG because the anharmonic potential felt by the optically
driven electrons is only weakly noncentrosymmetric.

Figure 5 shows the single and multiphoton excited photoluminescence spectra of each sample.
The marked peak positions for each sample are summarized in Table 1. The PL spectra peak at
~ 1.99 eV (623 nm) and ~ 2.14 eV (579 nm) for the n = 2 and n = 3 variants, respectively. These
values are similar to the ~ 2.01 eV and ~ 2.12 eV peaks previously reported for then =2 and n = 3
BA variants.% All of the mPL spectra peak positions are redshifted by ~ 0.1 eV from the PL peak
positions. A similar redshift has been reported for 3D (MA)Pbls and BA 2D perovskites. 353849 We
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Figure 3: Multidimensional harmonic generation for six (RNHj3)2(MA), 1Pb,Is,+1 2D-RP per-
ovskite samples. x-axis is monochromator setpoint (emission color), y-axis is excitation laser set-
point, and colormap (in logarithmic scale, shown on the right hand side) corresponds to measured
output intensity. Columns and rows correspond to n and RNHj3 permutations, respectively. Blue
overlines indicate the SHG emission frequency. The excitation laser has a smooth variation in its
spectrum which is maximized at hw ~ 0.96 eV with a fluence of ~1400 pJ/cm?—this variation is
not corrected for in these spectra. Gray pixels indicate values which are negative and therefore
unable to be represented on a logarithmic scale. These pixels characterize the noise floor of our
measurement.
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Figure 4: Scaling of the measured intensity as a function of pump fluence for SHG, THG, and
mPL processes for various (RNHs3)2(MA), 1Pb,I3,4+1 2D-RP perovskite samples. Straight lines
are guides to the eye for quadratic (blue) and cubic (magenta) scaling. All measurements were
performed with fw = 0.99 eV except for the PEA n = 2, TPMA n = 2, and TPMA n = 3 SHG
measurements which were performed with iw = 1.05 eV. For SHG and THG, the monochromator
was set to the second and third harmonics of the fundamental frequency, respectively, while for
mPL the monochromator was set to the maximum of the mPL spectrum (see Figure 5 for spectra).

Table 1: Summary of the space groups and spectroscopic characterization of the six 2D-RP per-
ovskites. RNHj3 and n correspond to the chemical formula of (RNHj3)2(MA),,1Pb,Is,41. The peak
values for photoluminescence correspond to the vertical bars shown in Figure 5. Ispg/Itnc was
determined from the data shown in Figure 3 for iw = 1.03 (eV) with a fluence of ~1400 uJ/cm?.
Note, that without considering phase-matching, absorption, and instrument response effects, com-
parison by a ratio of intensities is problematic. However, we report ratios here in order to compare
to past literature (e.g. ref.%), and because we are comparing materials with similar bandgaps at
identical emission frequencies these ratios offer a fairly self-consistent comparison.

RNH;3 | n space group mPL peak (eV) | PL peak (eV) | Ispc/Itne | SHG?
BA 2 orthorhombic Cc2m (at 293(2) K) (No. 40) Or Cemm. Ref.® 1.98 2.12 < 0.001 no
BA 3 orthorhombic C2¢b (at 293(2) K) (No. 41) Or Acam. Ref.b 1.875 2.00 < 0.001 no
PEA | 2 P 1 (No. 2). Ref.*® and this work 2.05 2.15 0.10 yes
PEA |3 P 1 (No. 1). Ref.2 1.91 1.98 0.02 yes

TPMA | 2 orthorhombic A b a 2 (293 K) (No. 41). Ref.® 2.00 2.14 0.02 ves

TPMA | 3 | orthorhombic, Cmc2; (No. 36) 100 K and 296 K (no phase change). Ref.? 1.90 1.995 0.10 yes




attribute the redshift to a photon recycling effect.?®9 Multiphoton absorption can create excited
carriers much deeper into a sample than single photon absorption. The deeper that carriers are
excited in a sample, the more likely their photoluminescence will be reabsorbed to create other
carriers. The Stokes-shift associated with the photoluminescence will lead to the reddest photons
selectively being able to exit the sample.

g
=3
S

o
~
o

o
123
S
vd

norm. intensity

o
N
a

= o
o o
S 3

o o
o ~
o o
vad

o
N
a

norm. intensity

0.00 -

. o =
g 3 8
VINdL

norm. intensity
o
N
o

o
o
S)

1.8 2.0 2.2

Figure 5: Normalized PL (3.1 eV excitation) and mPL (0.99 eV excitation) spectra for various
(RNH3)2(MA),1Pb,I3,4+1 2D-RP perovskite samples. Vertical lines correspond to approximate
peak maxima and are recorded in Table 1.

