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the exciton total lifetime.

We study the nonlinear optical response of CdSe/CdS nanoplatelets (NPLs) in the vicinity of heavy hole (hh) and
light hole (1h) exciton resonances by means of the two color pump-probe technique. The population of hh and 1h
excitonic states leads to the decrease of the light absorption at both resonances under resonant excitation of one
of them. Increase of the pump power leads to the saturation of the absorption. This effect allows us to estimate

1. Introduction

Colloidal semiconductor nanostructures represent an attractive al-
ternative to the common MBE-grown nanosystems. Each of two types of
low-dimensional structures consists of three families: 0D, 1D and 2D
structures [1]. These families are called nanocrystals, nanorods, NPLs
and quantum dots, quantum wires, quantum wells, in colloidal and
epitaxially grown systems, respectively.

The most studied colloidal family is nanocrystals. The efficient
methods were developed to control their size [2] and shape [3]. The
strong quantum confinement allows one to tune the optical wavelength
of nanocrystals in the wide range [4]. They were suggested for use in
solar cells [5], bioimaging [6-8] and optoelectronic devices [9]. Ulti-
mately they have recently become a part of commercially available
devices [10].

Another family — 2D colloidal NPLs — also demonstrate a number
of remarkable physical properties. First of all their optical resonance
can be tuned due to the size quantization in one (z || [001]) direction
[11-14]. The binding energy of excitons in NPLs is of the order of a few
hundreds of meV [15-17], which makes excitonic resonances in these
systems visible at room temperature [18,19]. Moreover the surfaces of
NPLs are atomically flat in contrast to quantum wells, so the excitonic
lines are very sharp, of the order of a few tens of meV [20,21]. The NPLs
are similar in a way to monolayers (MLs) of transition metal
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dichalcogenides [22,23], but have an important advantage of ad-
justable resonance wavelength [24,25].

All these outstanding properties of NPL triggered significant scien-
tific interest in these structures [26-28]. Investigation of NPLs ad-
dresses mainly exciton recombination dynamics [29-31]. It was found
that exciton-exciton interaction plays an important role [32,33], which
suggests pronounced non-linear optical effects [34-37].

Here we study nonlinear transmission of CdSe/CdS NPLs with dif-
ferent shell thicknesses. We observe bleaching of excitonic transitions
and saturation of exciton population in NPLs using the two color pump-
probe technique.

The paper is organized as follows: In Sec. 2 we describe the proce-
dure of colloidal synthesis of NPLs and their structure properties. Then
in Sec. 3 we present experimental setup and experimental results, which
are theoretically analyzed in Sec. 4. Comparison of theoretical model
and experimental results allowed us to estimate parameters of exciton
dynamics including average exciton lifetime and radiative recombina-
tion rate. The results are summarized in Sec. 5.

2. Synthesis and structural characterization of NPLs
We have studied core-shell NPLs based on thin population of CdSe

NPLs with 463nm lowest energy absorption band having 4.5ML
thickness accordingly to Ref. [38]. We grow 1 ML of CdS shell on each
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basal plane of NPLs to synthesize 540 nm absorption core/shell nano-
particles (CdSe/CdS540) and 2 ML of CdS shell on each basal plane to
get 582 nm absorption core/shell nanoparticles (CdSe/CdS582).

CdSe NPLs having 4.5 ML thickness were synthesized by the mod-
ified method adapted from Ref. [11]. In a typical synthesizes 0.5 mmol
cadmium acetate, 0.2 mmol of oleic acid (OA) and 10 mL of octadecene
(ODE) were introduced into a reaction flask. The mixture was degassed
under magnetic stirring and argon flow at 180°C during 30 min. Then,
the temperature was raised to 210°C and 0.2 mmol trioctylphosphine
(TOP) Se solution was quickly injected into the mixture. The growth
time of NPLs was 40 min at 210°C. The mixture was then cooled down
to room temperature and 1 mL of OA was injected. As-synthesized CdSe
NPLs were precipitated by adding an equal volume of acetone and
centrifugation at 7000 rpm for 5min and washed two times with
acetone. Finally, NPLs precipitates were re-dispersed in 6 mL of hexane.

