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Abstract: Various potential applications of quantum dots (QDs) require knowledge of their optical
nonlinearities. In this review, the third-order nonlinearities responsible for the saturable absorption,
two-photon absorption, reverse saturable absorption, and nonlinear refraction in QDs, as well as
the high-order harmonics generation in the laser-induced plasmas containing QDs, are analyzed.
The methods of QD synthesis and preparation strongly affect their optical nonlinearities. Above-
mentioned nonlinear optical studies in QDs are analyzed for various potential applications (sources
of coherent extreme ultraviolet radiation, optical limiters, mode-lockers, etc.).
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1. Why Quantum Dots?

There is a variety of small-sized aggregates. The choice of them for the analysis
of different physical properties depends on the spatial characteristics of these species.
Particularly, previous experiments regarding the frequency conversion of laser radiation
using both gas clusters and plasma nanoparticles have shown the enhancement of harmonic
yield with regard to the atomic/ionic species of the same elemental consistence. The
qualitative explanation of this effect is a growth of the cross-section of recombination of
the accelerated electron with the parent particle in the case of larger species. Another
mechanism is a quantum confinement induced growth of the local field in such species,
which effectively interacts with the laser field. In this connection, quantum dots (QDs), sizes
of which (2-6 nm) belong to the intermediate range between clusters (0.2-1 nm) [1-4] and
nanoparticles (12-100 nm) [5,6], can be considered as rather efficient emitters of harmonics
among the three groups of small-sized aggregates. In the case of nanoparticles, only surface
atoms actively participate in high-order harmonics generation (HHG), since inner atoms
hardly can be considered as the efficient emitters of harmonics due to the absorption and
screening effect. As for the clusters containing up to 1000 atoms, their number is notably
smaller than the number of emitters from the QDs.

A similar conclusion can be applied to the lower-order optical nonlinearities of the
small-sized aggregates [7-11]. The formation of Q-switchers and mode-lockers based on
QDs is an important goal for the application of the low-order optical nonlinearities of
these small-sized species. The conditions for the efficient application of nonlinear optical
(NLO) properties of QDs in various fields of physics, chemistry, and biology require further
studies of these species.

Below, I present the overview of the NLO properties of two groups of QDs. I provide
some details of the preparation and characterization of QD samples and then discuss the
experiments revealing their NLO properties. In Section 2, I analyze the saturated absorption,
reverse saturated absorption, two-photon absorption, OL, and nonlinear refraction of
Cd5Zng 55 and Ag,S QD suspensions and films. In Section 3, I discuss the NLO properties
of the QDs comprising of mercury sulfides, selenides, and tellurides. In Section 4, HHG in
various QDs is analyzed.
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2. Low-Order Nonlinearities of the QDs Containing Various Sulfides
2.1. Cdy5Zn¢5S Quantum Dots

Low-order nonlinearities of QDs attracted attention due to their strong nonlinear
absorptive and refractive properties. Particularly, the nonlinear refraction in such QDs, e.g.,
CdSeSp.2 [12,13] and CdSeySq_x [14], was three orders of magnitude larger than that of
glasses containing CdSeS molecules. The same can be said about the two-photon absorption
(TPA) in those species. Thus, the knowledge of nonlinear absorption coefficients () and
nonlinear refractive indices () allows to determine the role of various processes like TPA,
saturable absorption (SA), optical limiting (OL), and reverse saturable absorption (RSA).

In [15], various nonlinear optical processes in the Cdg5Zng5S QDs + dye associates
synthesized by a method described in [16] are reported. The 1064 nm and 532 nm picosec-
ond pulses were used during these studies. A 40 ps pulse was used during open-aperture
(OA) and closed-aperture (CA) Z-scans (inset in Figure 1a). OL was analyzed using the
532 nm, 40 ps pulses propagating through the solution of Cdy5Zng 55 QDs and erythrosine
associates in water. OL was observed at the pulse energies above 1 mJ (Figure 1a). The joint
influence of TPA and RSA at high pulse energies became stronger than SA.
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Figure 1. (a) OL in Cdy 5Zng 55 QDs and Cdg5Zng 5S QDs+erythrosine. Z-scan scheme is presented
in the inset. (b,c) OA and CA scans of Cdj5Zng5S QDs using 1064 nm (b) and 532 nm (c) pulses.
Adapted with permission from Ref. [15], 2018, Optica Publishing Group.

