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We present a comprehensive understanding of the nonlinear absorption characteristics of CdSe-based nanoplatelets
(NPLs) synthesized by the solution-phase method and the colloidal atomic layer deposition approach through Z-
scan techniques at 532 nm with picosecond pulses. The CdSe NPLs exhibit strong two-photon induced free carrier
absorption (effective three-photon absorption) upon the nonresonant excitation, resulting in a remarkable optical
limiting behavior with the limiting threshold of approximately 75 GW/cm?®. A nonlinear optical switching from
saturable absorption (SA) to reverse saturable absorption (RSA) with increasing the laser intensity is observed
when coating CdSe NPLs with a monolayer of CdS shell to realize the resonant absorption. The SA behavior
originates from the ground state bleaching and the RSA behavior is attributed to the free carrier absorption.
These findings explicitly demonstrate the potential applications of CdSe-based NPLs in nonlinear optoelectronics

such as optical limiting devices, optical pulse compressors and optical switching devices.

PACS: 81.05.Dz, 81.07.—b, 42.65.—k, 42.70.Nq, 78.67.—n

Colloidal semiconductor nanocrystals possess large
optical nonlinearity due to the quantum confinement
effect, and their nonlinear optical parameters can
be conveniently tuned by their sizes, shapes and
compositions.!' ! Therefore, colloidal semiconductor
nanocrystals are believed to be the promising materi-
als for the applications in nonlinear gain media,!*!
optical limiting,[*" all optical switching,[®”! and
biolabeling.['") Up to now, extensive work has been
performed on the nonlinear optical properties of
semiconductor nanocrystals, especially the different-
shaped I-VI semiconductor nanocrystals, such as
CdSe quantum dots (QDs),[''] CdSe/ZnS core/shell
QDs,[''l CdS nanorods (NRs),!'”l and CdSe/CdS
core/shell NRs.!'"]

CdSe-based nanoplatelets (NPLs), as one of the
new members in I-VI semiconductor nanocrystals,
possess large lateral size and small thickness easily
controlled at atomic precision,['”] and have attracted
a great deal of attention for their superior optical and
electronic properties. Theoretical investigation has in-
dicated that the increase of lateral size is advantageous
to enhance the nonlinear optical effect.['”] A recent
experiment has demonstrated that CdSe NPLs show
10 times more efficient two-photon absorption (2PA)
than their NRs and QDs counterparts by open aper-
ture (OA) Z-scan at femtosecond 800 nm laser,”] aris-
ing from the high two-dimensional density of states
and the ultra-strong anisotropic confinement. How-
ever, the nonlinear optical absorption of CdSe NPLs
strongly depends on the electronic transition prop-
erties of the material and the excitation parameters
(energy, pulse duration and irradiance of the incident
laser beam).['?) Tt is highly necessary to comprehen-
sively understand the nonlinear optical characteristics
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of CdSe-based NPLs working at nonresonance as well
as at resonance so that we can better apply them to
nonlinear optoelectronics.

In this work, we explore the nonlinear absorption
behaviors of the CdSe-based NPLs using the Z-scan
technique with an incident laser beam of 532nm in
the picosecond (ps) region. We find that the non-
linear absorption of CdSe NPLs is dominated by the
two-photon induced free carrier absorption (FCA) in
nonresonant regime and can incur remarkable opti-
cal limiting behavior. Nevertheless, by coating CdSe
NPLs with CdS shell (namely CdSe/CdS core/shell
NPLs) for the resonant excitation, the nonlinear ab-
sorption is able to be tuned from saturable absorp-
tion (SA) to reverse saturable absorption (RSA) by
the input laser intensity, which provides the potential
applications in optical pulse compressors and optical
switching devices.

