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ABSTRACT: Two-dimensional hybrid organic−inorganic
Ruddlesden−Popper perovskites (RPPs) have attracted
considerable attention due to their rich photonic and
optoelectronic properties. The natural multi-quantum-well
structure of 2D RPPs has been predicted to exhibit a large
third-order nonlinearity. However, nonlinear optical studies
on 2D RPPs have previously been conducted only on bulk
polycrystalline samples, in which only weak third-harmonic
generation (THG) has been observed. Here, we perform
parametric nonlinear optical characterization of 2D perovskite nanosheets mechanically exfoliated from four diﬀerent
lead halide RPP single crystals, from which we observe ultrastrong THG with a maximum eﬀective third-order
susceptibility (χ(3)) of 1.12 × 10−17 m2 V−2. A maximum conversion eﬃciency of 0.006% is attained, which is more than 5
orders of magnitude higher than previously reported values for 2D materials. The THG emission is resonantly enhanced at
the excitonic band gap energy of the 2D RPP crystals and can be tuned from violet to red by selecting the RPP homologue
with the requisite resonance. Due to signal depletion eﬀects and phase-matching conditions, the strongest nonlinear
response is achieved for thicknesses less than 100 nm.
KEYWORDS: 2D Ruddlesden−Popper perovskites, third-harmonic generation, multiquantum wells, excitonic resonances,
phase matching
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nonlinear conversion eﬃciency and subwavelength phase
control. 24 To improve the eﬃciency of light−matter
interactions, nanostructured optical components based on
plasmonic and dielectric nanoantennas,25−27 metasurfaces,28−30
and multi-quantum-well (MQW) semiconductor media31,32
have been introduced to enhance optical nonlinearities at
subwavelength volumes.
The 2D hybrid organic−inorganic perovskites (HOIPs) have
recently emerged as a promising class of materials due to their
outstanding optoelectronic properties.33−35 HOIPs have a
natural MQW structure that is based on an inorganic
semiconductor layer sandwiched by organic dielectric layers,
leading to strong excitonic eﬀects due to quantum conﬁnement.36 The 2D hybrid lead halide Ruddlesden−Popper

earch for materials that can eﬃciently convert lowfrequency light photons into high-frequency light
photons through nonlinear optical (NLO) processes1
has been a subject of extensive studies for many years. Among
various NLO processes, second-harmonic generation (SHG)
and third-harmonic generation (THG) have been widely
utilized to convert near- and mid-IR light into UV/visible
light, which can be applied in a wide range of applications such
as nonlinear correlation spectroscopy,2 photovoltaics,3 coherent
ultraviolet light generation,4 bioimaging,5 and drug delivery.6
Recently, 2D materials including graphene,7,8 hexagonal boron
nitride (h-BN),9 black phosphorus (BP),10,11 MoS2,12−14
MoSe2,15,16 WS2,17 WSe2,18 GaSe,19 and InSe20 have shown
potential as ultrathin NLO materials with large nonlinearities. It
has also been found that thickness tuning,11 electrical control,21
and resonant excitonic excitation10,13,22,23 can signiﬁcantly
enhance the nonlinear optical response of 2D optical media.
However, frequency conversion at the nanoscale turns out to be
very challenging due to the diﬃculty in achieving high
© 2017 American Chemical Society

Received: October 30, 2017
Accepted: December 20, 2017
Published: December 20, 2017
644

