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Colloidal semiconductor quantum dots (QDs) have recently attracted great attention in electric field

sensing via the quantum-confined Stark effect (QCSE), but they suffer from the random local electric field

around the charged QDs through the Auger process or defect traps. Here, QCSE in the ensemble of

phase-pure wurtzite CdSe/CdS QDs was studied by applying a uniform external electric field. We

observed clear field-dependent photoluminescence (PL) and absorption characteristics in thick-shell

CdSe/CdS QDs with 11 CdS monolayers (11 MLs) including a pronounced spectral redshift in PL of

∼2.3 nm and absorption of ∼2.1 nm. The time-dependent PL intensity traces implied that the thick-shell

QDs were conducive to realize the Stark shift in QD ensembles due to the effective suppression of the

main sources of the local field. These findings were in stark contrast to those of moderate-shell (5 MLs)

and ultrathick-shell (15 MLs) CdSe/CdS QDs. The measurement value of exciton polarizability was smaller

than the theoretical value, which may be influenced by very few exciton traps. Moreover, the amplified

stimulated emission also exhibited obvious optical modulations under the electric field with decreased

emission intensity and an increased ultrafast lifetime. Finally, the temporal evolution of the multiexciton

process in thick-shell CdSe/CdS QDs indicated that the multiexciton state induced a higher energy state

near the band edge, which may weaken the QCSE of a single exciton. Therefore, it was demonstrated that

efficient field control over the optical properties of these nanomaterials is feasible and this can open up

potential applications in field-controlled electro-optic modulators.

Introduction

Colloidal semiconductor quantum dots (QDs) have compo-
sition- and size-tunable optical properties as well as the ben-
eficial features of narrow emission peaks and high quantum
yields (QYs).1,2 Besides, the intricate control over the shape,
heterostructures, and shell thickness allows for the precise
control of the band alignment structures, excitons wave func-
tions and their interactions with the local environments.3–6

Therefore, QD materials have numerous potential optical and
optoelectronic applications,7 such as in microlasers,6,8 solid-
state lighting,9 in vivo imaging,10 pH sensors,11,12 and electri-
cal signal monitors.13,14

In particular, semiconductor nanoparticles are always
suggested as promising candidates for electric field (voltage)

sensing via the quantum-confined Stark effect (QCSE).14–19

QCSE devices based on a quantum well (QW) structure have
been proven useful in optical modulation applications.20,21

Semiconductor QDs are analogous to QWs with a semi-
conductor-based quantum-confined structure. Narrow tran-
sition linewidths and large spectral shifts can result in
QD-based optoelectronic devices with an even better
performance.15,22 When an external electric field was applied
to spherically symmetric QDs, isotropic QCSE independent of
the direction of the field was shown, which was in stark con-
trast to that of noncentrosymmetrical nanomaterials.23–26

However, the charged carriers on or near the QD surface
can induce a randomly oriented local electric field due to
nonradiative Auger recombination (AR) or surface trap
states.15,26–28 The random local field would lead to spectral
broadening in the ensemble, due to which it is difficult for
QDs to exhibit a measurable ensemble Stark effect. If the local
field is eliminated, QCSE in QD ensembles can be readily
observable at room temperature and also, the response of the
absorbing state can be possibly characterized in the ensemble
measurement. Thereby, this will promote the study of
electroabsorption in quantum nanostructures because of
their great promise in the advancement of electro-optic
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modulation.17,24,29 Recently, phase-pure wurtzite (WZ) CdSe/
CdS core/shell QDs have been proven to efficiently inhibit AR
and the consequent photoluminescence (PL) blinking,6,10

which are closely related to the gradient alloy interface. Thus,
this reveals more than 3 orders of magnitude increase in the
biexciton Auger lifetime (from 67 ps to over 100 ns) for CdSe/
CdS QDs with 19 CdS monolayers (19 MLs; 1 ML = 0.35 nm).
Meanwhile, the epitaxial growth of the CdS shell and the
nearly perfect alloyed interface can also sufficiently suppress
the surface and interfacial defects5,6,10,30,31 while simul-
taneously acting as a barrier to prevent further field-driven
ionization.15 Hence, the thick-shell WZ CdSe/CdS QDs can
inhibit the random local field induced by nonradiative AR or
defect states in favor of the study of their QCSE. Generally, it is
suggested that PL blinking is derived from the charged exciton
states in QDs through two main channels: multiexciton ioniza-
tion and direct carrier trapping.32–34 However, the relationship
between the PL blinking behavior and the ensemble Stark
effect is still unclear in such a core/shell quantum-confined
system.