The synthesis of CdSe NPLs was performed by the
solution-phase method with slight modification.['"] In
a typical synthesis, 480 mg of cadmium acetate dihy-
drate [Cd(Ac)2-2H0], 1.18 g of oleic acid, and 90 mL
of 1-octadecene (ODE) were mixed in a 250-mL three-
neck flask and degassed under a vacuum at 110°C for
90 min. After that, 72mg of selenium powder dis-
persed in 2mL of ODE was injected in an argon atmo-
sphere. When temperature reached 180°C, 240.mg of
Cd(Ac)2-2H20 was introduced and then the mixture
was heated at 240°C for 10 min. After cooling down,
the NPLs were washed with ethanol and redispersed in
hexane. To realize the resonant excitation, these CdSe
NPLs were then coated with-a monolayer of CdS shell
on both sides to form CdSe/CdS core/shell NPLs by
a colloidal atomic layer deposition approach to grow
CdS shell with high quality.l'”]. This step is useful in
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adjusting the excitonic absorption energy by chang-
ing the confinement barriers, and is also helpful to
increase the photo- and chemical-stability by protect-
ing the NPLs.l'”] To obtain it, 200 uL of as-prepared
CdSe NPLs (~20 mg/mL) were mixed with 2 mL of N-
methylformamide (NMF), 4 uL of ammonium sulfide
aqueous solution (20%), and 2mL of hexane to coat
S2~ jons on the surface of CdSe NPLs. After phase
transfer, the polar phase was washed three times with
hexane, precipitated with acetonitrile, and redispersed
in NMF. Then 30 pL of 0.1 mol/L Cd(Ac)2-2H50 solu-
tion in NMF was added and stirred for 1 min to finish
the growth of one monolayer of CdS. Finally, 50 pL of
oleylamine and 2mL of hexane were added into the
well-washed CdSe/CdS core/shell NPLs in NMF to
finish the phase transfer from NMF to hexane. The ex-
tra oleylamine was removed by washing with ethanol.
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Fig.1l. Structure and optical properties of CdSe and
CdSe/CdS core/shell NPLs. (a) TEM images, (b) XRD
patterns, (c) Raman spectra, and (d) linear absorption
spectra. Inset of (a) is the HRTEM images. The blue
line in (b) represents the standard XRD patterns of zinc
blende bulk CdSe.

The morphology and microstructure of the NPLs
were characterized by high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100F).
The crystal structure and chemical composition were
measured by x-ray diffraction (XRD, Bruker D8 Ad-
vance) and room-temperature Raman spectroscopy
(Jobin Yvon LabRAM HR 800UV micro-Raman spec-
trometer) with a 325nm He-Cd laser. The absorp-
tion spectra were collected at room temperature on
a Perkin Elmer Lambda 35 spectrometer. The con-
centration of the NPL solution was determined us-
ing inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Thermo Scientific ICAP 6300) af-
ter dissolving NPLs in nitric-acid.[>'®?] The nonlin-
ear optical absorption was investigated by the tradi-
tional OA Z-scan measurements.l”’] The light source
was a Q-switched neodymium doped yttrium alu-
minum garnet (Nd: YAG) laser, operating at a wave-
length of 532nm with the pulse width of 15ps, the

repetition rate of 10 Hz. The transverse distribution
of the laser beam has a nearly Gaussian profile and
the temporal profile is also nearly Gaussian shape.
The pulses were focused by a convex lens with a focal
length of 400 mm, producing a beam waist at the fo-
cus wy ~ 20 um. The CdSe-based NPLs dispersed in
hexane were filled in 1 mm quartz cuvettes and then
mounted on a computer-controlled translation stage.