DOI: 10.1021/acsnano.7b07698
ACS Nano 2018, 12, 644−650

Article

Cite This: ACS Nano 2018, 12, 644−650

Article

ACS Nano
p e r o v s k i t e s ( R P P s ) 3 7 with the g ene r al form ula
(RNH3)2(CH3NH3)n−1PbnX3n+1 (n = 1, 2, 3, 4,...), where R is
an alkyl or aromatic moiety and X is a halogen, are typical
examples of 2D HOIPs. Increasing n in the formula allows
more inorganic perovskite layers to be inserted between the
organic chains, and at the extreme where n → ∞, the structure
transits into a 3D perovskite. Similar to most van der Waals
bonded layered materials, the partially interdigitated organic
layers in 2D RPPs can be spliced apart by a mechanical force or
intercalation, hence presenting the interesting prospect of
studying thickness-dependent phenomena.
Excitons in 2D RPPs possess high exciton binding energies
and are delocalized within the inorganic perovskite layer
(Wannier-like behavior).38,39 In the perpendicular direction,
however, excitons remain localized (Frenkel-like behavior),
leading to high oscillator strengths that facilitate the generation
of high exciton densities. The large populations of thermally
stable and delocalized excitons in 2D RPP quantum wells can
interact strongly enough to make them deviate from ideal
bosons (i.e., harmonic oscillators). Thus, strong third-order
optical nonlinearities can be expected in 2D RPPs under
resonant exciton excitation.40,41 However, studies on the optical
properties of 2D perovskites have mainly been carried out on
polycrystalline ﬁlms and powders.37−39,42,43 The presence of
grain boundaries and defect states in these bulk polycrystalline
samples limits the coherent length of the 2D excitons, and
therefore, weak THG has been reported for 2D RPPs.37,43
In this article, we study large-size 2D RPP single crystals of
(C4H9NH3)2PbBr4 (n = 1), (C4H9NH3)2PbI4 (n = 1),
(C4H9NH3)2(CH3NH3)Pb2I7 (n = 2), and
(C4 H 9NH 3) 2 (CH3 NH3 ) 2Pb 3I 10 (n = 3), which present
excitonic emissions in the 400 to 650 nm wavelength range.
Exfoliating these single crystals down to monolayers using
micromechanical cleavage followed by h-BN encapsulation
enables us to investigate their optical nonlinearities as a
function of thickness without risk of sample degradation. We
discover that 2D RPP nanosheets exhibit a very large THG
signal that varies strongly with the thickness and the excitation
wavelength due to signal depletion, phase-matching conditions,
and excitonic eﬀects. In addition, due to their centrosymmetric
orthorhombic crystal structure, our 2D RPP crystals show
negligible second-order nonlinearities, in contrast to the defectrelated SHG reported previously for the polycrystalline
crystals.37

Figure 1. Diagram showing a side view of the bilayer crystal
conﬁgurations corresponding to the diﬀerent 2D RPP crystals.

The linear optical properties of the various grown crystals
were studied by spectroscopic ellipsometry (SE) and photoluminescence (PL) measurements (see Methods section for
optical characterization details). Figure 2a,b shows the real (ε1)
and imaginary (ε2) components of the dielectric function, ε =
ε1 + iε2, as determined through SE. Due to Miller’s rule,1 a
higher ε1 implies a larger third-order nonlinear response, and
therefore, based on this only, In=2 would provide the best THG
performance when considering pump wavelengths in the nearinfrared. ε2, on the other hand, describes absorption losses. In
Figure 2b, the diﬀerent peaks, which correspond to band gap
absorption, are found to shift to longer wavelengths following
the sequence Brn=1→ In=1→ In=2→ In=3, covering frequencies
from violet to red. Figure 2c exhibits the PL spectra registered
for the n = 1 to 3 homologues, which are dominated by
excitonic emissions. A shift in emission wavelength reﬂects
band gap narrowing with a higher n number, following the
trends of ε2.
From the energy diﬀerence between the electronic band gap
and the optical band gap, we can calculate the exciton binding
energies for the diﬀerent homologues (refer to section S3 in the
SI for calculation details), which are determined to be 553, 375,
264, and 204 meV for Brn=1, In=1, In=2, and In=3, respectively.
These values are signiﬁcantly larger than corresponding values
for 3D hybrid lead halide perovskites (76 meV for
CH3NH3PbBr3 and 50 meV for CH3NH3PbI3)45 and 2D
perovskites (480, 80, 50, and 20 meV for Brn=1, In=1, In=2, and
In=3, respectively)37,46 reported previously. Hence, the conﬁned
2D RPP excitons are stable against thermal dissociation at room
temperature (kBT ∼ 26 meV). Next, we investigate if these
excitonic eﬀects can resonantly enhance the THG response.
Following bulk characterization, the diﬀerent crystals were
exfoliated into thin ﬂakes and transferred onto commercial Si/
SiO2 substrates for thickness-dependent optical analysis. The
exfoliation and dry transfer processes were carried out in a
controlled argon environment to avoid degradation in air.
Before exposing the samples to normal atmospheric conditions,
they were covered with a hexagonal boron nitride (h-BN) thin
layer (<10 nm) to prevent direct contact with air. We found
that the exfoliated ﬂakes show narrow line width PL peaks with
small Stokes shifts of 1−12 nm (see section S4 in the SI), as