The presence of SHG in RP perovskites made with PEA and TPMA spacer cations but not
BA cations indicates that the bulky PEA and TPMA cations template different bonding in the
inorganic lead iodide network. Single-crystal X-ray diffraction structures show that the TPMA
n =2, TPMA n = 3, and PEA n = 3 2D-RP perovskites have noncentrosymmetric space groups
(see Table 1).28 The previously reported SCXRD structure refinements of BA n = 2 and n = 3
2D-RP perovskites showed that they could either be centrosymmetric or noncentrosymmetric space
groups, but a weak SHG response, Isng/Itag ~ 0.01, was measured with a single excitation color
which was used as the basis to conclude that BA n = 2 and n = 3 are noncentrosymmetric.% Our
multidimensional harmonic generation experiments did not reveal SHG in any of the BA n = 2
and n = 3 crystals we examined. We further quantify the limit of our ability to measure SHG
(Figure S5) and find that our detection limit is three orders of magnitude lower than the limit
needed to observe SHG at the previously reported SHG to THG ratio.b It is possible that local
symmetry-breaking effects were at play which led to some weak SHG signal,® as noted by the
authors. It is also possible that mPL photons from low energy “edge” states®%®! were measured



and attributed to SHG. The lack of SHG in our multidimensional measurements on BA n = 2 and
n = 3 crystals indicates that these crystal structures are better described as centrosymmetric in
the Cemm and Acam space groups, respectively, instead of the previously assigned space groups
of Cc2m and C2ch.% The main difference between the centrosymmetric and non-centrosymmetric
structures is whether the methylammonium cations are disordered or ordered, respectively.©

Based on previous SCXRD measurements, the PEA n = 2 structure is believed to be cen-
trosymmetric. *® However, this crystal structure (originally reported in 1991) was based on a partial
structural model with incomplete organic cation atom positions, likely due to their high degree of
disorder at the 298 K experiment temperature.*® We therefore grew high-quality single crystals
(see Figure S1) of the PEA n = 2 phase and carried out SCXRD analysis at 100 K. Our complete
structural refinement yielded a centrosymmetric space group with a well-defined PEA cation dis-
order. A structural refinement was also attempted in a non-centrosymmetric group, however the
same PEA cation disorder was observed and numerical indicators suggested a higher symmetry
(centrosymmetric) space group. Since our structural refinement confirms the centrosymmetry of
PEA n = 2, it is tempting to attribute the observed SHG from PEA n = 2 to surface effects or lo-
calized symmetry breaking domains. To investigate this contradiction between observing SHG and
a centrosymmetric structure from SCXRD, we examined many PEA n = 2 crystals from different
synthesis batches and observed SHG in all of them (data shown in Figure S6 and Figure S7). Some
samples displayed a greater SHG to THG ratio than others, indicating inhomogeneity among the
crystals. In an attempt to mitigate local defects, we also grew PEA n = 2 using an alternative,
slow, organic solvent based growth method.? The resultant crystals also supported SHG. We in-
tentionally degraded PEA n = 2 crystals in a humidity chamber and observed significantly more
mPL from the n = 2 phase and the emergence of mPL from the n = 1 phase that was formed upon
degradation. Crucially, we did not observe a significant increase in SHG efficiency when a sam-
ple had its surface degraded. This observation suggests that surface effects are not the dominant
contributor to such observed SHG.

