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ABSTRACT: The development of versatile two-dimensional (2D)
nanocrystals (NCs), with superior nonlinear optical (NLO)
properties, is essential for various applications in photonics and
optical communications. In this work, we demonstrate efficient
high-order harmonic generation (HHG) from the laser-induced
plasmas (LIPs) of CsPbBr3 and Ni-doped CsPbBr3 NCs. The
present study has been directed at unraveling the role of dopants in
the emission of intense harmonics from the LIP of purposefully
engineered CsPbBr3 colloidal NCs. The trend observed in the
harmonic yield enhancement is found to be similar to the increase
in their third-order NLO properties [nonlinear refractive index
(n2), nonlinear optical susceptibility (χ

(3))] of the same NCs studied at a wavelength of 800 nm. Ni-doped CsPbBr3 NCs containing
plasma spreading allowed optimization of the delay between nanosecond (ns) heating pulse and driving pulse (single-color pump)
for an enhancement in the conversion efficiency of harmonics. We believe that the emission of harmonics from the LIPs of these
pristine, Ni-doped CsPbBr3 colloidal 2D NCs reported here provides the means to address the increase in the efficiency of extreme
ultraviolet radiation, useful in attosecond spectroscopic studies.
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1. INTRODUCTION

Organic−inorganic lead halide perovskite nanocrystals (NCs)
have ignited extensive research awareness over the past decade
due to their exciting physical, optical, and optoelectronic
properties. Perovskite colloidal semiconductor NCs are an
evolving class of nonlinear optical (NLO) materials owing to
their remarkable optical/optoelectronic properties and poten-
tial in applications such as lasers, light-emitting diodes,
photodetectors, and photodiodes.1−8 Beyond the above-
mentioned applications, the attention in exploration related
to the NLO applications has also been acquisitive. This is due
to the fact that a strong saturable absorption behavior is
mandatory for developing mode-locked lasers and superior
multiphoton absorption cross sections are required for two-
photon pumped lasing, bio-imaging, etc., and several materials
have been studied in both bulk and nanostructured forms.9−11

The (a) synthesis, (b) NLO properties (at 800 nm), and (c)
excited-state dynamics (at 400 nm) of pristine, Ni-doped
CsPbBr3 colloidal two-dimensional (2D) NCs were explored
in our earlier work.12 Ni-doped CsPbBr3 possessed strong two-
photon absorption (2PA) coefficients (due to the strong
coupling between the plasmons and excitons within the NCs),

with an enhanced 2PA cross section (due to the charge transfer
induced by localized surface plasmons) and third-order
nonlinear optical susceptibility compared to pristine CsPbBr3.
Likewise, these halide perovskites hold stirring assets such as
high carrier mobility and tunable photoluminescence.13−16

High harmonic generation (HHG) has been extensively
investigated in the areas of extreme NLO interactions between
solids, gas, and plasma plumes.17−25 The HHG process
attracted the attention of researchers from the perspective of
application in improvement of light sources in the extreme
ultraviolet (EUV/XUV) spectral regime and attosecond
photonics.26−32 Earlier works demonstrated an enhanced
harmonic yield from the plasma plumes of different bulk
materials, nanoparticles, and quantum dots.33−36 Recently,
HHG from hybrid organic−inorganic perovskite (with a
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general form of MAPbX3, where MA = CH3NH3
+ and X = I,

Br, and Cl) thin films exciting them with strong mid-infrared
laser pulses and with linear, elliptical polarization was
reported.37,38 However, in this work, we focused on generating
extreme ultraviolet radiation (10−100 nm range) from plasma
plumes of pristine CsPbBr3 and four Ni-doped CsPbBr3 2D
NCs using single-color pump (SCP) 800 nm and two-color
pump (TCP) 800 + 400 nm utilizing ∼35 fs laser pulses. We
firmly believe this is the first report on HHG studies from
plasma plumes of CsPbBr3, 0.03% Ni, 0.05% Ni, 0.08% Ni, and
0.1% Ni-doped 2D NCs and correlation of enhancement of the
harmonic yield with their third-order NLO coefficients. The
exploration of novel and efficient materials (ablated 2D NCs in
the present case) in this direction paves ways for proving the
leads and means to achieve extreme ultraviolet radiation for a
variety of applications in nonlinear spectroscopy and atto-
second physics.