The OA and CA scans using the 1064 nm radiation propagating through the water
solution of Cdy5Zng5S QDs is shown in Figure 1b. The corresponding B and <y of solution
were determined to be 3.2 x 107! em W' and 5.5 x 1076 cm? W1, which corresponded
to1.2 x 1078 cm Wl and 2 x 10713 cm? W~! assuming the volume ratio (~3 x 10~3) of
QDs in this suspension.

Two energies of 532 nm pulse (0.034 and 0.047 m]) were used to determine § of
solution (Figure 1c), which showed different values of nonlinear absorption (1 x 101 and
1.5 x 10719 cm W~1). Probably, some additional process such as RSA plays a role in the
variation of B alongside TPA.

The addition of thionine in the suspension of Cdg5Zng5S QDs led to similar results
(Figure 2a). The nonlinear absorption measured by 1064 nm pulses was significantly smaller
compared with the case of 532 nm radiation (1.0 x 107" and 2.3 x 1071% cm W1, respectively).

The addition of erythrosine instead of thionine showed the notable variation of the
nonlinear absorption (Figure 2b). Different types of nonlinear absorption, e.g., TPA, SA,
and RSA, were presented in this solution. SA and RSA dominated at 532 nm, while in the
case of 1064 nm pulses, TPA was a main nonlinear optical process. The RSA coefficient was
determined to be 3 x 1072 cm W1,

2.2. Thin Films Containing Ag»S Quantum Dots

The RSA and TPA are two most pronounced processes in Ag,S QDs liquid suspen-
sions [17-20]. It is interesting to analyze the optical nonlinearities of these small-sized
species prepared as thin films. Thin films can be used as the optical elements [21-24]. Here,
I analyze the optical nonlinearities of Ag,S QD thin films [25].
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Figure 2. (a) Open-aperture scans of Cdg5Zng5S QD+thionine suspension in the case of 1064 and
532 nm pulses. (b) Open-aperture scans of Cdy5Zng5S QD+erythrosine suspension in the case of
1064 and 532 nm pulses. Reprinted with permission from Ref. [15], 2018, Optica Publishing Group.

The silver sulfide QD suspension was deposited on the thin glasses to produce the
80 and 500 nm thick films. The CA scans of Ag,S QD films are shown in Figure 3. The
characteristics of probe pulses were as follow: pulse duration 30 fs, wavelength 800 nm,
pulse energy 0.36 pJ. Those studies have shown that thinner film had larger nonlinear
absorption attributed to the SA (—1 x 1077 and —3.2 x 1078 cm W~! in the case of 80
and 500 nm films, respectively). The same can be said about the nonlinear refractive
properties of the films of different thickness. The nonlinear refractive index of thinner film
(1.1 x 1071 em? W~1) was more than one order of magnitude larger than that of the thick
film (7 =1 x 10712 ecm? W~1). Notice that previous studies of silver sulfide QDs were
mostly limited by the the analysis of QD suspensions [26-28].
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Figure 3. Z-scan measurements of Ag,S QD films at A = 800 nm. CA Z-scans of (a) 80 nm and
(b) 500 nm thick films. Solid curves show the fits of Z-scans. Reprinted with permission from
Ref. [25], 2019, Walter de Gruyter GmbH & Science Wise Publishing.

The same features were observed in the case of the measurements of the nonlin-
ear refraction when v in the case of 800 nm pulses was smaller than in the case of
400 nm pulses. The CA Z-scan of 80 nm film showed the positive nonlinear refraction
(=33 x 10719 cm? W~1)) and positive nonlinear absorption dominating in the CA scans
of 80 nm film (Figure 4a). Meanwhile, the nonlinear refractive index of this thin film was
calculated to be ¥ = 3.3 x 10710 ¢cm? W1 while the same parameter in the case of thicker
film (500 nm) was 25 times smaller. In the case of 400 nm radiation (Figure 4b), the variation
of the nonlinear absorption from SA to RSA was observed. Thus, the reviewed studies [25]
have demonstrated the strong nonlinear optical response of films containing Ag,S QDs.
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Figure 4. Normalized transmittances in the case of (a) CA Z-scan of 80 nm film and (b) OA Z-scans
of 80 nm and 500 nm films measured using the 400 nm, 35 fs pulses. Theoretical curves are the fits
using Z-scan theory. Reprinted with permission from Ref. [25], 2019, Walter de Gruyter GmbH &
Science Wise Publishing.

