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In this work, one kind of type II ZnSe/CdS/ZnS core/shell/shell nanocrystals (NCs) is synthesized, and their
linear and nonlinear photophysical properties are investigated. Through measurements of the temperature-
dependent photoluminescence spectra of NCs, their excitonic properties, including the coefficient of the bandgap
change, coupling strength of the exciton acoustic phonons, exciton longitudinal optical (LO) phonons, and
LO–phonon energy are revealed. Femtosecond transient absorption spectroscopy was employed to obtain insight
into ultrafast processes occurring at the interface of ZnSe and CdS, such as those involving the injection of photo-
induced electrons into the CdS shell, interfacial state bleaching, and charge separation time. At the end, their
multiphoton absorption spectra were determined by using the z-scan technique, which yielded a maximum two-
photon absorption cross section of 3717 GM at 820 nm and three-photon absorption cross section
up to 3.9 × 10−77 cm6 · s2 · photon−2 at 1220 nm, respectively. The photophysical properties presented
here may be important for exploiting their relevant applications in optoelectronic devices and deep-tissue
bioimaging. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.387099

1. INTRODUCTION

Due to their unique optical and optoelectronic properties,
semiconductor colloidal nanocrystals (NCs) have very broad
application prospects, such as in new solar photovoltaic devices,
light-emitting diodes, biological imaging instruments, photo-
detectors, and nanolasers [1]. Unfortunately, the semiconduc-
tor NCs with simple structures usually have many surface
defects and serious Auger recombination effects, which will
hinder their applications in the fields of optoelectronic devices
and biological science.

Up to now, various methods have been proposed to optimize
the photophysical properties of semiconductor NCs, among
which the most important methods include organic ligand sur-
face modification and shell epitaxial growth. The first method
involves passivating surface dangling bonds of NCs with
organic ligands [2]. The second method involves epitaxially
growing one or multiple shells with a large bandgap outside
the core NCs to form a core–shell structure heterojunction,
which thus eliminates the surface dangling bonds and effec-
tively reduces the nonradiative recombination caused by surface

defects [3]. Compared with the first method, the core–shell
heterojunction obtained by the second method shows better
compatibility and photothermal stability.

According to the energy values of conduction and valence
bands, the core–shell heterojunction can be divided into types I
and II [4]. In the type I heterojunction, the electrons and holes
are trapped inside the core NCs; in the type II heterojunction,
the holes and electrons are confined to the core or shell, respec-
tively. Spatial separation of carriers can greatly reduce the effi-
ciency of Auger recombination [4]. In addition, the type II
NCs can emit photoluminescence (PL) with a large Stokes shift
and long lifetime, which is advantageous to the application of
fluorescence imaging [5–8]. While much progress has been
made in understanding the electronic transitions and carrier
dynamics of ZnSe/CdS dot-in-rod heterostructures [9],
(ZnSe/CdS)/CdS nanorods (NRs) [10], ZnSe/CdS/ZnSe nano-
barbells [11], and ZnSe/CdS/Pt NRs [12], the relevant carrier
dynamics of ZnSe core epitaxially grown with multiple spheri-
cal shells that may be promising for further improvement
of their optoelectronic properties has not yet been elucidated.
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Additionally, the linear and nonlinear photophysical properties
of such type II NCs still have not been widely investigated,
which is hindering the expansion of their relevant applications.

In this work, we synthesized one kind of type II NCs,
i.e., ZnSe/CdS/ZnS core/shell/shell NCs. Their low tempera-
ture excitonic properties were revealed through the measure-
ments of temperature-dependent PL spectra. The injection of
photo-induced electrons into the CdS shell, interfacial state
bleaching, process, as well as charge separation time were stud-
ied by femtosecond-transient absorption (fs-TA) spectroscopy.
In addition, the z-scan technique was utilized to determine
their two- and three-photon absorption (2PA and 3PA) cross
sections in the wavelength ranges of 730–870 nm and 1140–
1620 nm, respectively.