2. EXPERIMENTAL DETAILS
2.1. Materials and Methods. Figure 1a,b depicts the schematic

of the preparation of pure Cs oleate and Ni-doped CsPbBr3 NCs,

respectively. The complete synthesis procedure and structural
characterization (in toluene solvent) of pristine CsPbBr3 and 0.03%
Ni-, 0.05% Ni-, 0.08% Ni-, and 0.1% Ni-doped CsPbBr3 were reported
in our earlier work.12

The synthesized NCs pellets are redispersed in 5 mL of
tetrahydrofuran and subjected to transmission electron microscopy
(TEM) analysis. Figure 2 illustrates the TEM images of pristine and
0.08% Ni-doped CsPbBr3. The 2D NCs exhibited a square shape with
an average particle size of ∼20 nm. The bright lattice fringes of
HRTEM images depicted lattice plane distances of 0.394 and 0.390

nm for pristine and Ni-doped CsPbBr3 NCs, respectively. The
obtained results are in agreement with the orthorhombic phase of
CsPbBr3. The strong, bright diffraction rings in the SAED patterns
suggested that the prepared pristine and Ni-doped CsPbBr3 NCs
exhibited a well-defined crystalline structure [shown in the insets of
Figure 2a,c]. The doping usually influences the size and uniformity of
the obtained NCs, and as a consequence, in the case of 0.08% Ni-
doped CsPbBr3, a narrow size distribution was achieved.39

2.2. High-Order Harmonic Generation Setup. Figure 3 shows
the experimental setup for HHG measurements, which consists of a
Ti:sapphire laser operating at a wavelength of 800 nm (duration of
∼35 fs) with a repetition rate of 1 kHz. The harmonic spectra were
measured using a driving pulse (DP) of 800 nm, 100 Hz (the
repetition rate reduced to 100 Hz to see the harmonic spectra without
saturation captured by CCD), for pulse duration of 35 fs. Initially, the
NCs were in toluene solvent and then these were carefully placed on a
glass substrate and left for drying on the substrate (toluene evaporates
easily under ambient conditions); the approximated thickness of the
NC target was ∼1 mm. Later on, the samples were kept in a target
chamber in XYZ stage and ablated by heating pulses (HP) of 200 ps
(800 nm, 100 Hz) and 5 ns (1064 nm, 10 Hz, Q-smart 850) to create
plasma plumes for HHG measurements. Initially, we had optimized
the focusing position of HP, and then after the target was preciously
moved along the vertical direction (using the XYZ stage) after
measuring HHG spectra, the next set of data, the ablating laser pulse
has to expose to a fresh surface without loss of plasma plumes because
the already ablated portion leads to a decreased efficiency of creating
plasma plumes. The details and description about the HHG
experimental setup in terms of DP and HP laser parameters, delays
between them, and other optical layouts (lens, mirrors, microchannel
plate, gratings, and CCD) used in the present work are already
reported in our earlier work.40

The reported pristine CsPbBr3 and Ni-doped CsPbBr3 NCs were
stable enough during the experiments under laser irradiation in
vacuum. For this, we have verified with exposure of UV lamp on the
samples before and after measurements of HHG, which shows the
emission of efficient photoluminescence. After HHG measurements,
the unablated portion of target samples emits bright emission of
photoluminescence light, which is comparatively weaker in the ablated
area. Moreover, it is important to note that the thickness of the
samples does not affect the emission of harmonics and their cutoff.
Depending on the intensity of the HP, low-thickness samples will
exhaust early and there will be no emission of harmonics. In the case
of thick samples for a few shots of ablations, intense harmonics will be
obtained, and further ablation on the same position leads to a signal
loss because the focus position is changed and the material is already
damaged by the intense ablating laser pulse. Therefore, it is necessary
to maintain a uniform thickness of the samples for ablation without
changing the focus position of the ablating laser pulse.