3. Low-Order NLO Properties of HgS, HgTe, and HgSe Quantum Dots
3.1. Mercury Sulfide Quantum Dots

Mercury sulfide (HgS) is a material useful in various areas of optoelectronics. Different
modifications of this material like x-HgS (cinnabar, hexagonal) and -HgS (meta cinnabar,
zinc-blend type, cubic) have been extensively investigated. a-HgS is a wide bandgap
semiconductor (E,g = 2.0 eV), but it converts to the zinc-blende modification (-HgS) at
temperatures above 344 °C and becomes a narrow band gap semimetal (Epg = 0.5 eV). It is
a promising material for solar cells and sensors [29]. Bulk mercury sulfide is also suggested
to be a topological insulator with potential applications in spintronics [30].

The nanostructures of HgS allow further applications of this material in different
fields. Special attention attracts the cinnabar nanocrystals that crystallize in the trigonal
system with a noncentrosymmetric structure. Meanwhile, HgS QDs remain much less
studied species in comparison to other sulfides, e.g., PbS, ZnS, or CdS. The interest in
their properties is related to the applications of HgS QDs as optical limiters, mode-lockers,
and Q-switchers.

The third-harmonic generation (THG), nonlinear refraction, and nonlinear absorp-
tion in HgS QD suspensions and films were analyzed in [31] using the femtosecond and
nanosecond pulses. The scheme and parameters of laser pulses were almost the same as in
previously discussed cases. The 70-nm thick film of HgS QDs deposited on the 0.15-mm
thick silica glass plate was used during those studies [32]. The mean size of the HgS QDs
was 4 nm. The standard fitting procedure was applied to the measured Z-scans, when com-
monly used relations for the determination of the o and nonlinear absorption coefficients
attributed to the TPA (Btpa), SA (Bsat), and RSA (Brsa), as well as saturated intensity (Isat),
were applied to fit the experimental data.

The scheme for the measurements of TH yield was almost similar to the Z-scan scheme.
The wavelength of laser allowed the tuning in the range of 190-2500 nm, while THG was
analyzed in the 900-1700 nm range of laser radiation.

Figure 5a shows that the dominating nonlinear absorption process in HgS QD film is
SA. The bleaching of the film steadily decreased for the longer-wavelength radiation. The
spectral dependence of Bsat was observed. The dependence of the Bgat on the energy of the
500 nm PP is shown in Figure 5b.

The closed-aperture scan of studied film in the case of 1100 nm, 20 nJ, 150 fs pulses is
shown in Figure 6a. This film was characterized by the negative sign of nonlinear refraction
in a broad spectral range (500-1300 nm; y = —2 x 10~ cm? W1, Figure 6b, blue filled
squares). Meanwhile, s, was abruptly decreased in the case of the longer-wavelength PPs
(Figure 6b, red empty circles).
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Figure 5. (a) Application of 500, 700, and 900 nm radiation for OA Z-scan studies of HgS QD film.
(b) Variation of j at different energies of PP. Reprinted with permission from Ref. [31], 2022, MDPI.
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Figure 6. (a) Negative nonlinear refraction in the case of 1100 nm, 20 nJ, 150 fs PP. (b) Variations of
Bsat and <y along the studied spectral range. Reprinted with permission from Ref. [31], 2022, MDPI.

Below, the nonlinear optical studies of the HgS QDs HgS QDs suspensions and films
using nanosecond pulses are discussed. The longer PPs allowed observation of the replace-
ment of the SA by the RSA in the extended (0.2 mm) medium (Figure 7a). The application
of 532 nm pulses led to even stronger modification of the nonlinear absorption in this
sample (Figure 7c). The scans shown in Figure 7c were fitted by standard procedure [33,34]
to determine the corresponding SA and RSA processes (Bsat = —6 x 1078 cm W1 and
Brsa =5 x 1077 cm W), A similar parameter in the case of 1064 nm PP was derived
using the same procedure (Bsat = —4 x 1072 cm W1).

