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Abstract

Semiconductor quantum dots (QDs) are widely used in light-emitting diodes and solar cells. Electrochemical
modulation is a good way to understand the electrical and optical properties of QDs. In this work, the effects of
electrochemical control on photoluminescence (PL) spectra in core/shell CdSe/ZnS QD films are studied. The results
show different spectral responses for surface emission and core emission when a negative electrochemical
potential is applied: the core emission is redshifted while the surface emission is blueshifted. The former is
attributed to the electrostatic expansion of the excitonic wave function, due to the asymmetric distribution
of adsorbed cations on the surface of the dots. The latter is attributed to the occupation of lower surface
states by the injected electrons, i.e., the photoexcited electrons are more likely to be trapped onto higher
surface states, leading to a blueshift of the surface emission. Both the spectral shift and the accompanying
PL-quenching processes are reversible by resetting the potential.

Keywords: Core/shell CdSe/ZnS quantum dot, Photoluminescence, Electrochemical control, Core emission,
Surface emission

Background
Colloidal semiconductor quantum dots (QDs) have re-
ceived considerable attention for their applications in
the field of optoelectronics [1, 2], light emission [3, 4],
and high quantum-efficiency photovoltaic devices [5, 6].
QDs have several important properties, especially their
size-tunable optical properties, which originate from
quantum confinement and result in significant changes
in the effective band gap with relatively small changes in
size [7].
However, there are many restrictions to the application

of QDs in these technologies due to some photolumi-
nescence (PL)-quenching channels. An important aspect
of QDs is the exciton surface trap states, which are in-
herent to QDs because of the high surface-to-volume ra-
tio [8–10]. The trapping of a hot electron/hole
effectively reduces the PL efficiency without shifting the
emission spectrum or reducing the lifetime, whereas the
trapping of a band-edge exciton reduces the PL lifetime
[10]. Another important aspect of QDs is the presence

of excitons with an additional electron (negative trion)
or hole (positive trion), which leads to PL quenching
due to fast nonradiative Auger recombination [10–13].
Trion emission also exhibits a shifted spectrum, short
lifetime, and random blinking [14–16].
Investigation of the aforementioned PL quenching and

shifting, especially the reversible control of these pro-
cesses, is of significant interest for both fundamental re-
search and technical applications, which are
implemented either by electrochemical electron injection
or by ionic adsorption. The pioneering work on the elec-
trochemical control of QDs was performed by Wang et
al. [17], leading to the discovery of a mid-infrared ab-
sorption corresponding to an intraband transition, a
bleach of the visible intraband exciton transition, and
quenching of the narrow band-edge PL. Several succeed-
ing studies revealed various interesting optical properties
of charged QDs, including the reversible control over
the “on” and “off” states [18, 19], the amount of charge
injected into a single QD, and the corresponding degree
of bleach during absorption [19–22]. Recent investiga-
tions suggest that the density of trap states can be* Correspondence: qxyang@hit.edu.cn
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determined by the electrochemical control of the Fermi
level [23, 24], and the energy level offsets in QD hetero-
junctions can be accurately determined in situ [25].
In addition to the electrochemical control of charge

injection, ionic adsorption is another way to regulate PL
properties. It has been reported that an irreversible blue-
shift in the absorption spectrum results from size and/or
structural changes in the QDs due to exothermic ad-
sorption [26], and a reversible blueshift results from the
anionic adsorption-enhanced quantum confinement
[27]. In the latter case, the adsorbed anions compress
the electron wave function in the dots, which makes the
dots electronically smaller and causes the corresponding
blueshift. However, to the best of our knowledge, the
spectral shift caused by cationic adsorption-induced
quantum confinement and the experimental evidence of
the spectral shift caused by electron injection onto the
surface trap states have not been reported thus far.
Herein, we show the redshifted and quenched core

emission due to cation adsorption and the blueshifted
surface emission due to electron injection onto the sur-
face traps. Both the processes are reversible and are con-
trolled using electrochemical methods.

Methods/Experimental
Core/shell CdSe/ZnS QDs stabilized with octadecyla-
mine ligands were purchased from Sigma-Aldrich (the
center of the PL spectrum is 600 nm). QD films with
thickness of about 300 nm were grown on cleaned
ITO (indium tin oxide) substrates using the dip-
coating method, immersed in a 10 mM 1,7-diamino-
heptane anhydrous methanol solution for about 20 s,
and baked at 70 °C for half an hour for cross-linking.

The homemade three-electrode electrochemical cell
consists of a Pt disk as the counter electrode, an Ag
wire as the quasi-reference electrode, the ITO sub-
strate as the working electrode, and 0.1 mol/L
tetrabutylammonium perchlorate (TBAP) in dimethyl-
formamide (DMF) as the electrolyte solution. The Ag
quasi-reference was calibrated with ferrocene/ferroce-
nium with 0.1 M TBAP in DMF, with the offset of
about 65 mV versus a standard hydrogen electrode
(SHE). The Fermi level of the QD film is controlled
by the electrochemical potential between the ITO and
the Ag quasi-reference electrode. The steady-state and
time-resolved PL spectra are investigated simultan-
eously using a fiber-optic spectrometer (Ocean Optics
4400) and a TCSPC (time-correlated single photon
counting, resolving capability of 180 ps, PMC-100-1,
Becker & Hickl GmbH) system, respectively. The
sample is excited by picosecond laser pulses
(wavelength 375 nm, pulse duration 60 ps, repetition
rate 20 MHz).

