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Perovskite nanocrystals (NCs) have strong nonlinear optical responses with a number of potential applications,
ranging from upconverted blue-lasing to the tagging of specific cellular components in multicolor fluorescence
microscopy. Here, we determine the one-photon linear absorption cross section of two kinds of blue-emitting
perovskite NCs, i.e., CsPbCl3 and CsPb�Cl0.53Br0.47�3, by utilizing femtosecond transient absorption spectros-
copy. The wavelength-dependent nonlinear refraction and two-photon absorption have been measured at
wavelengths from 620 to 720 nm by performing Z-scan measurements. The nonlinear optical responses of
CsPb�Cl0.53Br0.47�3 are much more pronounced than those of CsPbCl3 due to the larger structural destabilization
of the former. © 2018 Chinese Laser Press

OCIS codes: (190.7110) Ultrafast nonlinear optics; (320.7150) Ultrafast spectroscopy.
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1. INTRODUCTION

The design, synthesis, characterization, and theoretical study of
novel materials with nonlinear optical (NLO) responses [1,2]
have been prompted by applications including optical limiting
(OL), mode locking, bioimaging, and lasing [3–6].

Violet- and blue-emitting fluorescent NLO materials are
particularly useful for these applications and others [7,8].
Although many design strategies have been developed that
can efficiently enlarge NLO responses of materials with green
to near-infrared light emission, studies of NLO materials with
violet-blue emission properties are scarce [9–11].

Perovskite nanocrystals (NCs) that demonstrate superior
optoelectronic properties for photovoltaics and light emission
have recently demonstrated promising NLO properties, such as
second-harmonic generation, multiphoton absorption (MPA),
and MPA-pumped amplified lasing [12–17]. However, detailed
understanding of the NLO properties of such perovskite NCs is
still severely lacking; for example, the broad spectral depend-
ence of their MPA cross sections and nonlinear refraction.
Herein, by using femtosecond-transient absorption (fs-TA)
spectroscopy, we have determined the one-photon linear
absorption (OPLA) cross sections (σlin) of two kinds of blue-
emitting perovskite NCs, i.e., CsPbCl3 (σlin ∼ 4.3 × 10−14 cm2)
and CsPb�Cl0.53Br0.47�3 (σlin∼4.6×10−14 cm2). Furthermore,
strong dependence of two-photon absorption (TPA) and non-
linear refraction on CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs has
been demonstrated for the first time. Experimental results show

that the CsPb�Cl0.53Br0.47�3 NCs exhibit much higher TPA
and intrinsic nonlinear refraction compared to CsPbCl3 NCs.

2. EXPERIMENT

The CsPbX3 NCs investigated here were synthesized following
a recipe reported by Zeng et al. with slight modification.
The detailed fabrication process can be found in Ref. [18].

The fluorescence quantum yields (QYs, η) of CsPbCl3
and CsPb�Cl0.53Br0.47�3 NCs were, respectively, determined
to be 6.9% and 13.1% using quinine sulfate monohydrate
(η350 nm � 0.58) as a standard. The size and shape of the
NCs were obtained by transmission electron microscopy
(TEM) (JEOL, JEM-2010). Ultraviolet-visible (UV-Vis) ab-
sorption spectra of the samples were measured using a UV/
Vis spectrometer (Lambda 950, PerkinElmer, Inc.) while the
fluorescence and excitation spectra were measured using a
fluorescence spectrophotometer (SENS-9000, Zolix). The val-
ues of the lifetime were determined using a compact lumines-
cence lifeline spectrometer (C11367, Hamamatsu) with a
C11367-11 photomultiplier tube. An light-emitting diode
(LED) light source (365 nm, 1 MHz repetition rate) was used
as the excitation source.