The application of relatively strong laser pulses (0.85 m]) allowed observation of the nega-
tive nonlinear refraction of sample at A = 1064 nm (Figure 7b, 7 = —1 X 1013 cm? W—1). The
self-defocusing at 532 nm was observed at the rather small energy of PP (0.005 mJ), thus deter-
mining the large value of the nonlinear refractive index (Figure 7d, 7 = —6 x 107> cm? W—1).

Below, I discuss the THG studies using the 1100 nm radiation. The intensity of the third
harmonic (TH) from the 0.15 mm thick glass plate was more than one order of magnitude
smaller than the thin (70 nm) film of HgS QDs deposited on the glass plate. The TH yield
from thin film was calculated to be at least 4 x 107 times larger compared with TH yield
from the pure glass substrate of similar thickness.

The polarization of PP strongly influenced the TH yield (Figure 8a). The experiments
using the film + plate and pure plate samples followed the cubic dependence of the TH
yield on the pulse energy along the whole range of the pulse energy variations (15-55 nJ,
Figure 8b).
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Figure 7. (a,c) Open-aperture scans and (b,d) closed-aperture of HgS QD suspension using 1064 nm
pulses (a,b) and 532 nm pulses (c,d). Reprinted with permission from Ref. [31], 2022, MDPL
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Figure 8. (a) The dependence of TH yield on the angle of quarter-wave plate (QWP). (b) Dependence
of harmonic yield on the pulse energy. Reprinted with permission from Ref. [31], 2022, MDPIL.

The spectral dependence of TH yield was analyzed by tuning the wavelength of PP in
the 900-1700 nm range (Figure 9). The ratio of TH yields from the film + plate and pure
plate are presented in the upper panel of this figure. The maximal ratio was achieved at the
1100 nm wavelength of PP.

In the case of thin film, the conversion efficiency towards third harmonic at Apump
=1100 nm was 7 x 10~*. The influence of the quantum confinement effect in the case of
small-sized species (QDs) is a main factor increasing the harmonic yield.

3.2. Third-Order Nonlinearities of Mercury Telluride and Mercury Selenide QDs

The passive mode-lockers and optical switches can be based on the application of
HgTe QDs. Mercury telluride QDs have the absorption range, which is useful for data
transmission (1250 nm to 1630 nm) [35-37]. HgTe CQDs can also be used in various
areas of photonics, e.g., quantum sensors, phototransistors, IR radiation detectors, and
photovoltaic devices, as well as for photoconductive components of the optical schemes.
Other properties of these QDs (multicolor detection and plasmon assisted photodetection)
also attract the attention to these multi-particle species [38].
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Figure 9. Upper panel shows the ratio of TH yields from the film + plate and pure plate. Bottom
panel shows the absolute values of TH conversion efficiencies in the case of film + plate and plate.
Reprinted with permission from Ref. [31], 2022, MDPL

The 70-nm-thick films containing 4 nm HgTe QDs demonstrate large, saturated inten-
sities, saturable absorption, and nonlinear refraction [39]. They also possess large values of
saturable absorption and nonlinear refractive index in the case of probing by 150 fs and
28 ps pulses. The tunable laser source (400-1100 nm) allowed analyzing the spectral de-
pendencies of above nonlinear optical parameters (y = —3 x 1072 cm? W~ at A = 400 nm
and f = —-24 x 107° cm? W1 at 700 nm). In the case of 532 nm, 10 ns PP, the RSA was
strongly manifested in those films, while in the case of short laser pulses this nonlinear
optical process was not observed. Meanwhile, a significant growth of SA in the case of
28 ps pulses was demonstrated in the thin HgTe QD films. These films can thus be used as
the low-Is,¢ saturable absorbers, allowing the creation of low-threshold femtosecond lasers.

