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“Giant” CdSe/CdS core/shell nanocrystals (NCs) were synthesized with thick CdS shell (15 monolayers), and the
x-ray diffraction (XRD) measurement indicates there is a zinc blende phase in the thick CdS shell, whereas it
transformed into wurtzite phase under 5 min radiation with a 400 nm, 594 μJ∕cm2 femtosecond (fs) laser beam.
The evolution of the NCs’ spontaneous emission under the fs laser radiation was recorded with a Hamamatsu
streak camera. The as-synthesized NCs exhibit an amplified spontaneous emission (ASE) at 530 nm, which comes
from a bulk-like CdS shell due to the interfacial potential barrier, which could slow down the relaxation of holes
from the shell to the core. After being annealed by an fs laser, the ASE of the g-NCs is transferred from a bulk-like
CdS shell to a quantum-confined CdSe core because the phase transformation determined with the XRD measure-
ment could remove the interfacial barrier. Besides the ASE at 643 nm, two shorter-wavelength ASE peaks at 589
and 541 nm, corresponding to optical transitions of the second (1P) and third (1D) electron quantization shells of
the CdSe core, also appear, thus indicating that Auger recombination is effectively suppressed. © 2015 Chinese
Laser Press

OCIS codes: (140.3390) Laser materials processing; (140.5960) Semiconductor lasers; (160.3380) Laser
materials.
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1. INTRODUCTION
Due to the quantum confinement effect, colloidal semiconduc-
tor nanocrystals (NCs) exhibit various advantageous proper-
ties as optical gain media, including emission wavelength
tunability over a wide spectral range through simply changing
the size of the NCs, temperature-insensitive lasing perfor-
mance, and potentially low lasing threshold [1]. However,
the development of lasers based on colloidal NCs are hindered
by Auger recombination, wherein the energy of one electron–
hole pair (exciton) is nonradiatively transferred to another
charge carrier [2]. This process severely limits the lifetime
and bandwidth of optical gain [1]. Recently, Klimov et al. syn-
thesized a new class of NCs (termed “giant” NCs or g-NCs),
which comprise a small CdSe core (3–4 nm diameter) encap-
sulated in a thick shell [>10 monolayers (MLs)] of a wider
bandgap CdS [3]. Those g-NCs can reduce the rate of
Auger transitions by partially separating electron and hole
wave functions due to their quasi-type-II band alignment [4].
As a result, in the g-NCs with an 11 MLs CdS shell, even multi-
excitons of a high order (13th and possibly higher) exhibit
high emission efficiencies and contribute to optical gain [5].
Further studies show that, in order to better suppress
Auger recombination [6,7] and enhance chemical/photostabil-
ity [3], thicker shells are necessary.

In contrast with moderate-shell (∼10 MLs) g-NCs, the ultra-
thick-shell g-NCs feature an interfacial potential barrier in the
valence band associated with a thin zinc blende (ZB) CdS
layer separating the ZB CdSe core from the thick wurtzite
(WZ) CdS shell, as shown in Fig. 1(c) [8]. Because of this

barrier, relaxation of “hot” holes from the shell (which has
a much greater absorption cross section than the core [5])
to the core in those NCs is dramatically slowed, to the point
at which radiative recombination from high-lying shell-based
states becomes competitive [8–10]. As a result, under intense
excitation with subpicosecond laser pulses, the NCs exhibit
an amplified spontaneous emission (ASE) from a bulk-like
CdS shell instead of quantum-confined CdSe core [11,12].
In most cases, this is not what we want. For NCs’ lasing ap-
plication, the ASE from the quantum-confined core is better
than that from a bulk-like shell [1].

In this paper, we synthesized CdSe/CdS core/shell g-NCs
that comprise a small CdSe core (4 nm diameter) encapsu-
lated in a thick shell (15 MLs) of CdS [Figs. 1(b) and 1(c)]
and focus on removing interfacial potential barrier through
fs laser annealing and, consequently, transferred ASE of the
g-NCs from bulk-like CdS shell to quantum-confined CdSe
core. Besides the ASE at 643 nm, two shorter-wavelength
ASE peaks corresponding to optical transitions of the second
(1P) and the third (1D) electron quantization shells of CdSe
core also appear, thus indicating that Auger recombination
is effectively suppressed.