In the fs-TA experiments, the samples were pumped at
350 nm and probed with a white-light continuum. The probe
pulses (350–750 nm) were generated by focusing a small
portion (∼1.5 μJ) of the fundamental 800 nm laser pulses
on a thin CaF2 plate. The linear polarization of the pump pulse
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was adjusted to be perpendicular to that of the probe pulse with
a polarizer and a half-wave plate. The cross-polarization is
intended to eliminate any contribution from coherent artifacts.
Pump-induced changes of transmission (ΔT ∕T ) of the probe
beam were monitored using a monochromator/photomultiplier
configuration with lock-in detection. The pump beam was
chopped at 100 Hz, and this was used as the reference
frequency for the lock-in amplifier.

The nonlinear refraction and TPA cross-sections of the NCs
were measured using the closed- and open-aperture (CA and
OA) Z-scan technique [19]. In the Z-scan measurements,
the laser beam was focused onto the 1-mm-thick quartz cuvette
filled with a solution of NCs by a spherical lens (focus length
∼30 cm) and detected by a Si-based detector. After penetrating
through the sample solution, the attenuated excitation laser
beam was split into two parts by a beam splitter. The nonlinear
refraction signal is then measured by a detector with an
aperture in front of it, while the nonlinear absorption signal
is measured by a detector without an aperture in front of it.

For the measurements of Z-scan and two-photon excited
fluorescence emission, 100 fs pulses with wavelengths from
620 to 720 nm and a repetition rate of 1000 Hz were used
as the excitation source. The two-photon excited fluorescence
signal was dispersed by a 750 mm monochromator combined
with suitable filters and detected by a photomultiplier using the
standard lock-in amplifier technique.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the linear absorption and fluorescence spectra
of the perovskite NCs. Here, the band-edge absorption peaks of

the perovskite NCs were at 398 nm and 432 nm, respectively.
Their fluorescence spectra are centered at 409 and 447 nm,
which correspond to non-resonant Stokes shifts of 11 nm
and 15 nm. The different Stokes shifts in CsPbCl3 and
CsPb�Cl0.53Br0.47�3 NCs originate from the existence of differ-
ent band-edge excitonic fine structures [20]. The TEM images
of perovskite NCs are shown in Figs. 1(b) and 1(c), and both of
them display a nearly cubic shape. The average edge lengths
of CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs are about 9.8 nm
and 11.6 nm, which are comparable with the exciton
Bohr diameters of the perovskite NCs (CsPbBr3: ∼7 nm,
CsPbCl3: ∼5 nm) [21]. The high-resolution TEM images in
the insets of Figs. 1(b) and 1(c) show the crystalline nature
of the perovskite NCs. The time-resolved fluorescence decay
curves of the NCs are shown in Fig. 1(d). By fitting with
an exponential function, we obtained radiative lifetime
values of 2.13� 0.08 ns for CsPbCl3 and 3.99� 0.02 ns
for CsPb�Cl0.53Br0.47�3. The lifetime values of the perovskite
NCs are about one or two orders of magnitude smaller than
those of MAPbX3 (MA � CH3NH3, X � Cl, Br, I) NCs
(∼94 ns or 446 ns) [22,23].

The value of σlin is an important factor that is used to de-
termine the molar concentration and TPA cross-sections of
semiconductor NCs. However, most σlin values of semiconduc-
tor NCs have been determined using inductively coupled
plasma-atomic emission spectrometry (ICP-AES), which is very
challenging due to their size and composition inhomogeneity
and the disturbance from the indispensable surface ligands. As a
result, the reported TPA cross sections vary by up to 1 order of
magnitude among semiconductor NCs, even within the same
class [13,15]. Here, we attempt to estimate the σlin values of
CsPbCl3 and CsPb�Cl0.53Br0.47�3 from the excitation inten-
sity-dependent one-photon induced ground state bleaching
(GSB) signals by using fs-TA spectroscopy [14]. TA spectra
of NCs in hexane, pumped at 350 nm, are shown in the insets
of Figs. 2(a) and 2(c). Both CsPbCl3 and CsPb�Cl0.53Br0.47�3
NCs exhibit three distinctive spectral features, including GSB
bands centered at 398 nm and 432 nm, respectively. The en-
ergy of the GSB agrees well with the lowest-energy excitonic
band and thus can be attributed to state-filling-induced beach-
ing. Furthermore, there are two bands of photoinduced absorp-
tion (PA) for both CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs. The
short-lived PA at the energies just below the band gap mostly
likely derives from a band gap renormalization, leading to a
momentary increase in the unoccupied states at energies
slightly below the ground state band gap [24,25]. As for the
PA above the band gap, it likely corresponds to increased
scattering from the photorefractive effect of the NCs’ suspen-
sion. The excitation intensity-dependent fs-TA kinetics
for the wavelength of the maximum GSB of CsPbCl3 and
CsPb�Cl0.53Br0.47�3 NCs was probed [Figs. 2(a) and 2(c)].
After fast Auger recombination within the initial hundreds
of picoseconds, the NCs contain only a single exciton in the
following time period, which is demonstrated by the parallel
decay lines from all the excitation intensities after a long time
delay (>0.5 ns). The GSB signal amplitude under different
excitation intensities varies according to