The saturated intensity in the case of 10 ns pulses (Isat = 5 X 108 W cm’z) was
lower compared with the shorter probe pulses (7 x 10° and 4 x 101 W cm~2 in the
case of 28 ps and 150 fs pulses, respectively). The saturable absorbers possessing low
Isat may allow formation of the low-threshold femtosecond laser sources. As for the
measurements of nonlinear refraction, the variation of y in the case of 28 ps and 10 ns PPs
(-3 x 1072 cm? Wl and —7 x 10713 cm? W1, respectively) was attributed to the Kerr
effect enhanced in the vicinity of the absorption band of QDs and the formation of the
thermal lens.

One can expect the effectiveness in application of HgTe QDs for HHG due to the as-
sumption about the connection between different types of optical nonlinearities. Numerous
gas and plasma HHG studies have shown that small-sized species effectively generate
stronger harmonics with regard to the atomic and molecular species. In this connection,
HgTe QDs can generate stronger harmonics than HgTe nanoparticles and HgTe clusters.

The application of nanosecond pulses for the analysis of the low-order optical non-
linearities of mercury telluride QDs was reported in [40]. The characteristic features
of those experiments using 532 nm pulses were the relatively large nonlinear refrac-
tion (y = —6 x 10713 cm? W—1) and nonlinear absorption (Brsa =1 X 108 em W1 and
Bsa = —4 x 1077 cm W), These parameters were notably larger in comparison with the
use of 1064 nm pulses (y = —5 X 1074 em2 W1, Brpa =6 X 10710 ecm W,
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In the case of mercury selenide QDs, the important parameter is the dependence of
the position of intraband absorption peak in HgSe QDs on the ratio of Hg and Se compo-
nents [41]. This species demonstrated the nonlinear absorption (8 =6 x 10~7 cm W~!) and
negative nonlinear refraction (y = —5 x 10712 cm? W) in the case of 10 ns, 532 nm
PP. Meanwhile, for the twice longer wavelength, the only process was the negative
nonlinear refraction.

4. Perspectives of Efficient High-Order Harmonics Generation of Ultrashort Laser
Pulses Using Quantum Dots

4.1. Application of Metal Sulfide QDs for HHG

In previous sections, it has been shown that large low-order optical nonlinearities
of QDs make them attractive for various applications in photonics [42]. One of such
applications is the generation of high-order harmonics of ultrashort laser pulses in the
laser-induced plasmas (LIP) containing metal sulfide QDs [43]. A synthesis of such QDs
followed by a formation of the QD-containing LIP make it possible to optimize the process
of HHG during propagation of laser pulses through the plasma.

In the discussed studies [43], the synthesized colloidal silver, zinc, and cadmium
sulfide QDs in stabilized polymers formed solid species, which being installed inside the
vacuum chamber were then ablated to create the plasma cloud. The nanosecond heating
pulses (HP) from a separate laser allowed the ignition of LIP at different delays varying
between 0 and 10° ns with regard to the propagation of converting pulses using the digital
delay generator. Then, after some delay from the beginning of ablation, the 30 fs, 800 nm
driving pulses (DP) propagated at the distance of 0.2 mm from the target surface through
the LIP to generate harmonics (Figure 10). The generated harmonics were analyzed by an
extreme ultraviolet (XUV) spectrometer.

Xuvs
McP
ccD
FFG

T (ns)

Figure 10. Experimental setup of harmonic generation in the LIP containing QDs. Reprinted with
permission from Ref. [43], 2018, Optica Publishing Group.

The two-color pump (TCP) of plasma was also used for harmonics generation. This
technique has been successfully applied, alongside the single-color pump (SCP) of plasma
or gas targets, to generated strong harmonics. The additional advantage of TCP is a
generation of even and odd harmonics, contrary the case of SCP, when only odd harmonics
generated [44—47]. Finally, this technique allowed achieving stronger harmonics compared
with SCP of gases and plasmas. Second field (400 nm) was produced by installing the
nonlinear crystal barium borate (BBO) on the path of the converting beam. In the discussed
studies, the thin BBO installed inside the vacuum chamber allowed converting 4% of the
driving field to the second harmonic. This amount of 400 nm radiation wave was sufficient
for the efficient interaction of two waves in LIP.

