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Abstract

We present the results of our study of nonlinear optical response observed in plasmon—exciton nano-
structures based on PbS quantum dots passivated with thioglycolic acid and gold nanorods under the
influence of 10 ns second harmonic pulses (532 nm) of Nd3T : YAG laser. We show that the association
of components of a hybrid nanostructure leads to increase in the reverse saturable absorption in PbS
quantum dots against the background of nonlinear refraction. Coating quantum dots with a monolayer
of SiO5 reduces this effect due to blocking the process of phototransfer of charge from a quantum dot to
a metal nanoparticle, which is confirmed by the quenching and reduction in the luminescence lifetime
of PbS quantum dots in the presence of gold nanorods.

Keywords: plasmon—exciton nanostructure, colloidal quantum dots, PbS, plasmonic nanoparticle, non-
linear refraction, nonlinear absorption, reverse absorption saturation.

1. Introduction

The presence of noble metal nanoparticles near quantum dots (QDs) can significantly affect the
optical properties of the latter [1,2]. Recently, there has been active research into nanosystems with
the plasmon—exciton interaction based on metal nanoparticles (NPs) and dye molecules [3, 4], quantum
dots and NPs [5-9]. Such systems are interesting due to the possibility of controlling the luminescent,
spectral, and nonlinear optical properties of the components of the nanosystem due to the exchange of
electronic excitations between QDs and NPs, the Fano and Purcell effects [1,5,6,10-14]. Basically, in
the scientific literature, the main emphasis is placed on the manifestation of plasmon—exciton interaction
in the spectral and luminescent properties of such nanosystems. An urgent task is to establish the
conditions for the formation of nanostructures with plasmon—exciton interaction based on quantum dots
and plasmonic nanoparticles that provide unique nonlinear optical properties [5].

In this work, we study nonlinear optical properties of PbS quantum dots (QDs) passivated with
thioglycolic acid, with an average size of 3.5 nm, and the same QDs coated with a monolayer of SiO9 in
the presence of gold nanorods (NRs) (4x25 nm), using the Z-scan method. The peak of the longitudinal
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plasmon resonance of Au NRs (915 nm) corresponds to the absorption feature of PbS QDs (913 nm)
associated with the first excitonic transition in the QD. In this way, the tuning of resonances in the
absorption of QDs is provided and the extinction of NRs is achieved; that is, optimum conditions are
created for the exchange of electronic excitations between the components of the hybrid nanostructure.

2. Materials and Methods

Colloidal PbS/TGA QDs are synthesized in water using an original method developed by our team.
Thioglycolic acid (TGA) is used as a passivator, Nas$S is the source of Sulfur, and Pb(NOs3)2 is the lead
precursor. 0.210 ml of TGA is poured into 250 ml of an aqueous solution of Pb(NO3)2 (6 mM), with
constant stirring. The solution becomes cloudy, then the pH is adjusted to 11, using a NaOH solution
(0.1 M), and the solution becomes clear. Next, an aqueous solution of NagS (7.7 mM) is added to the
reactor in the following volumes of 60 ml. In this way, we obtain PbS QDs. The ratio of the molar
concentrations of Cg_ /Cppy in the reactor for the obtained samples is 0.43. To remove reaction products
after synthesis, QDs are precipitated by centrifugation with the addition of ethanol and redispersed in
water. The pH of the final QD solutions is 7.2.

We determine the size of the studied QDs, using a Libra 120 transmission electron microscope (TEM)
(CarlZeiss, Germany) with an accelerating voltage of 120 kV. Digital analysis of TEM images shows the
formation of ensembles of PbS QDs, with an average size of 3.5 nm. The dispersion in the size of quantum
dots is 10-15%.