−A�I∕I0� � −Amax�1 − e−�I∕I0�·σ·I0 �, (1)

Fig. 1. (a) Normalized linear absorption and fluorescence
spectra for the perovskite NCs. The insets are the emission images
of the NCs in solution: 1 for CsPbCl3 NCs and 2 for
CsPb�Cl0.53Br0.47�3 NCs. TEM images of (b) CsPbCl3 NCs and
(c) CsPb�Cl0.53Br0.47�3 NCs. The insets are high-resolution TEM
images of the NCs. (d) Fluorescence decay kinetics of the perovskite
NCs under excitation at 365 nm.

Research Article Vol. 6, No. 6 / June 2018 / Photonics Research 555



where A�I∕I0� denotes the GSB signal amplitude of NCs after
a long time delay as a function of excitation intensity, and I0 is
the minimum excitation intensity used in the fs-TA experiment
[14]. As shown in Figs. 2(b) and 2(c), the excitation intensity-
dependent GSB signal amplitude with a delay time of 1 ns
could be well fitted with Eq. (1), from which the values of
σlin were extracted to be ∼4.3 × 10−14 cm2 for CsPbCl3
NCs and ∼4.6 × 10−14 cm2 for CsPb�Cl0.53Br0.47�3 NCs.
Correspondingly, their molar distinction coefficients were
determined to be 1.2 × 107 and 1.3 × 107 L · cm−1 ·mol−1 at
350 nm, respectively.

Subsequently, the TPA properties of NCs were investigated.
Upon excitation with femtosecond pulses at 650 nm, both the
CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs emitted blue fluores-
cence from hexane solution (inset of Fig. 3, with the excitation
light blocked by a low-pass filter). Since linear absorption
beyond 450 nm was absent for the studied CsPbCl3 and
CsPb�Cl0.53Br0.47�3 NCs, the observed fluorescence was thus
plausibly attributed to TPA. To verify the TPA mechanism, we
measured the fluorescence intensity as a function of the inten-
sities of the input laser pulses. The experimental data are shown
in the insets of Fig. 3 on logarithmic scales, in which the data
excited at 650 nm can be well fitted by straight lines with
slopes of around 2. These results indicated the two-photon ex-
citation features [26]. It is worth noting that the two-photon
brightness from the CsPb�Cl0.53Br0.47�3 NCs was 2.88 times
stronger than that from the CsPbCl3 NCs. Considering 2.57
times higher concentration and 1.90 times lower QY of
CsPbCl3 NCs, the stronger two-photon brightness of the

CsPb�Cl0.53Br0.47�3 NCs should arise from their larger TPA
cross sections. The TPA cross sections of NCs were then
determined by the open-aperture Z-scan technique.

