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Spectral Measurement of a Single Semiconductor Nanoplatelets Cluster

in Radio-frequency Trap
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In this work, we study the optical response of microclusters of CdSe nanoplates localized in an radio-frequency

trap. The luminescence spectra of the stock solution of nanoplates, its microclusters on a glass substrate, and

in an radio-frequency trap are compared. The redshift and broadening of the exciton luminescence band, as

well as the formation of additional luminescence bands in the long-wavelength region of the spectrum as a result

of the aggregation of nanoplates, is shown. The spectra of microclusters localized in an radio-frequency trap

are characterized by a greater redshift and broadening of the main band, as well as an increase in the relative

contribution of long-wavelength luminescence bands to the spectral response. The possible mechanisms leading to

the modification of the luminescence spectra of nanoplate microclusters are discussed.
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1. Introduction

Spectral optical analysis methods are actively used to

study the internal energy structure, chemical composition,

and surface morphology of various nanoparticles and mate-

rials based on them. Techniques for measuring absorption

and transmission spectra, luminescence and luminescence

excitation spectra, time-resolved spectroscopy techniques,

and pump-probe spectroscopy are now widely known.

All these techniques involve the study of nanoparticles

in a colloidal solution or on a substrate. In this case,

measurement data provide information about the whole

system, including the properties of the environment and

the influence of the environment on the properties of the

sample. In addition, it is almost impossible to exclude

interactions of individual particles of the sample with each

other. Interpretation of such measurements often requires a

number of assumptions, which in turn affects the accuracy

and validity of the study results. It is a complex and

non-trivial task to exclude the influence of the external

environment on the studied parameters and conduct single-

particle studies.

One approach to isolate a single object in space is

electrodynamic trapping of charged particles. A single

charged object ranging in size from several nanometers to

hundreds of micrometers can be captured by interacting

with the alternating electric field of a radio frequency trap.

The basic principles of electrodynamic trapping of charged

particles are described in detail in [1–3]. Radiofrequency

traps allow one to isolate the object of study in space (in a

buffer gas or vacuum) with the possibility of precise control

of its position. In the optical spectrum recorded from a

trapped levitating particle, effects due to the interaction of

this particle with the medium and other particles will be

minimized.

Several scattered experimental works on techniques for

measuring the optical properties of individual micro- and

nanoparticles levitating in radiofrequency traps have been

published to date. The optical spectra of quantum dots

and their clusters localized in the field of radio frequency

traps [4,5] have been studied. The sizes of single trapped

aerosol particles were determined by interference methods

and techniques based on Mie scattering theory [6,7].
Although the first attempts at optical studies of levitating

particles in RF traps have already been made, the spec-

troscopy of single particles in RF traps remains new and

poorly understood.

Furthermore, the potential for investigating single objects

in an RF trap is not limited to spectral optical techniques

alone. Radiofrequency traps allow a wide class of methods

to be used to determine the physical characteristics of

a trapped particle, such as size, mass, charge, and den-

sity [8–10]. A combination of spectral-optical and mass

spectroscopic approaches will enable the development of

a new class of measurement techniques for comprehensive

analysis of single particles.

In the present work, we demonstrate a new approach

in spectral optical research based on the examination

of single particles localized in a radio-frequency trap.

Luminescence spectra of single microclusters of semicon-

ductor nanoplatelets localized in the field of a quadrupole

radiofrequency trap under atmospheric pressure conditions

are investigated. Comparative studies of the luminescence

spectra of nanoplatelets and their microclusters in colloidal
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Figure 1. Schematic diagram of the experimental setup, top view.

1 — Vertically-aligned radiofrequency trap, 2 — single cluster of

CdSe nanoplatelets, 3 — 405 nm laser, 4 — long-focus lens with

fiber output, and 5 — portable spectrometer.

solution, on a substrate, and in a radiofrequency trap are

carried out. An interpretation of the results obtained is

given.