To establish the possibility of controlling the nonlinear optical response of QDs by reducing the
probability of charge transfer, PbS QDs are coated with a monolayer of SiO2, an original technique
developed by our team [15]. To grow a monolayer of SiO2 on the surface of PbS QDs, the following
original technique is used. NaOH solution (0.1 M) is added to 40 ml of PbS QD solution with constant
stirring to bring the pH to 11.2. Next, 10 ml of an aqueous solution of (3-Mercaptopropyl)trimethoxysilane
(MPTMS) (5 mM) is added to the resulting solutions of PbS QDs with constant stirring. Then they are
stirred for 24 h., and the solutions are freed from reaction products by centrifugation with the addition of
ethanol and redispersed in water. TEM images of PbS/MPTMS QDs (hereinafter referred to as PbS/SiO2
QDs) are obtained again. Size analysis shows that the PbS QD does not change during the growth of
the SiO2 monolayer. The presence of a SiO5 monolayer is confirmed by energy dispersive X-ray analysis
(EDX), using a spectrometer built into the TEM Libra 120 PLUS (Carl Zeiss, Germany). The analysis
of EDX results is described in detail in [16,17].

Multistage colloidal synthesis is used to form gold nanorods (Au NRs) [18]. An aqueous solution of
the surfactant cetyltrimethylammonium bromide (CTAB) is used to grow cylindrical NRs, being both a
weak reducing agent and an anisotropic medium. Initially, a seed solution of gold nanospheres, with a
size of 3 nm, was prepared by reducing aqueous chlorauric acid HAuCly (7 pl, 0.36 mol) with a solution
of NaBH, (1.0 ml, 5 mmol) in an aqueous solution of CTAB (20 ml, 0.02 mmol). Anisotropy of NRs
growth is ensured by introducing a mixture of HAuCly (28 ul, 0.36 mol), CTAB (50 ml, 0.1 mmol),
silver nitrate (AgNO3)(0.1 ml, 0.02 mol), and ascorbic acid (CgHgOg) (5 ml, 0.05 pmol). The addition
of AgNOs3 helps to control the length-to-diameter ratio of Au NRs. According to the results of digital
processing of TEM images, the average size of gold nanorods is 4x25 nm.

We record optical absorption and luminescence spectra, using a USB2000+ spectrometer (Ocean
Optics, USA) with a USB-DT radiation source (Ocean Optics, USA). Measurements of the QDs lumi-
nescence decay kinetics are carried out, using the TimeHarp~260 module (PicoQuant, Germany), which
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operates in the single photon counting mode. The detector is an InGaAs SPAD (MPD), with a time
resolution of 0.2 ns. The luminescence decay curves are approximated by a theoretical curve, using a
deconvolution procedure with the experimentally measured response function of the equipment.

To study the nonlinear optical properties, we use the Z-scanning technique [19], which consists of
measuring the normalized transmittance of the sample under study, as it moves relative to the focal
plane of the collecting lens along the optical z axis. The normalized transmittance is defined as the
ratio of the transmittance of the sample T'(z) at a point with coordinate z to the transmittance of the
sample in the linear mode at low intensity, away from the focus of the collecting lens T (z — c0). In this
way, we measure the transmittance of the sample at different cross sections of the size of the Gaussian
beam (various intensities); that is, the sample is actually scanned according to the intensity of the laser
radiation. The experiments used the second harmonic radiation of a Nd3*:YAG laser (LS-2132UTF,
LOTIS TII) with a radiation wavelength of 532 nm, a duration of 10 ns, and a repetition rate of 1 Hz.
The radiation is focused by a spherical lens with a focal length of 300 mm. Quartz cuvettes, 5 mm thick,
containing the samples under study, are moved along the optical z axis of the probing laser pulse through
the focal plane of the collecting lens, using a linear translator. The waist radius is ~30 pum.

The setup was described in detail in [20]. Measurements are carried out using pulse energies of 0.16 mJ,
which are monitored by a PM100USB power and energy meter and ES111C detector (Thorlabs).