Figure 4(a) shows the open-aperture Z-scan data for
CsPbCl3, CsPb�Cl0.53Br0.47�3 NCs and pure hexane at
650 nm. Obviously, the CsPb�Cl0.53Br0.47�3 NCs even with
very low molar concentration (∼5.95×10−6 M, 1 M = 1 mol/L)
exhibit much stronger signal compared to the pure hexane.
Additionally, the experimental data points and the fitting curve
show high degrees of correlation. However, even using the same
light intensity and solution concentration, the TPA signal of
CsPbCl3 NCs is only slightly larger than that of pure hexane.
It can be further confirmed that the TPA for CsPbCl3 NCs
should be much less than that for CsPb�Cl0.53Br0.47�3 NCs.
Performing these femtosecond Z-scan experiments at various
wavelengths allowed the determination of the TPA spectra of
NCs. After the subtraction of the solvent contribution to the
measured overall nonlinear absorption, the corresponding
TPA spectra are calculated and presented in Fig. 4(b). From

Fig. 2. TA kinetics (a) for CsPbCl3 NCs probed at 398 nm and
(c) for CsPb�Cl0.53Br0.47�3 NCs probed at 432 nm. Initially, the pres-
ence of biexcitons and even higher order multi-excitons causes a fast
decay (Auger process). At time ≥1 ns, the signals decay exponentially,
which corresponds to a single-exciton signal. GSB signal amplitude at a
time delay of 1 ns as a function of excitation intensity for (b) CsPbCl3
NCs and (d) CsPb�Cl0.53Br0.47�3 NCs.

Fig. 3. Measured fluorescence intensity as a function of the input
laser intensity at 650 nm. The insets are the two-photon excited emis-
sion imaging of the NC solution and the best-fitting straight lines on
logarithmic scales: 1 for CsPbCl3 NCs and 2 for CsPb�Cl0.53Br0.47�3
NCs. The concentration of CsPb�Cl0.53Br0.47�3 NCs solution is
1 × 10−6 M, while the concentration of CsPbCl3 NCs solution is
2.57 × 10−6 M.

Fig. 4. (a) Divided Z-scan results of the OA signal for NCs at a
wavelength of 650 nm. The solid lines are the fittings to the data using
the Z-scan theory. (b) TPA spectra of NCs between 620 and 720 nm.
The concentration of both CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs
was 5.95 × 10−6 M.
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Fig. 4(b), for the CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs, their
spectral dependence exhibits a general overall decreasing trend
with increasing wavelength. It should be attributed to the similar
density of the accepting states and similar wavelength depend-
ence of the two electronic transition matrix elements under
one- and two-photon excitation [14].

As is expected, compared to CsPbCl3 NCs, much larger
values for the TPA cross section were observed in
CsPb�Cl0.53Br0.47�3 NCs over the entire wavelength range
from 620 to 720 nm. The maximum value of the TPA cross
section was 28346 GM (1 GM � 10−50 cm4 · s−1 · photon−1)
for CsPb�Cl0.53Br0.47�3 NCs and 6963 GM for CsPbCl3
NCs. It is a remarkable fact that the maximum TPA cross sec-
tion of CsPb�Cl0.53Br0.47�3 NCs is 1–2 orders of magnitude
higher than the values for most of blue-emitting organic mol-
ecules [27–30], and is comparable to those of ZnS, ZnSe, and
ZnSe/ZnS NCs [31,32] (Table 1). The two-photon excitation
action cross sections (σ2 · η) per individual NC, the parameters
relevant to nonlinear bioimaging, were equal to 480 GM for
CsPbCl3 and 3685 GM for CsPb�Cl0.53Br0.47�3, which are
again among the largest values of blue-emissive NLO materials
[33,34] and sufficiently high for the relevant applications
(Table 1). Additionally, in order to confirm the validity of
our Z-scan measured results, the TPA cross sections of NCs
were also determined by the two-photon excited fluorescence
method [26] through the comparison of two-photon excited
fluorescence intensity of NCs to that of rhodamine 6G. As
is expected, the maximum TPA cross sections of the NCs are
determined to be 31472 GM for CsPb�Cl0.53Br0.47�3 NCs and
7741 GM for CsPbCl3 NCs, which are almost the same as
those obtained from the Z-scan method. The consistency
between these two methods supports the reliability of the σ2
values in this study. In addition, their third-order nonlinear re-
fractive indices (n2) were obtained by fitting the CA Z-scan