Figure 1(a) displays the transmission electron mi-
croscopy (TEM) images of the CdSe and CdSe/CdS
core/shell NPLs, together with their HRTEM im-
ages in the inset. The HRTEM images exhibit the
crystallinity of CdSe and CdSe/CdS core/shell NPLs.
Statistical analysis of TEM images gives the average
lateral sizes of CdSe (7nm x 22nm) and CdSe/CdS
core/shell (7Tnmx23nm) NPLs. Obviously, the lat-
eral sizes of NPLs almost keep unchanged after the
coating of CdS shell. The XRD patterns in Fig. 1(b)
show that the CdSe NPLs possess typical diffraction
peaks of (111), (200), (220), (311) and (400) planes
of zinc blende CdSe. Interestingly, the XRD spec-
trum of CdSe/CdS core/shell NPLs is identical to
that of CdSe NPLs. It suggests that the growth
of CdS shell on CdSe core is epitaxial and coher-
ent. Due to the coherency strain, the coated CdS
monolayer adopts the lattice parameters of CdSe core
to form a dislocation-free interface.’!] The existence
of CdS monolayer is directly observed from the Ra-
man spectra in Fig.1(c). As shown in this figure,
both the spectra of CdSe and CdSe/CdS core/shell
NPLs display the typical longitudinal optical (LO)
phonon mode of CdSe at 202.1cm~*.[*?l Moreover,
the Raman spectrum of CdSe/CdS core/shell NPLs
also shows an additional peak at 277.2 cm ™!, which is
assigned to the monolayer of CdS formed on the sur-
face of CdSe NPLs.[*”) This value of 277.2cm™! is far
away from the LO phonon energy (297 cm™!) of bulk
CdS, further indicating the existence of the coherency
strain. Figure 1(d) gives the absorption spectra of
CdSe and CdSe/CdS NPLs. Both of them exhibit
sharp band-edge absorption and two well-resolved ex-
citonic transitions, i.e., electron/heavy-hole (low en-
ergy) and electron/light-hole transition (high energy).
The sharp band-edge absorption, instead of band-
tail absorption, together with the excitonic transition,
suggests the good crystallinity of CdSe and CdSe/CdS
NPLs. Due to the addition of a single CdS layer to
both sides of CdSe NPLs, electron wave functions in
CdSe are delocalizated into the CdS shell, thus the
electron confinement energy in CdSe/CdS NPLs is
weaker than that in CdSe NPLs.['”] Correspondingly,
the excitonic transition redshifts, e.g., Aaps shifts from
510 to 584 nm.

Figure 2(a) shows the Z-scan transmission spectra
(open circles) of the CdSe NPLs in hexane with a con-
centration of 4.0x 10~ 7 mol/L. The excitation intensi-
ties of ps 532 nm laser (nonresonant excitation) varied
from 19 to 109 GW /cm?. Similar measurements were
performed on the pure solvent (hexane) and no clear
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Z-scan curves were recorded, validating that the mea-
sured nonlinear absorption originates from the CdSe
NPLs only. As shown in the figure, all the OA Z-
scan data exhibit a decrease of transmittance with re-
spect to the focus, indicating the occurrence of multi-
photon absorption.[””] We attempt to fit the experi-
mental data according to the following equations un-
der the assumption of pure 2PA and pure three-photon
absorption (3PA),*!] respectively,

1 o0

Toa2pa)(2) = g / In[1 + go exp(—2?)]dz, (1)
1 o0

Toaspa)(2) = w12 / In{[1 + pg exp(—227)]"/?

+ po exp(—a”) }d, (2)

where Toa(npa) is the normalized OA transmittance
with n being the number of photons involved in the
nonlinear absorption process, gy = By Leg with 8 be-
ing the 2PA coefficient, Iy = Ino/(1 + 22/22) the ex-
citation intensity at position z (Ipp is the laser peak
intensity at the focal point, and zg = mw3/\ is the
Rayleigh length), and the 2PA effective sample length
Leg = [1 — exp(—apL)]/ap with L being the sample
thickness; as well as py = (2yIZL 4)"/? with 7 be-
ing the 3PA coefficient and the 3PA effective sample

length Ll g = [1 — exp(—2aoL)]/2a0.
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Fig. 2. (a) Stacked OA Z-scan data (open circles) of the
CdSe NPLs in hexane at different input intensities. The
dashed and solid curves are the fits using the 2PA and
3PA theories, respectively. For clarification, the curves
are shifted along the vertical direction, and each curve is
separated by 0.2. (b) Intensity dependence of the effective
3PA coefficients g for the CdSe NPLs. The solid line is
a guide for the eyes. (c) Nonlinear transmittance of the
CdSe NPLs as a function of the input intensity. The circles
are the experimental data and the line is the theoretical
fitting using the three-level two-step 3PA model.

