CHINESE JOURNAL OF CHEMICAL PHYSICS

VOLUME 28, NUMBER 1

FEBRUARY 27, 2015

ARTICLE

Investigation on Exciton Relaxation Kinetics of ZnCuInS/ZnSe/ZnS
Quantum Dots by Time-Resolved Spectroscopy Techniques
Xue-cong Lia∗ , Ning Suib , Yu Zhangc ∗
a. Department of Physics, Tianjin Polytechnic University, Tianjin 300387, China
b. College of Physics, Jilin University, Changchun 130012, China
c. State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, Changchun 130012, China
(Dated: Received on September 8, 2014; Accepted on November 16, 2014)

The exciton relaxation kinetics of ZnCuInS/ZnSe/ZnS quantum dots (QDs) is investigated
by time-resolved spectroscopy techniques in detail. Based on the rate distribution model, the
wavelength-dependent emission dynamics shows that the intrinsic exciton, the exciton in the
interface defect state and that in donor-acceptor pair state (DAPS) together participate in
the photoluminescence process of QDs, and the whole emission process is mainly dependent
on the DAPS emission. Transient absorption data show that the intrinsic exciton and the
interface defect species maybe together appear after excitation and the intensity-dependent
Auger recombination process also exists in QDs at high excitation intensity.
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time-correlated single-photon counting (TCSPC) techniques. The emission wavelength-dependent dynamic
behaviors show that multiple luminescent species, involving the intrinsic exciton, the exciton in the interface
defect state (IDS) and that in donor-acceptor pair state
(DAPS), together participate in the PL process. The
time-resolved TA measurement further conﬁrms that
multiple exaction states appear after photoexcitation
and the intensity-dependent Auger recombination (AR)
process also occurs at high excitation intensity.

I. INTRODUCTION

Colloidal inorganic quantum dots (QDs) have received considerable attention because of their interesting optical properties and potential application in the
ﬁelds of light-emitting diode [1, 2], optical gain media
[3, 4], and solar-harvesting [5, 6]. Recently, a new kind
of I-III-VI nano-materials such as CuInS2 [7, 8] and
ZnCuInS [9, 10], has attracted much attention, due to
its low toxicity, large absorption coeﬃcient, and sizetunable emissions [7−11]. These QDs have exhibited
highly eﬃcient and widely tunable photoluminescence
(PL) from visible to the NIR region by varying not only
the size but also the composition in nano-particles. An
important strategy to improve the QD’s PL eﬃciency
and stability is to overgrow a semiconductor shell structure with a wider band-gap around the QDs, resulting
in the so-called type I core/shell systems, such as ZnCuInS/ZnS [9] and ZnCuInS/ZnSe/ZnS QDs [12, 13].
For this type of QDs, the ZnS (3.7 eV) shell structure
can protect the internal structures from the solvent environment and simultaneously obviate exciton dissociation. However, the report on the exciton relaxation process occurring in this new kind of QDs is much limited,
which could hinder their development and utilization in
the optoelectronic devices.
In this work, we probed the exciton relaxation process
of ZnCuInS/ZnSe/ZnS core/shell/shell QDs by using
femtosecond transient absorption (TA) and picosecond

II. EXPERIMENTS

The synthesis of ZnCuInS/ZnSe/ZnS QDs was described in Ref.[11]. The images of the particles were
taken using a JEOL FasTEM-2010 transmission electron microscope (TEM) and exhibited that the diameter of QDs was ∼2.7 nm. TCSPC measurement was performed by a ﬂuorescence spectrometer (mini-τ , Edinburgh Photonics) equipped with an EPL405 laser diode.
Femtosecond Titanium: Sapphire laser (Coherent) was
used as a radiation source, which oﬀered 2.2 mJ, 130 fs
pulses at 800 nm with a repetition rate of 1 kHz. The
PL measurements were achieved using a ﬁber optic
spectrometer (Ocean Optics, USB4000). The detailed
setup of femtosecond TA measurement can be found in
Ref.[14]. The excitation wavelength was 400 nm in the
TA experiment. All the measurements were performed
at room temperature.
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FIG. 1 (a) UV-Vis absorption and photoluminescence spectra of ZnCuInS/ZnSe/ZnS QDs. (b) Proposed luminescence
mechanism in ZnCuInS/ZnSe/ZnS QDs. IE: intrinsic exciton, IEL: intrinsic exciton luminescence, IDSL: the interface
defect state luminescence, DAPSL: the donor-acceptor pair
state luminescence, ET: energy transfer; E: excited state; G:
ground state.