2. EXPERIMENT

A. Synthesis of ZnSe/CdS/ZnS NCs and Morphology
Characterization
The NCs were synthesized according to the procedures reported
in Ref. [13]. The NCs’ size distribution was characterized by
transmission electron microscopy (TEM, Talos F200X).

B. UV–Vis Absorption and PL Spectra Measurements
The measurements of UV–Vis absorption spectra were carried
out by using a UV–Vis spectrophotometer (Lambda 950,
PerkinElmer, Inc.), while the PL spectra and absolute PL quan-
tum yield of NCs were recorded on a luminescence spectropho-
tometer (Zolix, SENS-9000) that was equipped with an intense
xenon flash lamp as the excitation source. In all of the above
measurements, the concentration of NCs was 1 × 10−6 M
(1 M = 1 mol/L).

C. PL Lifetime Measurements
The lifetime decay data were collected on an Edinburgh
Instruments FLSP920 spectrophotometer by using the time-
correlated single-photon counting technique. Picosecond
pulses (90 ps, 375 nm) with a repetition rate of 2 MHz were
used as the excitation source.

D. Temperature-Dependent PL Spectra
The temperature-dependent PL spectra (10–300 K) measure-
ments were performed within a closed-cycle helium cryostat.
During the measurements, 325 nm light from a continuous-
wave (CW) He–Cd laser irradiated a close-packed film pre-
pared by drop-casting the NCs solution onto a piece of silicon
wafer. The PL signals were dispersed by a monochromator and
then detected by a photomultiplier by using a standard lock-in
amplifier technique.

E. fs-TA Spectroscopy
Ultrafast carrier dynamics of NCs was investigated by using
fs-TA spectroscopy, based on a Ti:sapphire regenerative ampli-
fier system (Spectra-Physics, Inc.) that produces 800 nm
pulses with a 100 fs pulse width and 1000 Hz repetition rate.
A portion of the 800 nm pulses irradiated onto a sapphire crys-
tal to generate white probe light (360–800 nm). The pump
beam was chopped at 100 Hz, and its delay time (0–3 ns)
relative to the probe was controlled by using a variable optical
delay line. The vertical angle between the pump and probe

polarization was set to exclude artificial signals during the
measurements. The probe signals were collected with a mono-
chromator/photomultiplier configuration with a lock-in ampli-
fier. All measurements were performed on NCs toluene
solutions.

F. Determination of Multiphoton Absorption Cross
Sections
The mulitphoton absorption (MPA) cross sections of NCs were
determined by using an open-aperture z-scan technique [14], in
which the NCs toluene solution was filled into a quartz cell
with a 1 mm thickness. In the measurements, the laser pulses
(1000 Hz, 100 fs) from an optical parametric amplifier com-
bined with a traveling wave optical parameter amplifier with a
tunable wavelength range were used as the excitation source.

3. RESULTS AND DISCUSSION

The TEM image of the ZnSe/CdS/ZnS NCs is presented in
Fig. 1(a). The spherical structure can be clearly observed, which
thus confirms the epitaxial growth of the anisotropic shell.
From the size distribution histogram in Fig. 1(b), the averaged
diameter of NCs was estimated as 18.6 nm. The average diam-
eter of original ZnSe core is ∼2.5 nm, while the thickness
of the CdS shell is ∼3.6 nm. Their absorption spectrum in
Fig. 1(c) shows a resolvable first excitonic transition at 460 nm
arising from the ZnSe core, whereas the CdS shell has no resolv-
able peak. Moreover, there is a low energy tail, which is sug-
gestive of the existence of spatially indirect transitions, due to
the type II band alignment. Under 365 nm excitation, the NCs
exhibit bright PL emission peaking at 630 nm. Considering
staggered band alignment of ZnSe and CdSe NCs, the PL emis-
sion can be attributed to indirect type excitonic transition
1Se�CdS� − 1Sh�ZnSe�. This assignment can be further sup-
ported by the PL excitation (PLE) spectrum that resembles

Fig. 1. (a) TEM image of ZnSe/CdS/ZnS NCs. Inset: their sche-
matic structure. (b) The absorption, PL (excited at 365 nm), and PLE
spectra of NCs. The inset shows their colloidal solutions under UV
illumination (λ � 365 nm). (c) The diameter distribution of the
NCs. (d) Time-dependent PL intensity of ZnSe/CdS/ZnS NCs de-
tected at 630 nm.

