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The intra- and inter-band relaxation dynamics of CdSe/CdS/ZnS core/shell/shell quantum
dots are investigated with the aid of time-resolved nonlinear transmission spectra which are
obtained using femtosecond pump-probe technique. By selectively exciting the core and
shell carrier, the dynamics are studied in detail. Carrier relaxation is found faster in the
conduction band of the CdS shell (about 130 fs) than that in the conduction band of the
CdSe core (about 400 fs). From the experiments it is distinctly demonstrated the existence
of the defect states in the interface between the CdSe core and the CdS shell, indicating that
ultrafast spectroscopy might be a suitable tool in studying interface and surface morphology
properties in nanosystems.
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I. INTRODUCTION

Semiconductor nanocrystals or quantum dots (QDs)
are quasi-zero-dimensional nanoscale materials where
the motion of carriers is restricted in all three direc-
tions, and have a unique electronic structure different
from that of the atomic and bulk materials [1]. The
QDs’ optical, electronic and transport properties de-
pend on their size and shape. Through the size control-
ling, the band-gap energy can be tuned in a broad spec-
tral range and carrier relaxation paths can be manipu-
lated e.g. trapping, radiative, and nonradiative decays
[2−5]. Obviously, comprehension of the photophysical
properties of these materials is important for the devel-
opment of highly efficient light-emitting nanocrystalline
devices or solar cells based on QDs.

The II-VI CdSe QD systems are the most thor-
oughly investigated nanoscale materials [6]. By coat-
ing a proper shell on the bare core, e.g. CdS, ZnS,
and ZnSe coated on CdSe [7, 8], the surface states may
be reduced, leading to enhanced fluorescence quantum
yield, and carrier relaxation path may also be altered
[1, 9, 10]. There are two types of such core/shell semi-
conductor nanocrystal systems, denoted as type I and
type II, respectively. For type I systems, the band-gap
of the core material is smaller than that of the shell
material, with the band edges of the core confined in-
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side the band-gap of the shell, while for type II sys-
tem, the band alignments of the core and the shell are
staggered [11, 12]. In the core/shell system, the car-
rier relaxation could involve several processes such as
phonon relaxation, surface and defect states trapping,
Auger relaxation, etc. Generally, these processes are
ultrafast within femtosecond to picosecond order [13].
In this sense, femtosecond laser spectroscopy has been
proven to be a powerful tool in unravelling those ul-
trafast carrier dynamics in core/shell QDs systems. Be
more specific, the ultrafast spectroscopic techniques are
suitable to follow energy relaxation, population decay,
optical gain, ionization dynamics, and biexciton inter-
actions [1, 11−16].

Recently, ultrafast carrier dynamics have been ex-
tensively investigated on the nanoscale materials for
core/shell structures which have two configurations
of “dot-in-a-rod” and “rod-in-a-rod” [11, 12, 17−22].
Cret́ et al. studied ultrafast processes and the ef-
fect of the shell thickness on stimulated emission and
photoinduced absorption transitions in CdSe/CdS/ZnS
core/shell nanorods by femtosecond pump-probe spec-
troscopy [22]. According to their study, the decay time
of the higher energy states is shorter in the core (200 fs)
than in the core/shell samples (500 fs) from transient
transmission difference spectra, and also the density
of such states depends on the shell thickness. They
claimed that the interface defects are negligible for thin
shells. Lupo et al. investigated the transient bleaching
and absorption of the asymmetric core/shell CdSe/CdS
nanorods using pump-probe technique [11]. They ob-
served ultrafast carrier relaxation and identified hole
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localization dynamics with time constant of 650±80 fs,
and an intense bleaching signal in the CdS spectral
which was assigned to the delocalization of the elec-
tronic wave upon pumping of the CdSe core. Recently,
Deka et al. studied ultrafast dynamics of CdSe/CdS
nanorods and CdSe/CdS/ZnS double shell nanorods,
employing pump-probe and time-resolved photolumi-
nescence spectroscopy [12]. They confirmed that the
presence of the ZnS shell reduced the presence of trap
states at the CdS surface, and consequently led to an
increased probability for charge carrier decay at CdSe
emitting states and therefore to an increased quantum
efficiency.