In this work, we investigated QCSE for an ensemble of
phase-pure WZ CdSe/CdS core/shell QDs. Our results showed
that thick-shell CdSe/CdS QDs (11 MLs) exhibited a remark-
able Stark effect in PL and absorption. The energy shifts in the
emission and absorption peaks were found to be a typical
quadratic function of the external field. On the other hand, it
showed inconspicuous optical modulations in moderate-shell
(5 MLs) and ultrathick-shell (15 MLs) QDs as compared to that
in thick-shell QDs. According to the analysis of their time-
dependent PL blinking behavior, the phenomenon was attribu-
ted to the impact of a large number of surface defect states and
the strain-induced internal exciton trapping defects. At the
same time, the field-dependent PL lifetime and exciton polariz-
ability were also studied. Furthermore, the field-driven multiex-
citon process was explored in thick-shell CdSe/CdS QDs for the
first time by amplified stimulated emission (ASE) measure-
ments. Finally, these studies will enhance our knowledge of the
Stark effect under the conditions of shell-thickness-dependent
PL behaviors and will possibly contribute to the development of
electro-optic modulators based on QD nanomaterials.

Experimental
Synthesis of phase-pure WZ CdSe/CdS core/shell QDs

Phase-pure WZ CdSe/CdS core/shell QDs were synthesized by
the following two steps. First, the WZ CdSe cores were syn-
thesized at 380 °C.10 Then, the CdS shell on the surface of the
CdSe cores was epitaxially grown via the successive ionic layer
adsorption and reaction (SILAR) method at a high temperature
(310 °C).6

Device fabrication

The purified CdSe/CdS QDs in methylbenzene were added into
a PMMA-methylbenzene solution (10 wt%); the volume frac-
tion of the QDs in the polymer was less than 5%. Then, the

resulting QD solution was centrifuged at 4000 rpm for five
minutes to remove possible aggregates. The SiO2 dielectric
layer (500 nm) was employed as an isolation medium between
the ITO electrode (200 nm) and the QD polymeric film in order
to avoid the effect of the electric current on the QCSE device.
The SiO2 layer was prepared by electron-beam deposition on
the surface of the ITO electrode. The above QD solution was
spin-coated onto the ITO/SiO2 substrate and then quickly
dried under vacuum. Finally, we obtained sandwich-like
devices by attaching a second ITO electrode to each QD poly-
meric film using transparent glue. The exact distance between
the two ITO electrodes was about 10 μm in the device
(Fig. S1†). A direct current stabilized voltage source (PINTEK
HA-800) was used to apply the external electric field oriented
perpendicular to the sample surface.

Structural characterizations

Transmission electron microscopy (TEM) images were
obtained on an FEI Tecnai G2 electron microscope. Three
kinds of CdSe/CdS QDs have the same core diameter of
4.3 nm. The cross-section image of the QCSE device was
measured by Carl Zeiss Ultra Plus field emission scanning
electron microscopy (SEM).

Optical measurements

The absorption spectra were measured using a UV-Vis-NIR
spectrophotometer (UV3600, Shimadzu). The PL emission
spectra were collected with a fast optical multichannel analyzer
(SpectraPro-300i, Acton Research Corporation). The excitation
pulse was from an amplified femtosecond Ti:Sapphire laser
system (800 nm, 1 kHz, 100 fs; Legend-F-1k, Coherent), and
the 400 nm pump source was eventually obtained from a
β-barium borate crystal. The PL decay traces were recorded
using an electrically triggered streak camera system (C5680,
Hamamatsu). For the blinking measurement, a picosecond
supercontinuum fiber laser (490 nm, 4.9 MHz; NKT Photonics
EXR-15) was employed as the excitation source. The PL emis-
sion from a single QD was collected with the confocal micro-
scope and then sent to a single-photon counting system. The
PL blinking traces of thirty QDs were randomly measured for
each kind of QD. For the ASE measurement, a stripe pump was
acquired using a cylindrical lens (10 cm focal length). The
stripe modal confined pump pulses were perpendicular to the
surface of the QCSE device. Then, the edge emitted beam was
collected from the lateral parallel to the films by an optically
triggered streak camera system. All measurements were con-
ducted at room temperature.