3. Results and Discussion

We select the samples under study, taking into account the precise tuning of resonances in the ab-
sorption of PbS QDs and the extinction of Au NRs; see Fig. 1a. In PbS quantum dots, it is difficult to
distinguish feature in absorption at a wavelength of 913 nm, associated with the first excitonic transition
in the QD. The absence of a pronounced feature in the absorption of QDs is due to the high scatter in
QD sizes. To determine the position of the exciton transition, luminescence excitation spectra are used,
with the signal recorded at the maximum of the luminescence band; see Fig. 1 a inset. The gold nanorods
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Fig. 1. Extinction spectra (a), and luminescence spectra (b) of PbS QDs (1), PbS/SiO2 (2), an ensemble of gold
nanorods (average size 4x25 nm) (3), and mixtures of PbS QDs (4) and PbS/SiO; (5) with gold nanorods.
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exhibit an extinction peak at 915 nm, associated with the longitudinal plasmon resonance in the NPs.
Mixtures of the studied samples do not show significant changes in the extinction spectra and are the sum
of the extinctions of the components of the nanostructure. Coating PbS QDs with a monolayer of SiO»
does not affect the linear absorption properties of the sample. It is worth noting that the application of a
monolayer of SiOs to the surface of a QD leads to increase in the luminescence intensity up to 4.5 times
compared to the original QDs (Fig. 1b) and increase in the luminescence lifetime up to 1.3 times (Fig. 2)
from 1200 to 1530 ns. This approach ensures passivation of dangling bonds on the surface of QDs, which
can be channels for non-radiative recombination of electronic excitations, as evidenced by increase in the
luminescence lifetime [15].

The addition of gold nanorods to a solution of
PbS QDs manifests itself in the quenching of QDs
luminescence by a factor of 3 and the acceleration
of the luminescence lifetime by a factor of 2.5. The
hybrid structure based on PbS/SiO2 QDs demon-
strates quenching of QDs luminescence in the pre-
sence of NRs by 1.7 times and acceleration of kine-
tics by 1.5 times; see Fig. 2. The above data indi-
cate that charge transfer is the most likely process
for the exchange of electronic excitations.

Let us turn to the nonlinear optical properties
of the samples under study. The colloidal solution — T T T r )
containing gold nanorods does not demonstrate a 0 500 1000 Defg‘;,o, n32000 25003000
nonlinear optical response under our experimen-
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PbS/SiOy QDs obtained in a closed-aperture ge-

ometry demonstrate defocusing of laser radiation. It is manifested in a symmetrical relative to the focal
plane of the collecting lens increase in the transmission of the sample due to a decrease of the divergence
of the probe radiation (z < 0) and a decrease of the transmission of the sample, due to increase in the
divergence of the probe radiation (z > 0); see Fig. 3. In this case, the predominant mechanism of non-
linear refraction is the effect of filling states (“band filling” [21-23]). It is worth noting that coating PbS
QDs with a monolayer of silicon dioxide has virtually no effect on nonlinear absorption and refraction in
comparison with the original QDs. The mechanism of nonlinear absorption in the QDs under study is
the reverse saturation absorption on localized states of QDs defects [15].

The introduction of plasmonic gold nanorods into a solution of PbS QDs changes the nonlinear
optical response of PbS QDs — against the background of nonlinear refraction, increase in the nonlinear
absorption is observed. Moreover, in the case of PbS/SiOy QDs, the magnitude of the dip in the Z-scan
is 1.3 times smaller than in the case of unmodified QDs.

