Grant Walters,†,§ Brandon R. Sutherland,†,§ Sjoerd Hoogland,† Dong Shi,‡ Riccardo Comin,† Daniel P. Sellan,†
Osman M. Bakr,‡ and Edward. H. Sargent*,†

ARTICLE

Two-Photon Absorption in
Organometallic Bromide Perovskites
†

Department of Electrical and Computer Engineering, University of Toronto, Toronto, Ontario M5S 3G4, Canada and ‡Division of Physical Sciences and
Engineering, Solar and Photovoltaics Engineering Research Center, King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia. §G.W. and B.R.S. contributed equally.

ABSTRACT Organometallic trihalide perovskites are solution-processed semiconductors that

have made great strides in third-generation thin ﬁlm light-harvesting and light-emitting
optoelectronic devices. Recently, it has been demonstrated that large, high-purity single crystals
of these perovskites can be synthesized from the solution phase. These crystals' large dimensions,
clean bandgap, and solid-state order have provided us with a suitable medium to observe and
quantify two-photon absorption in perovskites. When CH3NH3PbBr3 single crystals are pumped with
intense 800 nm light, we observe band-to-band photoluminescence at 572 nm, indicative of twophoton absorption. We report the nonlinear absorption coeﬃcient of CH3NH3PbBr3 perovskites to be
8.6 cm GW1 at 800 nm, comparable to epitaxial single-crystal semiconductors of similar bandgap.
We have leveraged this nonlinear process to electrically autocorrelate a 100 fs pulsed laser using a two-photon perovskite photodetector. This work
demonstrates the viability of organometallic trihalide perovskites as a convenient and low-cost nonlinear absorber for applications in ultrafast photonics.
KEYWORDS: perovskite . CH3NH3PbBr3 . two-photon absorption . photoconductor . autocorrelator

T

hough formed at low temperature from
the solution phase, organometallic
halide perovskites possess exceptional material properties. Perovskite thin
ﬁlms exhibit defect densities in the range
10161017 cm3,1 superior to other solutioncast semiconductors processed at similar temperatures. Consistent with the low trap-state
density are the reported long and balanced
diﬀusion lengths,2 large carrier mobilities,3,4
and a linear absorption coeﬃcient exceeding
104 cm1 at the band edge.5 Driven by these
remarkable material properties, perovskite
thin ﬁlm absorbers have demonstrated record
solution-processed solar cell power conversion eﬃciencies up to a certiﬁed 20.1%.6
Perovskite thin ﬁlms have also been leveraged in light-emitting devices, demonstrating low-threshold optically pumped lasers1,7,8
and high-brightness light-emitting diodes.9
Recently, there have been breakthrough
demonstrations of the solution-processed
growth of large perovskite single crystals.10,11
These single crystals oﬀer millimeter-scale
dimensions with bulk trap-state densities
in the range 1091010 cm3, comparable
to some of the best epitaxial single-crystal
semiconductors. The impressive energetic
WALTERS ET AL.

landscape in perovskite single crystals has
already been functionalized into ultralow
threshold optically pumped lasers.12,13
We sought to investigate the two-photon
absorption in CH3NH3PbBr3 perovskites and
to demonstrate its potential in low-cost,
solution-processed nonlinear optics. In addition to the importance of understanding the
response of organometallic hybrid perovskites under intense radiation, their development as nonlinear optical materials and
devices is a new opportunity.14 Semiconductor nonlinear absorbers have applications
in optical limiting,15 characterization of
ultrafast optical signals,16 lithography,17 and
microscopy.18
Equipped with the newly discovered process to grow large single crystals, we were
able to overcome many existing experimental challenges associated with quantifying
two-photon absorption. We hypothesized
that the large dimensions of single crystals,
as well as their ultraclean bandgaps and
long-range order, would be an ideal material to study perovskite two-photon absorption. The small path length and dominant
scattering of conventional perovskite thin
ﬁlms, which proved to limit the accuracy of
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RESULTS AND DISCUSSION
To study CH3NH3PbBr3 perovskites, we employed the
same vapor-assisted single-crystal growth technique
reported by Shi et al.10 Here, the gradual diﬀusion of
an antisolvent into a solution of perovskite precursors
promotes seed formation and subsequent crystal
growth. The resulting crystals are orange in color with
regular rectangular facets (see Figure 1a inset). The large
dimensions of the crystals we used enabled accurate
measurements of two-photon absorption, the magnitude of which is directly impacted by the propagation
distance through the sample.
Two-photon absorption is a third-order nonlinear
process that becomes relevant at high photon ﬂuences. Two photons, each with energy less than the
diﬀerence between the material's ground and excited
states, are simultaneously absorbed and excite a charge
carrier. In semiconductors, this is manifested as an
excitation across the bandgap. Two-photon absorption
varies with the square of the electric ﬁeld intensity I. The
attenuation of light propagating a distance z through
a two-photon absorbing medium can thus be written as
dI
¼  RI  βI2
dz