3. RESULTS AND DISCUSSION
Initially, we compared the harmonic spectra of all samples
(refer to CsPbBr3 and four Ni-doped CsPbBr3 2D NCs) with
an SCP and a TCP in the case of ps HP and ns HP at
particular intensities of DPs and HPs. In this study, we have
chosen a DP duration of 35 fs because in the generation of
higher-order harmonics, a shorter pulse duration leads to an
increase in the cutoff and intensity of harmonics. Previously,
researchers have demonstrated the effect of DP duration on
the emission of harmonic for various solid materials, LIPs, and
gas jets.19,41−47 However, in the present report, we have mainly
measured harmonics spectra at a 35 fs pulse duration; further,
we could not precisely fine-tune the pulse duration in the
experiment. Figure 4 illustrates the harmonic spectra obtained
from the LIPs of pristine CsPbBr3 and Ni-doped CsPbBr3
(0.1% Ni-doped, 0.08% Ni-doped, 0.05% Ni-doped, and 0.03%
Ni-doped) 2D NCs at DP intensity Ifs = 4.5 × 1014 W cm−2,
and HP intensity Ips = 1.2 × 1010 W cm−2, Ins = 5.9 × 1010 W

Figure 1. Schematic of the preparation of (a) pure Cs oleate and (b)
and Ni-doped CsPbBr3 NCs.
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cm−2 for (a) SCP, ps HP; (b) SCP, ns HP; (c) TCP, ps HP;
and (d) TCP, ns HP. The intensities of harmonics for ps LIP
are slightly higher than those for ns LIP for all samples. During
the measurement of the cutoff of harmonics, it was observed
that for SCP, the harmonic spectra extended up to 27H and
23H for ps LIP, whereas they were limited to 21H and 19H for
ns LIP corresponding to Ni-doped CsPbBr3 and CsPbBr3.
However, for TCP, Ni-doped CsPbBr3 and CsPbBr3
demonstrated harmonics spectra for ps LIP, which were up
to 24H and 16H, whereas for ns LIP, they were 19H and 14H,
respectively. The mechanisms of energy absorption, heating,
and ablation are significantly affected by the HP duration,
which determines the plasma plume characteristics and
dynamics. Earlier works have clearly demonstrated that the
spatial−temporal distributions of the plasma plumes produced
by fs and ns laser pulses are distinctly different from each
other.48−50 For example, Verhoff et al.48 have recently reported

that the angular distribution of ions and evaporated mass was
smaller in the case of fs LIP compared to ns LIP. The ns LIP
possessed spherical expansion, whereas cylindrical expanded
plasmas associated with ps laser pulses exhibited a smaller
angular distribution of ions.40 Additionally, the focal spot size
in the case of ps excitation (∼71 μm) was higher than the ns
case (34.5 μm) and, therefore, achieved better interaction of
DP with ps LIPs. Consequently, this leads to the excitation of a
higher density of ions. However, ns LIPs consisted of a greater
number of atoms than ions. It is expected that the density of ps
LIP is higher and leads to an increased cutoff and harmonic
yield compared to ns LIPs, and the supporting data is shown in
Figure 4.
In the case of TCP, the results from collinear polarization

and orthogonal polarization between fundamental and second
harmonics (SH) will be different. In this paper, we only
considered the latter case due to the simplicity of the setup.

Figure 2. (a) TEM images of pristine CsPbBr3 nanocrystals, with the inset illustrating the SAED pattern. (b) HRTEM image of pristine CsPbBr3
nanocrystals. (c) TEM images of 0.08% Ni-doped CsPbBr3, with the inset illustrating the SAED patterns. (d) HRTEM image of 0.08% Ni-doped
CsPbBr3.

