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Fabrication of polymer microsphere-based whispering gallery mode
microcavities of various sizes incorporating Ag-In-S quantum dots
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The presented methodology describes the fabrication of active spherical microresonator structures with
whispering gallery modes, based on polystyrene microspheres and AgInS, quantum dots. These microresonators
were obtained through electrostatic layer-by-layer deposition in aqueous suspensions. The ability to precisely tune
the luminescent response of the active microresonators by adjusting the size of the polystyrene microsphere template
is demonstrated. This size-dependent tunability of the optical properties makes these structures highly promising
for integration into sensor devices, where optimized performance can be achieved through tailored resonator design.
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Introduction

Creation and improvement of resonators capable of
confining a light wave within a material are of great interest
in applications such as sensor platforms, low-threshold
stimulated emission sources, optical filters, interferometers,
waveguides, etc. [1-5]. Whispering gallery mode (WGM)
resonators are one of the most promising optical technology
areas. Such resonators have a set of unique properties
such as high sensitivity to environment, high detection
limits. WGM resonators may be divided into two types:
active and passive. Passive resonators are made of an
unalloyed material, therefore their application is limited due
to difficulty in excitation radiation supply and to a complex-
geometry evanescent wave coupler [6]. Alternatively, active
resonators may by excited in free space and, thus, facilitate
remote excitation of structures [2]. However, application
of active resonators is essentially limited by the properties
of an amplifying medium, including uncontrolled spectral
detection range [7]; temporal instability of organic dyes [8,9];
toxicity of heavy metals (Cd-, Hg- and Pb-based struc-
tures) [10-12]. Low-toxic semiconductor AgInS, quantum
dots (QD) with unique optical and electronic properties
are a promising material offering new opportunities in the
development of active WGM resonators.

One of the main areas for improvement of the technique
for creating active resonators is the involvement of various
amplifying media: organic dyes, perovskite nanocrystals,
carbon dots and QDs with various composition. Organic
dyes and perovskites usually provide high photolumines-
cence quantum yield (PLQY), but they lack temporal
stability and photostability that are necessary for long-
term operation of the WGM resonator. II-VI quantum
dots (Cd, Hg and Pb chalcogenides) are generally stable,
but toxic heavy elements existing in these nanoparticles
almost preclude from using them in biosciences or for any
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end user. To avoid the constraints of materials that are
currently used, we propose ternary quantum dots free of
toxic metals, i.e. AgInS,/ZnS (AIS) QDs with bright and
tunable radiation spectrum. AIS quantum dots have optical
properties suitable for bioimaging, nonlinear optical devices
and sensoric applications [13-15]. Position of their PL
band peak may be adjusted from green to near infrared
optical spectrum range depending on stoichiometry and
particle size, which provides high flexibility of the obtained
active resonators. Meanwhile, high photostability [16],
long lifetimes (hundreds of nanoseconds) [17] and high
PL quantum yield (up to 90%) [18] make AIS QDs
optimum candidates for amplifying medium in active WGM
resonators.

Microspheres are the most suitable geometry for imple-
menting the WGM effect due to their capability of effective
light confinement and precision control of resonant modes.
Microspheres used as a base platform for active WGM
resonators make it possible to achieve high quality and
compatibility with various materials. Previous studies have
shown that CdSe QDs were mostly used for deposition
onto microspheres during WGM generation [12,19-22]. The
main methods for introducing QDs into a resonator are
swelling and layer-by-layer deposition whereby the latter
is preferable for fabrication of active microcavities due to
their ability to control precisely the layer thickness and
composition leading to more homogeneous structure and
layer-by-layer fabrication. Study [12] shows successful ap-
plication of the layer-by-layer deposition method for creating
tunable WGM radiation by adsorption of thin polyelectrolyte
layers on the surface of a silica microsphere with integrated
CdSe QDs. The influence of the QD layer thickness on
the parameters and position of WGM resonance variations
has been in turn studied in [20]. However, investigations
of the influence of the resonator base platform dimensions
on the parameters of the active magnetostriction resonance
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are not complete with respect to morphological features of
this type of resonator platform. This is in turn particularly
interesting area of investigation because the dependence
of the resonator base dimensions is an important factor
for investigating the WGM generation, and future research
in this field may provide valuable information about the
fundamental physics of processes taking place in the active
WGM resonators and potential applications of such systems.

