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Transient Absorption Spectroscopic Study on
Band-Structure-Type Change in CdTe/CdS

Core-Shell Quantum Dots
Lei Wang, Hai-Yu Wang, Bing-Rong Gao, Ling-Yun Pan, Ying Jiang, Qi-Dai Chen,

Wei Han, and Hong-Bo Sun, Member, IEEE

Abstract— We report on the band edge alignment in
zinc-blended-type CdTe/CdS core-shell quantum dots, using
femtosecond spectroscopy. Time-resolved transient absorption
spectroscopy directly shows that the system gradually developed
from quasi-type-I to type-II as the shell thickness increased.
Following photoexcitation of CdS, the injection of a hole from
CdS valence band into CdTe valence band is observed. The hole
transfer occurs on the 1000 fs time scale in these heteromaterials.
Furthermore, a strain ca. 150 meV is obtained by comparing the
transient with steady-state spectra.

Index Terms— Band structure, core-shell quantum dots, strain,
transient absorption.

I. INTRODUCTION

SEMICONDUCTOR quantum dots (QDs) exhibit well-
known quantization behaviors owing to the local motion

confinement of electrons [1]. As a test-bed for fundamental
physics and photonic applications on the nanoscale, numerous
works have been focused on size-dependent optical, electronic
properties, and multiexciton relaxation time [2]–[4]. For exam-
ple, colloidal semiconductor QDs exhibit wide potential for
single-photon source of quantum communication, broadband
absorption solar cells, and fluorescent labels in biology and
biomedicine [5]–[7]. Of late, the core-shell nanostructures are
providing another interesting opportunity to manipulate the
band structures of QDs [8]. Different from planar quantum
wells and superlattices [9]–[13], the quantized energy level
distribution of the expitaxially grown core-shell QDs depends
not only on the core-shell lattice mismatch, but also on the
core size and shell thickness. This gives plenty of room for the
band gap engineering of QD systems. In some cases, it could
extend emission range from visible to near-infrared [14]. The
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core-shell structure would also suggest a possible approach to
inhibit fluorescence blinking, which could bring about a bright
future in application [15].

There have been lots of explorations for well-defined core-
shell heterostructures, such as type-I CdTe/ZnS and type-II
CdTe/CdSe. These materials will mainly keep the bulk-type
band structure at the interface between the two semicon-
ductors, but with shift of band offset. An interesting case
is type-I CdTe/ZnSe [8]; when the core CdTe size is small
(3.5 nm), it will gradually develop from type-I to type-II
core-shell structure as the shell thickness increases, which is
due to the enhanced quantum confinement and strain. If the
CdTe core is large (7 nm), it will return to type-I, owing
to a little strain as the shell exceeds a critical thickness.
Another interesting case is CdTe/CdS core-shell QDs that have
a considerably small band offset of electron. The interfacial
band edge alignment in this system still remains controversial.
CdTe/CdS was earlier known as type-I structure [16]–[18].
However, other researchers also considered it to be a type-II
structure [8], [19]–[22]. Recently, in inverted CdS/CdTe QDs,
the transition from quasi-type-II to type-I band offset was
observed as the thickness of shell changed [23]. Can the
type transition also happen in CdTe/CdS structure? Here,
we have performed transient absorption (TA) experiments for
water solution CdTe/CdS core-shell QDs (the diagrams of the
heterostructure and bulk band offset are shown in Fig. 1), to
address how the thickness of the shell affects the band offset as
well as the band edge relaxation dynamics of charge carriers.

II. EXPERIMENTAL

A. Materials, Steady-State Properties, X-Ray Diffraction, and
High-Resolved Transmission Electron Microscopy

The water solution CdTe/CdS core-shell QDs are synthe-
sized by a modified literature method, but the CdTe core
is smaller [17]. Typically, for CdTe core QDs, 1 mM of
CdCl2·2.5H2O solution and 2 mM of 3-mercaptopropionic
acid (MPA) were mixed, and the pH of the solution was
adjusted to about 11 by dropwise addition of 1 M NaOH
solution with stirring. Then under N2 protection, 0.2 mmol of
NaHTe solution were added at room temperature. So the ratio
of Cd:MPA:Te in the reaction solution was 1:2:0.2. Usually,
when its absorption peak appeared at about 460 nm after the
reflux temperature reached 100 °C, the desired core was pre-
pared. Then, when the core solution was cooled down, 1 mM