2. Methods and materials

The approach proposed in this paper consists in trapping

a single particle in a radio-frequency trap, subsequent

excitation, and recording of its photoluminescence. The

schematic diagram of the experimental setup is shown in

Fig. 1. A vertically-aligned quadrupole radiofrequency trap

with a single end-cap electrode [5] was used to localize

the object under investigation. Such an RF trap consists of

four cylindrical rod electrodes providing radial confinement

and one end-cap electrode compensating for the gravity

of a charged particle. Alternating voltage of the order of

V = 2.5 kV at frequency ω = 50Hz was applied to the rod

electrodes in pairs in counter-phase. A high DC voltage

up to 300V was applied to the end-cap electrode. This

configuration of the electrodynamic trap allows one to fix

the object of study on the vertical axis and adjust its

axial position smoothly (Fig. 1). The photoluminescence

excitation and recording system consists of a UV laser with

a wavelength of 405 nm, a long-focus lens with fiber output,

and a portable spectrometer (R-Aero). The luminescence

signal was collected at an angle of 90◦ to excitation

radiation. The excitation radiation and lens were focused

to a single point on the axis of the electrodynamic trap at a

height of the order of 5mm above the end-cap electrode.

A pre-synthesized colloidal solution of cadmium selenide

nanoplatelets with a thickness of 5 monolayers was studied.

The synthesis procedure is described in [11]. The work

investigates nanoplatelet microclusters obtained by drying

the precipitate of a colloidal nanoparticle solution after cen-

trifugation with the addition of a precipitant (isopropanol).
Absorption spectra of the colloidal solution of nanoparticles

in chloroform were measured using a SF-56 (LOMO)
spectrophotometer, and luminescence spectra of the same

solution were measured using a FP-8200 (Jasco) spec-

trofluorimeter. Luminescence spectra of nanoplatelets in

colloidal solution and on a glass substrate after deposition

were recorded for comparative analysis. The spectrum

of microclusters on the substrate was recorded using an

excitation and recording scheme similar to that described

in the method for measuring luminescence spectra in a

radiofrequency trap.

3. Results and discussion

Figure 2 shows the absorption and luminescence spectra

of solutions of semiconductor nanoplatelets in chloro-

form (green and blue curves, respectively). Among all

colloidal semiconductor nanoparticles, cadmium selenide

nanoplatelets are of particular interest because of the narrow

luminescence peak due to the lack of inhomogeneous broad-

ening of the spectral band [12,13]. The spectral position

of the luminescence band is determined by the number of

atomic layers in the studied platelets and is controlled well

during the synthesis process. The studied nanoplatelets have

5 atomic layers, which determine the position of the exciton

band in the optical density (515 nm) and luminescence

(516 nm) spectra. The width of the luminescence band of

nanoplatelets in solution is characterized by = 9 nm.

Spectral optical measurements of microclusters deposited

on a glass substrate were performed to investigate the

evolution of spectra of nanoplatelets during the preparation

of their microclusters. In Fig. 2, the yellow curve indicates

a typical luminescence spectrum of a microcluster on

a substrate. A red shift of 5 nm (luminescence peak

at 521 nm) and broadening of the luminescence band

maximum by 5 nm (FWHM= 14 nm) relative to the band

maximum in solution are observed. In addition, the

spectrum of deposited nanoplatelets is characterized by the

emergence of additional luminescence bands in the long-

wavelength region of the spectrum. The red curve in Fig. 2

depicts a typical luminescence spectrum of a nanoplatelet

microcluster in a radiofrequency trap. The loading of

nanoplatelet microclusters into the radiofrequency trap leads

to an even larger (8 nm, the luminescence peak is at

524 nm) red shift and broadening of the main luminescence

band (FWHM= 19 nm), as well as an increase in the

relative contribution of additional long-wavelength lumines-

cence bands.

The obtained results suggest that a red shift of the lumi-

nescence band accompanied by its broadening is observed
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Figure 2. Optical density spectra (green curve) with the exciton

band peak at 515 nm and luminescence spectra (blue curve)
with the exciton band peak at 516 nm, FWHM= 9 nm, of a

colloidal solution of nanoplatelets; luminescence spectrum (yellow
curve) with the exciton band peak at 521 nm, FWHM= 14 nm, of

a nanoplatelet microcluster on the substrate; and luminescence

spectrum (red curve) with the exciton band peak at 524 nm,

FWHM= 19 nm, of a nanoplatelet microcluster in the radio-

frequency trap

.

during the formation of nanoplatelet microclusters and their

loading into the radiofrequency trap. In addition, new

features of the spectrum in the long-wave region appear.