Figure 3. Experimental setup for high-order harmonic generation. Targets: CsPbBr3 and Ni-doped CsPbBr3 2D NCs. The numbers 1, 2, 3, 4, and 5
correspond to the processed harmonic spectra of CsPbBr3, and 0.03% Ni-, 0.05% Ni-, 0.08% Ni-, and 0.1% Ni-doped CsPbBr3 2D NCs at Ifs = 2.2
× 1014 W cm−2 and Ips = 0.5 × 1010 W cm−2. For two-color pump (TCP), we have inserted BBO in the laser propagation direction.
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We currently do not have the components we need to control
the relative phase between 400 and 800 nm. Although we
admit that we currently do not have a thorough report with
two-color fields, we believe that at least the results
demonstrated that both odd and even order harmonics are
enhanced due to doping. Previous researchers demonstrated
HHG from the plasma plumes of various materials and gas jets
using TCP of different wavelengths with orthogonal polar-
ization of SH wavelengths.51−57 For TCP measurements, a
BBO crystal (type 1, 0.2 mm thickness) is placed 20 cm away
from the focusing lens providing a SH conversion efficiency of
about 20% at Ifs = 4.5 × 1014 W cm−2. Therefore, the measured
intensity distribution ratio of the fundamental and SH signal
was 1.8:1. As per the energy cutoff formula Ecut‑off = Ip + 3.17Up
(where Ip is the ionization potential; Up = 9.33 × 10−14/(W/
cm2) λ2 (μm) is the ponderomotive potential, in which I is the
laser intensity at focus, and λ is the wavelength of incident laser
pulses), the cutoff of harmonics is proportional to the driving
laser wavelength. In the case of TCP, the 400 nm wavelength
contributes significantly toward the generation of harmonics
with even numbers, whereas SCP generates odd harmonics.
Therefore, shorter driving wavelengths lead to decrease in the
cutoff of harmonics; as a result, the TCP has lower cutoffs of
24H and 16H than SCP, i.e., 27H and 21H, for Ni-doped
CsPbBr3 in the case of ps and ns LIPs, respectively.
It is known that SCP generates only odd harmonics, whereas

both odd and even harmonics could be generated with TCP
and that too with a higher conversion efficiency. Such an
enhancement can be attributed to the selection of a short
quantum path component of a denser electron wave packet
and a higher ionization rate.51−53 Overall, Ni-doped CsPbBr3

NCs possessed intense harmonic spectra for TCP compared to
SCP. Particularly, in the case of CsPbBr3 for ps HP and ns LIP,
the harmonic yield was enhanced by 1.75 and 7 times for TCP
than SCP. Meanwhile, in both LIP experiments, the extension
of harmonics and higher yield for Ni-doped CsPbBr3 than
CsPbBr3 indicates that Ni-dopants play a key role in higher-
order harmonics. Among the Ni-doped 2D NCs, there was not
a much significant difference in the cutoff, whereas the
concentration of Ni-dopants led to an increase in the
harmonics yields as illustrated in Figure 4. The maximum
harmonic yield for all samples for four different cases is shown
in Figure 5b−e. Interestingly, enhancement in the harmonics
yield in the case of SCP, ps LIP [shown in Figure 5b] is closely
proportional to the third-order NLO properties [nonlinear
refractive index (n2), third-order NLO susceptibility(χ(3))] of
the samples measured using the Z-scan technique at 800 nm
pulses reported in ref 12, which is shown in Figure 5a.
Similarly, this correlation looked very similar to other
conditions of DP and HP presented in Figure 5c−e. It
describes that for driving pulses of 800 nm (SCP) and a
combination of 800 + 400 nm (TCP), the harmonic emission
was increased due to the contribution of Ni-dopants in the
CsPbBr3 NCs when plasma plumes were obtained with
ablation using either ps or ns HPs.
Meanwhile, it is important to have knowledge about the

responsible plasma components (atoms, ions, nanoparticles)
contributing to the emission of harmonics. During the
experiments, by changing HP and DP intensities and the
delay between HP and DP (studied the delay dependence with
respect to ns HP and fs DP for SCP), we can assume that the
probability of species with different masses can contribute to

Figure 4. Harmonic spectra measured for all samples using 35 fs pulses: (a) single-color pump, 800 nm, ps heating pulse; (b) SCP, 800 nm, ns HP;
(c) two-color pump 800 + 400 nm, ps HP; and (d) TCP, 800 + 400 nm, ns HP at Ifs = 4.5 × 1014 W cm−2, and HP for Ips = 1.2 × 1010 W cm−2, Ins
= 5.9 × 1010 W cm−2.
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HHG. The HHG spectra for different intensities of SCP and ps
HP are shown in Figure 6. As expected, the harmonic cutoff
and intensity increase with DP and HP intensities. At Ifs = 1.2

× 1014 W cm−2 and Ips = 0.3 × 1010 W cm−2, the cutoff was 2
orders higher [21H (Ni-doped) and 17H (CsPbBr3)] and the
intensity of harmonics was much stronger for Ni-dopants NCs
than the CsPbBr3, as shown in Figure 6a. Consequently, the
cutoff appears to be similar (25H) at Ifs = 6.0 × 1014 W cm−2

and Ips = 1.6 × 1010 W cm−2 for all samples, except for the
0.05% Ni (which has 29H) sample, as shown in the data of
Figure 6d. The maximum harmonic yield taken from Figure 6
data for different Ifs and Ips is plotted in Figure 7. The

Figure 5. (a) Nonlinear refractive index of the materials taken from
ref 12, measured at 800 nm Z-scans, and the maximum harmonic yield
taken from Figure 3 data for (b) SCP, ps HP; (c) SCP, ns HP; (d)
TCP, ps HP; and (e) TCP, ns HP.