(1)

where R and β are the one- (linear) and two-photon
absorption coeﬃcients, respectively. The solution of
this diﬀerential equation, expressing the transmission

T through a sample of length L, is
T ¼

I
e RL
¼
βI0 Leff þ 1
I0

(2)

where I0 is the peak intensity of light entering the
sample and Leﬀ is the eﬀective sample length given by
Leff ¼

1  e RL
R

(3)

ARTICLE

these measurements, would no longer be an issue.
Here, we present an accurate quantiﬁcation of twophoton absorption in CH3NH3PbBr3. We demonstrate
its applicability in nonlinear optics by autocorrelating
a 100 fs laser using a perovskite two-photon photodetector. This work is the ﬁrst report of two-photon
absorption and autocorrelation from a solution-processed
single-crystal organicinorganic semiconductor.

The intensity of light entering the sample is found by
reducing the measured incident intensity by a factor of
(1  R), where R is the surface reﬂectivity.
In order to achieve degenerate two-photon absorption in our samples, we used a high-power modelocked titanium sapphire laser operating at 800 nm
to provide below-bandgap excitation. The bandgap
of CH3NH3PbBr3 is 2.21 eV,10 with an absorption onset
at 560 nm as shown in Figure 1a. This onset is sharp,
leading to nearly constant absorption for abovebandgap radiation. The steplike behavior in the absorption ensured the samples were free from linear
absorption of the incident laser light. Previous transient absorption measurements on CH3NH3PbBr3 single
crystals using above-bandgap pump and belowbandgap probe wavelengths have shown signiﬁcant
changes in optical absorption within picoseconds of
excitation; however, the excited population that allows
for this change in absorption quickly decays such that
the material regains its below-bandgap transparency
within nanoseconds.10 We have used ultrashort pulses
(100 fs) with a periodicity of 13 ns in our experiments.
The use of ultrashort pulses and the absence of linear
absorption means photoinduced absorption associated with excited-state carriers was negligible and
did not aﬀect the accuracy of our measurements.
Strikingly bright green light is visibly emitted
when the samples are placed in the path of the laser

Figure 1. Optical properties. (a) Linear optical absorbance (left axis) and normalized two-photon-induced photoluminescence (TPPL, right axis) as a function of wavelength for a single CH3NH3PbBr3 crystal. Photoluminescence peaks at 572 nm.
Insets show the crystal (dimensions ∼1  5  5 mm) under room light (top) and brightly luminescing when exposed to intense
800 nm laser radiation (bottom). The visibly observed photoluminescence is a direct signature of two-photon absorption.
(b) Schematic showing two-photon absorption of 800 nm light and up-conversion to 572 nm photoluminescence.
WALTERS ET AL.
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T(I0 ) ¼

¥

[q(I )]m

0
∑
3=2
(mþ1)
m¼0

q(I0 ) ¼ βI0 Leff

(4)
(5)

The sum in eq 4 was performed for 20 terms to ensure
proper convergence of the function. Although linear
absorption can be ignored for these samples, they
often showed signiﬁcant scattering, and so this loss
mechanism was treated as linear absorption in accordance with ref 20. Repeated measurements on several
samples yielded an average two-photon absorption
coeﬃcient of 8.6 ( 0.5 cm GW1 (error indicates one
standard deviation). For comparison, CdS (Eg = 2.42 eV)
and CdSe (Eg = 1.74 eV) have two-photon absorption
coeﬃcients of 5.5 cm GW1 (at 530 nm) and 18 cm
GW1 (at 1060 nm), respectively.21 The dependence of
WALTERS ET AL.
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(Figure 1a inset). This photoluminescence was direct
evidence that our samples were in fact absorbing
the below-bandgap 800 nm radiation through twophoton absorption. The resulting emission spectrum in
Figure 1a shows a sharp and narrow peak at 572 nm,
with a wavelength dependence unchanged from linearly induced photoluminescence. Thus, the perovskite
crystals behave as an eﬀective upconverter for nearinfrared radiation. A simple schematic of the twophoton absorption and induced photoluminescence
process is given in Figure 1b.
The z-scan procedure19 is the most widely used
method for measuring two-photon absorption coeﬃcients because of its simplicity and ease of data
interpretation. It involves translating the sample along
the path of a focused laser beam in order to vary the
incident intensity and ﬁnd β. Although convenient, the
method can be prone to artifacts and overestimation with less-than-ideal samples. To avoid possible
changes in scattering associated with changes in
the spot size as the sample is translated for z-scans,
we opted to alternatively measure the two-photon
absorption coeﬃcient for CH3NH3PbBr3 through static
intensity-dependent transmission measurements. This
straightforward technique provides an accurate description of two-photon absorption behavior.20 These
measurements were made by placing the sample at
the waist of the focused laser beam, varying the laser
intensity with a ﬁlter wheel, and monitoring incident
and transmitted power.
A typical plot of inverse transmission versus peak
intensity is given in Figure 2a. The plot shows the
requisite linear increase with intensity according to
eq 2 accompanied by an expected slight downward
curvature, the latter behavior indicating temporal and
spatial broadening of the beam toward the rear of the
sample when subjected to high intensities.20 The solid
line is a least-squares ﬁt according to the equations for
pulses with Gaussian temporal and spatial characteristics developed by Sheik-Bahae et al.:19