Table 1. Relevant parameters (Yefr, Is, Bofr) Obtained by the best theoretical fits of experimental data for CdSe and CdSe/CdS

core/shell NPLs at different excitation peak intensities (Ioo)-

CdSe NPLs

CdSe/CdS core/shell NPLs

Ioo (GW /cm?) Yot (cm3/GW?2) Ioo (GW/cm?) Is (GW/cm?) Best (cm/GW)
19.1 2.5%x10—2 3.9 0.09 1.4x10~8
33.8 4.5x1072 7.8 0.11 0.72
51.1 4.8x1072 17.3 0.45 0.83
58.1 5.0x1072 27.0 1.25 0.86
77.8 4.7x1072

The dashed curves in Fig. 2(a) are the theoretical
fits using the 2PA theory (Eq. (1)) and it is obvious
that they deviate from the experimental observation.
Nevertheless, the solid curves obtained using the 3PA
theory (Eq. (2)) agree well with the experimental data.
Relevant parameters used in the fits are listed in Ta-
ble 1. Achtstein et al.l'”l have also observed the sim-
ilar results in CdS QDs and modelled their data us-
ing an instantaneous 3PA coefficient. In our case, as
the excitation wavelength (Aexc) used for the measure-
ments fulfills the requirement (Aaps < Aexe < 2Aabs)
for 2PA studies at 532 nm, the absorption mechanism
here should be two-photon resonant 3PA,[*! i.e., effec-
tive 3PA. Figure 3(a) represents the schematic energy
level diagram for the CdSe NPLs to explain the non-
linear processes. In the nonresonant regime, excited
electrons transit from the valence band to the con-
duction band through an instantaneous 2PA process.
Subsequently, the free charge carriers can be further
excited to the higher conduction band states through a
third photon, which is called FCA or excited state ab-
sorption (ESA). The whole process described above is
called the effective 3PA since the two-photon induced

FCA or ESA is a three-photon process. Sutherland et
al.l”%! have also successfully explained the two-photon
induced ESA in organic chromophores with an effec-
tive 3PA model. The effective 3PA coefficients ~eg
were evaluated from the best fits using the 3PA the-
ory (Eq.(2)) as shown in Fig. 2(b). It is obvious that
the measured 7. values almost keep as a constant of
4.7 x 1072 cm3 /GW? with the input intensities upon
25 GW /cm?, which demonstrates the validity of the
effective 3PA process.

Since the effective 3PA is actually a two-photon
induced FCA, we try to separate the contributions
of 2PA and FCA. Here 2PA is a third-order non-
linear absorption process, while FCA can be consid-
ered as a fifth-order nonlinear absorption in . theo-
retical treatment. Therefore; ‘a three-level two-step
3PA modell””l has been proposed to separate them
when considering the whole absorption coefficient « as
ag + BI +~I?. For this purpose, we show in Fig. 2(c)
the normalized transmission T(0) at the focus as a
function of the input intensity Igg. The solid blue
line is the fitting result using the three-level two-step
3PA model.l’”l The least-square fitting yields a 2PA
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coefficient 3 of 0.0584 cm/GW and an FCA-related
3PA coefficient v of 0.0304cm®/GW2. The 2PA
cross section ogops per CdSe NPL is calculated to be
9.04x10~%* cm*-s/photon (or 9.04x10° GM) using the
relation of oops = (hv/C)B, where hv is the photon
energy and C the particle concentration. The FCA
cross section is estimated to be op = 1.94 x 10716 ¢cm?
via the formula of v = opf7r/2hv after taking the
free carrier lifetime 7 ~ 2 ps.[*s] Apparently, once the
input intensity is larger than 10 GW /cm?, the contri-
bution from the FCA is much larger than that from
2PA for vI > f3, suggesting the effectiveness of the
3PA model in Fig. 2(a).l*"! Furthermore, Fig. 2(c) also
displays an obvious optical limiting behavior of the
CdSe NPLs. With an input intensity of less than
10 GW /em?, the energy transmittance is almost a con-
stant. However, in excess of 10 GW/cm?, the trans-
mittance decreases when we increase the input inten-
sity, showing a typical limiting property.[*”! The limit-
ing threshold, defined as the input intensity at which
the transmittance decreases to half the linear trans-
mittance, is approximately 75 GW /cm?.