Results and discussion

The phase-pure WZ CdSe/CdS core/shell QDs with 5, 11, and
15 ML CdS shells were synthesized using the SILAR method.6

In order to study the effect of an external electric field on the
optical properties of QDs, we designed a multilayer device
structure (Fig. 1a). The SiO2 layer (500 nm) was first deposited
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on the surface of a transparent indium tin oxide (ITO) elec-
trode as an isolation layer. Semiconductor QDs were
embedded in thin polymeric (methyl methacrylate) (PMMA)
films (10 μm) by spin-coating a QDs-PMMA solution onto the
above SiO2-coated ITO glass. Then, the second ITO electrode
was attached to the QD film using glue, thus obtaining a sand-
wich-like ITO/SiO2/QDs-PMMA/SiO2/ITO structure. Fig. 1b
shows the schematic of the field-induced changes in energy
levels and exciton localization. The physical origin of QCSE
was induced by the spatial separation of electron and hole
wave functions with the electric field increase, followed by the
buildup of an internal electric field (dipole) that opposed the
external field.21 Importantly, this gave rise to distortion in the
band alignment, thus resulting in a shift in the luminescence,
a lowered probability of radiative recombination, and an
increased lifetime.35–37

For these devices, the PL and absorption properties from
the photoexcited QCSE device were monitored following the
changes in the external electric field. Fig. 1c shows the PL
spectra of thick-shell CdSe/CdS QDs (11 MLs) with increasing

field strength, where the excitation wavelength is 400 nm. The
PL spectra showed an obvious Stark shift in the peak position
with a redshift of ∼2.3 nm, and it was symmetric with the shift
under the reverse electric field (Fig. S2†). The spectral shifts in
the ensemble emission could be well-fitted by a purely quadra-
tic function of the electric field (Fig. 1d). Therefore, this
revealed that the Stark effect in the emitting state was charac-
terized by the polarizable character and the absence of a sig-
nificant permanent dipole moment. In this case, the average
dipole moment may have reached zero with the distribution of
dipole orientations relative to the external field. At the same
time, the PL intensity showed remarkable quenching of ∼17%
and the PL spectra slightly broadened by ∼6% (Fig. S3a†),
as expected features of QCSE in semiconductor
nanoparticles.37,38 Fig. 1e shows the absorption spectra of
thick-shell CdSe/CdS QDs under different electric fields. On
increasing the electric field strength, the redshift (∼2.1 nm) in
the first exciton absorption peak also exhibited quadratic
dependence on the external electric field (Fig. 1f), indicating
that the spectral shift was dominated by the quadratic Stark
effect similar to the emitting state. Concomitant with the red-
shift in the absorption peak, ∼9% decrease in the absorption
intensity and ∼10% increase in the full width at half-
maximum were observed (Fig. S3b†). The results provide a
possibility to efficiently tune the absorption properties by an
external field, which is meaningful for the applications of QD-
based QCSE in electroabsorption modulators.

However, the field-dependent optical properties in the
moderate-shell (5 MLs) CdSe/CdS QDs showed nearly no spec-
tral shifts, while the shifts for ultrathick-shell (15 MLs) CdSe/
CdS QDs were not as obvious as that for the thick-shell QDs
(Fig. S4†). The following time-dependent PL measurements at
the single-particle level revealed that moderate-shell and ultra-
thick-shell QDs were likely to suffer from the local electric
field. Fig. 2a–c present the TEM images of these three kinds of
CdSe/CdS core/shell QDs. Fig. 2d–f show the time-dependent
PL intensity traces of single CdSe/CdS QD with moderate,
thick, and ultrathick CdS shells, respectively (for more
samples, please see Fig. S5†). The PL intensity from an individ-
ual thick-shell CdSe/CdS QD (Fig. 2e) was continuously at the
“On” state. This finding was in striking contrast to that for a
moderate-shell QD (Fig. 2d), which displayed obvious PL blink-
ing and intermittency periods (“Off” state). The blinking “Off”
state could be induced by multiple charged excitons or the
exciton trapping process, indicating that a large number of
deep surface traps were possible in moderate-shell QDs.39–42

Hence, thick-shell CdSe/CdS QDs showed more high-efficiency
suppression of the surface defect states than moderate-shell
QDs. Nevertheless, when the CdS shell thickness increased
towards 15 MLs (Fig. 2f), enhanced PL intensity fluctuations
and an intermediate (“Int”) state were observed with a lower
lifetime of 33 ns (blue region) with respect to the “On” state of
43 ns (red region) (Fig. S6†). The PL intensity fluctuations and
the “Int” state may have been caused by more exciton-trapping
defects43,44 at the interface and inside the ultrathick shells
arising from the release of lattice strain with the further