Figure 2. Two-photon absorption coeﬃcient. (a) Inverse
transmission versus peak intensity for a typical single
CH3NH3PbBr3 crystal. The solid line is a least-squares ﬁt to
the data points using eqs 4 and 5 resulting in a two-photon
absorption coeﬃcient of 8.2 GW cm1. Dashed red line
indicates linear loss, primarily due to scattering. (b) Transmission scaled by incident intensity versus relative angle
between the electric ﬁeld polarization and the [100] crystallographic axis (oﬀset by 8). Solid line is a least-squares ﬁt to
eq 6 and yields an anisotropy parameter of 0.07.

two-photon absorption with the bandgap for semiconductors is well established, and we ﬁnd our value for
CH3NH3PbBr3 agrees well with the reported scaling
laws.2022 The experimental value has only a 14% error
with our own prediction based on these relations: 10 cm
GW1. Consideration of the corresponding scaling laws
for the nonlinear refractive index and the KramersKronig relation between the two-photon absorption coeﬃcient and the nonlinear refractive index shows that the
nonlinear reﬂection due to changes in the material's
refractive index (a maximum change of 105) is negligible and does not impact the measured two-photon
absorption coeﬃcient.22
The use of single crystals enabled us to measure the
polarization dependence of two-photon absorption in
the perovskites. These measurements are fundamentally impossible with polycrystalline thin ﬁlms due to
their random lattice orientations. Figure 2b shows the
polarization dependence of two-photon absorption for
CH3NH3PbBr3. Plotted is the transmission scaled by the
incident intensity T/IIn, a quantity directly proportional
to the two-photon absorption coeﬃcient. A half-wave
plate was used to rotate the incident beam's electric
ﬁeld polarization an angle θ relative to the [100]
crystallographic axis with the incident propagation
along the [001] direction such that the polarization
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Figure 3. CH3NH3PbBr3 two-photon photodetector. (a) Device schematic. (b) Dark currentvoltage characteristic. The
perovskite photoconductor has an electrical conductivity of order 105 Ω1 cm1. (c) Net photocurrent (light current minus
dark current) dependence on input light intensity at a bias of 50 V. The photodetector exhibits an intensity dependence which
is a combination of two competing trends, the square (n = 2) dependence of two-photon absorption and the sublinear (n < 1)
dependence of photoconductive gain. (d) Responsivity (photocurrent/input power) dependence on input intensity at a bias
of 50 V. Contrary to linear photoconductors, the responsivity of the perovskite two-photon photoconductor does not
decrease with increasing input intensity, due to the squared dependence of absorption.

rotated through the crystallographic xy plane.
CH3NH3PbBr3 is cubic with the space group Pm3m
at room temperature,10 and so the polarization
dependence can be modeled with
T
¼ A[1 þ 2σ[sin4 (θ þ j)  sin2 (θ þ j)]]
IIn

(6)

where A is related to the imaginary component of the
susceptibility tensor element χ(3)
xxxx, σ is the sample
anisotropy parameter, and j is the wave-plate angular oﬀset.2325 A least-squares ﬁt is shown in
Figure 2b and yields an anisotropy parameter of σ
= 0.07.
CH3NH3PbBr3 and other organometallic perovskites
have previously been predicted, through density functional theory calculations, to exhibit a large spinorbit
coupling due to the heavy lead atoms.2631 This coupling
splits the degenerate conduction band, such that a
doublet band is lowered and a quartet band is raised in
energy.26 These predictions are supported by an agreement between the experimentally measured and the
predicted values for the bandgap. For semiconductors in
general, the valence band to lowest conduction band
transitions do not provide any orientational dependence
for two-photon absorption.24,25,32 Anisotropic behavior
may be introduced either from direct transitions between
the valence bands and the higher conduction bands or
from state mixing between these bands.24,25,32 These
WALTERS ET AL.