III. RESULTS AND DISCUSSION

UV-Vis absorption and normalized PL spectra of ZnCuInS/ZnSe/ZnS QDs are shown in Fig.1(a). Although
the absorption spectrum of the QDs is almost structureless, the ﬁrst excitation band at the absorption edge is
still observed, which is consistent with a previously reported result [13]. The absorption band edge of QDs
is located at ∼553 nm. The emission peak of QDs
is ∼580 nm, and the corresponding full width at halfmaximum (FWHM) is ∼94 nm, which is signiﬁcantly
broader than those of high-quality CdSe QDs [15], but
similar to the CuInSe QDs [16], indicating that the luminescence from donor-acceptor pairs (created by defects and vacancies) recombination [9] may play an important role in the PL spectrum of this QDs. According
to the previous report [9], multiple transient luminescent species appear after photoexcitation, as seen in
Fig.1(b), which are composed of intrinsic exction, interface exciton state and donor-acceptor pair state, and
they together participate in the PL process of QDs.
In order to understand the photophysical property of
these transient species through the photoluminescence
characteristics, the time-dependent emission spectra of
ZnCuInS/ZnSe/ZnS QDs are given in Fig.2(a), which
exhibits that the emission maximum shows a little redDOI:10.1063/1674-0068/28/cjcp1409143

FIG. 2 (a) The temporal emission spectra of quantum dots.
(b) Wavelength-dependent emission curves. (c) The decayrate distributions φ(γ) at diﬀerent wavelengths. γMF of
emission traces at 550, 600, 650, and 700 nm are 4.39, 4.13,
3.33, and 2.62 µs−1 , and the widths (∆γ) of their distribution function are 26.00, 16.97, 8.94, and 5.10 µs−1 .

shift over time. Apparently, these transient species
could together appear in the emission spectrum at
28 ns. With the time prolonging, some of transient
species could disappear. In the emission spectrum
at 505 ns, the component originated from intrinsic
exciton could annihilate, which could be responsible
for the redshifting of emission spectrum. Therefore,
these transient species have diﬀerence in emission spectrum, but are not obvious. It suggests that the emission spectra of these transient species are all broad.
The wavelength-dependent emission curves of QDs are
shown in Fig.2(b), so as to compare the relaxation rates
c
⃝2015
Chinese Physical Society

56

Xue-cong Li et al.

Chin. J. Chem. Phys., Vol. 28, No. 1

among these transient species. It shows that all emission traces strongly deviate from a single-exponential
decay and the relaxation rate becomes slow with the
redshifting of the emission wavelength. To explain this
phenomenon, three reasons could be provided as follows: (i) multi-type luminescent species participate in
the emission relaxation process [17−19] and their relaxation rates have diﬀerence, which leads to the nonexponential relaxation behavior; (ii) the weight of transient species in emission traces varies with the emission
wavelength, due to the diﬀerence among their emission spectra; (iii) the relaxation rates of these transient
species may have a distribution width in rate region,
since their emission spectra are all broad. The total
emission traces could not show a single-exponential relaxation behavior. Therefore, all the emission traces are
ﬁtted with a continuous distribution function of decay
rates [20] due to the overlapping in decay rate γ:
∫ ∞
(1)
I (t) = I (0)
φ(γ) exp (−γt) dγ
γ=0

where φ(γ) is a distribution of decay rates with dimension of time, I(0) is the initial intensity of signal, φ(γ)
describes a distribution of the concentration of transient
species with a certain γ, weighted by the corresponding
γrad [21]. φ(γ) is the distribution function as described:
[
(
)
]
γ
1
φ(γ) = A exp − ln2
(2)
γMF w2
where γMF is the most-frequency decay rate corresponding to the maximum of φ(t), w is a dimensionless width
parameter that determines the distribution width (∆γ)
at 1/e, A is thenormalization constant, so that
∫
φ(γ)dγ = 1
(3)
γMF is determined by the decay rates which are dependent on the situation of the transient species. Meanwhile, the distribution width ∆γ could be calculated
as,
∆γ = 2γMF sinh w

(4)

As seen in Fig.2(c), γMF and ∆γ could increase as the
emission wavelength increases. As mentioned above,
multi-transient species, involving the intrinsic exciton
[19], interfacedefect state and donor-acceptor pair state
[17], participate in the photoluminescence process, the
∆γ should be broad. Due to the diﬀerence among their
emission spectra, the γMF should depend on the emission wavelength. It is accepted that among them the
relaxation rate of the intrinsic exciton is the fastest and
that of donor-acceptor pair state (DAPS) is the slowest. Therefore, the γMF also gradually decelerates from
4.39 µs−1 to 2.62 µs−1 , when the emission wavelength
red shifts from 500 nm to 700 nm. Meanwhile, the ∆γ
DOI:10.1063/1674-0068/28/cjcp1409143