ﬁL.
CB 7
/A
L
§
pal 0 =
FCA
SA
VB
(a) CdSe (b) CdSe/CdS
Fig. 3. Schematic diagram of the energy level for (a)

CdSe NPLs in the nonresonant regime and (b) CdSe/CdS
core/shell NPLs in the resonant region. VB: valence band;
CB: conduction band; 2PA: two-photon absorption; FCA:
free carrier absorption; SA: saturable absorption.

The nonlinear absorption behavior of NPLs was
also studied in the resonant regime by coating CdSe
NPLs with CdS shells to lower the required excitation
energy. Figure 4 presents the nonlinear absorption
curves for the CdSe/CdS core/shell NPLs in hexane
with the concentration of 1.4 x 10~7 mol/L excited at
different input intensities. At a relatively low intensity
of 3.9GW /cm? as shown in Fig. 4(a), the normalized
transmittance increases monotonically with the sam-
ple closing to the focus, suggesting the SA behavior.
Figure 4(b) shows the nonlinear absorption curve ob-
tained at a relatively higher intensity of 7.8 GW /cm?.
With closing to the focus, the transmittance increases
at first (SA behavior), then decreases near the focus
which shows the RSA behavior. The transition from
SA to RSA results in an absorption curve with a sym-
metrical valley and two humps. With the further in-
crease of the input intensity (Figs.4(c) and 4(d)), the
humps drive down while the depth of the valley in-
creases, indicating a stronger RSA.

1-2; 0=3.9GW/em® (a)

Normalized transmittance

27.0 GW /cm? ¢
PR ST T R T

0.46E ", L A
—20 —10 0 10 20
z (mm)
Fig. 4. OA Z-scan experimental data (open cir-

cles) and theoretical fits (solid lines) of the CdSe/CdS
core/shell NPLs at different excitation peak intensities:
(a) 3.9GW /cm?, (b) 7.8 GW /cm?, (c) 17.3 GW /cm?, and
(d) 27.0GW /cm?.

A schematic energy level diagram for the
CdSe/CdS core/shell NPLs as shown in Fig.3(b) is
used to explain the above nonlinear absorption pro-
cesses in the resonant regime. In CdSe NPLs, the
electron and hole wave functions are strongly con-
fined along the direction of thickness, exhibiting dis-
crete electron and hole energy levels. In CdSe/CdS
core/shell NPLs, the holes are still confined in the
CdSe core while the electron could easily move be-
tween CdSe and CdS,l'” since the conduction band
offset between CdSe and CdS is small but their va-
lence band offset is large.l’”! Therefore, the hole en-
ergy levels in CdSe/CdS NPLs are almost the same
to those in CdSe NPLs, but their electron energy lev-
els are lowered down, as shown in Fig.3. The shift
of energy levels in CdSe/CdS NPLs finally leads to a
redshift of the first excitonic transition from 510 to
584nm (Fig.1(d)). Because the excitation energy is
larger than the excitonic absorption peak energy of
CdSe/CdS core/shell NPLs, the electron can be di-
rectly excited from the ground state to the excited
state by absorbing one photon with a wavelength of
532nm. When the input intensity is low, the absorp-
tion in the ground state is saturated and thereby re-
sults in a strong SA behavior. However, when the
input intensity is sufficiently high, the FCA will play
an important role, leading to an effective 2PA and
thus the RSA behavior. Note that, the SA behavior
of the sample at the position far away from the focal
point is due to the declined light intensity. Such type
of switching behavior has also been observed in CdSe
QDs,l?"! Bi,S3 NRs,[*?l and gold nanocubes.[*”]