In the present work, the carrier dynamics of type-
I CdSe/CdS/ZnS core/shell/shell quantum dots dis-
persed in chloroform solution was studied using fem-
tosecond pump-probe technique. Tuning the femtosec-
ond excitation wavelength the carriers initially were ei-
ther restricted in the core area or extended into differ-
ent shells as well. To the best of our knowledge, the
ultrafast carrier dynamics about CdSe/CdS/ZnS dou-
ble shell quantum dots have not been reported yet. It
is found that the relaxation processes of carriers are
subject to the initial preparation. Our results indicate
that the carrier relaxation is very fast when carriers in
the core and shell are all excited-comparable with the
width of laser pulse (130 fs), whereas it is slower (about
400 fs) when the carriers are prepared in the core only.
This fast relaxation is ascribed to the trapping of the
defects in the interface between the CdSe core and the
CdS shell.

II. EXPERIMENTS

A. Preparation of CdSe/CdS(3 ML)/ZnS(3 ML) QDs

The CdSe/CdS(3 ML)/ZnS(3 ML) double shells QDs
was synthesized given elsewhere [23].

1. Chemicals

Cadmium oxide (99.99%), sulfur (99.98%, powder),
zinc oxide (99.99% powder), 1-octadecene (ODE, 90%),
oleic acid (OA, 90%), tri-octylphosphine (TOP), and
oleylamine (OAm) selenium powder (99.5%, 100 mesh),
were purchased from Alfa.

2. Synthesis of CdSe core nanocrystals

In a typical reaction, a mixture of 0.2 mmol CdO
powder, 0.5 mmol of OA, 3 mL ODE, and 1 mL OAm
were loaded into three-neck flask, then the reaction mix-
ture was evacuated for 1 h and heated to 280 ◦C under
Ar-flow to form an optically clear solution. A solution
containing 0.1 mmol Se dissolved in 2.0 g of TOP was

injected into the reaction flask. After the injection, the
temperature was adjusted to 250 ◦C for 1 min. After
this time the heating mantle was removed and cooled
down to room temperature.

3. Preparation of the precursor solution of shell materials

The zinc precursor and cadmium precursor solution
were prepared by dissolving ZnO and CdO in oleic acid
and ODE at 300 ◦C, respectively. The sulfur precur-
sor solution was prepared by dissolving sulfur in ODE
at 180 ◦C. All the solutions were freshly prepared un-
der Ar-atmosphere. For each shell growth, a calculated
amount of a given precursor solution was injected with
a syringe using standard air-free procedures. For the
calculations of the amount of precursor solutions, the
amount of the injection solution for each monolayer can
be deduced from a calculation of the number of concen-
tric volume as described in literature [17].

4. Preparation of the core/shell nanocrystals with different
shells

The method of preparing core/shell nanocrystals was
similar to that reported in literature [23]. A typical
reaction for synthesis of CdSe/CdS/ZnS nanocrystals
was performed as follows. 0.15 µmol CdSe dissolved in
hexane (0.2 mL), 3 mL ODE and 1 mL of OAm were
loaded into a 50 mL reaction vessel, heated to 100 ◦C
under vacuum for 1 h. Subsequently, the solution was
heated to 245 ◦C where the shell growth was performed
for growth of shell materials by SILAR method. Finally,
the reaction solution was cooled down to room temper-
ature. For purification 10 mL of hexane were added
and by-products were removed by successive methanol
extraction until the methanol phase was clear.