at 550 nm is broader than that at 700 nm, which is due
to the disappearance of intrinsic exciton at long emission wavelength region. In a word, the transient species
in QDs all have a broad emission spectrum and a broad
rate distribution, which lead to a broad emission spectrum and a complex emission dynamics.
Note the weight of transient luminescent species with
high radiative rate, which corresponds to the IE, apparently decreases (as seen in Fig.2(c)), as the emission wavelength blue shifts, indicating that the IE is
mainly distributed on the high energy state (as seen in
Fig.1(b)). The transient luminescent species with low
radiative rate (<4 µs−1 ) has a broad energy distribution
and all the emission wavelengths own their component,
indicating that this transient species should correspond
to the DAPS. In addition, the γMF in diﬀerent emission traces is mainly distributed at the low rate region
(<4 µs−1 ), indicating that the DAPS emission plays an
important role in the whole emission mechanism.
As seen in Fig.3 (a) and (b), TA spectra of QDs are
performed and composed of negative spectral bands,
which may correspond to the ground state bleaching
(GSB) and simulated emission (SE) respectively, and
two parts of positive absorption bands correspond to
the excited state absorption (EA) peaks at ∼625 and
∼800 nm, respectively. The positive signal at 760 nm
decreased quickly in comparison with that of the negative band at 550 nm at the initial time, and then became
slow after ∼20 ps. The TA spectra at 553 ps show that
the negative spectral signal disappears, and the EA features at 625 and 800 nm still exist. A valley appears
between the EA peaks at 625 and 800 nm in the TA
spectrum at 1 ps and should be assigned to the stimulated emission (SE), since its position is consistent with
that of the steady emission band. It suggests that the
SE signal is covered by EA at long time scale. The
normalized decay curves of EA and GSB are shown in
Fig.3(b). An obvious fast decay component appears in
the EA curve (at ∼760 nm) and the rate of GSB would
exceed that of EA after 175 ps. The diﬀerence between
them should be assigned to the appearance of multiple
transient species. Besides the IE, the IDS and DAPS
maybe appear through cascade energy transferring.
In order to further understand the exciton relaxation,
the intensity-dependent TA curves at 760 nm of QD
are shown in Fig.3(c). Herein, a fast relaxation behavior appears in TA curves, which decays much faster
and couldn’t be assigned to the fast carrier interface
trapping process. Meanwhile, its percentage in the TA
curves gradually enhances as the excitation intensity
increases, indicating that this intensity-dependent fast
decay process should be attributed to the AR process
[22]. The complexity of AR spurred researchers to develop several models to resolve its dynamic process [3,
23, 24]. Because TA curves at high intensity are the
linear combinations of AR and single-exciton relaxation
(SER) [22], we simpliﬁed the approach of the intensityc
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FIG. 3 (a) Transient absorption spectra of QDs at diﬀerent time delay. (b) Kinetic traces at 1.63 and 2.25 eV after excitation
at 400 nm laser light with intensity of 452.7 µJ/cm2 . (c) Kinetic traces at 760 and 550 nm after excitation at 400 nm laser
light with intensity of 452.7 µJ/cm2 . (d) Intensity-dependent lifetime of single-exciton relaxation and Auger recombination
processes.

dependent TA curves, and describe them as,
NQD (t) = NAR (t) + NSER (t)
(
)
−t
NSER (t) = ASER exp
τSER
(
)
∑
−t
NAR (t) =
AAR-i exp
τAR-i
i

(5)
(6)
(7)

where NSER (t) and NAR (t) correspond to the number of
exciton participating the single-exciton relaxation and
AR process, respectively. NSER (t) could be described
by using a mono-exponential function, and ASER represents the relative weight of single-exciton relaxation
in the TA curves. NAR (t) could be described by a biexponential function of high intensity, where AAR-i represents the weight of lifetimes. Here, the total decay
traces would be ﬁtted by tri-exponential function, when
the intensity is higher than 113.2 µJ/cm2 . The singleexciton dynamics would correspond to the longest lifetime (τSER ). By subtracting the decay component of
SE from the TA curves, the lifetime of AR (τAR ) could
be obtained according to the function
τAR =

AAR-1 τAR-1 + AAR-2 τAR-2
AAR-1 + AAR-2

(8)

Figure 3(d) summarizes the τAR and τSER of QDs
at diﬀerent intensity and shows both τSE and τSER
DOI:10.1063/1674-0068/28/cjcp1409143

monotonously decrease with the increase of intensity.
With the increasing of intensity, the AR process gradually accelerates. For the normal AR process insemiconductor QD [24], the τAR depends on the number of
localized defect states, which could act as ﬁnal acceptor
states that Auger electron to transfer to. After Auger
recombination, more and more excitons are left in defect states of QDs, which accelerate the ﬁnal exciton
relaxation.
IV. CONCLUSION

Time-resolved spectroscopy techniques were employed to investigate the exciton relaxation kinetics
in ZnCuInS/ZnSe/ZnS QDs. Multiple luminescent
species, involving the intrinsic exciton, the exciton in
the interface defect state (IDS) and that in donoracceptor pair state (DAPS), participate in the ﬂuorescence relaxation process. Based on the rate distribution
model, the DAPS with low radiative rate should play
an important role in the whole luminescence process.
In addition, the transient absorption data oﬀered the
exciton relaxation process of QDs in an ultrafast time
region which exhibits that the IDS and DAPS maybe
appear through cascade energy transferring after photoexcitation and the intensity-dependent AR still existed in QDs.
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