To obtain an insight into the transition of nonlin-
ear absorption behavior of the CdSe/CdS core/shell
NPLs at different input intensities, we present the to-
tal absorption coefficient o(T),!*]

1
CTTI/L

where the first term- describes the SA, and the second

afl) = + B!, (3)
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term describes the RSA resulting from the effective
2PA. The linear absorption coefficient aq is 8.9 cm™!
for the CdSe/CdS core/shell NPLs at 532nm. Here I
is the laser intensity as functions of r, ¢ and z, with r
being the radial distance from the optical axis and ¢
the time, I is the saturation intensity, Seg is the ef-
fective 2PA coefficient, and I in the sample obeys the
following differential equation, ']

dl
dz
where 2’ is the propagation distance inside the sample.

The normalized transmittance at the sample position
z for OA Z-scan is expressed as[*"]

J72dt [ Lwrdr -
B exp(—aoL) f+oo dt f0+oo Lyrdr’

— 00

—a(I)I, (4)

where I, is the laser intensity at the output plane,

which can be represented as an infinite series from

solving Egs. (3) and (4) using the Adomian decompo-
-4

the laser intensity at the entrance plane of the sample

with w? = w3(1+ 22/22) being the beam radius and 7

the input pulse width.

The solid curves in Fig.4 are the best theoreti-
cal fits of the experimental data through Eq. (5), and
the corresponding nonlinear coefficients Iy and Seg are
listed in Table 1. Similar to those observed in CdSe-
based QDs and nc-Si: H,*'?9 both I, and feg in-
crease with Ipg. The Ipg-dependent Iy and Seg values
reflect the competition between the ground state ab-
sorption and the FCA. At a low [y, the ground state
absorption dominates and leads to the SA behavior.
With the increase of Iyg, the FCA process gradually
plays an important role and more electrons can be ex-
cited to the conduction band from the valence band,
leading to increasing I and SBeg. At a sufficiently high
Ioo, the FCA process dominates and incurs the RSA
behavior. For example, at Ioo = 3.9GW /cm?, I is
calculated to be 0.09 GW/cm? and SBeg is almost 0,
and thus the predominant absorption mechanism is
SA. However, when Ipg = 27.0 GW /cm?, IB.¢ domi-
nates in Eq. (3) and it yields the strong RSA behav-
ior in the CdSe/CdS core/shell NPLs. As a result,
the overall nonlinear absorption behavior gradually
switches from SA to RSA with increasing the excita-
tion peak intensity. It is believed that such an interest-
ing switching behavior from SA to RSA may provide
potential applications in optical pulse compressors and
optical switching devices. The SA and RSA behaviors
can be used in an optical compressor to reduce the
leading edge and trailing edge of a pulse respectively
and thus shorten the pulse.l’”] Moreover, considering
two single laser beams of four different input combina-
tions (0, 0), (0, 1), (1, 0), (1, 1), we can obtain a logic

sition method,*! I, = Too2% exp(—%f)exp( ﬁ) is

0 or 1 by defining a suitable threshold and realize an
all-optical exclusive-OR logic gate based on the SA to
RSA transition. "]

In summary, we have provided a comprehensive
understanding of the nonlinear absorption behaviors
of CdSe-based NPLs using ps pulses at 532nm. The
CdSe NPLs exhibit a strong RSA behavior resulting
from two-photon induced FCA in a nonresonant re-
gion. The growth of a monolayer of CdS on the CdSe
core can effectively make the absorption band red shift
to realize the resonant nonlinear absorption and hence
incur completely different nonlinear absorption prop-
erties. In detail, the CdSe/CdS core/shell NPLs show
an optical switching behavior from SA to RSA with
increasing the laser intensity, which are ascribed to the
ground state bleaching and FCA, respectively. From
the study, it can be seen that CdSe-based NPLs are
promising nonlinear optical materials for applications
in optoelectronic devices.
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