B. Femtosecond pump-probe setup

The femtosecond transient absorption experiment
was based on a Spectra-Physics Hurricane Titanium:
Sapphire regenerative amplifier system (see Fig.1). The
optical system of the Hurricane includes a seeding laser
(Mai Tai), a pulse stretcher, a Ti:Sapphire regenerative
amplifier, a Q-switched pumps laser (Evolution), and
a pulse compressor. The 800 nm output of the laser
was typically 1 mJ/pulse (130 fs) at a repetition rate of
1 kHz. A full-spectrum setup based on an optical para-
metric amplifier (Spectra-Physics OPA 800) as pump
and residual fundamental light (800 nm, 150 µJ/pulse)
from the pump OPA was used for white light genera-
tion. The OPA was used to generate excitation pulses
at 320 and 380 nm about 10 µJ/cm2 as the pump pulses
of pump-probe experiments. After the residual funda-
mental light was passed over a delay line (Physic In-
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FIG. 1 Femtosecond pump-probe setup.

strument, M-531DD, time window of 3.6 ns, maximal
resolution of 1.2 fs/step), and focused into a H2O-filled
quartz cuvette of 2 mm path length (Hellma) to gen-
erate broad band spectrum-white light to be the probe
pulses in the pump-probe experiments. The pump pulse
is linearly polarized at the magic angle (54.7◦) with re-
spect to the probe by a Berek polarization compensator,
then the two pulses were focused onto the same spot
in the sample, which were placed into quartz cuvettes
of 2 mm path length (Hellma) and stirred with a “stir-
ring finger” to avoid local heating and decomposition by
the laser beams. The angle between the pump and the
probe beams was typically 7◦−10◦. At last, the probe
pulse was coupled into a CCD spectrometer (Ocean Op-
tics, PC2000) by an optical fiber. In order to minimize
frequency chirp effect, the probe pulse was collected and
focused onto the sample only by mirrors. Through the
chopper, which was placed in the pump pulse, the inten-
sity I (or I0) of the probe beam after passing the sample
in the excited (or unexcited) sample was obtained.

The transmission change ∆T is proportional to the
absorption change ∆A in the small signal limit,

I − I0

I
=

∆T

T
(1)

∆T = T ∗ − T (2)

where T ∗ and T are the transmission of the probe beam
in the excited and unexcited samples, respectively. The
transient transmission (∆T/T ) spectra can thus be ob-
tained by recording transient absorption (−∆A) spec-
tra using a CCD spectrometer. Further, the time-
resolved nonlinear transmission spectra, i.e., ∆T/T ki-
netic traces or−∆A kinetic traces, can be collected with
standard lock-in detection in the present experimental
set-up. All the measurements are performed at room
temperature, with the CdSe/CdS(3 ML)/ZnS(3 ML)
QDs dispersed in chloroform solution.

FIG. 2 (a) The normalized steady-state absorption spectra
(dashed-line) and PL spectra (solid-line). Excitation was
at 380 nm. (b) The entire steady-state absorption spectra.
Two spectra are normalized for comparison.

III. RESULTS AND DISCUSSION

A. Steady-state absorption and PL spectra

Figure 2 gives the steady-state absorption and
CdSe/CdS(3 ML)/ZnS(3 ML) photoluminescence (PL)
spectra. The absorption spectra show a wide absorption
band in the ultraviolet and visible region (Fig.2(b)),
and the first excitonic absorption peak is at 2.14 eV
(580 nm). The PL spectra (FWHM 120 meV) show
only a band-edge fluorescence peak at 2.08 eV (598 nm)
and its maximum is shifted from the first excitonic ab-
sorption peak by 60 meV.