2. PREPARATION OF CdSe/CdS g-NCs
We followed conventional procedures to synthesize the
NCs [7,13].

The cores of CdSe NCs were synthesized by a general
method. The mixture of CdO (0.128 g), oleic acid (OA)
(2.26 g), and 1-octadecene (ODE) (30 g) in a three-necked
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flask (250 mL) was heated to about 240°C to obtain a colorless
clear solution. After this solution was cooled to room temper-
ature, octadecylamine (ODA) (7.5 g) and oleylamine (OL)
(5 mL) were added into the flask. Under argon flow, this sys-
tem was reheated to 280°C. At this temperature, a selenium
solution (2.5 mL) created by dissolving Se powder (1.9 g) in
tributylphosphine (TBP) (8.2 g) was quickly injected. The
growth temperature was then reduced to 250°C. When the de-
sired particle size was reached, the reaction mixture was
cooled to room temperature, and then CdSe NCs were puri-
fied and dissolved in n-hexane to be the CdSe core for the
following shell growth.

The CdSe/CdS core/shell g-NCs were prepared with the suc-
cessive ionic layer adsorption and reaction method [14]. The
cadmium precursor solution (0.1 M) was prepared by mixing
CdO (0.385 g), OA (6.778 g) with ODE (17.64 g), and a clear
solution was obtained at 250°C under Ar flow. The sulfur pre-
cursor solution (0.1 mol/L) was prepared by dissolving sulfur
(0.096 g) in ODE (23.67 g) at 100°C under Ar flow. The amount
of cadmium or sulfur precursors required for each ML was
determined by the volume increment of every shell and the
NC’s particle concentration. The above CdSe NCs were mixed
with OL (10 mL) and octadecane (OD) (30 g) in a three-necked
flask. After removal of the hexane under vacuum at 60°C, the
mixture was heated to 240°C under Ar flow where the 1–5 MLs
shell growth was performed. The core/shell CdSe/CdS NCs
were formed by alternating addition of the Cd precursor
and the S precursor with a period of 10 min. For the 6–15
MLs shell growth, the growth temperature was increased to
280°C, and the period between each addition was extended
to 30 min.

3. RESULTS AND DISCUSSION
In our synthesis of core/shell g-NCs, we use presynthesized
CdSe seeds with a ZB structure. In agreement with previous
observations for CdSe/CdS NCs, the first fewMLs of CdS grow

epitaxially on top of the CdSe core [thin gray shell in Fig. 1(a)]
[8–10,15,16]. X-ray diffraction (XRD) studies show that, for the
as-synthesized CdSe/CdS (15 MLs) g-NCs, the outer CdS layer
is mainly a WZ phase [Fig. 1(d)]. However, the diffraction peak
at 26.9° is evidently strong than that at 25.4° and 28.5°, which
is likely due to the contribution of (111) plane of the ZB CdS
structure, indicating that there is a thin ZB CdS layer directly
adjacent to the CdSe core. The nonuniformity in the shell crys-
tal structure results in an energetic barrier at the core/shell
interface [Fig. 1(a)], which could slow down the relaxation
of holes from the shell to the core [8–10]. Under 5 min
radiation with a 400 nm 594 μJ∕cm2 fs laser beam, the diffrac-
tion peak of the annealed g-NCs at 26.9° is dramatically
reduced, thus indicating the interfacial barrier is removed.
Moreover, the negligible change in the FWHM of the XRD
peaks indicates a slight change of the g-NCs’ crystallinity after
laser annealing.

Figure 2(a) shows that the CdSe cores’ first-exciton absorp-
tion peak and photoluminescence (PL) peak were located at
594 and 603 nm, respectively. With the deposition of the CdS
shell, the first-exciton absorption peak and PL peak of CdSe/
CdS core/shell NCs shift to the red due to electron delocaliza-
tion into the shell region, while the hole remains primarily
confined to the core [5]. As a result, the first exciton absorp-
tion peak and PL peak of the CdSe/CdS core/shell (15 MLs)
g-NCs were shifted to 632 and 646 nm, respectively. The PL
redshift is accompanied by a significant increase of the ab-
sorption cross section at shorter wavelength because in
g-NCs light absorption is primarily due to a much larger CdS
shell, which completely overwhelms a much weaker first-
exciton absorption feature of the CdSe core. The globe
Stokes shift (the spectral separation between PL emission and
the principal absorption onset of the NCs) [17] is ∼120 nm for
the g-NCs with 15 MLs CdS shells. Due to g-NCs’ quasi-type-II
band alignment, the average lifetime of CdSe/CdS (15 MLs)
g-NCs (87 ns) is evidently longer than that of CdSe cores
(18 ns) [Fig. 2(b)].