The synthesis of CdSe/CdS heterostructures was carried out by the
method of low-temperature layer-by-layer deposition of shell material
according to Ref. [39]. Briefly, 1 mL of a solution CdSe NPLs in hexane
and 1mL a freshly prepared 0.1 M solution of Na,S in N-methylfor-
mamide (NMF) were mixed and shaken for 1h. At the same time, a
transfer of nanoparticles from the nonpolar hexane phase to the polar
NMF phase was observed, which means the exchange of oleic ligands at
the surface of NPLs by a ML of $>~. The polar phase was rinsed several
times with hexane and then the NPLs were precipitated by adding a
mixture of acetonitrile and toluene (1 : 1 by volume) followed by
centrifugation at 7000 rpm and redispersed in NMF. The precipitation-
redispersion cycles were repeated two times to purify the residues from
unreacted sulfur-ions. Then 1 mL of a solution 0.3 M of Cd(OAc),*2H,0
in NMF was added to the precipitate and left for 40 min to grow a CdS
ML. The procedure described above corresponds to the synthesis of a
single CdS ML. To obtain two MLs of CdS, this process was repeated two
times. The synthesized NPLs were investigated experimentally in a li-
quid solution of methylformamide.

Low-resolution transmission electron microscopy (TEM) image of
as-grown CdSe NPLs [Fig. 1(a)] demonstrates two-dimensional mor-
phology. Rectangle platelets with lateral sizes about 30 X 100 nm
rolled up into nanoscrolls. Fig. 1(b) presents typical image of CdSe NPLs
after covering with 2 MLs of CdS. We found that initially rolled NPLs
unfolded into flat nanostructures. As a result well-defined rectangle
CdSe/CdS platelets with the same lateral sizes as CdSe NPLs were
formed. The synthesized NPLs had zinc-blend crystal structure [12,29].

3. Experiment
We studied nonlinear optical properties of NPLs at room tempera-

ture using pump-probe technique. The simplified sketch of the experi-
mental setup is depicted in Fig. 2. Pumping was realized by the mode-
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locked Nd®*:YAIO; laser second harmonic (A = 540 nm, pulse duration
about 10ns). As a probe we used a broadband photoluminescence ra-
diation of the Coumarin-7 and Kiton Red dyes excited by the third
harmonic (A = 360 nm) of the pumping laser [40]. The temporal pro-
files of the pump and probe pulses are shown in Fig. 3(a). They were
measured by a photomultiplier and oscilloscope (5 GHz) with the time
resolution ~ 0.5 ns. Importantly, the durations of the pulses (~ 11 ns)
exceeded by far the exciton generation, relaxation and recombination
times. This allowed us to study the steady state conditions corre-
sponding to the quasi-continuous excitation. This largely simplifies in-
terpretation of the results and we also would like to mention that results
of the time-resolved measurements can differ from the steady state
measurements, which are the goal of this work.

The broad spectrum of the probe light is shown in Fig. 3(b), it covers
the wavelengths from 480 to 600nm by Coumarin-7 photo-
luminescence and from 590 to 660nm by Kiton Red photo-
luminescence.

The transmission and absorption of the probe light was measured
with spectral resolution using SpectraPro 2300i spectrometer with
PIXIS 256 CCD-camera. The absorption spectra of CdSe/CdS540 and
CdSe/CdS582 NPLs in 1 mm cell with methylformamide in the absence
of pumping are shown in Fig. 4. The two pronounced peaks correspond
to the hh and lh excitons [30]. The energies of these transitions are
determined by the size quantization in direction perpendicular to NPLs.
One can see, that the two peaks shift in CdSe/CdS582 NPLs with respect
to CdSe/CdS540 NPLs because of the deeper penetration of the exciton
wave function in CdS shell. The exciton binding energy in NPLs was
calculated to be of the order of several hundreds of meV [16].