Figure 6. Higher-order harmonic spectra for different intensities of driving and ps heating pulses at (a) Ifs = 1.2 × 1014 W cm−2 and Ips = 0.3 × 1010

W cm−2, (b) Ifs = 2.2 × 1014 W cm−2 and Ips = 0.5 × 1010 W cm−2, (c) Ifs = 3.55 × 1014 W cm−2 and Ips = 0.9 × 1010 W cm−2, and (d) Ifs = 6.0 ×
1014 W cm−2 and Ips = 1.6 × 1010 W cm−2, respectively.

Figure 7. Harmonic yield enhancement factors at various intensities
of driving and ps heating pulses.
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harmonic yield enhancement factor was found to be
significantly higher for lower intensities and was found to be
gradually decreasing for higher pulse intensities. This indicates
that for the targets ablated with lower Ips, the Ni-dopants
considerably contributed to the generation of harmonics,
whereas at higher Ips and Ifs, the emission of harmonics is
significantly contributed by the plasma components of
CsPbBr3 (includes Ni components) from all of the samples;
as a result, the difference of harmonic yields decreases from
pristine CsPbBr3 to Ni-doped CsPbBr3. It is highly likely that
at lower DP and HP intensities [shown in Figure 6a,b], the
observed harmonic yields are mainly contributed by the neutral
atoms rather than the ions of these 2D NCs, which leads to
enhancement of the lower-order harmonics (9H to 15H),
whereas the contribution of the ions becomes significant at
higher DP and HP intensities as shown in Figure 6c,d. In
particular, at Ifs = 6.0 × 1014 W cm−2 and Ips = 1.6 × 1010 W
cm−2 shown in Figure 6d, the harmonic spectra look saturated
possessing a wider full width at half-maximum (FWHM) of
each harmonic compared to other intensities of DP and HP.
The plasma plume of the materials ablated in vacuum

contains components of the parent material, such as atoms,
ions, nanoparticles, and clusters, which could be responsible
for HHG. The plasma plume density depends on the ablating
laser pulse intensity. However, at the ablating laser pulse
intensity of the order of ∼1010, the plasma plumes contain the
above-mentioned components. These components play a
decisive role in the generation of higher-order harmonics
with respect to the DP intensities. The DP intensity decides
the cutoff of harmonics as well as the intensity of emitted
harmonics due to the dependence of ionization potential and
ponderomotive potential of plasma components. Further in
situ experimentation is required to identify the exact plasma

components responsible for HHG. However, during the
experiments, by changing the delay between the ns HP and
DP, we can investigate the distribution of substances of
different masses in the LIPs of these samples. In this case, the
LIPs are generated with the ns HPs where the temporal delay
with respect to the DPs could be adjusted electronically using a
delay generator, as described in the Experimental Details
section. Figure 8 shows the harmonic spectra of CsPbBr3,
0.03% Ni, 0.08% Ni, and 0.1% Ni, and Figure 9a shows the
color map of 0.05% Ni-doped CsPbBr3 2D NCs produced at Ifs
= 4.5 × 1014 W cm−2 and Ins = 5.9 × 1010 W cm−2 for several
different delays (100−2600 ns range). It is observed that the
harmonic yield became weaker with increasing the delay
between HP and DP. This could be due to the fact that after
certain delays, heavy plasma components are not sufficient
enough to generate harmonic signals. However, the harmonic
cutoff for each sample was almost insensitive to the delay value.
Figure 9b shows the 11H intensity as a function of delay
between ns HP and fs DP. In the case of CsPbBr3, up to 1300
ns, the harmonic emission was present, whereas for 0.03% Ni,
0.05% Ni, 0.08% Ni, and 0.01% Ni-doped CsPbBr3 NCs, the
delay was extended up to 1800, 2600, 2100, and 1700 ns,
respectively [inset of Figure 9b]. It is noteworthy to mention
here that the harmonic intensity did not decrease monotoni-
cally as a function of delay. It can be seen that there exists a
maximum at 200−400 ns (for CsPbBr3, 400 ns; for 0.03% Ni
and 0.05% Ni, 300 ns; and for 0.08% Ni and 0.1% Ni, 200 ns).
The estimation of the velocity [i.e., distance (0.2 mm)/delay
time (ns)] of the main part of emitters equals (0.5−1.0) × 103