The harmonic spectra generating in QDs are shown in Figure 11. HHG spectra at
different delays between HP and DP allowed maximizing the yield of generating harmonics.
Three studied QD plasmas showed different optimal delay between HP and DP (250, 300,
and 400 ns for ZnS, CdS, and Ag,S QDs, respectively). The cutoffs in these experiments
using Ag,S, CdS, and ZnS QD plasmas were H25, H29, and H31, respectively. These studies

were carried out at the DP intensity 3 x 1014 W cm~2.
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Figure 11. HHG in (a) silver sulfide QDs, (b) cadmium sulfide QDs, and (c) zinc sulfide QDs.
Reprinted with permission from Ref. [43], 2018, Optica Publishing Group.

A comparison of the harmonic yields from the ablated bulk and QD-containing ZnS
targets is shown in Figure 12. Similar conditions of experiment led to a significant difference
in harmonic yields in these two cases. Stronger harmonics and extended cutoff (H31;
~50 eV (25 nm)) were obtained in the case of the QD plasma. Regarding the bandwidths of
harmonics during the propagation of ultrashort pulses through the QD- and ions-containing
plasmas, the former medium allowed a larger bandwidth. This effect can be induced by
the growing bandwidth of the driving pulses propagating through the plasmas containing
multi-particle species due to the self-phase modulation.

w —2ZnS QDs
‘= 800 —— Bulk ZnS
] H15
o H9
= H7
B 600 1
= H23
2
© 400 J
o
£
© H31
c
S 200 4
E
=
©
T
20 40 100 120

60 30
Wavelength (nm)

Figure 12. Harmonic distributions during propagation of DP through the plasmas produced on the
bulk ZnS (red curve) and ZnS QD (blue curve) targets. Reprinted with permission from Ref. [43],
2018, Optica Publishing Group.

Figure 13 shows the three pairs of harmonics spectra in the case of SCP and TCP of
Ag,S, CdS, and ZnS QD plasmas. One can see the appearance of even harmonics in the
case of TCP of the studied LIPs. A very low energy of the 400 nm radiation with respect
to the 800 nm one (~1:20) allowed to generate the even harmonics at similar efficiency
as the odd ones. The reasons for the improvement of HHG efficiency in that case were
suggested in [48]. A selection of the short quantum path component, which has a denser
electron wave packet and higher ionization rate compared to SCP, the modification of the
trajectory of accelerated electrons from being two-dimensional to three-dimensional, which
may lead to a removal of the medium symmetry, and formation of a quasi-linear field in
the case of the TCP of the generating medium were among the possible reasons for the
growth of harmonic yield. The estimated conversion efficiency to the plateau harmonics
was calculated to be ~3 x 107% in the case of ZnS QD LIP. Thus, the QDs having sizes of
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the order of a few nanometers efficiently generate harmonics. The simulations of harmonic
yield from clusters predicted the increase of HHG efficiency.
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Figure 13. SCP and TCP of (a) Ag,S, (b) CdS, and (c) ZnS QDs. Reprinted with permission from

Ref.

[43], 2018, Optica Publishing Group.

4.2. Quasi-Phase-Matching and Two-Color Pump of Extended QD Plasmas

The application of different approaches, such as quasi-phase-matching and TCP of
QD LIPs, was reported in [49]. Various methods of optimization were applied to enhance

the

harmonic yield from QD emitters.

The mean sizes of Ag2S, CdS, and Cdy5Zng 55 QDs were 1.7, 3, and 2 nm, respectively.
They were ablated in a vacuum chamber (Figure 14a). The cylindrical focusing optics
allowed formation of the extended (5 mm) LIP contained QDs. The formation of extended
plasmas allowed increasing the harmonic yield using both SCP and TCP schemes. The
variation of extended QD-containing LIP using spatially structured heating beams allowed
to achieve the quasi-phase-matching for driving and harmonic waves. The spatially struc-
tured beam of HPs was produced by insertion of the multi-slit mask on the path of this
beam (Figure 14b). The application of another method when the target was initially perfo-
rated (Figure 14c) was less efficient compared with the structuring of the heating beam by
multi-slit mask.

‘ FL (a)
FB NC
MCP CCD
FFG
0 1 2 3mm
i =
e MSM TN FB;}““““

Figure 14. (a) HHG scheme. (b) Multi-jet plasma using multi-slit mask and flat surface. (¢) Multi-jet
plasma formed on the perforated target. Reprinted with permission from Ref. [49], 2019, American
Institute of Physics.