RESULTS AND DISCUSSION
Four diﬀerent high-quality, millimeter-sized homologous 2D
hybrid lead iodide/bromide RPP crystals (n = 1, 2, 3) were
prepared through a temperature-lowering crystallization
method37 (for lead iodide RPPs) or an antisolvent vapor
diﬀusion method44 (for lead bromide RPPs) (see Methods
section for fabrication speciﬁcs and section S1 in the
Supporting Information (SI) for photographs of the RPP
single crystals). Figure 1 schematizes the various obtained
conﬁgurations, (C4H9NH3)2PbBr4 (n = 1), (C4H9NH3)2PbI4 (n
= 1), (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 )Pb 2 I 7 (n = 2), and
(C4H9NH3)2(CH3NH3)2Pb3I10 (n = 3), hereafter denoted as
Brn=1, In=1, In=2, and In=3, respectively. In all cases, the as-grown
large-sized crystals showed single phase purity, as evidenced by
X-ray diﬀraction (XRD) analysis performed on powder ground
from a large batch of crystals (refer to section S2 in the SI for
XRD data).
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Figure 2. Real (a) and imaginary (b) components of the dielectric function ε for the four studied 2D RPP crystals and corresponding PL
spectra (c). Excitation wavelengths employed for (c) are 325 nm (Brn=1), 473 nm (In=1), and 532 nm (In=2,3).

Figure 3. Optical image of In=2 ﬂakes on Si/SiO2 substrate before (a) and after (b) encapsulation with h-BN. The values in (a) denote
corresponding thickness values (ML stands for monolayer). (c) THG image of the sample in (b) at λpump = 1675 nm. The acronym APD in the
color scale stands for avalanche photodiode. (d) Corresponding THG spectra for selected excitation wavelengths and thicknesses labeled in
the graph. (e) Excitation power dependence of the THG signal at λpump = 1675 nm for t = 90 nm. The line in the plot is ﬁtted considering
cubic dependence with the pump power. The inset shows the computed THG eﬃciency, ηTHG, for a wider range of excitation powers (ηTHG =
THG power/pump power ∝ (pump power)2). The red solid line connecting the experimental dots is found to deviate from a quadratic
behavior (black dashed line) for pump powers larger than 2 μW. (f) Acquired spectrum at λpump = 1100 nm for t = 90 nm showing
multiphoton absorption PL emission.

To analyze third-order nonlinear characteristics of the In=2
sample shown in Figure 3b, we studied its THG response when
exciting at λpump = 1675 nm, so that the THG emission
wavelength is resonant with the exciton energy (refer to
Methods for nonlinear optical characterization details). Figure
3c shows a THG image of the sample registered at λ = λpump/3
= 558 nm, where a high contrast with respect to the h-BN
background can be appreciated. Interestingly, it is observed that
it is neither the thickest nor the thinnest layer that generates
the largest nonlinear response, as the THG signal from the t =
300 nm and t = 1 monolayer regions is essentially negligible.
The maximum THG signal occurs for intermediate t values,
such as t = 90 nm. The corresponding nonlinear spectra of the
sample in Figure 3b are presented in Figure 3d for selected
conditions. In particular, at λpump = 1675 nm, it is observed that