Deposition of a colloidal solution of nanoplatelets leads

to self-organization of nanoparticles into ordered clusters

ranging in size from several tens to several hundreds of

nanometers [14,15]. The red shift of the luminescence

peak may appear due to mechanical stresses in individual

nanoplatelets during cluster formation and drying [16,17].
The large surface area of nanoplatelets increases the proba-

bility of both mechanical stresses and surface defects. The

red shift and broadening of the luminescence band can also

be caused by a change in the dielectric permittivity of the

surrounding medium and the ligand layer during cluster

drying [15].

The emergence of additional long-wavelength lumines-

cence bands in the spectrum of deposited nanoplatelet

microclusters can be explained by radiative relaxation

of a charge carrier through a defect state in the band

gap associated with uncoordinated surface atoms [16,17].

In ordered clusters, due to a small Stokes shift, large overlap

of absorption spectra, and large Förster radius, an exciton

can migrate along the cluster [14]. Exciton migration in the

cluster increases the probabilities of its trapping in defect

surface states of a certain nanoplatelet in the cluster, which

leads to a decrease in the luminescence quantum yield of the

main exciton transition. As a consequence, the contribution

of long-wavelength bands of defect luminescence relative to

the exciton band increases.

The localization of a single nanoplatelet microcluster

in a radiofrequency trap is only possible in the presence

of uncompensated electric charge on the cluster surface.

In the case of microparticles and the RF trap configuration

described above, the uncompensated charge of the localized

object can reach 105 elementary charges [8,10]. The

increase in red shift and additional broadening of the exciton

luminescence band of a cluster of nanoplatelets localized

in a radio-frequency trap can then be explained by the

mechanism of the quantum-confined Stark effect, as it

was described for quantum dots in [18]. In addition, the

quantum-confined Stark effect leads to spatial separation of

an electron-hole pair and, as a consequence, to a decrease

in the overlap integral of wave functions of an electron and

a hole and a decrease in the quantum yield of luminescence

of the main exciton transition [18].
It is also worth noting that the electric intensity created by

the confinement field of the trap is of the order of 5 kV/cm,

which is not sufficient for manifestation of the quantum-

confined Stark effect in nanoparticles.

4. Conclusion

Electrodynamic trapping of charged particles allows for

controlled confinement of individual micro- and nanopar-

ticles isolated in space. The approach of electrodynamic

trapping of single particles can be used to investigate

their spectral characteristics, excluding the influence of the

environment. At the same time, localization of particles

in the electrical field of electrodynamic traps implies the

presence of uncompensated charge on the surface of the

investigated samples, which can lead to modification of

spectral properties. In the present work, the evolution of

luminescence spectra of microclusters of CdSe nanoplatelets

with a thickness of 5 monolayers was investigated. Lumi-

nescence spectra of the stock solution of nanoplatelets and

luminescence spectra of their microclusters measured on

a glass substrate and upon loading into a radiofrequency

trap were compared. It was shown that the aggregation of

nanoplatelets leads to a red shift of the exciton luminescence

band and its broadening. This aggregation results in

the formation of defect luminescence bands in the long-

wavelength region of the spectrum. When microclusters

are loaded into the RF trap, an additional red shift and

broadening of the main luminescence band is observed, as

well as an increase in the relative contribution of defect

luminescence to the spectral response. The shift and broad-

ening of the exciton luminescence band and the emergence

of defect long-wavelength luminescence were discussed in

terms of the change in the dielectric permittivity of the

environment, the emergence of mechanical stresses and

defects on the surface of nanoparticles during their drying,

and the presence of an uncompensated electric charge on

the particle surface during localization in the radiofrequency

trap. The application of electrodynamic traps for the

localization of micro- and nanoparticles can be a promising
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direction for the development of single-particle spectroscopy

techniques.
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