0018–9197/$26.00 © 2011 IEEE
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Fig. 1. (a) Simple diagram of experiments. Left: the case that CdTe core is
excited. Right: the case that CdS shell is dominantly excited. (b) Schematic
of band offsets for bulk materials. (c) XRD spectra of CdTe and CdTe/CdS
QDs. The lines correspond to bulk cubic zinc blende CdTe (bottom) and cubic
zinc blende CdS (top).

of thiourea solution (thiourea:Cd = 4:1) was added for the CdS
shell growing at a pH of about 11. After degassing at room
temperature, the reaction solution was heated to 100 °C under
N2 protection, and then was timed. At a different time, the
desired CdTe/CdS core-shell QDs could be obtained (namely
from S1 to S4, respectively). We also check out a “blank”
experiment, where only the core material is absent. The result
indicates that CdS QDs could not exist alone. The steady-state
absorption spectra were measured using a Shimadzu UV-1700
spectrophotometer. The steady-state fluorescence spectra were
recorded with a Shimadzu RF-5301PC spectrometer. Power
X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/max-rA diffractometer using Cu Kα radiation. The high-
resolution transmission electron microscopy (HRTEM) images
were obtained with a JEOL-2100F field emission TEM.

B. Time-Correlated Single-Photon Counting

Nanosecond fluorescence lifetime experiments were per-
formed by the time-correlated single-photon counting
(TCSPC) system under right-angle sample geometry. A
405 nm picosecond diode laser (Edinburgh Instruments
EPL375, repetition rate 2 MHz) was used to excite the
samples. The fluorescence was collected by a photomultiplier
tube (Hamamatsu H5783p) connected to a TCSPC board
(Becker&Hickel SPC-130). Time constant of the instrument
response function (IRF) is about 500 ps.

C. Transient Absorption Measurement

A transient absorption system [24] was performed to further
investigate the possible type transition for these samples. The
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Fig. 2. Steady-state absorption (black line) and emission spectra of CdTe/CdS
core-shell samples. Red line represents the excitation at band edge absorption
peak (B-band). Blue line represents the excitation at absorption peak (A-band).

TA setup consisted of 400 nm pump pulses doubled from
800 nm laser pulses (∼100 fs duration, 250 Hz repetition
rate) generated from a mode-locked Ti:sapphire laser/amplifier
system (Spectra-Physics) and broadband (350-700 nm) white-
light probe pulses generated from 5-mm-thick CaF2 substrate.
The relative polarization of the pump and the probe beams
was set to the magic angle. To avoid degrading, the sample
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TABLE I

AVERAGE SIZE OF SAMPLES FROM TEM DATA AND DIFFERENCE

BETWEEN STEADY-STATE AND TRANSIENT SIGNALS

Average
Size
(nm)

Shell
Coverage

(ML)

Steady-state
Peak of

CdS (nm)

Transient
Signal of
CdS (nm)

� ES−T
(meV)

S1 2.3 0.3 360 363 28

S2 2.5 0.6 368 388 174

S3 2.7 1.0 375 395 167

S4 3.2 1.6 390 407 133

was placed in a 0.5-mm-thick quartz cell cycle flowing by
a micro pump. Before and after experiments, we measured
the absorption spectra of samples, and no obvious change
was observed. The TA data were collected by a fiber-coupled
spectrometer connected to a computer. The group velocity
dispersion of the transient spectra was compensated by a
chirp program. To obtain the same relative delay across the
entire spectrum, the zero point of signals in time axis at each
wavelength is calibrated. After satisfied fitting the dispersion
curve, this correction is automated by computer.

III. RESULTS AND DISCUSSION

A. Steady-State Photophysical Properties, XRD, and HRTEM

Similar to other core-shell systems [25], [26], it seems that
the steady-state absorption spectra are the superposition of
absorbance of CdS QDs and CdTe QDs (Fig. 2), due to the
low oscillator strength of indirect transition between the two
materials. All samples exhibit two absorption bands (A and B),
which correspond to the lowest energy 1S transitions of CdS
and CdTe, respectively. As the shell grows, A-band becomes
more pronounced and shows a red shift (from ∼360 nm to
∼390 nm); the band edge absorption (B-band) is broadening
and also has a red shift (from ∼530 nm to ∼550 nm), which
indicates that the samples S3 and S4 have a behavior of type-
II core-shell nanostructures [8], [20], [26]. This also excludes
the case of the alloy, which leads to a blue shift in absorption
and emission, and implies that type-I to type-II transition may
occur when the coverage or thickness of the shell increases. If
the band edges of samples are excited, the dominant emission
peaks locate at 560 nm, 570 nm, 574 nm, and 585 nm from
S1 to S4, respectively (red line in Fig. 2). When the A-band
of samples is excited, a shoulder appears at the blue side of
the PL peak, and the ratio of shoulder increases as the shell
grows (blue line in Fig. 2). Usually, the surface of CdS is not
well passivated in water, and the thick shell layer of CdS may
induce new interface traps that are similar to the CdSe/CdTe
system [27]. So, these emissions are very likely due to these
traps, the level of which are located between the valence band
minimum of CdTe and CdS as a hole trap.