does the bulk, demonstrating that the exfoliation process does
not diminish the quality of the crystals. We also notice that the
PL peak position slightly blue shifts as the ﬂake thickness
decreases, probably due to in-plane crystal lattice expansion.47
Figure 3a shows an optical image of obtained In=2 ﬂakes as a
representative example. As highlighted in the ﬁgure, the
thickness (t) of the ﬂakes varies from 2 nm (i.e., 1 monolayer
≡ 1 ML) to 300 nm. Figure 3b shows the same area region as in
Figure 3a after h-BN encapsulation, where a slight change in the
color of the ﬂakes can be perceived, together with a greenish
surrounding introduced by the added h-BN layer. It is
important to note that no degradation in the optical properties
of the h-BN covered samples was observed throughout a period
of several months, due to the eﬀective encapsulation by h-BN
(refer to SI section S5 for time stability data).
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the THG signal is 4 orders of magnitude lower for t = 300 nm
compared to t = 90 nm. In addition, it is found that the high
emission intensity registered for the t = 90 nm ﬂake reduces
signiﬁcantly when the excitation wavelength is detuned so that
the THG wavelength occurs at 600 nm, just outside the
excitonic absorption peak region (see Figure 2b). These results
indicate that there is a strong photon−exciton coupling in 2D
RPPs that enhances the third-order nonlinear signal at resonant
exciton excitation; but, at the same time, thickness-associated
absorption and phase-matching eﬀects prevent the thickest
ﬂakes from being the most eﬃcient.11
The excitation power dependence of the nonlinear signal in
the 0−2 μW (average) pump power range (0−110 W peak
power range), as shown in Figure 3e for t = 90 nm at λpump =
1675 nm, reveals the expected cubic behavior characteristic of
THG, as evidenced by the third-order polynomial ﬁt (solid
line). However, as shown in the inset of Figure 3e, the THG
eﬃciency, calculated as the ratio between THG and excitation
powers, starts to saturate above 2 μW. This saturation eﬀect can
be ascribed to heating eﬀects, which can cause exciton
dissociation and change optical characteristics of the material.
Up to the maximum laser power used, no hysteresis of the
THG signal as a function of pump power was observed,
suggesting that the sample was not damaged. Remarkably, a
maximum THG conversion eﬃciency of 0.006% is attained for
In=2 RPP crystals, which is more than 5 orders of magnitude
higher than values reported for 2D materials11,14 and
comparable to the highest THG eﬃciency reported using
hybrid metal/dielectric nanoantennas.48 Regarding SHG, there
has been considerable debate over the crystal symmetry of
butylammonium 2D RPPs, where nonpolar (centrosymmetric)
and polar (noncentrosymmetric) assignments of their crystal
structure have been reported.37 In our case, when the pump
wavelength is lowered to λpump = 1100 nm so as to induce
resonant SHG at 550 nm, no SHG signal is observed, as shown
in Figure 3f. Indeed, only multiphoton absorption PL (MPPL)
is detected in the visible range (see Figure 2c for comparison
with linear PL results (refer to the SI section S6 for additional
MPPL experimental data). This ﬁnding contrasts with previous
studies where strong SHG signal was measured due to the
presence of defects that break the centrosymmetry of the
crystals, and suggests that high-quality butylammonium 2D
RPPs crystallize in centrosymmetric orthorhombic Pcab (n =
1), Ccmm (n = 2), and Acam (n = 3) space groups at room
temperature.37
The results for the n = 1 to 3 RPP ﬂakes are shown in Figure
4 (optical images of the samples can be found in section S7 in
the SI). Figure 4a exhibits the THG spectra recorded for each
type of crystal (Brn=1, In=1, In=2, In=3) when varying the pump
wavelength. Notably, in all cases, the THG signal is strongly
enhanced when it is in resonance with the exciton absorption
energy. This resonant behavior in the third-order nonlinear
response can be understood from the coherent nature of the
exciton excitation, which enhances the transition dipole
moment throughout the optically active region.40 Moreover,
this eﬀect is boosted by the increased exciton binding energy
that results from the strong conﬁnement eﬀect in the 2D
perovskite layers. We remark that no enhancement of the
nonlinear signal was found in spectral regions other than those
of the optical band gaps (refer to the SI section S5 for
measurements in the 400−600 nm THG range for the In=2
case).

Figure 4. (a) Fundamental wavelength dependence of the THG
spectrum for the most eﬃcient ﬂakes of the diﬀerent perovskite
crystals (t = 20 nm for Brn=1; t = 80 nm for In=1; t = 90 nm for In=2; t
= 80 nm for In=3). Each spectrum corresponds to a diﬀerent
fundamental wavelength, triple that of the central THG wavelength.
The envelopes of the sets of spectra, normalized to have equal
maximum intensity, are represented with dashed lines. (b)
Dependence of the THG signal with the layer thickness for the
four diﬀerent types of crystals excited at resonance. Excitation
power used is 1 μW. The solid lines are ﬁts of the experimental data
using eq 1.