Materials and methods

Reagents

Polymer microspheres made of polystyrene with COOH
charge/groups on the surface (PMS) with a size of 3, 4, 5,
6 um were provided by Polymer Latex (Saint Petersburg,
Russia), polyallylamine hydrochloride (PAH) (molecular
weight ~ 50000) was bought from Sigma Aldrich and used
without additional purification, sodium chloride (C.P.) was
bought from LenReaktiv, indium chloride tetrahydrate (IIT)
(InCl; - 4H,0), silver nitrate (AgNOs), zinc acetate dihy-
drate (IT) (Zn(CH3COO); - 2H,0), sodium sulfide nonahy-
drate (NaS-9H,0), sodium chloride (NaCl), ammonium
hydroxide solution (NH3-H,0), thioglycolic acid (TGA),
isopropanol, acetone, distilled water.

Ag-In-S QD synthesis

Colloidal AgInS; quantum dots with ZnS shell were
synthesized using the adapted method described in [16].
First, solution with AgNO 3 , TGA and ammonia alkali was
prepared, then InCl 3 and Na , S were added. After heating
and adding TGA and Zn(CH3COO), solutions, the ZnS
shell was grown. After completion of the synthesis process,
the prepared solution was washed with the isopropanol and
acetone mixture to remove reaction by-products and ligands
remaining in excess. Purified AIS/ZnS QDs (hereinafter
referred to as AIS) were diluted in deionized water and
stored in a refrigerator.

Fabrication of active microcavities

Active WGM microcavities are fabricated from polymer
microspheres that have a negative charge (£ = —45mV)
on the surface due to functionalization with carboxyl
groups. The study used PMS with different diameters of
3, 4, 5 and 6um. Ternary AIS quantum dots obtained
using the protocol described in [23] served as the active
medium in the resonators. Fabrication process of the
active microcavities is identical for PMS with different
diameters and is shown in Figure 1. The microsphere is
coated with PAH that provides a positive surface charge
(¢ ~ +44mV). For this, PAH and PMS were mixed in
1M sodium chloride solution, then washed three times in
distilled water: centrifuging and decantation of supernatant
liquid, adding water, shaking. Concentrated AIS aqueous
solution was added to PAH-coated PMS, the mixture was

Optics and Spectroscopy, 2024, Vol. 132, No. 5

shaken during 24h. The obtained active microcavities were
washed to remove excess AIS in the aqueous solution using
the same procedure as for PMS+PAH.

Instruments and active microcavity investigation
methods

WGM spectra of active microcavities were recorded using
Renishaw InVia Raman microspectrometer (Renishaw, UK)
with 488 nm Ar*-laser. The spectrometer has a back-scatter
geometry with 50x Leica (NA = 0.78) lens.

SEM images of microcavities for monitoring uniform
deposition of AIS onto PMS were obtained using Merlin-
Zeiss electron microscope at 15kV and a cathode current
ofl = 5000 pA. Oxford XMax 80 energy-dispersive analysis
module and Aztec software were used for the elemental
analysis.

Stability of the obtained structures was examined and
deposition uniformity was monitored through changing the
surface charge (£-potential) using Zetasizer Nano (Malvern,
UK).

Luminescent-microscopic images of PMS were made
using LSM 710 confocal laser scanning microscope (Carl
Zeiss, Germany) on the basis of Axio Imager Z1
wide-field microscope with EC Epiplan-Apochromat
50x (NA = 0.95) lens. Photoluminescence was induced by
a 405 nm diode laser and collected by QUASAR 32-channel
spectral detector integrated into the microscope system.

Results and discussions

Optical properties of polystyrene microspheres and
Ag-In-S quantum dots were investigated using the flu-
orescence microscopy and scanning electron microscopy
(SEM) methods. The image of PMS with AIS/ZnS QDs
on the surface obtained using the fluorescence microscopy
is shown in Figure 2,a demonstrating the functionalized
microspheres with enhanced luminescence on the periphery.
Ag-In-S quantum dots are uniformly distributed on the
surface and have intense visible-range photoluminescence,
which is indicative of their potential use as an amplification
and detection source or microspheres. Examination of
microcavities using the scanning microscope (Figure 2, b)
shows that the microsphere surface is characterized by
smoothness and sphericity supporting successful fabrication
and high quality of functional microstructures.

