
Can SHG Measurements Determine the
Polarity of Hybrid Lead Halide Perovskites?

Lead halide perovskites have excited a very large
community of scientists and technologists. While
there is understandable excitement at the possibility

of commercialization of photovoltaic products in view of its
extraordinary light-to-electricity conversion efficiency and easy
processability using solution phases,1−4 there is also wide-
spread curiosity to understand the origin of such spectacular
properties. Through extensive investigations, it is now well-
established that these materials have the most unusual
convergence of almost all properties that help achieve a high
photovoltaic efficiency, namely, the right optical bandgap,5,6 a
high optical absorption coefficient,7−9 slow electron−hole
recombination,10,11 long carrier diffusion lengths,7,8,12 moder-
ate excitonic binding energy,13−15 high open-circuit voltage,16

and indifference to the extent of defects17 present, among
others. Instead of satisfying the quest for understanding, such a
wonderful confluence of desirable properties appears to have
only enhanced the search for any underlying principle that may
rationalize and unify many of these apparently distinct
properties. One such possibility that has attracted the
maximum attention, both for and against, is the question
whether these materials are ferroelectric. Figure 1 illustrates the
mechanism and advantages of a ferroelectric photovoltaic cell
over a nonferroelectric one.

Ferroelectricity-enhanced photovoltaic effects, although an
emerging area of research, have been primarily observed only
in traditional all-inorganic ferroelectric materials.18,19 Obvious
advantages19−21 in using ferroelectric photovoltaic materials
include the possibility of generating a large VOC, facile
separation of charge carriers, slow recombination, and long
carrier diffusion lengths.
In the context of lead halide perovskites, it becomes natural

to think of ferroelectricity for two obvious reasons. The organic
units carry dipoles, which is the prerequisite of any ferroelectric

material. In addition, many Pb2+-containing inorganic materials
are known to give rise to ferroelectricity arising from its lone
pair,22 which helps to distort it from a centrosymmetric
position, thereby generating a dipole locally. Thus, the
question whether lead halide perovskites are ferroelectric or
not was asked early on, but surprisingly, this seemingly simple
question has not been settled so far despite extensive
investigations.6,23−28 There are a large number of groups
committed on either end of this debate, which persists even
today. There are also suggestions that the material may be
driven dynamically to a ferroelectric state under photo-
excitation, while the ground state is not ferroelectric.29

The most direct way to determine whether a material is
ferroelectric or not is to measure its induced polarization (P)
as a function of an applied electric field (E). A typical
ferroelectric state shows a hysteretic P−E loop, with remnant
spontaneous polarization at zero applied field strength, as
shown in Figure 2.

There have been several P−E measurements reported in the
literature with conflicting claims.23,24,31,32 The uncertainty in
such P−E loop measurements arise in this case from these
perovskites being electrically very lossy; this often gives rise to
spurious opening of P−E loops33 complicating the interpreta-
tion. The other popular route to probe the possibility of
ferroelectricity in any material is to measure its ability to
generate a second harmonic or, in other words, light with twice
the frequency of the incident light. Second harmonic
generation (SHG) is a commonly used technique to determine
whether the crystal structure of a material is polar, a primary
requirement for any system to be ferroelectric. SHG is a
nonlinear optical effect observed only in materials with finite
second-order susceptibility. Thus, SHG is observed only in
noncentrosymmetric or polar crystals and surfaces because
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Figure 1. Schematic illustration of the processes and advantages of
a ferroelectric photovoltaic cell in comparison with a nonferro-
electric one.