curves divided by the corresponding OA Z-scan curves (CA/OA)
to eliminate the influence of nonlinear absorption [19].
Figure 5(a) shows the CA/OA curves of CsPbCl3 and
CsPb�Cl0.53Br0.47�3 NCs with a concentration of 5.95 ×
10−6 M, as well as pure hexane at an intensity of 172 GW∕cm2,
which were excited at 650 nm. The decreased magnitude of
normalized transmittance (ΔT ) compared to pure hexane
indicates the opposite signs of nonlinear refraction between
CsPb�Cl0.53Br0.47�3 NCs and hexane, due to a strong positive
contribution of the NCs to the hexane solvent. However,
the Z-scan signal of the CsPbCl3 NCs solution was almost
overlapped with that of the pure hexane solvent, indicating
the much smaller nonlinear refraction of CsPbCl3 NCs com-
pared to CsPb�Cl0.53Br0.47�3 NCs. By performing these fem-
tosecond Z-scan experiments at various wavelengths again, the
wavelength dispersion of nonlinear refraction was obtained,
and the maximum third-order nonlinear refractive index
of CsPb�Cl0.53Br0.47�3 NCs was determined to be −3.46 ×
10−16 cm2∕W at 620 nm. For simplicity, we can assume an
additive rule for the nonlinear refraction index of the solution

n2�solution� � gn2�intrinsic� � �1 − g�n2�hexane�, (2)

where g is the volume fraction of the NCs relative to hexane,
n2 (solution) is the total nonlinear refractive index of the
NC solution, n2 (intrinsic) is the intrinsic nonlinear refractive
index of the NCs, and n2 (solvent) is the nonlinear refractive
index of hexane [37]. The maximum value of n2 (intrinsic)
for CsPb�Cl0.53Br0.47�3 NCs was extracted as −1.4 ×
10−13 cm2∕W at 620 nm [Fig. 5(b)]. Meanwhile, considering
the resolution of our Z-scan setup, we estimated that the
relevant value of CsPb�Cl0.53Br0.47�3 NCs should be
< −0.46 × 10−13 cm2∕W. From the wavelength-dependent
nonlinear refractive index curves [Fig. 5(b)], it can be seen
that higher nonlinear refraction can be achieved at shorter

Table 1. Calculated NLO Parameters of the CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs and Other Materials
Reported Elsewhere

Samples λem (nm) σ2 (GM) or β (cm/W)
n2 (intrinsic)
(cm2∕W) References

p-Septiphenyl Violet-blue 880 GM (0.5 ps, 660 nm) — [27]
Ladder-type oligo(p-phenylene)s 449 nm 1046 GM (120 fs, 880 nm) — [28]
Diphenylamino and 1,2,4-triazole
endcapped oligofluorenes

422 nm 57 GM (100 fs, 800 nm) — [29]

Bis(styryl)benzene derivatives 455 nm 995 GM (725 nm) — [30]
ZnS Violet-blue 21100 GM (28 ps, 532 nm) or 17200 GM

(28 ps, 520 nm)
— [31]

ZnSe/ZnS 420 nm or 408 nm 5100 GM or 13900 GM (100 fs, 806 nm) — [32]
ZnSe 420 nm or 408 nm 4900 GM or 12200 GM (100 fs, 806 nm) — [32]
Truxene-based star-shaped
oligofluorenes

441 nm 2200 GM (120 fs, 800 nm) — [33]

1,4-Bis(carbazolyl)benzene
derivatives

395 nm 448 GM (100 fs, 720 nm) — [34]

CsPbCl3 456 nm 1.36 × 10−13 cm∕W (396 fs, 787 nm) 5.30 × 10−15
(396 fs, 787 nm)

[35]

CsPbBr3 460 nm −1.71 × 10−13 cm∕W (130 fs, 800 nm) −5.18 × 10−13
(130 fs, 800 nm)