m/s, which is close to the earlier HHG-based measurements in
the case of DP propagation at a 0.2 mm distance from the
target surface.58 More local maxima are at multiples of each
400−600 ns delay difference until their delay cutoff is reached

Figure 8. HHG spectra of (a) pristine CsPbBr3, (b) 0.03% Ni, (c) 0.08% Ni, and (d) 0.1% Ni-doped CsPbBr3 2D nanocrystals for different delay
times between nanosecond heating and fs driving pulses.
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(for example, we have shown the delay times for 0.05% Ni-
doped in Figure 9b). This indicates that the plasma plume
consists of similar atoms/ions cluster of these samples having
their mass multiple integers of initially coming species (fast
components) at similar intensities of DP and ns HP. This also
confirms the presence of Ni-dopants, which leads to an
increase in the intensity of harmonics at longer delays. For
CsPbBr3, we noticed that the delay cutoff was 1300 ns, which
includes the second maxima of harmonic intensity near to
1000 ns (has first maxima of harmonics at 400 ns). Here, the
difference of the first maximum to the second maximum of
harmonic yield was again 600 ns. The DP was propagating
∼0.2 mm close to the targets. The calculated velocity of species
at 600 ns was 0.33 × 103 m/s yield at these 2D NCs having
another maximum intensity approximately after each 400−600
ns delay difference until their delay cutoff was reached. Overall,
these delay studies show an indication that the plasma plume
consisted of fast and slow components during the laser ablation
of ns HP. Also, it was observed that the trend of the delay
cutoff curve [inset of Figure 9b] looks similar to the
incremental behavior of harmonic intensities and nonlinear
refractive index of the reported materials (shown in Figure 5).
This indicates that the Ni-dopants enhanced the contribution
of harmonic signals at longer delays. These studies clearly
demonstrate that Ni-dopant NCs had maximum harmonic
spectra at lower delays than CsPbBr3, which implies that Ni-
dopant NCs consisted of faster components than CsPbBr3.
Overall, the HHG measurements reported in this work

indicate that pristine (CsPbBr3) possesses intense harmonics;
however, Ni-dopants increased the enhancement of the
harmonic yield. The third-order NLO properties of pristine
CsPbBr3 and Ni-doped CsPbBr3 2D NCs were investigated
earlier by Ketavath et al. using the fs Z-scan technique.12

Strong 2PA coefficients and third-order NLO susceptibility
values were obtained for Ni-doped CsPbBr3. The enhanced

NLO properties might be attributed to the localized surface
plasmon-induced charge transfer. However, in the present
report, we have measured the higher-order harmonics from
LIPs of the reported 2D NCs. It is well known that HHG is a
three-step model59 involving the following steps: (a) ionization
by the strong field associated with focused input laser pulses,
(b) acceleration of particles in the laser field, and (iii)
recombination with the parent ion followed by emission of a
high-energy photon. Further, the emission of harmonics
significantly depends on the density of plasma components
such as the parent molecule’s atoms, ions, and nanoparticles.
The emitted harmonics (XUV radiation) are highly coherent
with fundamental beams, which are the resultant of individual
harmonics emitted by each component in the plasma plumes.
Here, the first and second ionization potentials of Cs, Pb, Br
and Ni are given by 3.894, 7.416, 11.814, and 7.6398 and
23.15745, 15.0322, 21.8, and 18.16884 eV, respectively. The
supplied DP intensity is enough to iterate the harmonics from
either atoms or ions or both. As discussed above, the Ni-doped
NCs contain additional Ni atoms or ions in their plasma
components compared to the undoped/pure CsPbBr3 NCs.
Therefore, it is expected that the plasma density of Ni-doped
CsPbBr3 NCs is higher than the undoped CsPbBr3 NCs and,
as a result, high intense harmonics are emitted. However, it is
assumed that other dopants to CsPbBr3 NCs or other
perovskites might lead to an increase in the emission of
higher-order harmonics due to an increase of their plasma
density during laser ablation of respective targets. For instance,
Zhou et al. reported the controlled doping of monovalent Ag+