The XRD patterns of CdTe and CdTe/CdS QDs are pre-
sented in figure 1(c). Our result shows that CdTe/CdS QDs
are still zinc blended structures, which is consistent with
the characteristic cubic zinc blende CdTe bulk material and
CdTe QDs patterns. But in comparison with the bare CdTe
QDs, the diffraction peaks of CdTe/CdS QDs trend to the
location of cubic CdS phase. This indicates the shell effect

Fig. 3. HRTEM images of all CdTe/CdS core-shell samples. Insets are the
size distributions.

on the core lattice. As per Nie’s point, because of the lattice
mismatch between CdTe and CdS, a CdS shell will compress
a CdTe nanocrystal and further result in a change in the energy
band offsets [8]. However, at present it is far from clear.
Detailed theoretical studies on the role of strain are few [28].
A quantitative debate about this effect still keeps on. This
problem in our case is discussed later, according to our steady-
state and transient experimental results.

Figure 3 shows the HRTEM images of all core-shell sam-
ples. The average size is 2.3 nm, 2.5 nm, 2.8 nm, and 3.2 nm
from S1 to S4, respectively. Because the average size of CdTe
core is about 2.1 nm (not shown here) and the thickness
of 1 monolayer (ML) CdS shell is estimated to be about
0.35 nm [29], the average shell coverage or thickness is
0.1 nm, 0.2 nm, 0.35 nm, and 0.55 nm, which means CdS
shell grows by about 0.3 ML, 0.6 ML, 1.0 ML, and 1.6 ML,
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Fig. 4. Nanosecond fluorescence decay traces of (a) Core CdTe QD.
(b) Reference plain CdTe QD. (c) S1, and (d) S3. Red line is the fitting
curve.

respectively (all these data have been presented in Table I). It
is noteworthy that the coverage of shell layer is imperfect for
samples with average shell thickness < 1 ML.

B. Time-Correlated Single-Photon Counting

Fluorescence lifetime is an important parameter to charac-
terize the inference of inorganic shells. We have carried out
the time-resolved PL study by the TCSPC system.

Figure 4 shows the PL decay curves of two plain CdTe
QDs and two core-shell samples, S1 and S3. For the plain
CdTe QDs, one is the core CdTe QD and the other has a
band edge absorption peak and PL peak near to S3, as a
reference. All the fluorescence transients were well fitted with
multiexponential functions; the best-fit parameters are listed
in Table II. Although it is difficult to know the origin of each
component, an apparent fact is that the average PL lifetime
of core-shell samples is longer than that of plain CdTe QDs.
This is usually due to the delocalization of electron to the
shell or/and surface trap. Whatever be the case, our observation
shows that the electron has larger probability in the shell of
core-shell sample. On the other hand, the PL lifetime of core-
shell slightly increases with the shell thickness in the range of
0.3 ML to 1.0 ML. From our perspective, it indicates that the
charge separation has been increased with the shell thickness,
if it is a result from the formation of type II structure. So,
to further understand the photophysics, it is important to
carry out TA spectroscopy study on these core-shell structure
nanocrystals.

C. TA Spectroscopy

Ultrafast TA spectroscopic technology is a useful tool to
study the heterostructure nanocrystals [22], [25], [30]. For
CdTe/CdS system, it is difficult to make out the origin of
emission in spectrum due to the small conduction band offset
in transient PL. However, the large enough difference in band
gap makes it easier to distinguish the character of each material
in TA experiments. According to the steady-state absorption
spectra, optical pump at 400 nm leads to different excitations.