mechanisms are minimal in CH3NH3PbBr3 where the
conduction bands have a large energetic separation,
consistent with the small anisotropy parameter observed.
We utilized the nonlinear properties of our perovskite single crystals for autocorrelation purposes. This
can be done with measurements of the nonlinear
response of transmission, photoluminescence intensity, second harmonic generation, or electrical current.
In line with the facile processing of the perovskite
crystals and their exceptional electrical properties
we aimed to use electrical current, one of the most
straightforward signals to measure, as our autocorrelation signal.
We fabricated a simple photoconductor by depositing silver contacts on opposite ends of a single crystal.
A schematic of the photodetector, along with the
crystal dimensions, is shown in Figure 3a. The sample
is illuminated from the side, resulting in single-pass
two-photon absorption of 800 nm light. The dark
currentvoltage characteristic of this crystal is shown
in Figure 3b. This crystal has an electrical conductivity
of 105 Ω1 cm1.
The photocurrent (light minus dark current) generated as a result of single-pass absorption of 800 nm light
is given as a function of peak intensity of the pump
laser at a ﬁxed bias of 50 V in Figure 3c. We tested
control samples of just glass and just silver, and no
photocurrent is observed. Photoconductors based on
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Figure 4. Autocorrelation of a 100 fs Ti:sapphire laser using a CH3NH3PbBr3 two-photon detector. (a) Optical schematic. The
input laser pulse is split into two, with one pulse variably delayed in time using a retroreﬂector on a motorized linear
translation stage. Photocurrent generated by the two-photon perovskite photodetector is used to autocorrelate the beam
pulse. (b) Autocorrelation signal. We observe a 160 fs fwhm in the autocorrelation envelope, corresponding to a 100 fs pulse
width. (c) Electric ﬁeld interference. We resolve constructive interference approximately every 3λ/2.

linear absorption have a photocurrent which increases
sublinearly (power law dependence n < 1) with input
intensity (see the Supporting Information, Figure S1a).33
However, the two-photon absorption probability increases with the square of input intensity (n = 2). We
therefore expect a photocurrent dependence on input
intensity which is less than n = 2 but greater than linear
photoconduction (n < 1), which is what we observe.
The responsivity (eﬃciency in A W1) of the twophoton photodetector at a ﬁxed bias of 50 V as a
function of input intensity is given in Figure 3d. The
responsivity is of order 107 (A W1). This value is 5
orders of magnitude less than the upper limit in the
absence of photoconductive gain as determined by the
two-photon absorption coeﬃcient. Low responsivity is
expected given that perovskites, with their low trapstate density and balanced carrier mobilities, exhibit
low intrinsic photoconductive gain.34 Despite the low
gain, due to the large number of total absorbed
photons, the device output photocurrent is in the range
10 nA to 1 μA, readily measurable using a conventional
current meter. The responsivity increases 3.5 over one
decade of input intensity. This is contrary to linear
photoconductors, which have a responsivity that decreases with increasing input intensity (see the Supporting Information, Figure S1b). This upward trend
demonstrates that the photocurrent is a result of nonlinear absorption and not linear processes such as
thermal generation or trap-mediated absorption.
A schematic of our perovskite autocorrelator is
shown in Figure 4a. A 100 fs, 800 nm pulse passes
WALTERS ET AL.