Tentatively, PEA n = 2 samples display at least local noncentrosymmetry, which may be
due to the disorder in the cations contributing to a noncentrosymmetric structure not observable in
SCXRD measurements. The possibility of localized and spatially dependent SHG response could be
investigated by future microscopy studies.?? Other researchers have found the disordered nature of
PEA n = 1 cations to be an important influence to breaking local degeneracy in the excitonic energy
landscape of thin films.?3 %> Their observations, like ours, suggest the importance of RNH3 cations
in determining the symmetry of the electronic states of 2D-RP perovskites. Our multidimensional
harmonic generation method could be extended in the future to measuring excited state symmetries
(like those considered in refs.?3 ) by the addition of an optical pump. 2657

To further demonstrate the capability of multidimensional harmonic generation to discriminate
against mPL, we grew a single crystal of n = 3 (BA)2(EA)9Pbsljg, which has recently been identi-
fied as a 2D-RP perovskite that is ferroelectric at room temperature.'® As shown in Figure 6, this
ferroelectric 2D-RP perovskite has intense mPL that could obfuscate a conventional SHG measure-
ment. However, because we observe an unambiguous feature (highlighted by a blue line) whose
output frequency tracks twice the input frequency, we can be assured that (BA)o(EA)2Pbslyg is
indeed SHG active, and thus non-centrosymmetric, and therefore possibly a ferroelectric material
at room temperature. The confirmation that a 2D-RP perovskite with a butylammonium spacer
cation and ethylammonium A-site cation is non-centrosymmetric is especially of note because the
analogous (BA)2(MA)9Pbslig RP perovskites with MA in the perovskite cage have been confirmed
to be centrosymmetric (see results and discussion above). This observation indicates that small
permutations in both the A-site and RNHj3 spacer cations can influence the inversion symmetry of



the entire 2D-RP perovskite crystal structure. '

10°
1074
1072,
1073
1074

norm. intensity

Figure 6: Multidimensional harmonic generation of a (BA)2(EA)2Pbsl;g single crystal. This com-
pound is reported by Han et al.'® to be ferroelectric at room temperature. The blue overline
indicates the SHG emission frequency.

We have shown that multidimensional harmonic generation can be used to definitively measure
and clarify the SHG and THG response of halide perovskite materials, even in the presence of a
strong mPL background. By scanning and correlating both excitation and emission frequencies,
we unambiguously assess whether a material supports SHG. This methodology is systematically
applied to single crystals of seven 2D-RP perovskites with different spacer cations, n values, and A
cations. The lack of SHG in n = 2 and n = 3 2D-RP perovskites with BA spacer cations definitively
indicates that these materials have a centrosymmetric crystal structure instead of the previously
reported non-centrosymmetric structures based on inconclusive SHG measurements. Observation
of SHG from n = 2 and n = 3 2D-RP perovskites with PEA and TPMA spacer cations demonstrate
that bulky, aromatic spacer cations can template the lead iodide network creating materials that
lack inversion symmetry. There remains a contradiction between our SCXRD analysis that shows
the (PEA)2(MA)Pbal7 crystal is centrosymmetric, and the observation of SHG. This contradiction
should be investigated by future microscopy studies.®® We further showed that multidimensional
harmonic generation confirms the noncentrosymmetry of the recently reported ferroelectric 2D-
RP perovskite (BA)2(EA)oPbsljp even in the presence of bright mPL.'® This work establishes
multidimensional harmonic generation as a definitive technique to reveal the SHG properties of a
material. Our results also demonstrate that subtle variations in A-site and RNH3 spacer cations
can be used to control the overall crystal symmetry of 2D-RP perovskites as strategies to engineer
and design next generation ferroelectric materials.
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Additional supporting information for this work including sample synthesis details, PXRD patterns,
and micrographs, details about the multidimensional harmonic generation spectrometer, SCXRD
details, crystal data for compound (PEA)o(MA)Pbsl7 which is also available via the CCDC at www .
ccdc.cam.ac.uk/data_request/cif with accession code 1978042, a quantification of our inability
to observe SHG in BA n = 3, harmonic generation data on many PEA n = 2 samples, and a
derivation/discussion concerning how the degree of non-centrosymmetry of an anharmonic restoring
potential controls the relative intensity of SHG and THG. The materials are available free of charge
via the journal website publisher should insert URL. All data and the workup/representation
scripts used to generate the figures in this work are permissively licensed and publicly available for
reuse at DOI: 10.17605/0SF.I0/JN24U.
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