[36]

CsPb�Cl0.53Br0.47�3 447 nm 28347 GM or 3.22 × 10−12 cm∕W
(100 fs, 630 nm)

−1.4 × 10−13
(100 fs, 620 nm)

This work

CsPbCl3 409 nm 6963 GM or 7.91 × 10−13 cm∕W
(100 fs, 630 nm)

< −0.46 × 10−13
(100 fs, 620 nm)

This work
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wavelengths, which should result from the enhanced TPA at
shorter wavelengths. According to the analysis by Sheik-
Bahae [19], the dominant contribution to the third-order non-
linear refraction in the nonresonant regime arises from the TPA
term. On the basis of NLO theory, it can be known that the
NLO response of NCs is induced by the distortion of the elec-
tron cloud. The differences of NLO properties between
CsPbCl3 and CsPb�Cl0.53Br0.47�3 NCs indicate that the intro-
duction of Br− ions has an impact on the formed perovskite
crystals. Compared with CsPbCl3 NCs, CsPb�Cl0.53Br0.47�3
NCs have higher structural destabilization that will lead
to the easier redistribution of the delocalized electrons in
CsPb�Cl0.53Br0.47�3 [36,38]. Hence, CsPb�Cl0.53Br0.47�3 NCs
display much stronger nonlinear optical responses. Although
the NLO properties of two kinds of blue-emitting perovskite
NCs, i.e., CsPbCl3 and CsPbBr3, have been demonstrated
in Refs. [35,36], the solution concentrations were not provided
and solvent influences on the NLO properties were not dis-
cussed. Additionally, there are distinctive differences between
our NCs and the reported CsPbCl3 and CsPbBr3 NCs.
Thus, direct comparisons between our results and the relevant
parameters in Refs. [35,36] are not feasible (Table 1). One
thing to be noted is that the wavelength dispersion of TPA
and nonlinear refraction of perovskite NCs in our work will
facilitate the future potential applications.

In order to evaluate if the CsPb�Cl0.53Br0.47�3 NCs can be
used in all-optical signal processing devices, such as ultrafast
switches, two Stegeman’s figures of merit were also calculated
[39]. First, the effect of linear absorption must be weaker com-
pared to the effect of nonlinear refraction. This limit can be
expressed asW � n2I∕αλ > 1, where I is the excitation inten-
sity and α is the linear absorption at the excitation wavelengths.
Since linear absorption in CsPb�Cl0.53Br0.47�3 NCs is absent at
wavelengths of 620–720 nm, the figures of merit W are larger
than 1 at all the excitation wavelengths. Therefore, these values
satisfy the first Stegeman condition. Second, the effect of TPA
must be weaker compared to the nonlinear refraction. This
limit can be expressed as T � βλ∕n2 < 1, and values of T
of CsPb�Cl0.53Br0.47�3 NCs were also calculated, which are
smaller than 1 at most of the excitation wavelengths (Fig. 6).
Thus, CsPb�Cl0.53Br0.47�3 NCs are promising materials for

all-optical signal processing devices, considering that two
Stegeman figures of merit are satisfied over the wide wave-
length range.

4. CONCLUSION

In conclusion, we synthesized two colloidal perovskite NCs,
i.e., CsPbCl3 and CsPb�Cl0.53Br0.47�3, and studied their NLO
properties through the Z-scan technique and the two-photon
excited fluorescence method. We suggest that both of them
are worthy of examination as blue-emitting semiconductor
NCs with strong NLO responses. The breaking of the NCs’
octahedral symmetry by the introduction of Br anions
could be responsible for the larger NLO properties of
CsPb�Cl0.53Br0.47�3 compared with those of CsPbCl3, which
indicates that strong tunability of perovskite NCs can be
achieved by subtle variations in composition. Moreover, the
stronger TPA and nonlinear refraction of CsPb�Cl0.53Br0.47�3
NCs indicate that they should have promising applications in
two-photon excited upconverted lasing, multicolor two-photon
bioimaging, and all-optical switching.
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