through a 50/50 beam splitter (BS). One arm is sent to a
retro-reﬂector on a delay line. The two arms meet again
at a second 50/50 splitter, which sends half of the total
light to a power meter (det), the other half through a
focusing lens onto the two-photon absorbing perovskite
photodetector. The generated photocurrent is collected
using a current meter and monitored as a function of the
delay line position. The resulting currenttime trace is
shown in Figure 4b. Our autocorrelator conﬁguration
is a modiﬁed MachZehnder interferometer where the
two pulses have the same phase and polarization. With
this conﬁguration, we observe constructive and destructive interference fringes corresponding to the overlap
of the time-varying electrical ﬁelds. The envelope of
these fringes corresponds to the intensity overlap of the
pulses in time. We ﬁt the top and bottom envelopes to a
sech2(t) function, shown in red. The resulting autocorrelation has a full-width at half-maximum (fwhm) of 160 fs.
Since we are autocorrelating the electric ﬁeld, but we
wish to know the intensity proﬁle, there is a deconvolution factor to be applied. For a sech2(t) input pulse
intensity proﬁle, the deconvolution factor is 0.65,35
resulting in a measured pulse duration of 104 fs. This is
in excellent agreement with the 100 fs speciﬁcation of
our laser. The fringe spacing, limited by the resolution
of our motorized stage, is approximately every 3/2 of
a wavelength, shown in Figure 4c.
CONCLUSION
This work demonstrates the prospects of perovskites as solution processed two-photon absorbers
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perovskites remain largely unexplored. Future work
will focus on investigating new avenues for perovskites as nonlinear optical materials, such as studying
secondary harmonic generation, optical limiting, and
self-focusing.

METHODS

Conflict of Interest: The authors declare no competing
ﬁnancial interest.

CH3NH3PbBr3 single crystals were prepared using a vaporassisted crystallization procedure as previously reported.10
In brief, the vapor from an antisolvent (dichloromethane, in
our case) was allowed to slowly diﬀuse into a solution of
perovskite precursors, lead bromide (PbBr2), and methylammonium bromide (CH3NH3Br) in N,N-dimethylformamide, such
that precursors spontaneously nucleated and cocrystallized
in a self-sustained process. Crystals were kept in the mother
liquor until use in optical experiments. Their dimensions were
measured using a Mitutoyo digital caliper to within 10 μm.
Linear optical absorption was characterized using a PerkinElmer
Lambda 950 UV/vis/NIR spectrophotometer in the wavelength
range 250900 nm and using 2 nm incremental steps. Photoluminescence induced by linear absorption was measured using
a Liconix Helium Cadmium 442 nm excitation laser and Ocean
Optics USB2000 spectrometer.
For all nonlinear absorption experiments, a mode-locked
Mira 900-F Ti:sapphire laser was used as the excitation source.
The pulse duration was 100 fs (fwhm) at a repetition rate of
76 MHz. The laser was tuned to an output wavelength of 800 nm
and produced horizontally polarized TEM00-mode single pulses.
Power measurements were made with an Ophir LaserStar Dual
Channel power and energy meter with photodiode sensors,
which had an accuracy of (5% after attenuation at 800 nm.
Two-photon absorption coeﬃcients were measured by
placing the sample at the focus of a lens with a 15 cm focal
length and by attenuating the incident laser radiation with
a neutral density ﬁlter wheel. The incident and transmitted
light was measured with power meters placed before and after
the sample. The lens focused the beam to a spot size of 35 μm
(half-width at 1/e2) as determined with a CCD camera setup.
For most measurements, the incident beam was chopped at
400 Hz in order to prevent sample heating and optical damage.
To measure the polarization dependence of two-photon absorption, a rotating half-wave plate was placed in the path of the
incident beam. Predicted two-photon absorption coeﬃcients
were determined through the scaling law
β ¼ 3100

pﬃﬃﬃﬃﬃ
EP (2pω=Eg  1)3=2
n2 Eg3
(2pω=Eg )5

(7)

where
EP ¼

2P2 m
(in eV)
p2

(8)

and Eg is the bandgap (eV), pω is the ﬁeld energy (eV), m is
the electron mass, n is the linear refractive index (assumed 2.5),
and P is the Kane momentum parameter (assumed 4.5 
1027 J m).2022
Photoconduction measurements were done using a device
made from a single crystal with wires bonded to opposing
crystal faces with conductive silver paste. Two-photon absorption photocurrent was measured using a Keithley 2410 high
voltage source meter (also used as a bias source).
For autocorrelation experiments, the incident laser beam was
split into two branches, such that a motorized translation stage
with a retroreﬂector could be added to introduce a pulse-delay
for one of the paths. The separate paths were then rerouted
into a single collinear path that was incident on our sample.
Photocurrent was measured as a function of the retroreﬂector
position in order to detect pulse-overlap and determine the
autocorrelation width.

WALTERS ET AL.

ARTICLE

for applications in nonlinear optics. With just readily available chemical precursors, researchers can
fabricate large single crystal two-photon absorbers
to accurately and conveniently autocorrelate ultrafast lasers. Yet, the nonlinear optical properties of

Supporting Information Available: Photoconductor operating under above-bandgap illumination. The Supporting Information is available free of charge on the ACS Publications website at
DOI: 10.1021/acsnano.5b03308.
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