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ABSTRACT

The generation of high-order harmonics from hybrid organic–inorganic perovskites (HOIPs) is demonstrated by the excitation with a strong
mid-infrared laser pulse. We prepare three types of HOIP polycrystalline thin film samples by solution processes (MAPbX3 ; MA = CH3 NH3 + ;
X = I, Br, Cl). The high-order harmonics from the sample (MAPbBr3 ) are more than tenfold stronger than those from the well-studied GaSe
crystal despite their comparable bandgap energies, implying that the stronger band-to-band transition of the HOIPs causes the higher yields.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5090935

In recent years, the materials system of the hybrid organic–
inorganic perovskites (HOIPs) has attracted attention as optoelectronic semiconductors that can be applied in high-performance photovoltaic devices.1,2 This class of materials exhibits excellent electrical and optical properties such as high carrier mobility, tunable
optoelectronic properties, and high fluorescence yields. Together
with these excellent properties, the fact that HOIPs are high-quality
materials that can be manufactured with low-temperature solution
processes has made them promising candidates for optoelectronic
devices such as lasers, light emitting diodes (LEDs), photodetectors, and photodiodes.3–6 Besides the applications noted above, the
interest in research regarding the application to nonlinear optical elements has also been increasing, and the saturable absorption
effect required for the development of mode-locked fiber lasers and
also the two-photon-absorption process required for two-photon
pumped lasing have been demonstrated for bulk and nanostructured
materials.7–10
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Recently, the high-order harmonic generation (HHG) is being
intensively investigated in the area of extreme nonlinear optical
interactions between solids and intense terahertz (THz) or midinfrared (MIR) light pulses.11–13 This phenomenon attracts attention
from the viewpoint of application in development of bright light
sources ranging from visible to extreme ultraviolet (EUV or XUV)
optical field and attosecond photonics.11–18 It shows also promise for
the development of all-optical ultrafast electronics and band structure reconstruction methodologies. Since the HOIPs can be made
by a solution process, the realization of HHG with these samples
may allow the convenient fabrication of large-area emitters for high
power HHG sources and also of the cavity structures for compact
ones.
In this work, we illuminate three types of polycrystalline HOIP
[MAPbX3 ; MA (methylammonium) = CH3 NH3 + and X being either
I, Br, or Cl] thin film samples with a thickness of 200 nm and demonstrate an emission of high-order harmonics with a strong MIR laser
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FIG. 1. (a) Experimental setup for HHG measurement.
Regen. Amp., regenerative amplifier; MPA, multipass amplifier; OPA, optical parametric amplifier; and NPC, nonlinear pulse compression. (b) The schematics of a perovskite
ABX3 crystal structure where A = CH3 NH3 + (MA), B = Pb,
and X = I, Br, or Cl and photographs of polycrystalline HOIP
thin films (thickness 0.2 µm) on the quartz substrate (1 ×
25 × 25 mm3 ).