Fig. 1 (a) The structure of the QCSE device used for measuring optical
properties of QDs under the electric field. (b) Schematic of the field-
induced changes of band alignment and exciton localization in QD. (c)
PL spectra of thick-shell CdSe/CdS QDs (11 MLs) in the QCSE device
with increasing electric field strength. (d) The Stark shift versus electric
field for the PL spectra in (c). The red line represents a fit to the shift as a
quadratic function of the field. (e) Absorption spectra of thick-shell
CdSe/CdS QDs under the electric field. The red and black dashed lines
are the Gaussian fitting curves. The spectra are vertically shifted for
clarity. (f ) The Stark shift in the first excitonic absorption peak as a func-
tion of the electric field for the spectra in (e). The red line presents a
fitting curve by a quadratic function of the electric field.
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growth of the CdS shell.6,44–46 The exciton-trapping defects
also led to a charged state in QDs. Obviously, the strain-
induced defect states barely formed in thick-shell CdSe/CdS
QDs as compared to that in ultrathick-shell QDs. Besides, the
PL QY measurements showed that the QYs of CdSe/CdS QDs
rapidly increased from 75% (5 MLs) to 92% (11 MLs) on
increasing the thickness of the CdS shell due to the improved
surface passivation and suppression of nonradiative
channels.5,6,10 However, with the further increase in shell
thickness, QYs of the ultrathick QDs decreased to ∼83%. This
decrease in QYs indicated that the nonradiative process
increased owing to the lattice strain-induced defects and more
electron delocalization in the ultrathick shell.6,31,45–47

Therefore, the variation trend of shell-dependent QYs was con-
sistent with the blinking behavior of CdSe/CdS QDs; they all
exhibited a nonmonotonic behavior as a function of shell
thickness. Therefore, a further study suggested that thick-shell
CdSe/CdS QDs could minimize the adverse impact of the
random local electric field induced by the charged exciton
states, which is crucial for the observation of QCSE in QD
ensembles.

Fig. 3 shows the typical PL decay traces of thick-shell CdSe/
CdS QDs at the electric fields of 0 and 390 kV cm−1. Despite
significant changes in the PL and absorption properties, the
PL lifetime did not show evident increase with the applied
electric field, which was also observed in the report by Bozyigit
et al.47 The weakly field-dependent lifetime may be relative to
the increased electron trapping in the shell regions due to the
enhancement of carrier diffusion under an external field.31,47

The decreased PL intensity was affected by the reduction in

absorbance, as observed above, and by the dissociation of exci-
tons by the force of the electric field. Importantly, the nearly
field-independent PL lifetime and the related optical pro-
perties (spectral redshift and broadening as well as decreased
emission intensity, Fig. S7a†) excluded the possibility of many
nonradiative processes being the source of optical modu-
lations. Thereby, this further confirmed that the charged state
was indeed largely suppressed in most thick-shell CdSe/CdS

Fig. 2 (a–c) TEM images of phase-pure CdSe/CdS QDs with 5, 11, and 15 ML CdS shells, respectively. Scale bars are 20 nm. PL intensity traces of a
single CdSe/CdS QD with different shell thicknesses: 5 MLs (d), 11 MLs (e), and 15 MLs (f ). The measurements were performed with a time resolution
of 10 ms. Histograms reveal the statistical distribution of the intensity in the trace. “On”, “Int”, and “Off” states are separated by the red dashed line.

Fig. 3 PL decay traces of thick-shell CdSe/CdS QDs in QCSE device
measured at the electric fields of 0 and 390 kV cm−1, respectively. The
red lines are fitting curves with bi-exponential function; the adjusted R2

values are all larger than 0.99. Inset shows the PL lifetime as a function
of the external electric field.
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QDs, due to which they could realize more distinct QCSE in
comparison to moderate-shell and ultrathick-shell QDs.