Figure 2. P−E loop in a typical ferroelectric material. Reproduced
from ref 30. Copyright 2018 American Chemical Society.
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symmetry requires that the second-order susceptibility be zero
for centrosymmetric systems. This method has been
extensively used in probing a variety of ferroelectric materials
in the past. It turns out that distinctive properties of lead halide
perovskites, compared to other traditional materials, demand
certain precautions while being probed by this well-established
technique.
A widely used method to check for the presence of the

center of inversion in a material is to measure the SHG
efficiency by the Kurtz−Perry method,34 where the intensity of
the second harmonic generated by a polycrystalline powder
sample is compared with that generated by a SHG standard,
like urea, potassium dihydrogen phosphate (KDP), etc. Highly
intense laser sources are necessary to measure SHG because
the intensity of this second-order effect is several orders of
magnitude lower than the incident intensity. Almost all
applications of SHG use pulsed laser sources at 800 or 1064
nm as these are the most commonly available high-power
sources on the market. The second harmonic generated, if any,
from these primary sources will be at 400 nm (3.1 eV) and 532
nm (2.3 eV) for 800 and 1064 nm pumps, respectively. Since
the bandgap of conventional ferroelectric materials is rarely
smaller30 than 2.3 eV and often larger than 3.1 eV, probing
wavelengths of 800 and 1064 nm provide convenient choices.
For instance, bandgaps of BaTiO3 and PbTiO3, which are well-
known polar (and ferroelectric) materials, are 3.2 and 3.8 eV,
respectively. Unfortunately, these laser sources cannot be used
for materials with bandgaps smaller than 2.3 eV. This is
precisely the problem, not appreciated enough, with halide
perovskites CH3NH3PbI3 with a bandgap of 1.55 eV and
CH3NH3PbBr3 with a bandgap of 2.2 eV. In both compounds,
the second harmonic at 400 nm (3.1 eV) or 532 nm (2.3 eV)
from a fundamental excitation at 800 or 1064 nm, if at all
generated, would be strongly absorbed by the material itself.
Thus, a proper SHG measurement in these compounds
including CH3NH3PbI3 requires the use of wavelengths longer
than 1720 nm, such that the second harmonic with a
wavelength longer than 860 nm has a sub-bandgap energy
(<1.55 eV) for the iodide. This prompted us to use a 1800 nm
pulsed laser source to measure the SHG efficiency in these
compounds, such that the second harmonic generated, if any,
at 900 nm (see Figure 3) was still below the bandgap.26,35

However, CH(NH2)2PbI3, with a lower bandgap36 of 1.41 eV,
would require a fundamental excitation wavelength longer than
1800 nm (0.69 eV) so that the second harmonic, if any, does
not lie within the absorption edge.
It is furthermore important to consider the hybrid organic−

inorganic nature of the lead perovskites at the time of choice of
the SHG pump wavelength. The organic components of these
materials introduce vibrations as well as vibrational overtones
in the infrared spectrum. Thus, not only is it important to
ensure that SHG pump excitation energies are less than half of
the bandgap but it is also essential to adjust the pump energy
to avoid overlap with any strong sub-bandgap absorbances in
the material. This is illustrated in Figure 3. It thus becomes
particularly important to ensure sample transparency in these
two wavelength regions in order to determine the SHG
response from the bulk. This important aspect has received
little attention so far in the community.
There is often the expectation that a single-crystal sample is

better than polycrystalline ones. This is generally true, but it
turns out that in the case of SHG measurements, performed on
polycrystalline pellets, rather than on single crystals, in

principle avoids problems that may arise from phase mismatch
and simplifies the interpretation of SHG responses. Further, if
nonindex-matched, nontransmissive solids are used, the SHG
signal that is generated (if any) emerges over a uniform co-
sinusoidal lobe. In this case, the SHG signal has no strong
directional dependence and can be collected in a wider range
of angles. It is however still important to ensure that the
crystallite sizes of the polycrystalline material be larger than the
size of the wavelength of light to ensure a significant SHG
response. Due to the necessity of using longer wavelengths to
probe SHG in these perovskite compounds, the crystallite size
becomes a relevant point to worry about in these cases.
Measuring SHG response at different fundamental excitation
wavelengths and particle sizes is a good way to check for true
SHG from the bulk of the sample, as shown in a study38 on
germanium iodide perovskites.
Unlike most other materials, SHG measurements of