To estimate the coefficients of nonlinear absorption and nonlinear refraction, we approximate the
experimentally obtained Z-scans by the expression [24]

4x 2(z% + 3)

IO =1t @ 0 @@ @)

where © = 2/z9, 20 = 0.5 k(wg)?, k = 27/), wp is the beam radius in the focal plane, A is the radiation
wavelength, A® = kylgLes and AV = [IgLeg/2 are parameters describing phase shift near the focal
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Fig. 3. Z-scans in closed aperture geometry of PbS QDs (curve 1) and gold nanorods (curve 3) and a hybrid
nanostructure of them (curve 4) (a) and PbS/SiOs QDs (curve 2) and gold nanorods (curve 3) and a hybrid
nanostructure of them (curve 5) (b). Samples of the colloidal solutions under study are probed by laser pulses with
a duration of 10 ns, at a wavelength of 532 nm.

point, ~v is the nonlinear refractive index, 3 is the nonlinear absorption coefficient, Iy is the intensity of
laser radiation in the waist, Leg = [1 — exp(—al)]/a is the effective thickness of the sample, « is the
linear absorption coefficient, and L is the sample thickness.

The following nonlinear refraction () and absorption (3) coefficients are determined:

PbS (PbS/SiO3), v = —4.5-1071% ecm? - W~! and 3 =8.2- 10" cm- W1,

mixture of PbS + Au NRs, v = —4.3-107 cm? - W™, and f =5.1-10710 cm - W1,

mixture of PbS/SiOy + Au NRs, v = —4.4 - 107 cm? - W~! and 8 =2.9-107 cm - W1
It is clearly seen that, in the case of PbS QDs with a modified SiOs surface, there is a smaller increase in
the nonlinear absorption coefficient (3.5 times) compared to the original PbS + Au NRs QDs (6.2 times).
This indicates the possibility to control the nonlinear optical parameters of a plasmon—exciton nanosystem
by spatial separation of components and/or passivation of dangling bonds on the QD surface involved
in the exchange of electronic excitations between the QD and metal nanoparticles. This is indirectly
evidenced by the quenching of QD luminescence in the presence of gold nanorods and the acceleration of
decay, which was discussed above.

In our experiments, tt is worth noting separately that the contribution to the nonlinear optical
response of hybrid nanostructures and their dynamic scattering components is small. This is confirmed
by recording the signal on an additional photodiode located at an angle to the optical axis of the collecting
lens during Z-scanning. This is achieved by selecting the optimum ratio of QDs to gold nanorods of the
order of 1000 QDs to 1 NPs.

4. Conclusions
In the work, we demonstrated the possibility of controlling the nonlinear optical absorption of PbS

QDs passivated with thioglycolic acid in the presence of gold nanorods by depositing a monolayer of SiO»
on the QDs, which led to a decrease of the influence of plasmon—exciton interaction on the luminescent
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and nonlinear optical properties of the QDs. The samples were probed with pulsed laser radiation with
a wavelength of 532 nm and a duration of 10 ns, using the Z-scan technique. By approximating Z-scans,
it was possible to establish an increase the nonlinear absorption coefficient of PbS QDs in the presence
of gold nanorods from 3.5 times with a SiOg shell to 6.2 times (without modification of the QDs surface)
relative to the original QDs.

Acknowledgments

The work was supported by the Russian Science Foundation under Grant No. 22-22-00842.

References

W N =

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

. E. Cao, W. Lin, M. Sun, et al., Nanophotonics, 7, 145 (2018); DOIL: 10.1515/nanoph-2017-0059
. S.Hu, Y. Ren, Y. Wang, et al., Beilstein J. Nanotechnol., 10, 22 (2019); DOI: 10.3762/bjnano.10.3
. A. 1. Zvyagin, A. S. Perepelitsa, O. V. Ovchinnikov, et al., Mater. Res. Express, 6, 1150c8 (2019);

DOI: 10.1088/2053-1591/ab4e2a
O. V. Ovchinnikov, M. S. Smirnov, T. A. Chevychelova, et al., Dyes Pigm., 197, 109829 (2022);
DOLI: 10.1016/j.dyepig.2021.109829

. A. 1. Zvyagin, T. A. Chevychelova, A. S. Perepelitsa, et al., Condens. Matter Interphases, 25, 350 (2023);