According to the position of the first excitonic ab-
sorption peak of the sample, the average diameter of a
QD can be estimated from the equation [24]:

D = 1.6122× 10−9λ4 − 2.6575× 10−6λ3 +
1.6242× 10−3λ2 − 0.4277λ + 41.57 (3)

where D (in unit of nm) is the diameter of the nanocrys-
tal sample, and λ (in unit of nm) is the wavelength of
the first excitonic absorption peak of the corresponding
sample. In this case the average diameter of the CdSe
core is deduced to about 3.9 nm. The lattice constant
a is 583.2 pm for the CdS and 540.93 pm for the ZnS,
respectively [25], thus the d111 is 0.34 nm for CdS and
0.31 nm for ZnS using d111=

√
3a/3. The thickness is

calculated about 1.02 nm for the CdS shell and 0.93 nm
for the ZnS shell (1 ML=d111), respectively.

The shift of the band-edge luminescence peak rela-
tive to the first excitonic absorption peak may come
from two possible causes. The first one is the presence
of strong electron-phonon interaction or defects states
(localized states), which are involved in the band-edge
emission, and the second is the effect of the electric
field of many electron-hole pairs formed in each parti-
cle under high pump intensity [26−28]. In our experi-
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TABLE I Time constants of ∆T/T kinetic traces fitted with a multi-exponential decay with pumping at 320 nm.

τ̄rise/ps τ̄1/ps τ̄2/ps τ̄3/ps τ̄4/ps

X1 0.86±0.02(−) 0.33±0.02(+) 189±9(+) 1244±150(+)

X2 0.52±0.02(−) 0.21±0.02(+) 33±3(+) 124±16(+) 1441±374(+)

X3 0.46±0.02(−) 0.27±0.02(+) 18±1(+) 159±14(+) 1488±269(+)

X4 0.39±0.02(−) 0.21±0.02(+) 16±1(+) 106±9(+) 1277±374(+)

The signs of the pre-exponential factors are given in brackets.

ments, the average number 〈n〉 of electron hole pair per
CdSe/CdS/ZnS particle can be expressed by the follow-
ing formula [1]:

〈n〉 = jpσ0 (4)

where jp and σ0 (in unit of cm2) are the excitation flu-
ence and the NC absorption cross section at the pump
wavelength. In our experiments, the excitation fluence
was 10 µJ/cm2 at 380 nm (hν<3.5 eV). So the σ0 can
be the following expression [1]:

σ0 = 1.6× 10−16R3 (5)

where R (in unit of nm) is the radius of the nanocrys-
tal sample. We can calculate that 〈n〉 of electron hole
pair per CdSe/CdS/ZnS particle is about 0.02. There-
fore, the possibility of the presence of multiexcitons and
biexcitons is very small. We can then estimate that the
peak shift is most probably due to the defect states
which exist between the conduction band and the va-
lence band of the CdSe core that are involved in the
band-edge emission.

B. Time-resolved nonlinear transmission spectra

The time-resolved transmission spectrum is a func-
tion of excitation wavelength. The normalized transient
transmission (∆T/T ) of CdSe/CdS(3 ML)/ZnS(3 ML)
at 4 ps delay relative to the pump pulse are recorded in
Fig.3, with excitation at 320 and 380 nm, respectively.
With a 320 nm (or 380 nm) pump, four absorption
bleaching peaks can be recognized, as denoted in the
Fig.3 by X1(Y1), X2(Y2), X3(Y3), and X4(Y4) bands
that are centered at 2.10(2.10), 2.28(2.25), 2.55(2.53),
and 2.67(2.67) eV, respectively. Among these bleaching
bands, the X1 (or X4) band and the Y1 (or Y4) band
are at the same position on energy. These bands may
be ascribed to states filling effect.

In order to study ultrafast carrier dynamics of the dif-
ferent excited states of the sample, the kinetics of non-
linear ∆T/T of CdSe/CdS(3 ML)/ZnS(3 ML) QDs at
the X1, X2, X3, and X4 bleaching bands with a 320 nm
pumping and that at the Y1, Y2, Y3, and Y4 bleaching
bands with a 380 nm pumping are shown in Fig.4 and
Fig.5, respectively.