Research Article Vol. 8, No. 9 / September 2020 / Photonics Research 1417



the absorption spectrum of ZnSe/CdS/ZnS NCs [Fig. 1(c)]. The
absolute PL quantum yield of the NCs was determined at the
level of 7.93%. The ZnS shell further provides an efficient pas-
sivation of the surface trap states, giving rise to an efficient PL
emission. The PL lifetime of NCs was measured, and the rel-
evant decay curve is depicted in Fig. 1(d); the results showed
a double exponential character, with an averaged lifetime of
41 ns. The lifetime value is several orders of magnitude larger
than that of organic molecules [15,16] due to the slow elec-
tron-hole recombination of the excitons in type II structures.

The temperature-dependent normalized PL spectra of
ZnSe/CdS/ZnS NCs under 325 nm excitation are presented
in Fig. 2(a). It was found that with the rise in the temperature
the PL peak photon energy decreased, while PL full width at
half-maximum (FWHM) gradually increased. In addition, the
photon energy of NCs at 300 K was redshifted by 54 meV
compared with that at 10 K. The thermal shift of the bandgap
and the broadening of the PL FWHM were induced by the
thermal dilation of the crystal lattice and electron–phonon
interactions [17]. To qualitatively characterize the relevant
physical parameters during such a process, the NCs’ peak pho-
ton energies at different temperatures are plotted in Fig. 2(c),
which can be described by the Varshni formula:

E�T � � E�0� − αT 2

β� T
, (1)

where E�T � and E�0� are the bandgap values at temperature T
and 0 K, respectively, α is the coefficient of the bandgap
change, and β is the Debye temperature for the material
[17]. According to the fitting results derived by using
Eq. (1), the value of α was determined to be 0.00021 eV/
K. This value is 1 order of magnitude smaller than that of

the ZnSe single crystal (0.00321 eV/K) [17] but comparable
to that of CsPbI3 cubic NCs (−0.00016 eV∕K) [18].

Figure 2(d) shows the temperature dependence of the PL
FWHM of the free excitons of the NCs. The thermal broad-
ening of the excitonic peak can be generally interpreted as
exciton–phonon interactions. The temperature dependence
of the PL FWHM can be approximately described by the fol-
lowing formula:

Γ�T � � Γ0 � Γac � ΓLO � Γ0 � γacT � γLO
eELO∕kBT − 1

:

(2)

In Eq. (2), Γ0 is the inhomogeneous peak width at 0 K, while
Γac and ΓLO are homogeneous PL spectrum broadening terms,
which result from acoustic and longitudinal optical (LO) pho-
non scattering, respectively [17]. The coefficients γac and γLO
represent the weights of the exciton–acoustic and LO phonon
coupling strengths, respectively. ELO is the phonon energy in-
volved in LO phonon scattering. According to the fitting results
based on Eq. (2), the values of γac, γLO, and ELO were deter-
mined as 129 μeV∕K, 10.4 meV, and 19.9 meV, respectively.
Again, the value of γLO is 1 order of magnitude smaller than
that of ZnSe single crystal (126 meV) [17]. The small values of
α and γLO in CdSe/CdS/ZnS NCs are indicative of the high PL
color purity of NCs at elevated temperature, and the data can
be interpreted as the strong quantum confinement of holes into
the ZnSe core and lower density of surface defects due to the
type II structure and shell passivation effect.