The wavelength of the pump laser is shown by the green arrow in
Fig. 4. One can see that it corresponds to hh and lh excitonic transitions
in CdSe/CdS540 and CdSe/CdS582 NPLs, respectively. As a result the
pump light resonantly excited the corresponding excitonic states in the
two studied samples.

The transmission spectra of the probe light for different pump
powers are shown in Fig. 5. Here one can see the two dips corre-
sponding again to hh-e and lh-e transitions. For the CdSe/CdS540 NPLs
[panel (a)] dip in the transmission spectra corresponding to the hh-e
transitions is more pronounced than the dip caused by the lh-e transi-
tion. In the case of the CdSe/CdS582 NPLs [panel (b)] the two dips in
the transmission spectra can be clearly resolved. Increase of the pump
power leads to the eventual disappearance of the dips.

We introduce the differential transmission at a given wavelength A
as

L) - T

DT(A) = =5 @
0

5

@

where T;(A) is the transmission of the solution of colloidal NPLs at the

(b)

[50nm| &

Fig. 1. Low-resolution transmission electron microscopy (TEM) overview images of as-synthesized CdSe NPLs (a) and CdSe/CdS NPLs with 2 ML of CdS on each of

basal planes (b).
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Fig. 2. Simplified sketch of the experimental setup.
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Fig. 3. (a) The temporal profiles of the pump pulse (red dots), the probe pulse
(black dots) and the dyes excitation third harmonic pulse (blue dots). The
curves show the corresponding Gaussian fits. (b) Spectra of the probe pulse,
being the photoluminescence spectra of Coumarin-7 or Kiton Red dyes. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

wavelength A under pumping with intensity I. The differential trans-
mission spectra are shown in Fig. 6. One can see, that the differential
transmission gradually saturates.

In order to perform the detailed analysis we extract the areas under
the differential transmission peaks corresponding to the hh-e and lh-e

——CdSe/CdS540
——CdSe/CdS582 |

12+

h-e

Absorption, a.u.

0
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Fig. 4. Absorption spectra of colloidal solution of CdSe/CdS540 and CdSe/
CdS582 NPLs. Green arrow shows the pump laser wavelength. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

resonances as a function of the pump power. We find, that these de-
pendencies for the both resonance are very similar, so in Fig. 7 we show
the total area under the differential transmission curves. Here the sa-
turation of the differential transmission for both samples is more evi-
dent.

4. Theory and discussion

The observed signal of the differential transmission can be produced
by the three microscopic mechanisms [41] (i) phase space filling, (ii)
screening of Coulomb interaction or (iii) broadening of the excitonic
line. At the origin of all these mechanism is the exciton-exciton inter-
action. Since the areas of hh and lh peaks depend similarly on the pump
power, we assume that each type of excitons equally affects the dif-
ferential transmission at both resonances. Therefore the total differ-
ential transmission is proportional to the total number of excitons. A
more detailed description of the experimental results in principle can be
obtained releasing this assumption. Note, that the exciton fine structure
[42] can be disregarded at room temperature [30].

Assuming that the excitons are pumped with the rate G and have the
average lifetime 7 the balance equation for the steady state reads

i1
N; T 2)

where we also introduced the saturation concentration of excitons Nj.
From the solution of this equation we find that the differential trans-
mission is proportional to
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Fig. 5. Transmission spectra of (a) CdSe/CdS540 and (b) CdSe/CdS582 NPLs.
The green arrow corresponds to the pump wavelength. The vertical bars show
the characteristic statistical errors. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Gt

DTxN=———.
1+ Gt/N; 3

We apply this expression to the description of the total area under the
differential transmission, as shown by the curves in Fig. 7. From the fits
we find the parameter

Gt cm?

= 0.54(0.62) s
NP MW “4)

for CdSe/CdS540(582) NPLs. The inaccuracy of the fits in Fig. 7 is most
probably related to the imprecise measurement of the differential
transmission at small wavelengths, see Fig. 6(a).