Fig. 1 Cyclic voltammetry of CdSe/ZnS QD film (solid) and ITO
(dashed) at 100 mV/s. The peak at − 1.7 V is attributed to the
charging of 1Se state, and the peak at − 1.2 V is attributed to the
charging of surface trap states. The arrows indicate the scan
direction. The Ag quasi-reference is offset by 65 mV versus standard
hydrogen electrode (SHE)

Fig. 2 Absorption spectra under representative applied potentials.
0 V (black), − 1.2 V (blue), − 1.5 V (green), − 1.6 V (pink), − 1.7 V
(orange), and 0 V backward (red). Two peaks are assigned to the
populations of 1S3/21Se and 2S3/21Se. Absorbance bleach appears
when the applied potential exceeds − 1.6 V and recovers after the
potential is reset to zero. Note that the charged QD film (at − 1.6 V)
shows a redshift with respect to the uncharged film (at 0 V), and the
bleach recovers immediately when the potential is reset to 0 V
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Results and Discussion
Cyclic Voltammograms and Absorption Spectra
Figure 1 shows the cyclic voltammetry of the CdSe/ZnS
QD film (solid) and the bare ITO (dashed) at 100 mV/s.
The reduction peak (QD film) of − 1.7 V in the scan direc-
tion is attributed to the electron injection into the ground
excitonic state of the QDs [19]. The electron population
of the 1Se state results in a bleach of absorption [17, 18,
22, 28, 29], which is demonstrated in the absorption spec-
tra shown in Fig. 2. The two absorbance peaks of 600 and
560 nm correspond to the transitions of 1S3/21Se and 2S3/
21Se [30], respectively, which are intensely bleached at an
applied potential of − 1.6 V and completely bleached at −
1.7 V, indicating electron injection into the 1Se state [17,
29]. The partial bleach at − 1.6 V indicates one-electron
occupation of the 1Se state [29]. The optical band gap of
the QDs at − 1.6 V shows a redshift in the absorption
spectrum with respect to that at 0 V, due to the Stark ef-
fect in the charged QDs. The bleach recovers immediately
as the potential is reset to zero.
In Fig. 1, it can also be seen that the reduction occurs at

about − 0.9 V and a reduction peak emerges at − 1.2 V;
however, there is no absorption bleach at these potentials
(see Fig. 2), which suggests that the electrons are injected
into surface trap states rather than excitonic states.

Time-Resolved/Steady-State PL Under Electrochemical
Control
The steady-state PL spectra and time-resolved PL
traces, which are shown in Fig. 3a, b, were simultan-
eously measured under electrochemical potentials.
The spectra captured at potentials of 0, − 0.9, − 1.2,
and − 1.6 V are illustrated. As the electrochemical po-
tential is varied from − 0.9 to −1.6 V, the PL emission
undergoes remarkable quenching with a progressive
redshift and recovers completely in ~ 1800 s at 0 V. It
should be noted that the PL emission undergoes an
obvious change in line shape with decreasing poten-
tial, as shown in Fig. 3c, which will be discussed vide
post.

Fig. 3 Representative spectra at typical applied potentials. a
Steady-state spectra and b PL decay dynamics. The QDs show a
higher PL quantum yield and slower decay rate (black solid) at 0 V.
After the applied potential reaches − 0.9 V (wine solid), the PL is
quenched with continuous redshift. When the potential is set to −
1.6 V (orange solid), the PL shows considerable quenching. When
the potential is reset to 0 V, the spectral intensity and shift exhibit
partial recovery instantaneously (inset, 0 V (2)-1, Red solid) and
recover completely in ~ 1800 s (inset, 0 V (2)-10, green solid). c
Normalized PL spectra at 0 V (black solid) and − 1.6 V (orange
solid). Each of the two PL spectra can be fit to a sum of two
Gaussian functions; the individual Gaussian functions are labeled
by c1 and c2, the solid curves represent the two functions at 0 V,
and the dashes represent the two functions at −1.6 V