To gain insight into this resonance feature, we studied the
dependence of the THG signal with the ﬂake thickness under
resonant excitation for the n = 1 to 3 RPP crystals, as shown in
Figure 4b. In all cases, the maximum nonlinear emission is
found to occur for intermediate thickness values, as anticipated
from the In=2 results shown in Figure 3. To describe this
behavior, it is necessary to consider the absorption of the
generated THG signal by the emitting material, together with
phase-matching conditions between the THG and the
fundamental waves, as both of these characteristics introduce
thickness-dependent eﬀects. To account for these eﬀects, we
utilize the expression for the THG intensity, I3ω, by solving
Maxwell’s nonlinear equations assuming undepleted excitation
for a suﬃciently thin material11
I3ω(t ) =

9ω 2
Iω3 |χ (3) |2
16|n3̃ ω||nω̃ |3 ϵ20c 4
⎛ e−2αt − 2 cos(Δkt )e−αt + 1 ⎞ −2αt
⎜
⎟e
α 2 + Δk 2
⎝
⎠

(1)

where ñω and ñ3ω are the complex refractive indices at the
fundamental and harmonic wavelengths, respectively, χ(3) is the
third order nonlinear susceptibility of the material at the pump
wavelength, α is the absorption coeﬃcient at the THG
wavelength, and Δk the phase mismatch between the
fundamental and harmonic waves. The other parameters in
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METHODS

the equation have their usual meaning. Considering that ñω and
ñ3ω can be directly obtained from the dielectric function results
in Figure 2

(

Re(n)̃ =

|ε| + ε1
2

; Im(n)̃ =

|ε| − ε1
2

Sample Fabrication. The growth of the diﬀerent iodide based
crystals was performed through a temperature-lowering crystallization
method. The process was implemented in an argon-ﬁlled glovebox due
to the hydroscopic nature of the reactants. For (BA)2PbI4 (n = 1), the
following steps were carried out. PbO (Aldrich) and BAI (Dyesol) (1/
1 by molar, 0.6 M) were dissolved in a concentrated mixture of HI
(Aldrich, 57 wt % in H2O) and H3PO2 (Aldrich, 50 wt % in H2O)
(9:1, v/v) and subsequently heated at 110 °C while stirring to produce
a clear yellow solution. The hot solution was then cooled naturally to
room temperature, after which orange crystals were obtained. For
(BA)2MAPb2I7 (n = 2), PbO, BAI, and MAI (2/1.4/1 by molar, MAI:
0.3 M) were dissolved in a concentrated mixture of HI and H3PO2
(9:1, v/v). The subsequent steps were conducted in a similar way as
described above, after which dark red crystals were attained. For
(BA)2(MA)2Pb3I10 (n = 3), PbO, BAI, and MAI (3/1/2 by molar,
BAI: 0.2 M) were dissolved in a concentrated mixture of HI (Aldrich,
57 wt % in water) and H3PO2 (9:1, v/v). The subsequent steps to
obtain the dark brown crystals were carried out in a similar way as
described above. Finally, for (BA)2PbBr4 (n = 1), an antisolvent vapor
diﬀusion method was used for crystallizing (BA)2PbBr4. First, PbBr2
(Aldrich) and BABr (1/2 by molar, PbBr2: 0.5 M) were dissolved in
N,N-dimethylformamide. Subsequently, (BA)2PbBr4 single crystals
were grown by slow diﬀusion of the vapor of the antisolvent
dichloromethane into the solution.
The bulk 2D crystals were mechanically exfoliated onto clean Si/
SiO2 substrates using a scotch-tape method in an argon-ﬁlled glovebox.
The transferred ﬂakes were then covered with h-BN (<10 nm) via the
poly(dimethylsiloxane) stamp-transfer method. After the encapsulation of the 2D perovskite ﬂakes with h-BN, the samples were taken out
of the glovebox for the nonlinear optical measurements. Atomic force
microscopy (see section S8 in the SI for more details) and optical
contrast were used to estimate the thickness of the exfoliated ﬂakes.
Optical Characterization. The spectroscopic ellipsometry measurements were carried out on a J.A. Woollam ellipsometer with a
wavelength range of 200−2000 nm, tuned using a monochromator.
The sample was measured at an incidence angle of 70°. PL
measurements were performed using 325 nm (Brn=1), 473 nm (In=1),
and 532 nm (In=2,3) laser excitation wavelengths. The laser beam was
focused on the samples using a 100× objective lens, and the PL signals
were collected at a backscattering angle with the same objective lens.
The PL emission was routed via a bundled optical ﬁber to a
monochromator (Acton, Spectra Pro 2300i) coupled to a CCD
(Princeton Instruments, Pixis 400B). For the THG and MPPL
characterization, a pulsed Yb:KGW PHAROS laser system was used as
the pump of a collinear optical parametric ampliﬁer ORPHEUS with a
LYRA wavelength extension option (Light Conversion Ltd., pulse
duration of 180 fs, repetition rate of 100 kHz). The excitation beam (λ
= 1100−1900 nm) was reﬂected by a short-pass dichroic mirror
(Thorlabs DMSP1000 or Thorlabs DMSP805) and focused onto the
sample with a 100× (NA = 0.9) air objective from Nikon (∼1 μm2
spot size). The nonlinear emission was collected in a backscattering
conﬁguration via the same objective and detected with an avalanche
photodiode (MPD PDM Series by Picoquant) for imaging or by a
spectrograph (PI Acton SP2300 by Princeton Instruments) for
spectral measurements. The sample was ﬁxed to an XYZ piezoscanner
stage (Nano-Drive, Mad City Laboratories) to perform the scanning.
The power of the collected THG emission was measured with a
calibrated silicon photodetector (Newport), while the excitation power
was characterized with a germanium photodetector (Thorlabs). For <1
pW THG powers, corresponding values were determined from the
measured nonlinear spectra.