perovskites are complicated by the existence of other
nonlinearities. For example, these materials are now recog-
nized39,40 to possess anti-Stokes emission near the band edge.
This phenomenon39,40 allows these materials to absorb sub-
bandgap light and subsequently emit at their usual emission
band. The residual energy required for this up-conversion
arises from thermal energy from the ambient. While this
process scales linearly with power, lead halide perovskites are
further known to exhibit substantial third-order nonlinear
susceptibilities that scale nonlinearly with power. Due to the
existence of these alternate nonlinear processes, it is necessary
to completely isolate the SHG response spectrally to avoid
contamination with other linear and nonlinear optical
processes that occur in these materials. This is exemplified in
Figure 4, which shows41 the emission spectra under excitation
at 1.03 eV (1204 nm).
Photoluminescence (PL) emission from the material is

evident even under 1800 nm laser excitation of CH3NH3PbI3
(see Figure 5).26 Also, a broad emission in the relevant
wavelength range in the case of CH3NH3PbBr3 leaves
ambiguity in the conclusion of the presence of SHG response
(see Figure 2 of ref 27.). In most cases, quantification of the
SHG signal thus makes it necessary to subtract out the
background produced due to other nonlinearities. For example,

Figure 3. Choosing the fundamental excitation for SHG from the
absorption spectrum of the material. This data has been taken on a
CH3NH3PbI3 sample. The inset shows an expanded view of the
absorbance spectra in the near-IR region, where the absorbance
features at around 1600 nm arise from overtones of the N−H
stretch.37
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the monotonic PL background shown26 in Figure 5 is
incompatible with the SHG signal shape, which is expected
to be essentially Gaussian (of a spectral width similar to the
incident pulse), as also observed in urea and quartz, the SHG
standards used. This requires that we record the region of
interest around the expected second harmonic signal in a
spectrally resolved manner and not monitor the intensity at
exactly the point of doubled frequency with respect to the
probing fundamental source frequency. From Figure 6,
measuring the intensity at 2νf, double the fundamental

frequency where the SHG signal is expected, would give the
intensity value as A, while the true SHG intensity, B, is
obtained after subtracting the background from the measured
spectrum of the sample recorded in an extended frequency
range. A is clearly larger than B, which would lead to a spurious
value of the SHG intensity, if only a single-point intensity
measurement would be performed. Note that Figure 6 is a
simulation that combines actual MAPbI3 background emission
with the expected Gaussian profile from the second harmonic.
The latter has never been observed in our experiments but
hypothetically added in this figure to illustrate the point.
Availability of the spectrum of SHG allows us to define
precisely the intensity of the true SHG signal over and above
the background signal that is often considerably intense in
these materials.
Although several studies of SHG in lead halide perovskites

already exist, it is evident that significant progress is still
expected to take place on several fronts. For example, while
ensemble pump−probe studies suggest35 the absence of a
macroscopic ground state as well as light-induced ferroelectric
polarization, results from SHG spatial microscopy studies28

have been interpreted to suggest the existence of smaller
domains. While some studies42,43 have used the strong third
harmonic response (THG) against the low SHG signal to
conclude that the small SHG signal measured could be due to
local symmetry breaking effects, some conclude that second
harmonic generated could be due to large polar domains.44

Studies that correlate spatiotemporal SHG responses with local
microstructure will thus shine more light on the unusual
properties of both the ground and excited states of perovskites
and help understand these materials on both the macroscopic
and microscopic scales.
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Figure 4. Emission spectra of MAPbI3 under excitation at 1.03 eV.
Reproduced from ref 41. Copyright 2015 American Chemical
Society.

Figure 5. Spectra of the second harmonic generated at 900 nm,
with a fundamental excitation of 1800 nm, measured on urea (in
black), quartz (in red), and CH3NH3PbI3 (in blue) along with the
detector background shown in green. The inset shows the intensity
plotted on the log scale. Reproduced from ref 26. Copyright 2016
American Chemical Society.

Figure 6. Schematic illustrating the necessity for spectrally
resolved measurement of the SHG signal. The solid line shows
the spectrum from the sample in the region of double the
fundamental frequency 2νf, which contains both the SHG signal
and background.
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