Two groups of harmonic spectra from extended LIPs containing Cdys5ZngsS and
CdS QDs at the DP energies varying from 0.3 to 0.93 m] are shown in Figure 15. The
spectral width of harmonics became a few times broader compared with the monomolecular
plasmas. Similar behavior was observed in the case of bulk zinc sulfide and ZnS QD plasma
(see Figure 12).
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Figure 15. (a) HHG in Cd( 5Zny 55 QD LIP. (b) HHG in CdS QD LIP. Reprinted with permission from
Ref. [49], 2019, American Institute of Physics.

The formation of quasi-phase-matching conditions between the driving and harmonic
waves in QD LIP is shown in Figure 16. Previously, gaseous [50,51] and atomic plasma [52]
media were used for the demonstration of this phenomenon. A division of an extended
medium into the groups of narrow media separated by a vacuum is a most useful method
to realize this process in LIP.

Homogeneous plasma (a)
on the bulk Ag,8
1P i
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Figure 16. Quasi-phase-matching in (a) bulk (Ag,S) and (b) QD (Cd5Zn5S) plasmas. Reprinted
with permission from Ref. [49], 2019, American Institute of Physics.

The quasi-phase-matching in multi-jet LIP is determined by the presence of an optimal
concentration of free electrons in a single jet. The formation of spatially structured plasma
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allows to achieve the difference in electron concentrations inside the plasma jet and the inter-
jet space. The quasi-phase-matching conditions in the case of Ag,S bulk target are shown
in Figure 16a in the form of a difference in the envelopes of harmonics distribution in the
cases of extended homogeneous plasma and spatially structured plasma. The enhancement
of higher orders of harmonics is clearly seen in the case of multi-jet plasmas compared
with the extended imperforated plasma. Meanwhile, in the case of extended imperforated
plasma, the harmonics above the 33rd order were barely seen. The 30x enhancement
factor for H41 was achieved in the case of perforated LIP. The ablation of the mixture of
Cdp5Zny 55 QDs and gelatin with and without the application of multi-slit mask led to a
similar pattern (Figure 16b).

One can admit that all HHG studies were performed using the metal sulfide QDs.
Why were only these species used in the first HHG experiments using QDs? Previous
comparative studies have shown that metal sulfides possess larger nonlinear absorption
and nonlinear refraction in the studied range of wavelengths and pulse durations compared
with other QDs. They also demonstrated the relatively large conversion efficiency towards
the third harmonic. There is an empirical assumption that the species possessing large
value of the third-order nonlinear optical susceptibilities can demonstrate the enhanced
yield of the high-order harmonics. Because of this, the metal sulfides were chosen for these
experiments. Moreover, those QDs were synthesized and well characterized prior to the
HHG experiments. The additional advantage of using those QDs is the narrow distribution
of the sizes of metal sulfide QDs.

Another question is related with the QD size considered in those experiments. There is
an assumption that the variations of QD sizes in the range of 2-7 nm should not significantly
affect the nonlinear optical response of these species. For example, the mean size of
Cdps5Zny 55 QDs was 2 nm. It was difficult to change the sizes of these synthesized QDs
using chemical methods. In some particular cases, the sizes of some synthesized QD
species were varied. However, for the discussed experimental studies, the most stable and
homogeneous QDs were used. As it was pointed out, HHG in the studied cases can most
probably be considered as a sum of harmonic emissions from different emitters. The size
effect can be manifested once one compares the multi-particle species belonging to different
categories of emitters (e.g., clusters, QDs, and NPs).

5. Summary

Different aspects of the nonlinear optical studies of QDs shown in this review underline
the importance of the determination of the processes in these species manifested under
the action of strong laser fields. Both low-order nonlinearities of QDs and HHG show
the strong nonlinear optical response of these multi-particle species. The two-photon
absorption, saturable absorption, reverse saturable absorption, as well as the nonlinear
refraction in the solutions and films containing QDs were discussed. The generation of
high-order harmonics at different regimes of laser-QD interaction was analyzed.
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