)

, it is

possible to use eq 1 to ﬁt the experimental data in Figure 4b
to extract the associated nonlinear susceptibilities. As shown in
the ﬁgure, notably, a very good quality of the ﬁtting is achieved,
as demonstrated by the solid lines in the graph.
Table 1 presents the obtained nonlinear susceptibilities for
each perovskite crystal, together with the thickness values
Table 1. χ(3) and tmax Values Obtained from the Fitting of
Equation 1 to the Experimental Data in Figure 4ba
χ(3)
(10−18 m2/V2)

fundamental
wavelength (nm)

22

4.7

1210

In=1

48

3.5

1500

In=2

61

11.2

1675

In=3

56

5.1

1800

BP
MoS2
graphene

14.5
monolayer
monolayer

0.14
0.24
0.15

1557
1560
1560

material

tmax (nm)

Brn=1

reference
this
work
this
work
this
work
this
work
11
14
14

a

Literature values for BP (black phosphorus), MoS2, and graphene are
also included for comparison.

corresponding to the maxima nonlinear signal under resonant
excitation, deﬁned here as tmax, and reported values for other
relevant 2D materials for comparison. It can be noticed that the
crystals that present the smallest tmax values are Brn=1 and In=1,
which can be understood from their strong ε2 at the exciton
resonance energies (Figure 2b). At the same time, it is found
that the largest nonlinear susceptibilities occur for the samples
with the biggest ε1 at the pump wavelengths (i.e., In=2 and In=3),
in agreement with Miller’s rule. Remarkably, the χ(3) values
obtained in this work are between one and 2 orders of
magnitude larger than those reported for BP, MoS2, graphene,
or 2D perovskite powders.11,14,43 In particular, since In=2
presents the highest tmax and χ(3) of all samples, it produces
the largest THG eﬃciency.

CONCLUSION
In summary, we have demonstrated that 2D hybrid RPP
nanosheets exhibit extremely large third-order optical susceptibilities under resonant exciton excitation, achieving THG
conversion eﬃciencies up to 0.006% for n = 2 lead iodide based
RPP. The strong third-order optical response is attributed to a
large transition dipole moment boosted by the high exciton
binding energy of the hybrid organic−inorganic multiple
quantum wells. We have also shown that the THG emission
intensity varies strongly with the thickness of the perovskite
sheets due to signal depletion and phase-matching conditions,
and that the optimal thickness lies in the range of 22−61 nm
for n = 1 to 3 RPP. This work shows the promise of h-BN
encapsulated 2D RPP crystals as on-chip optical nonlinear
components, paving the way for all optical processing photonic
applications.
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