FIG. 3 (a) The normalized ∆T/T spectra recorded 4 ps
after excitation, with an excitation fluence of 10 J/cm2 at
320 nm (dashed line) and 380 nm (solid line). (b) The two
∆T/T spectra were not normalized.

In Fig.4, all the ∆T/T kinetic traces can be reason-
ably well fitted with multi-exponentials

y = y0 +
∑

Ai exp
(
− t

τi

)
(6)

Time constants obtained from the fitting of the kinetic
traces are listed in Table I. The pre-exponential factor
of the first time constant is negative for all the four
traces, and the time constant is defined as the signal’s
rise time (τ̄rise). From Table I, it is clear that the τ̄rise

increases from 390 fs (X4 band) to 860 fs (X1 band)
as the probing photon energy decreases, whereas the
decay times τi (i=1, 3, 4) are almost the same for these
bands. It is worthy noting that there is no decay process
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TABLE II Time constants of ∆T/T kinetic traces fitted with a multi-exponential decay with pumping at 380 nm.

τ̄rise/ps τ̄1/ps τ̄2/ps τ̄3/ps τ̄4/ps

Y1 0.75±0.06(−) 0.27±0.09(+) 192±28(+) 1422±520(+)

Y2 0.37±0.05(−) 0.22±0.05(+) 110±16(+) 1465±391(+)

Y3 0.32±0.04(−) 0.16±0.04(+) 130±13(+) 1429±314(+)

Y4 0.26±0.06(−) 0.15±0.08(+) 19±4(+) 114±36(+) 1316±403(+)

The signs of the pre-exponential factors are given in brackets

FIG. 4 Normalized bleaching ∆T/T kinetic traces at the X1

(open circles), X2 (solid squares), X3 (open triangles), and
X4 (open stars) bands in the (a) 0−10 ps and (b) 0−300 ps
range with pumping at 320 nm.

corresponding to τ2 for the X1 band.
Table II lists the time constants after fitting the

experimental data under 380 nm pumping. Similar
to the case with 320 nm pumping, the bleaching τ̄rise

increases from 260 fs (Y4 band) to 750 fs (Y1 band) as
the probing photon energy decreases, but the rise time
is also somewhat short compared with the counterpart
under 320 nm pumping. The decay times τ1,3,4 are
similar between the different bands, similar to the case
of 320 nm pumping. However, We note that the decay
time τ2 is only observed for the Y4 band, which is
different from the case with 320 nm pumping.

FIG. 5 Normalized bleaching ∆T/T kinetic traces at the Y1

(open circles), Y2 (solid squares), Y3 (open triangles), and
Y4 (open stars) bands in the (a) 0−10 ps and (b) 0−300 ps
range with pumping at 380 nm.

C. Discussion

Tables I and II show that these ∆T/T kinetic traces
are non-exponential which can be fitted with a four or
five-exponential decay. This fact indicates that the dy-
namic processes might not be a simply one, instead it
might contain several relaxation processes. The fastest
decay time constants τ1 in Tables I and II are about
150−300 fs and can be attributed to the trapping pro-
cess in the interface between the CdSe core and the CdS
shell. Also the τ1 is observed at every bleaching band,
and basically follows the same rule within a permissible
error range, and the τ1 of the higher bleaching band
is less than τrise of the lower bleaching band contigu-
ous to the higher bleaching band under 320 or 380 nm
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pumping. Using the equation [21]:

η =
1

1 + τ1/τrise
(7)

where η is the trapped carrier probability, we can esti-
mate that the probability of the trapped carrier is about
70%. This indicates that a great deal of the carriers are
trapped by defect states. In our experiments, the en-
ergies of the pumping photons are less than the gap
energy of ZnS, and thus trapping process is shown up
in every bleaching band. Considering the pump energy
these defect states may exist between the CdSe core and
the CdSe shell, and have energies between the X4(Y4)
and X1(Y1) bands.