into CsPbBr3 NCs via a simple room-temperature synthesis
procedure and explored the electrical properties of halide
perovskite NCs,60 and other research groups have successfully
synthesized different perovskites with Ag-doping.61−63 It is
expected that these Ag-doped perovskite NCs or thin films will
be useful for emission intense higher-order harmonics because
Ag is one of the promising materials that itself emits stronger
and higher cutoff of harmonics from its LIPs.40,64,65 Thus, the
present study opens an entirely new approach for researchers
to synthesize stable new perovskite NCs with other dopants,
which are helpful toward the emission of intense harmonics
from their laser-induced plasmas.

4. CONCLUSIONS
In summary, we have presented results from our detailed
studies on the HHG in the plasmas generated from five 2D
NCs (pristine CsPbBr3, four Ni-doped CsPbBr3 with 0.03%
Ni, 0.05% Ni, 0.08% Ni and 0.1% Ni, respectively). The
contribution of Ni-dopants in laser-ablated plume (ablated by
ps HP and ns HP) from 2D NCs has been analyzed for both
SCP and TCP driving pulses. The measurements were
performed at different intensities of SCP, and we have also
demonstrated the difference of delay dependence curves
between CsPbBr3 and Ni-doped CsPbBr3 containing 2D
NCs while recognizing the similarity of the optimal values of
delays for different species at which the highest harmonic yield
was achieved. By combining the analysis of delay dependences
of integrated harmonics signals and HHG spectra in the 20−
100 nm wavelength range, the role of Ni-dopants, small- and
large-sized 2D NCs in the former process have been revealed.
We have established that the presence of Ni-dopants and
combined 2D NCs fragments leads to an enhancement in
harmonics signal in the wavelength range of 35−90 nm (i.e.,
harmonics from 9H to 25H orders), especially in Ni-doped

Figure 9. (a) Color map of 0.05% Ni-doped CsPbBr3 NCs at different
delays. (b) 11th harmonic intensity for different delays between ns HP
and 35 fs DP (800 nm); the inset shows the delay cutoff of all
samples.
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NCs. The 2D NCs species possess better enhancement of
harmonics yield at lower DP and HP intensities. The
important role of utilizing two DP (i.e., SCP and TCP) and
two HP (i.e., picosecond and nanosecond) laser pulses is that
we can digitally control extensive delays between heating and
driving pulses. The present studies allowed a better under-
standing of the enhancement of plasma spreading dynamics in
the harmonics generation from ablated species comprising
similar Ni-dopants with a variable concentration. In the case of
CsPbBr3, the first maximum was achieved at 400 ns, and it
decreased to 300 ns (0.03% Ni, 0.05% Ni) and 200 ns (0.08%
Ni and 0.1% Ni), which illustrates that a higher concentration
of Ni emits first set of fast components. However, other
maximum intensities were achieved approximately after each
400−600 ns delay difference until their delay cutoff was
reached. Our detailed results and observations have demon-
strated that under optimal ablation conditions, the laser-
produced plasmas on surfaces of different Ni-doped and pure
CsPbBr3 2D NCs contained species spread out with
comparable velocities. We analyzed the HHG yield for four
different cases; the enhancement of harmonics yields in the
case of SCP, ps LIP was exactly comparative to the third-order
NLO properties (nonlinear refractive index and NLO
susceptibility) of the samples. Similarly, this correlation was
similar to SCP (ns HP), TCP (ps and ns HP), and the
extension of delay pattern for these five samples. The emission
of harmonics from LIP of pristine, Ni-doped CsPbBr3 NCs
reported here supposedly provide the means to address the
optimization of extreme ultraviolet radiation arising from
structural differences. Also, the exploration of novel and
efficient materials in HHG direction paves ways to achieve
extreme ultraviolet radiation for a variety of applications in
nonlinear spectroscopy and attosecond physics.
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