A study on the carrier dynamics of type II heterostructured
NCs is vital for their potential application in optoelectronic
devices and biological science. Thus, by means of fs-TA spec-
troscopy, the dynamics of the injection of photo-induced elec-
trons into the CdS shell, interfacial state bleaching, and charge
separation time were investigated [9–12,19]. Figure 3(a) de-
scribes the delay time-dependent fs-TA spectra of ZnSe/
CdS/ZnS NCs, which are excited at 400 nm corresponding
to the resonant excitation of the core (ZnSe). The fs-TA spectra
in the 0–1 ps time window mainly consisted of one strong
bleaching band (i.e., 460 nm) that can be attributed primarily
to state filling in the ZnSe, as well as small-amplitude photo-
induced bleaching band between 550 and 650 nm.

With the increase of delay time, the ZnSe bleaching ampli-
tude decreased accompanied by the appearance of another
bleaching band at 500 nm, which was induced by the charge
transfer from ZnSe to CdS. Therefore, the bleaching signal at
500 nm should be assigned to the state filling in the CdS. In
order to confirm the origin of bleaching band at 550–650 nm,
the fs-TA spectra of NCs were recorded under 600 nm, which
were dramatically different from those in case of 400 nm ex-
citation. On this condition, the photon energy is smaller than
the bandgap values of both ZnSe and CdS. It was found that
the bleaching signals of CdS and the band between 550 and
650 nm appeared instantaneously [Fig. 3(b)], indicating that
the two transitions share an electron state. Therefore, the
bleaching signal at 550–650 nm arose from the 1Sh(ZnSe)–
1Se(CdS) interfacial transition, which is thought of as a hole
localized in the ZnSe core and an electron in the CdS shell.

Figure 3(c) shows the decay dynamics of the bleaching sig-
nals for ZnSe (460 nm), CdS (500 nm), and interfacial state
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Fig. 2. (a) Temperature-dependent PL mapping of ZnSe/CdS/ZnS
NCs under an excitation of 325 nm. The white line indicates a guid-
ance line to the eyes. (b) The comparison of normalized PL spectra of
NCs was performed at 10 and 300 K. (c) Temperature-dependent
peak energies, where the line is the fitting curve according to
Eq. (1). (d) Temperature dependence of the PL FWHM of NCs.
The solid line is the fitting according to Eq. (2).
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(625 nm). The carriers occupying the ZnSe conduction band
at 460 nm decay rapidly, while the bleaching signals for both
CdS and interfacial state gradually increase. Considering the
bandgap alignment of ZnSe and CdS [inset of Fig. 3(c)],
the observed rise in the bleaching signals of CdS can be partly
attributed to the relaxation of hot electrons from the higher
lying ZnSe conduction band. It can be estimated that the
electron injection time into the CdS shell is about 308 fs.
In addition, the rise of interfacial state signal (∼472 fs) corre-
sponds to the electrons leaving the ZnSe core to become local-
ized in the interfacial state.

Considering the large energy offset in ZnSe and CdS, it
should produce an efficient charge separation and thus exten-
sive spectral shift in fs-TA spectra. In order to estimate the spa-
tial separation of charges of NCs, their fs-TA spectra at different
delay times were compared [Fig. 3(d)]. It was found that
the interfacial state bleaching gradually shifted toward longer
wavelength with the increase of delay time, which could be con-
sidered as a result for charge separation in the NCs [inset of
Fig. 3(d)]. Figure 3(e) shows the temporal evolution of the
spectral position for the interfacial state bleaching. By fitting
the dynamic curve, the charge separation time in the ZnSe/
CdS/ZnS NCs was determined as about 230 ps, which was
much longer compared with the (ZnSe/CdS)/CdS heterostruc-
tured NRs [10], indicating a more complete charge separation
in the former.