TABLE II

FLUORESCENT LIFETIMES BY TCSPC

τ1 (ns) τ2 (ns) τ3 (ns) τav (ns)

Core CdTe QD
1.3

(70.7%)
7.2

(26.6%)
27.3

(2.7%) 3.6

Reference
CdTe QD

3.2
(38.2%)

19.2
(52.2%)

56.1
(9.6%) 16.6

S1
7.1

(19.3%)
34.6

(69.4%)
88.3

(11.3%) 35.4

S3 6.9
(18.0%)

35.9
(68.1%)

77.8
(13.9%) 36.5

For S1 and S2, only core CdTe is excited since the pump
energy is below the band gap of CdS shell layer. As the
absorption of the band gap of CdS shifts in, the shell will
be predominantly excited in S3 and S4. This leads to different
relaxation pathways of the charge carriers in the two kinds
of samples. Figure 5 shows the temporal evolution of the TA
spectra of these QDs, from which we can more clearly check
out the difference between the four samples in detail. For S1,
two bleaching peaks with maxima at 363 nm and 533 nm are in
agreement with the steady-state absorption spectra (Fig. 5a).
These signals can be assigned to CdS− and CdTe1S states.
Since CdS shell cannot be directly excited, CdS− state is
obviously due to the electron filling from CdTe. For S2, the
transient behavior is similar to S1 (Fig. 5b). However, although
the bleaching peak corresponding to CdTe1S state still matches
with steady-state spectra, the signal to CdS− state begins to
shift red more than one hundred meV (seen Table I) after
carefully examining the spectra, excluding the possibility of
experimental errors. For S3 and S4, both TA spectra show
the dominant state-filling signal of CdS1S, red-shifted when
compared to the location of steady-state peak, with a weak
bleaching of CdTe+ that results from the hole transfer for CdS
shell (Fig. 5c and 5d). In TA experiments about QDs, the red
shift of bleaching usually comes from the superposition with
the stimulated emission. However, as shown in steady-state
spectra, the emission is far away from the bleaching signal
of CdS, so we rule out this case. Another considerable effect
is the interfacial strain. As mentioned earlier, the shell layer
of CdS will increase the band gap of the CdTe core, while
the band gap of shell material will decrease. As is known, the
quantum confinement effect will decrease as the size increases,
which will decrease the band gap of materials. This means that
in CdTe/CdS core-shell nanocrystals, there is a competition
between quantum confinement and strain for core, and an
additional effect to decrease the band gap due to strain for
shell. Our observation from the TA spectra consists of the
latter. So, we suggest that the interfacial strain already exists
even in the shell thickness < 1 ML, and the red shift of CdS
bleaching signal results from the interfacial strain. At last,
as a comparison, we examine pure CdTe QDs with similar
band edge absorption peak to S3, where only the bleaching of
CdTe1S transition is observed (Fig. 5e).

Based on the ratio of bleaching amplitude of the CdS and
CdTe band, we can estimate the value of the band offset of
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Fig. 5. TA spectra of (a) CdTe/CdS core-shell sample S1. (b) S2. (c) S3.
(d) S4. (e) Only CdTe following 400 nm photoexcitation.

electron. For the thin shell (coverage less than one monolayer)
samples S1 and S2, the ratio of the oscillation strength of
CdS and CdTe band is about 5, according to the steady-
state absorption spectra (for CdS band edge absorption, the
contribution from CdTe is subtracted). So, when the states of

Electron

Hole

CdTe

CdTe
1S

-CdS–

S1 (S2)
CdTe+-CdS

1S

S3 (S4)

21 meV ~110 meV

CdS

CdTe

CdS

1 S(e)

1 S(h)
3/2

Fig. 6. Band edge alignment in S1 (S2) and S3 (S4) (left and right). The
arrows indicate the excitation. The dot lines represent the trap level in these
systems.

CdS and CdTe are equally populated, the bleach signal of CdS
will be about five times that of CdTe. Our result shows that
the ratio is about 0.8 (Fig. 5a). Taking into account that the
bleaching signal is the sum of electron and hole contributions,
we can get the following equations by taking advantage of the
principle of detail balance:

5 × NCd S
e

NCdT e
e + NCdT e

h

= 0.8, NCd S
e + NCdT e

e = NCdT e
h ,

NCd S
e

NCdT e
e

= exp

(−�E

kB T

)

where Ne and Nh are the populations of electron and hole,
respectively; �E is the band offset between CdS and CdTe;
kB is Boltzmann constant; and T is temperature. At room
temperature kB T is equal to 25 meV, we can obtain the band
offset as about 21 meV. This small offset will result in the
delocalization of the electron, so the samples S1 and S2 have
a quasi-type-I structure. In contrast, for the samples S3 and
S4, the ratio of the bleach signals is about 20; it implies that
almost all the electron population is located in the shell, while
the small bleach signal of CdTe is contributed by its hole. This
is a typical behavior of type-II structure. In fact, the CdS-
band shifts by about 181 meV from sample S1 to S3, the
shift of the electron level will be around 135 meV since the
ratio of effective mass of electron and hole is about 3 for CdS
QDs [23], [26]. It will change the electron offset to ∼110
meV if the band of the CdTe-core remain the same. At room
temperature, one can expect nearly no electron population in
the core, which is consistent with our observation. From this
point of view, the optical transitions and possible states are
illustrated in figure 6.
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Fig. 7. Kinetics of (a) CdTe1S-CdS− and (b) CdTe+-CdS1S state-filling
signals during the first 3 ps following photoexcitation in S1, S2, S3, and S4,
respectively.

D. Transient Carrier Dynamics

Finally, by extracting the dynamics of these states from the
TA spectrum (Fig. 7), the state filling process can be resolved.
Using multiexponential fitting, we find that the filling time
of CdS− is almost instantaneous (< 100 fs), which is faster
than the time constant of CdTe1S (∼240 fs) in S1 and S2
(Fig. 7a and 7b). This indicates that the hot electron relaxation

to the shell is easier, which agrees with the statement that
conduction band minimum (CBM) of CdS is a little higher
than the CBM of CdTe. Therefore, S1 and S2 are indeed
a quasi-type-I structure. Another feature is that the filling
time trends to be slow for CdS− state as the shell coverage
increases from 0.3 ML to 0.6 ML, while the filling time of
CdTe1S state almost stays the same in the first two samples,
though the size is increasing. It further matches with the case
mentioned earlier that there is an interfacial strain, by which
the core and shell have different transient behaviors. On the
other hand, in the case of the latter two samples S3 and S4,
due to the band edge excitation, a pair of electron and hole is
instantaneously generated in the CdS shell. According to the
results cited earlier, we can predict that a hole transfers to the
core after shell excitation, generating a new state CdTe+. As
shown in figure 7c, one clearly sees a slow filling of CdTe+
accompanied by a decay of the bleaching signals of CdS1S
in S3. The fitting result gives a time constant ∼1000 fs for
this hole transfer process. In the case of S4, there is a fuller
and thicker shell, but far from being perfect. More dangling
bonds or traps may appear. This leads to a spectrally broad
and long lifetime of excited-state absorption (“reverse” signal
to bleaching) in the red side of the bleaching signal of CdS in
transient experiment, which covers the signal area of core and
is comparable with the small bleaching signal of CdTe+ state.
The superposition results in a fast rising at the beginning and
a reversal when delay time is in excess of 200 fs (Fig. 7d).

IV. CONCLUSION

Using ultrafast broadband TA spectroscopy, the self-charge-
separation in CdTe/CdS core-shell QDs is observed. By
extending TA spectrum to the range of ultraviolet, we simul-
taneously obtained the evolution of ultrafast charge transfer
of both core and shell in this system. As the shell grows,
the band offsets of the system are tunable. Core-shell QDs
gradually developed from quasi-type-I to type-II, in contrast to
the results in the case of bulk [16], [19]. In quantum wells, the
component content plays an improtant role for band structure
changing, in which a critical content determines the transition
between type I and tpye II [11]. In our study presented here,
there is also a critical shell thickness playing the same role in
the self-assembly colloid CdTe/CdS core-shell structure quan-
tum dots. When the shell is thin (coverage less than 0.6 ML),
it is quasi-type-I, in which a hole is localized in the core, and
an electron is delocalized in the whole nanocrystal; when the
shell is thick enough (coverage more than 1 ML for a 2.1 nm
CdTe core), it becomes type-II, in which a hole is localized
in the core CdTe, while an electron is localized in the shell
CdS. When exciting CdS shell at band edge, the photoinduced
hole transfer from CdS to CdTe occurs with a filling time
of ∼1000 fs. This work could help further comprehend other
photophysics in heterostructure nanocrystals, that is, interfacial
strain. According to the difference between the steady state and
transient state, we give an experimental value ca. 150 meV of
strain in the CdTe/CdS core-shell QDs, comparable with the
theoretical value in the CdSe/CdTe nanowire [28].
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