The average exciton lifetime can be contributed by the charge
trapping at the defect sites [30,36]. However this effect is suppressed
due to the CdS shell, which strongly passivates defect states on the
surface of the CdSe NPLs, and due to the high (room) temperature in
our experiments. Both these factors were analyzed in Ref. [18], see also
Ref. [43]. In what follows we will find the average exciton lifetime z,
which can be contributed by both radiative and nonradiative re-
combination of excitons.

The saturation concentration of excitons can be estimated as [44]
1

—

Tag 5

where a. is the effective exciton Bohr radius. The Coulomb interaction
in NPLs is strongly modified due to the difference of the dielectric
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constants of the NPLs, &y, and the solution &, [16,42]. As a result the
electrostatic potential of the point charge q placed in the middle of the
NPL at distance p also in the middle of the NPL is given by Ref. [45]

q 5 e+ 1ekd + -1
== [ Jy(kop)——F—+———dk,
() so{ o p)(s+1)ekd—£+1 ©)
where ¢ = ¢y/ep, d is the thickness of the NPLs, and Jy(x) is the Bessel
function of the first kind. For the small excitons, their radius is given by
Ref. [46]:

\/aBd

Aeff = 5 @)

where qj is the three dimensional exciton Bohr radius for the dielectric

constant ¢y. This expression for the effective Bohr radius is valid in the

limit a.r < ed/2. Using ag = 5.6 nm [19] and d = 3 (4) nm for CdSe/

CdS540(582) NPLs we find the effective radius a.¢ = 2 (2.4) nm and the

saturation concentration N, = 8 (5.5) x 10*2cm ™2, respectively.
Further the exciton generation rate G is given by Ref. [1]

_Pom
- hw() Tr ’ (8)

where wq is the pump frequency and 2I'y/T is the absorbance of the NPL
with I'y and I' being, respectively, radiative and nonradiative damping
rates. The exciton radiative recombination time 7, is given by Ref. [47]
1

4 3
L =o =4 pp,
T 3eph (C)]

where ¢}, is the dielectric constant of the solution [48], ¢ = /e, wo/c is
the light wavevector with ¢ being the speed of light in vacuum, and

e’EpA

IDP = — 2"
Ty Mo Qg (10)

Here e is the electron charge, Ep is the energy parameter measuring the
Kane interband momentum matrix element, A is the area of NPL, m is
the free electron mass, and it is assumed that Ag® < 1. We note, that the
imperfections of NPLs can lead to the exciton localization and effective
reduction of A. However, we suppose the structure quality to be quite
good and the room temperature to be high enough [18] to neglect this
effect in the estimations. For the structure parameters iwg = 2.3 eV,
A =3000nm?, & = 2 (¢, = 5.3) and Ep = 23eV [49], Eq. (9) yields
hTo = 170 and 120 eV and the radiative lifetimes 7o = 1.9 and 2.7 ps
for CdSe/CdS540 and CdSe/CdS582 NPLs, respectively. The short ra-
diative lifetime is related to the relatively large area of NPLs, see Eq.
(10).

From Fig. 6 we estimate the exciton linewidth #I' = 40 meV. This
ultimately allows us to find from Eq. (4) and the previous estimations
the average exciton lifetime z ~ 200 ps for both samples. This is in a
good agreement with Refs. [19,29,30,42]. The significant difference
between 7y and 7 is related to the fact that the radiative decay of ex-
citons is possible only in the narrow radiative cone.

5. Conclusion

We studied experimentally nonlinear absorption and transmission of
light in ensembles of CdSe/CdS NPLs. We used the two-color pump-
probe technique with long pulse duration, which allowed us to study
quasi steady state. We observed saturation of differential transmission.
Theoretical analysis of this phenomenon allowed us to estimate the
radiative recombination rate and the average exciton lifetime at room
temperature. We believe, that investigation of nonlinear optical prop-
erties of colloidal NPLs performed in this paper will give a push to the
development of optoelectronic devices operating at room temperature
on the basis of colloidal NPLs.

Solid State Communications 299 (2019) 113651
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