τ2 was not observed at the X1 band under 320 nm
pumping (see Table I) and the decay time τ2 was ob-
served only at the Y4 band under 380 nm pumping,
which indicate that the X1 band relaxation dynamics is
different from the X2, X3, and X4 bands of which the re-
laxation processes are identical basically under 320 nm
pumping, and the relaxation processes of Y1, Y2, and
Y3 band are similar at 380 nm pumping differing from
that of the Y4 band. According to Fig.2 and Fig.3, the
X1(Y1) band can be attributed to the 1S(e)-1S3/2(h)
transition of the CdSe core of the sample. Thus it can
be considered that the carriers occupy mainly electronic
states of the CdS shell under 320 nm pumping, and the
e-h pairs are located in the CdSe core under 380 nm
pumping. We note here that the energies of the pump-
ing photons are less than the gap energy of ZnS, and
thus the ZnS shell is unable to be excited. τ2 can thus
be attributed to the system intrinsic relaxation from the
emitting excited states of the CdS shell of the sample.

When we use 320 nm femtosecond pulses to excite the
sample, majority of carriers are injected into the CdS
shell of the sample and relax from initially populated
states to the X4, X3, and X2 bands of the CdS shell.
Subsequently, these carriers experience relaxation in the
shell with a small quantity of the carriers localizes in the
core and directly relaxes to the CdSe core X1 band. So
τ2 is not observed at the X1 under 320 nm pumping, but
appears in decay trances of the X2, X3, and X4 bands.

When the sample is excited with 380 nm femtosecond
pulses, a majority of carriers are localized in the CdSe
core. These carriers relax from the initially populated
states to the states corresponding to the Y3, Y2, and
Y1 bands before relaxation in the core. Small part of
the carriers is injected into the CdS shell, which relax
from the initially populated states to those of the Y4

band before relaxations in the shell. As a consequence,
τ2 is observed for the Y4 band, but not for Y1, Y2, and
Y3 bands.

From above discussion we might conclude that
Y1(X1), Y2, and Y3 bleaching peaks are in fact cor-
responding to CdSe core, whereas X2, X3, and X4(Y4)
bleaching peaks to the CdS shell. The relaxation pro-
cess of carriers under 320 nm pumping is different from
that under 380 nm pumping.

The τrise of the same bleaching band (X1 and Y1,
X4 and Y4) is different under 320 and 380 nm pump-
ing, which can be ascribed to the difference in initially
populated states. The relaxation time from the initial
population under 320 nm pumping to the higher X4

band and the lower X2 band is about 390 and 520 fs,
respectively, where the carrier relaxation time in the in-
traband of the CdS shell can be deduced to about 130 fs
[22]. While under 380 nm pumping, the carriers relax
from the Y3 band to the Y1 band in about 400 fs in
the CdSe core. The results indicate that the carriers
relaxation in the intraband of the shell is comparable
to the width of pumping laser pulse (130 fs) which is
shorter than that in the core.

τ4 is in the range of 1.2−1.5 ns, well recognized as
a result of interband process. This process can be at-
tributed to the system relaxation from emissive excited
states of the CdSe core or the CdS shell. The carrier
relaxation time τ3 is observed for all the bands despite
the difference in pumping wavelength, which may pre-
sumably be related with Auger relaxation of trapped
carrier or the system relaxation.

IV. CONCLUSION

In this work, we report time-resolved nonlinear trans-
mission spectra of the core/shell/shell CdSe/CdS/ZnS
quantum dots with femtosecond pump-probe technique.
The bleaching ∆T/T kinetic traces of the sample are
found non-exponential with both rise and decay com-
ponents. Via selectively exciting the core (380 nm) or
shell (320 nm) the intra- and inter band relaxation dy-
namics are revealed in detail. Intraband relaxation is
found faster in CdS shell than in CdSe core. The results
reveal that a great number of defect states exist in the
interface between the CdSe core and the CdS shell, in-
dicating that ultrafast spectroscopy might be a proper
tool in studying the interface/surface morphology.
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