Here, we used the quadratic energy-field expression to esti-
mate the exciton polarizability (α) of thick-shell QDs.15 The α

values were found to be ∼8.6 × 10−5 and ∼8.4 × 10−5 meV cm2

kV−2 by fitting the experimental results in Fig. 1d and f,
respectively. Moreover, the theoretical polarizability of the exci-
tons in thick-shell QDs was estimated to be around ∼1.5 ×
10−4 meV cm2 kV−2 by an effective core radius of 3.2 nm,48 as
calculated using the wavelength of the first excitonic absorp-
tion peak (632 nm).49 The α value measured for thick-shell QD
ensembles was smaller than the corresponding calculated
result, implying that the field modulation effect may be wea-
kened by a few probable radiative traps near the band edge.50

This also coincided with some slight intensity fluctuations
(orange region) in the PL intensity trace, as shown in Fig. 2e.

The above results demonstrated that the defect states on
the surface and inside QDs seriously restrained their ensemble
QCSE, while the presence of very few trap states in some thick-
shell QDs did not matter much for the ensemble measure-
ment. For further insights into the trap states in the field-
driven exciton process, we measured the ASE performance of
thick-shell CdSe/CdS QDs under different electric fields.
Fig. 4a displays the time-resolved PL spectrogram of field-
effect CdSe/CdS QDs for 0 and 390 kV cm−1 applied fields. As
shown in Fig. 4b, fast ASE (0–100 ps) exhibits clear decrease of
18% in the emission intensities on increasing the field
strength. The decreased emission efficiency of multiexcitons
could be associated with the field-enhanced electron delocali-
zation in thicker shell QDs.47 However, because of the repul-
sive Coulomb interaction among the excitons (Fig. S7b†)51 and
the internal screen effect of the multiexciton state for the exter-
nal field, the field-induced shift (∼0.6 nm) of the ASE peak
was inconspicuous. The corresponding evolution of ASE decay
dynamics is illustrated in Fig. 4c. When the electric field pro-
gressively strengthened, the ultrafast lifetime of ASE increased
from 25 to 31 ps, which showed stronger dependence on the

field than on a single exciton state. In addition, when all mul-
tiexcitons decayed (>100 ps), the remaining single exciton
gradually relaxed from the multiexciton-induced higher energy
state to a band-edge emitting state due to the decrease
in repulsive Coulomb interactions. Therefore, the PL spectra
present a continuous redshift along with decay time
(Fig. S7c†); the variation trend of the corresponding emission
peak position is shown as a red dashed line in Fig. 4a.
Meanwhile, the enhancement in electron delocalization and
the repulsive exciton–exciton interactions in the multiexciton
process could promote the diffusion of electron wave functions
into the CdS shells, which increased the trapping probability
of the electrons on the surface and within the thick-shell
regions.5,31,52 Therefore, as shown in Fig. 4b, the long-lived
delay component (100–2000 ps) exhibits nearly field-indepen-
dent PL emission spectra, indicating that the dynamic relax-
ation process and the potential electron trapping can weaken
the Stark effect of a single exciton.

Conclusions

In summary, QCSE in the ensemble of phase-pure thick-shell
CdSe/CdS QDs was systematically studied under an external
electric field. We observed a pronounced redshift and broaden-
ing of PL and absorption spectra as well as decrease in the
intensity. On this basis, we studied the relationship between
the shell-thickness-dependent PL blinking behavior and the
Stark effect by the analysis of time-dependent PL intensity
measurements. The results showed that thick-shell CdSe/CdS
QDs could provide effective suppression of the local electric
field in comparison to moderate-shell and ultrathick-shell
QDs, thus favoring the realization of ensemble QCSE. Besides,
deeper insights into the properties of field-driven multiexciton
emissions indicated that fast ASE showed decrease of 18% in
the emission intensities and an evident field-dependent decay
process. However, the smaller exciton polarizability suggested

Fig. 4 (a) Time-resolved PL spectrogram of thick-shell CdSe/CdS QDs in a QCSE device for 0 and 390 kV cm−1 under a stripe femtosecond-pulsed
excitation at 400 nm. The red dashed line presents the variation trend of the emission peak position. (b) ASE and PL spectra as a function of the elec-
tric field extracted from the spectrogram (a) with integrated time ranges of 0–100 ps and 100–2000 ps, respectively. (c) The ASE decay traces of
thick-shell CdSe/CdS QDs under different electric fields.
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that a few traps still existed in some thick-shell QDs. In order
to reduce such trap states and eliminate their adverse effect on
QCSE as far as possible, more improvements are needed in
future works to synthesize thick-shell QDs with a wider graded
interface and smoother confinement potential. Finally, these
optical properties (changes in emission and absorption inten-
sities and spectral shifts) in QCSE devices open the potential
possibility of field-sensitive QDs to achieve electro-optic
sensing.
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