DOI: 10.17308 /kemf.2023.25/11258

F. Davoodi and N. Talebi, ACS Appl. Nano Mater., 4, 6067 (2021); DOI: 10.1021/acsanm.1c00889

I. G. Grevtseva, T. A. Chevychelova, V. N. Derepko, et al., Condens. Matter Interphases, 23, 25 (2021);
DOI: 10.17308 /kemf.2021.23/3294

M. C. Daniel and D. Astruc, Chem. Rev., 104, 293 (2004); DOI: 10.1021/cr030698+

V. K. Komarala, Yu. P. Rakovich, and A. L. Bradley, Appl. Phys. Lett., 89, 253118 (2006);

DOI: 10.1063/1.2422906

L. Ke and M. L. Katsnelson, NPJ Comput. Mater., 7, 1 (2021); DOI: 10.1038/s41524-020-00469-2

P. De Vera, 1. Abril, and R. Garcia-Molina, Phys. Chem. Chem. Phys., 23, 5079 (2021);

DOI: 10.1039/d0cp04951d

R. K. Yadav, J. Aneesh, R. Sharma, et al., Phys. Rev. Appl., 9, 044043 (2008);

DOLI: 10.1103/PhysRevApplied.9.044043

N. Kholmicheva, L. Royo Romero, J. Cassidy, and M. Zamkov, Nanophotonics, 8, 613 (2019);

DOI: 10.1515/nanoph-2018-0143

V. V. Danilov, A. S. Panfutova, A. I. Khrebtov, et al., Opt. Lett., 37, 3948 (2012), DOI: 10.1364/0OL.37.003948
A. 1. Zvyagin, T. A. Chevychelova, K. S. Chirkov, et al., Optik, 272, 170276 (2023);

DOI: 10.1016/j.ijle0.2022.170276

A. S. Perepelitsa, O. V. Ovchinnikov, M. S. Smirnov, et al., J. Lumin., 231, 117805 (2021);

DOTI: 10.1016/j.jlumin.2020.117805

O. Ovchinnikov, S. Aslanov, M. Smirnov, et al., Opt. Mater. Express, 11, 89 (2021);

DOL: 10.1364/OME.411432

N. R. Jana, L. Gearheart, and C. J. Murphy, Adv. Mater., 13, 1389 (2001);

DOI: 10.1002/1521-4095(200109)13:18j1389:: AID-ADMA1389;,3.0.CO;2-F

M. Sheik-Bahae, D. C. Hutchings, D. J. Hagan, and E. W. Van Stryland, IEEE J. Quantum Electron., 27,
1296 (1991); DOT: 10.1109/3.89946

T. A. Chevychelova, A. 1. Zvyagin, A. S. Perepelitsa, et al., Optik, 250, 168352 (2022);

DOLI: 10.1016/j.ijle0.2021.168352

R. A. Ganeev, A. I. Ryasnyansky, R. I. Tugushev, and T. Usmanov, J. Opt. A: Pure Appl. Opt., 5, 409 (2003);
DOL: 10.1088/1464-4258/5/4/317

89



Journal of Russian Laser Research Volume 45, Number 1, January, 2024

22. Q. Chang, Y. Gao, X. Liu, and C. Chang, IOP Conf. Ser.: Earth Environ. Sci., 186, 012076 (2018);
DOL: 10.1088/1755-1315,/186/4/012076

23. D. Yan, T. Shi, Z. Zang, et al., Chem. Eng. J., 401, 012076 (2020); DOI: 10.1016/j.cej.2020.126066
24. X. Liu, S. Guo, H. Wang, and L. Hou, Opt. Commun., 197, 431 (2001); DOI: 10.1016/s0030-4018(01)01406-7

90



	NONLINEAR OPTICAL PROPERTIES OF PLASMON–EXCITON NANOSTRUCTURES BASED ON PbS QUANTUM DOTS AND GOLD NANORODS IN THE FIELD OF NANOSECOND LASER PULSES
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	4. Conclusions
	Acknowledgments
	References