pulse. The high-order harmonics from the sample (MAPbBr3 ) are
more than tenfold stronger than those from the well-studied GaSe
crystal despite their comparable bandgap energies,12,17 implying that
the stronger band-to-band transition of the HOIPs causes the higher
yields. Harmonics up to the 13th order (a photon energy of 4.6 eV)
are clearly visible in the spectra from the MAPbCl3 film. This indicates that MAPbCl3 had a larger bandgap energy Eg than the other
samples, and reabsorption of the propagating harmonic components
was suppressed in it. A numerical simulation based on an ab-initio
theoretical framework for MAPbCl3 indicates that the valence band
maximum (VBM) component has dominant contribution among
the intraband contribution.
As shown in Fig. 1(a), the MIR laser pulses at 3.5 µm (0.35 eV)
from a KTiOAsO4 (KTA)-based optical parametric amplifier were
used for the excitation of samples in the HHG measurement.19
To achieve higher peak electric fields, the MIR pulses after OPA
stages were compressed by spectral broadening in a germanium plate
followed by dispersion compensation in sapphire and fused silica
plates, which is abbreviated as NPC in Fig. 1. The pulse duration
was measured to be 60 fs by second-harmonic generation frequencyresolved optical gating. These pulses were focused onto the polycrystalline HOIP thin film samples, and the propagation axis of the
excitation light was normal to the sample surface. The maximum
pulse energy focused at the sample position was 16 µJ with a spot size
of 370 µm (diameter at 1/e2 ) obtained via the knife-edge method.
Regarding the linear polarized light, this corresponds to a maximum
electric field amplitude of 19 MV/cm in the air and 13 MV/cm inside
the samples. The harmonics generated in and transmitted through
the sample were measured with a charge-coupled-device camera
sensitive to the visible and ultraviolet regions and an InGaAs array
detector sensitive to the near-infrared region.
Materials of the HOIP samples are in the perovskite structure
(ABX3 ; A is the organic cation, B is the metallic cation, and X is the
halide anion) after crystallization from the organic halide and the
metallic halide salts [see Fig. 1(b)]. Through replacement of both
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the cation and the anion, the bandgap energy Eg of the HOIPs is
tunable over a wide range; the Eg of the samples employed in the
experiment increased from 1.55 (I) to 2.3 eV (Br) and to 3.2 eV (Cl)
by anion exchange. All film samples were synthesized using antisolvent dripping method.20 The perovskite precursor solutions for
the MAPbI3 and MAPbBr3 thin films were prepared by dissolving
equimolar MAI (1mmol) (or MABr, 1 mmol) and PbI2 (1 mmol)
(or PbBr2 , 1 mmol) in a DMF/DMSO (4:1, 1 ml in total) solvent
mixture. The precursor solution for the MAPbCl3 thin films was