Fig. 1. (a) Band structure of a CdSe/CdS core/shell g-NC features an energetic barrier in the valence band associated with an interfacial ZB CdS
layer, which separates a thick WZ CdS outer layer from the ZB CdSe core. (b) Transmission electron microscopy images of CdSe cores and (c) their
corresponding CdSe/CdS core/shell (15 MLs) g-NCs. (d) XRD patterns of as-synthesized and annealed CdSe/CdS core/shell (15 MLs) g-NCs. Vertical
lines indicate WZ and ZB CdS bulk reflections.
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The time-resolved PL decay spectra of CdSe/CdS core/shell
(15 MLs) g-NCs solution under intense excitation [Fig. 3(a)]
were measured by a streak camera (Hamamatsu C5680).
The light beam was from Ti:sapphire regenerative amplifier

(Coherent Legend-F-1k), whose central wavelength, pulse du-
ration, and repetition rate were 800 nm, 100 fs, and 1 kHz, re-
spectively. Excitation pulses at 400 nm were obtained by
doubling the fundamental wavelength in a β-barium borate
(BBO) crystal. Figures 3(b) and 3(c) show the PL spectra of
the g-NCs as a function of time delay with respect to the laser
pulse. Immediately after excitation, the PL spectrum contained
emission both at 642 and 504 nm. The g-NCs exhibit green emis-
sion (504 nm), which comes from bulk-like CdS shell because
the hole relaxation from the shell into the core is hindered by
the combined effect of Coulombic repulsion of the holes al-
ready in the core and an intrinsic potential barrier at the
shell/core interface revealed by the XRD studies [Figs. 1(a)
and 1(d)] [8–10]. As illustrated in Fig. 3(d), the green emission
decayed faster than the experimental resolution. Picosecond
time-resolved measurement confirmed that the lifetime of
the green emission was 280 ps, which was consistent with that
of bulk CdS. The red emission peak (642 nm) was slightly blue-
shifted with respect to the emission peak (646 nm) measured
11 ns after excitation, which corresponded to single exciton
emission, due to exciton–exciton repulsion [5]. The blueshift
was slight, and no obvious fast decay component in PL decay
spectra measured at 646 nm was observed, thus indicating the
ratio of g-NCs, which contain two excitons, is small.

The ASE of CdSe/CdS core/shell (15 MLs) g-NCs were stud-
ied in pulsed stripe photoexcitation experiments (Fig. 4).
Pump stripe length and width are 4 mm and 40 μm, respec-
tively, and the emission is collected from the edge of the film.
For as-synthesized g-NCs, at low excitation fluences, we ob-
serve spontaneous emission (SPE) at 652 nm. As the fluence
increases, a peak develops on the short wavelength side
(530 nm) of the SPE band [Fig. 4(a)], which is together with
a superlinear dependence on pump fluence [Fig. 4(b)], thus
indicating the ASE process, while the growth of the 652 nm
SPE peak is sublinear. In agreement with previous observa-
tions [11,12], the as-synthesized g-NCs exhibit an ASE from
bulk-like CdS shell, owning to the interfacial potential barrier
discussed above.

Fig. 2. (a) Absorption (solid line) and PL (dash line) spectra of the
CdSe core and its corresponding CdSe/CdS core/shell NCs. (b) Time-
resolved PL decay spectra of the CdSe core and its corresponding
CdSe/CdS core/shell NCs. The solid lines are the bi-exponential fitting
curves.

Fig. 3. (a) Streak camera image of time-resolved PL spectra of CdSe/CdS core/shell (15 MLs) g-NCs solution for a laser fluence of 5 mJ∕cm2. PL
spectra of the g-NCs as a function of time delay with respect to the laser pulse: (b) delay 0 ns, integrated in a 7 ns gate; (c) delay 11 ns, gate 87 ns.
(d) Time-resolved PL decay spectra of the g-NCs measured at 646 nm (red trace) and at 504 nm (green trace).
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For annealed g-NCs, at low excitation fluences, we only ob-
serve SPE at 652 nm. The PL peak of the annealed g-NCs was
not blueshifted with respect to that of the as-synthesized
g-NCs. In addition, the first-exciton absorption peak does
not show any blueshift after annealing, thus indicating that
no obvious CdSeS alloy layer is formed in the interface of core

and shell. As the fluence increases, a narrower ASE peak at
643 nm corresponding to optical transitions of the first (1S)
electron quantization shell of the CdSe core is observed
[Fig. 4(c)]. The ASE of the g-NCs shows a typical FWHM of
about 9 nm and is blueshifted with respect to the SPE band
of the emission band by about 9 nm due to a repulsive
character of exciton–exciton interactions in the g-NCs, as
discussed above.