Li et al. Nanoscale Research Letters  (2017) 12:626 Page 3 of 6



Excitonic Emission and the Quenching Processes
All the steady-state PL spectra can be fitted to a double
Gaussian function (Fig. 3a, gray dash). The high fidelity of
the fit suggests that two distinct emitting states are in-
volved. For example, with respect to the QDs at 0 V, each
emission component is attributed to the core emission
(λ1 = 609 nm, w = 14 nm) and surface emission (λ2 =
617 nm, w = 27 nm). The identification of the core emis-
sion and surface emission agrees with the standard model.
The surface emission presents a broad spectral width and
a redshift with respect to the core emission, due to the
broad distribution of the surface-localized trap states and
energetically lower levels [31–33].
In order to better understand the spectral redshift

and change in line shape, we compare the fitting
results of the PL spectra at 0 and − 1.6 V, as shown
in Fig. 3c. Here, we assign c1 and c2 to the core
emission and surface emission, respectively. The data
clearly indicates that as the potential is reduced to −
1.6 V, the core emission redshifts while the surface
emission blueshifts, as indicated by the arrows in the
figure.
The two decay components can be well defined by the

bi-exponential fitting of the time-resolved spectra
(Fig. 3b, gray dashed curves). For example, for the QDs
at 0 V, the two components of the PL lifetime are 4.2
and 15.2 ns, respectively assigned to the core emission
and surface emission [32–34]. The latter is due to charge

transfer to the trap sites located on the shell or at the
core/shell interface [35, 36].
The fitting parameters of the time-resolved and

steady-state PL spectra for all the applied potentials were
plotted as shown in Fig. 4. The core emission lifetime
and peak position/spectral width as a function of the ap-
plied potential are presented in Fig. 4a and c, respect-
ively. As the applied potential reaches − 0.9 V, the core
emission shows a faster decay and a redshifted spectrum
relative to that at 0 V. This is attributed to the adsorp-
tion of the cations from the electrolyte onto the surfaces
of the QDs. As mentioned above, the electron injection
into the surface trap states occurs at − 0.9 V. The
adsorbed cations serve as counterions to the injected
electrons [25, 37, 38] and charge acceptors [39], giving
rise to the dissociation of the exciton by charge transfer
and quenching of the PL. As the applied potential is de-
creased to more negative values, a greater quenching
occurs due to the potential difference-induced penetra-
tion of cations. When the potential becomes − 1.6 V, the
1Se state is occupied by one electron; a negative trion
occurs with photoexcitation. The PL is almost com-
pletely quenched, mainly due to the large number of
nonradiative channels, including effective Auger recom-
bination [10, 40] and considerable charge transfer to the
adsorbed cations.
Previous studies have shown that anions randomly

wrapped around QDs cause electrostatic compression of

Fig. 4 Electrochemical potential dependent fitting parameters of core emission (a, c) and surface emission (b, d). The decay times of both the
emitting states decrease at an applied potential of − 0.9 V. The core emission shows a redshift (c, green squares), and the surface emission shows
a blueshift (d, red circles). Orange triangles represent the FWHM of the two emission components
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the electronic wave function [27], which makes the dots
electronically smaller, resulting in a corresponding blue-
shift in the PL. In this work, the redshift of the core
emission is explained by a reduction in the quantum
confinement effect induced by cation adsorption. For the
sake of clarity, we plot the model in Fig. 5a. The nonuni-
form cationic adsorbents on the surface cause electro-
static expansion of the electron wave function in the
dot, making the dot electronically larger, leading to a
spectral redshift in the core emission.
Note that there are two types of space charge distribu-

tion around the QDs: (1) a uniform spherical surface
distribution with a radius greater than the exciton Bohr
radius, which results in no change to the electronic wave
function of the dots, and (2) an inhomogeneous charge
distribution around the dots, which can change the exci-
tonic wave function in the dots. In this study, the distri-
bution of cationic adsorbents is considered nonuniform
and the uniform charge distribution around the dots,
which has not been evidenced so far, is not considered.
The potential dependence of the surface emission life-

time and the peak position/spectral width are presented
in Fig. 4b and d, respectively. It can be seen that the sur-
face emission undergoes progressive blueshift and de-
creasing decay time, which is intimately related to the
injected electrons on the surface trap states. This is ex-
plained using the model shown in Fig. 5b. With the in-
crease in negative potential beyond − 0.9 V, the Fermi
energy increases continuously with the injection of elec-
trons into the lower lying surface states. This traps pho-
toexcited electrons at the higher surface trap states,
transforming the surface emission from step 1 to step 2
in Fig. 5b, giving rise to the blueshift. The decreasing
decay time of the surface emission may be attributed to
the Auger processes present when multiple electrons
reside in the surface trap states.

Conclusions
Electrochemical methods are good tools for understand-
ing the modification of light-emitting properties of QD

films by electron injection or ionic adsorption, for both
fundamental research and technical applications. Here,
we demonstrated the reversible electrochemical control
of photoexcited luminescence in core/shell CdSe/ZnS
QD films. The results showed that PL quenching occurs
after the electrochemical potential reaches a threshold of
− 0.9 V (within the band gap), followed by redshifted
core emission and blueshifted surface emission, which is
reversible in ~ 1800 s after the potential is reset to zero.
The redshift of the core emission is attributed to the
electrostatic expansion of the electron wave function in-
duced by cation adsorption. On the other hand, the
blueshifted surface emission is attributed to the popula-
tion of surface states. The lower surface states are occu-
pied by injected electrons, and therefore, the
photoexcited electrons are more likely to be trapped in
the higher surface trap states, leading to the blueshift of
the surface emission.
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