Based on the procedures described in previous literature
[20,21], the linear absorption cross section (σlin) of ZnSe/
CdS/ZnS NCs was determined through the measurement of
the excited intensity-dependent ground-state bleaching (GSB)
signal amplitude at a long delay time (1 ns) (Fig. 4). The solid
curve is the best-fitting line based on the following equation:

−A�I∕I0� � −Amax�1 − e−�I∕I0�·σlin·I0 �, (3)

where A�I∕I0� denotes the GSB signal amplitude of NCs at a
1 ns delay as a function of the excitation intensity, and I0 is the
minimum excitation intensity used in the fs-TA experiment
[20,21]. The value of σlin was determined as 2.2 × 10−14 cm2

at 350 nm, with a corresponding molar extinction coefficient
of 5.8 × 106 L · cm−1 ·mol−1.

Figure 5(a) shows the PL emission spectra excited with dif-
ferent intensities at the wavelength of 800 nm. It was found
that the emission intensity is proportional to the square of
the excitation optical intensity, which thus indicates that the
2PA mechanism is involved [22]. The open-aperture z-scan
technique was utilized to determine the 2PA cross sections [14].
The z-scan data of pure solvent (toluene) and the NCs solution
are presented in Fig. 5(b). The comparison of normalized trans-
mittance of the NCs solution and toluene suggests that the sig-
nals of the former contributed by the solvent are much smaller
compared with the latter. The wavelength dispersion of the
2PA cross section is presented in Fig. 5(c). It was found that
the 2PA peaked at an energy that was higher with respect to the
energy for the first one-photon absorption peak, due to the dif-
ferent selection rule between one- and two-photon excitation
[23]. The value of the maximum 2PA cross section of ZnSe/
CdS/ZnS NCs (3717 GM) was on the same order as
that of ZnSe spherical NCs at the wavelength of 806 nm
(4900 GM) reported by Lad et al. [24]. It should be noted that
Ref. [24] did not investigate the wavelength dispersion of 2PA
cross sections. In addition, the epitaxial growth of CdS and ZnS
shells onto the ZnSe core not only enhances the photostability
but also enlarges the Stokes shift. The abovementioned features
are significant for applications in bioimaging application.

Compared with two-photon microscopy, the three-photon
excitation method can provide a greater penetration depth and
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higher resolution [25,26]. Encouraged by the large 2PA of
ZnSe/CdS/ZnS NCs, the wavelength dispersion of the 3PA
cross section was subsequently investigated. Based on the inci-
dent power-dependent PL spectra excited at 1300 nm, it was
found that the PL intensity varies linearly with the cubic of
incident power intensity, which thus demonstrates that 3PA
indeed occurs [Fig. 6(a)]. The z-scan technique was also used
to determine 3PA cross sections at different wavelengths, with
one example at 1300 nm given in Fig. 6(b). From the wave-
length dispersion of 3PA cross sections [Fig. 6(c)], it could
be seen that the maximum 3PA cross section appeared at
1220 nm, with a relevant value of 3.9 × 10−77 cm6 · s2·
photon−2. The wavelength dependence of the 3PA cross section
followed well with the trend of the linear absorption spectrum,
which thus indicates that a similar selection rule was involved in
the cases of one- and three-photon processes. Interestingly, such

a wavelength dispersion of a 3PA cross section has never been
revealed in previous literature, and this is of importance
for applications in optoelectronic devices and deep-tissue
bioimaging.

4. CONCLUSIONS

In summary, one kind of type II ZnSe/CdS/ZnS core/shell/
shell NCs with red PL emission was synthesized, and their lin-
ear and nonlinear photophysical properties were comprehen-
sively investigated. Their excitonic properties were revealed
through the measurements of temperature-dependent PL spec-
tra. Based on the experimental results derived by using fs-TA
spectroscopy, the photo-induced electron injection from
core shell, interfacial state bleaching process, as well as
charge separation process were investigated. Interestingly, the
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wavelength dispersion of MPA cross sections of ZnSe/CdS/ZnS
NCs has been reported. The good linear and nonlinear photo-
physical properties demonstrate these are promising materials
for various optoelectronic devices and deep-tissue bioimaging.
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