In WGM-effect optical resonators, light waves are prop-
agated at particular reflection angles leading to resonance
enhancement of radiation. This effect results from repeated
reflections of light waves from inner surfaces of the res-
onators and by light wave interference inducing two sets of
modes with orthogonal polarization: transverse electric (TE)
mode and transverse magnetic (TM) mode [24]. WGM
resonators have special properties such as high degree of
coherency and capability of monitoring their resonance
characteristics. Figure 3 shows schematic diagram of the
resonance process in a WGM resonator using geometrical
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Figure 2. (a) pseudocolor images of PMS with QDs obtained using fluorescence microscopy; () SEM image of a single microsphere.

and wave optics approximations. Typical PL spectra for
microcavities with different dimensions of the base platform
demonstrate a series of closely spaced periodic peaks
corresponding to different WGM resonances. Each mode
represents a particular wavelength at which the system can
effectively store the energy for a long time. Spectra of
microcavities with various dimensions differ from each other
by several parameters. Increase in the microsphere diameter
leads to the growth of the number of observed resonant
states in one spectral range. This dependence results from
the decrease in the distance between the neighboring modes
and the increase in the mode number, which leads to the
decrease in the free spectral range (FSR). WGM spectra
are shown after normalization and subtraction of Raman

scattering bands of polystyrene in Figure 4. Before the
analysis of structure, modes were identified by their polar
numbers. According to the explicit asymptotic equation
derived by Lam et al, positions of modes with mode
number | and sequence number i may be obtained as
follows [25]:

P 3
SRS AW £ PR
’ -1t \10

2P (- )
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(n2 — 1)% @)
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Geometrical optics Wave optics

Figure 3. Schematic diagram showing the resonance of the spherical WGM microcavity using geometrical and wave optics. nl and n2 —
are the refractive indices of the corresponding media. Small ellipsoids represent the resonant mode distribution in electric field.
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Figure 4. WGM spectra of microcavities with different polymer sphere diameters: (a) 3 um, (b) 4um, (¢) Sum, (d) 6 um — positions
of some modes are also indicated.

where X;; = 277a/1 is a dimensionless parameter, a is the In this study, a; =2.338 for i =1 and a, =4.088 for
microsphere radius, n is the refractive index of the resonator i = 2. refractive index dispersion of polystyrene was con-
material, P = n for the TE-mode and P = 1/2 for the TM- sidered by calculation of particular wavelength-dependent
mode, ¢ — i-th root of the Airy function, v =1+ 1/2. values using the experimental data from [26]. Another
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WGM resonator parameters for different microsphere sizes

Diameter TE-mode number | Q factor | FSR,nm
of sphere, um
3 18 900 19
4 25 1600 15
5 36 2300 12
6 42 3100 9

important aspect to be considered is how the amplifying
medium properties influence the resonance quality. Q-factor
is used to evaluate the total energy stored in the resonator
with respect of the loss of energy [27]. Q factor for a
particular mode was calculated using the following equation:

Q=1/A4, (2)

where 1 and A1 are the wavelength and resonance peak full
width at half maximum, respectively. The higher Q factor
the longer oscillations are retained in the system. The table
contains Q factors and FSR for microcavities with different
sizes depending on the TE-mode number.

The number of light rereflections in the sphere cross-
section increases as the optical path length increases. This
demonstrates that the modes recorded on microcavities
with large diameters have a higher number (Figure 4),
therefore, the free spectral range decreases. Moreover, more
detailed examination shows that FSR between modes with
the same numbers in microcavities with different sizes does
not coincide. For example, the distance between TE,, and
TMy; is larger in the microcavity with a diameter of 4 um
compared with the microcavity with a diameter of 3 um, and
the distance between the doublets containing TE- and TM-
modes with the same numbers grows as the microcavity size
increases (Figure 5). Such variations of microcavity mode
positions are also observed for smaller size distributions
and on other luminescent media [28]. These results are
indicative of a complex dependence of microcavity spectra
on microcavity sizes and mode parameters.

Conclusions

The study has established that the resonator sizes have
significant influence on the Q factor and number of gener-
ated modes. The described technique for fabricating active
microcavities is used for fine tuning their PL characteristics,
thus, providing good prospects for application in sensor
devices and creation of unclonable functions. It has been
shown that large resonator sizes lead to the highest Q factor
up to ~ 3000. On the contrary, small sizes have a small
number of generated resonant modes in the investigated
spectral range and have low Q factor. It has been
established experimentally that for larger microspheres the
number of generated modes is larger which is attributed
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Figure 5. Free spectral range for TM- and TE-modes with the
same number on spheres with different diameters. The difference
(A) between the neighboring doublets of modes 21 and 22 on 3
pm and 4 um spheres is also indicated.

to the principle of an integer number of wavelengths
for rereflection. The study describes the technique for
creating active spherical microcavity structures with the
whispering gallery modes using polystyrene microspheres
and AgInS, quantum dots. Possibilities of precise tuning
of luminescent response of the active microcavities by
varying the resonator base size have been investigated. This
streamlining facilitates efficient utilization of data structures
in sensor devices to achieve optimum characteristics.
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