FIG. 2. HHG spectra from hybrid lead halide perovskites. HHG spectra of polycrystalline HOIP thin films (MAPbX3 ; X = I, Br, Cl; thickness 0.2 µm) and a GaSe
sample (thickness 1 µm; for reference) are shown. The fundamental field (midinfrared excitation pulse) is centered at a photon energy of 0.35 eV, as indicated
by the vertical arrow on the bottom axis. The data are offset for clarity.
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prepared by dissolving equimolar MACl and PbCl2 (0.5 mmol
each) in a DMF/DMSO (1:1, 1 ml) solvent mixture. The solutions were dispensed on pre-cleaned quartz substrates and spun
at 5000 rpm for 20 s, followed by annealing at 70 ○ C for 25 min
to complete the thin film formation. During the spinning period,
toluene was dripped onto the film surfaces to obtain mirror-like flat
surfaces.
Figure 2 shows that the three types of film samples exhibit
harmonics from the visible to the ultraviolet region. The spectra
show only odd harmonics and a fluorescence with amplified spontaneous emission around 2.3 eV (Br);21 the absence of even harmonics
originates from the inversion symmetry of the perovskite crystal
structure. Although the grain structures with size up to micrometer
scales can be formed in the solution-based film samples, the much
larger size of the laser spot (370 µm) would allow cancelation of the
even components from the grain boundary. In the MAPbCl3 sample, which has a larger bandgap energy Eg of 3.15 eV than the others,
the reabsorption of the propagating harmonic components is suppressed,22 and relatively higher components up to the 13th order
(a photon energy of 4.6 eV) are obtained. As shown in Fig. 2, we
also measured harmonics from a GaSe crystal with the same electric
field strength to compare the HHG yields with the HOIP samples.
The propagation axis of the MIR pulses was parallel to the c-axis of
GaSe, which allows the generation of even-order harmonics due to
the lack of inversion symmetry (the HHG spectra were measured
without resolving the polarization of the harmonics).
Figure 3(a) compares the HHG intensities per unit thickness
obtained from the HOIP thin films and from a GaSe crystal (see
Fig. 2, thickness: 1 µm, α ∼ 103 cm−1 , Eg = 2.02 eV).23 The highorder harmonics from the MAPbBr3 sample are more than tenfold
stronger than those from the GaSe crystal despite their comparable bandgap energies. Figure 3(b) shows the electric field dependences of the normalized intensity for several harmonic orders from
MAPbCl3 . The behavior changes from perturbative in the weak excitation regime, where the intensity obeys a scaling law E2h (h is an
integer), to non-perturbative as the excitation becomes stronger.
The organic molecule MA, which supports the perovskite structure, had a significant tolerance to laser illumination; there was no
sample degradation that could have influence the HHG during the
measurement.
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To simulate the HHG spectra from MAPbCl3 , we calculated the
temporal evolution of the current density J(t) by using an ab initio
quantum mechanical simulation.24,25 This theoretical framework is
essentially equivalent to that of the semiconductor Bloch equation
(SBE).26 Since MA cations are oriented randomly over macroscopic
volume at room temperature and thus exhibit spherically symmetric
behavior, in the calculation, we assumed a simplification of using
a Cs cation (one of the best alternatives for simple calculations)
instead of an MA cation. The band structure and the transition
momentum were calculated using first-principles density functional
theory (DFT). The electronic contributions of the MA and Cs cation
appear several electron volts below the Fermi level because of the
resulting weak electronic interaction between the cations and the
inorganic part.27,28 The MA and Cs play a role of maintaining the
bone of the crystal to keep a certain distance among atoms and do
not take part in optical activities due to electrons below the bandgap.
The HHG spectra can be obtained from the Fourier transform
of the calculated total current density J total (t) (gray shaded area in
Fig. 4) and can be decomposed into the intraband current J intra (ω)
due to acceleration of carrier wave packets in electronic bands and
the interband current J inter (ω) due to coherent emission from the
polarization between dipole-coupled bands: J total (ω) = J intra (ω) +
J inter (ω). From Fig. 4, since J intra (t) contributes the most to J total (t),
the intraband current term dominates the HHG in HOIPs. Furthermore, by decomposing the intraband current J intra (ω), our analysis
provides further insights into the HHG mechanism. Figure 4 shows
that the high harmonic components due to J intra (ω) closely follow
those of the intraband current J VBM (ω) originating from VBM (red
dashed line), whose band is composed of a mixture of Cl 3p and Pb
6s orbitals. This feature differs from the usual assumption regarding
the origin of HHG in the previous work, where the intraband current
J CB (ω) in the conduction band dominates J intra (ω).
In general, the intraband current j(t) is determined by the product of the carrier group velocity vg (k) and the carrier density n(k, t)
that is excited by the incident laser field, i.e., j(t) = −evg (k)n(k, t).
Here, e is the elementary charge and k is the wavenumber. This
means that the generation efficiency of harmonics increases with the
carrier density. The large joint density of states in HOIPs leads to
an absorption coefficient (α ∼ 105 cm−1 ) that is one-hundred times
larger than that of GaSe. Thus, it can be inferred that the stronger

FIG. 3. (a) Comparison of the HHG intensities per unit thickness from the HOIPs film samples [MAPbX3 ; X = I (blue
bars), Br (red bars), Cl (green bars)] and GaSe crystal
(black bars). (b) Normalized harmonic intensity for MAPbCl3
film as a function of the peak electric field E inside the
sample for harmonic orders h = 5, 7, and 9 (solid circles),
respectively. The dashed lines are guides for the eye that
are proportional to E 2h . The data sets are offset for clarity.
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FIG. 4. Decomposition of the harmonic spectra calculated with a peak electric
field E = 10 MV/cm. The gray filled region, black-solid line, red-dashed line, and
blue-dotted line show total, intraband total, VBM, and conduction contributions,
respectively.

nonlinear optical transitions may cause a stronger intraband current
and a larger high-order harmonics intensity as shown in Fig. 3(b).
In conclusion, we illuminated HOIP thin films with a strong
MIR laser pulse and demonstrated HHG that extends from the visible to the ultraviolet region. These HOIPs are potentially advantageous for the fabrication of large-area emitters for high power HHG
sources and also of the cavity structures for compact ones because
of their solution-processability. A numerical simulation indicates
that the intraband acceleration of the holes in the valence band
constitutes the dominant origin for the spectra of HHG. For the
further understanding of the generation mechanism in the materials, it would be important to study the crystallographic orientation
dependence of high-order harmonics yields for a single crystal.
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