As the pump fluence further increases, besides the ASE at
643 nm, two shorter-wavelength ASE peaks at 589 and 541 nm
corresponding to optical transitions of the second (1P) and
the third (1D) electron quantization shells of the CdSe core
also appear. Within a simple particle in-a-box model [18],
the third electron quantized level becomes a population inver-
sion only if the NC contains at least 14 excitons. The core of
annealed g-NCs could contain multiexcitons of such a high
order because the phase transformation determined with
the XRD measurement [Fig. 1(d)] could remove the interfacial
barrier. And multiexcitons of such a high order exhibit high
emission efficiencies and contribute to optical gain, indicating
that Auger recombination is effectively suppressed.

In order to confirm the suppression of Auger recombina-
tion, single NC PL measurements were acquired on a confocal
microscope. One drop of the diluted solution of g-NCs was
spin casted onto a fused silica coverslip to form a solid film.
The 480 nm output of a 4.9 MHz, picosecond supercontinuum

Fig. 4. Emission spectra of a close-packed film of (a) as-synthesized and (c) annealed CdSe/CdS core/shell (15 MLs) g-NCsmeasuredwith different
per-pulse fluences. Emission intensity versus pump fluence at the positions of ASE and SPE peaks observed for the (b) as-synthesized and (d) an-
nealed g-NCs.

Fig. 5. Time-dependent PL intensity trace of (a) as-synthesized and
(b) annealed single CdSe/CdS core/shell (15 MLs) g-NCs (bin size is
100 ms). Histograms indicate the distribution of intensities observed
in the trace.
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fiber laser (NKT Photonics EXR-15) was used as the excita-
tion source. The laser beam was set at a power density of
∼1 W∕cm2 and focused onto the sample substrate by a 100×
immersion-oil objective, and the PL signal of a single g-NC
collected by the same objective was sent to the avalanche
photodiodes in a time-correlated single-photon counting sys-
tem. The PL intensity trace of as-synthesized and annealed
g-NCs (Fig. 5) show long “on” events isolated by occasional
short “off” events, confirming that Auger recombination is
effectively suppressed.

The thresholds of the three ASE peaks (643, 589, and
541 nm) of the annealed g-NCs film are 208 μJ∕cm2,
623 μJ∕cm2, and 663 μJ∕cm2, respectively. And the modal
gain measured by variable stripe length (VSL) method [19]
at the first ASE peak (643 nm) is 58 cm−1 (Fig. 6). Consider
the inherent lower packing density of g-NCs film due to the
large size of g-NCs, these results are quite respectable.

The dynamics of optical gain in the annealed g-NCs were
studied through a streak camera. The emission decay spectra
[Fig. 7(c)] measured at the position of ASE peaks (633, 580,
and 525 nm) [Fig. 7(b)] show a pulse-like response with an
FWHM of ∼10 ps (resolution of the streak camera), thus indi-
cating the ASE of the g-NCs decay faster than 10 ps. The rising
edge of the three emission decay spectra show a different de-
lay with respect to the laser pulse, which is due to the
dispersion of the measurement system.

4. SUMMARY
In summary, we have demonstrated that the interfacial poten-
tial barrier of g-NCs could be removed through laser
annealing. As a result, the ASE of the g-NCs transferred from
a bulk-like CdS shell to a quantum-confined CdSe core.
Besides the ASE at 643 nm, we detect two shorter-wavelength

Fig. 6. (a) Emission spectra of a close-packed film of annealed
CdSe/CdS core/shell (15 MLs) g-NCs as a function of stripe length ob-
tained from VSL measurement. The pump fluence is 396 μJ∕cm2.
(b) Emission intensity versus pump stripe length at the position of
ASE peak (643 nm) observed for the annealed g-NCs.

Fig. 7. (a) Streak camera image of time-resolved emission spectra of a close-packed film of annealed CdSe/CdS core/shell (15 MLs) g-NCs for a
laser fluence of 891 μJ∕cm2. (b) Emission spectra of the annealed g-NCs (delay 0 ns, integrated in a 50 ps gate). (c) Time-resolved emission decay
spectra measured at the position of ASE peaks (633, 580, and 525 nm) observed for the annealed g-NCs.
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ASE peaks at 589 and 541 nm corresponding to optical
transitions of the second (1P) and the third (1D) electron
quantization shells of the CdSe core, indicating that Auger re-
combination is effectively suppressed. The results highlight
that g-NCs have potential applications in producing practical
colloidal NCs lasers.
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