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ABSTRACT: Extra charges in semiconductor nanocrystals are of
paramount importance for their electrically driven optoelectronic and
photovoltaic applications. Optical excitations of such charged
nanocrystals lead to rapid recombination via an Auger process,
which can deteriorate the performance of the corresponding devices.
While numerous articles report trion Auger processes in negatively
charged nanocrystals, optical studies of well-controlled positive
charging of nanocrystals and detailed studies of positive trions remain
rare. In this work, we used electrochemistry to achieve positive
charging of CdSe nanocrystals, so-called quantum dots (QDs), in a
controlled way. Femtosecond transient absorption spectroscopy was
applied for in situ investigation of the charge carrier dynamics after
optical excitation of the electrochemically charged QD assembly on
TiO2. We observe that without bias (i.e., neutral QDs), sub-
picosecond hot carrier cooling is followed by multiple phases of the dynamics corresponding to electron injection and transfer to the
TiO2. Positive charging first leads to activation of the hole traps close to the valence band maximum, which opens a rapid
recombination channel of the optical excitation. A further increase in the positive bias interrupts the electron injection to TiO2, and if
nanocrystals are positively charged, it leads to Auger relaxation in a few hundred picosecond timescale. This study represents a step
toward the understanding of the effect of positive charging on the performance of semiconductor nanocrystals under conditions
which closely mimic their potential applications.

■ INTRODUCTION

At the nanoscale, material properties depend on their size
owing to the quantum confinement. For example, absorption
and emission of semiconductor nanocrystals with a size smaller
than the exciton Bohr radius, the so-called quantum dots
(QDs),1,2 can be tuned by changing their size. Since colloidal
QDs can be made by facile wet-chemistry methods,3 they have
become popular model systems for basic research4−8 and are
already used in photodriven applications as fluorophores in
high-color purity displays.1,9 Recently, an electrically driven
optical gain in QDs was reported, demonstrating the potential
of such nanomaterials for optoelectronics and realization of
QD lasing.10,11

When a QD absorbs a photon with energy larger than its
band gap, an electron−hole pair is created, which is referred to
as an exciton.12 Biexciton is a pair of excitons, which can
rapidly decay via a nonradiative Auger mechanism.13 In this
process, one exciton’s recombination energy is transferred to
the electron or hole of the other exciton, bringing one of the
charge carriers to a high energy level, which then rapidly
relaxes back to the band edge.14 As a result of such a process,
one exciton is lost. If a QD is charged (negatively or

positively), light absorption leads to the formation of a so-
called triona collective three-body state consisting of an
exciton combined with an additional charge: a hole or an
electron.13 In trions too, an Auger process takes place
analogously to the biexcitons.13 In optoelectronic applications,
QDs are often highly excited or charged; therefore, the Auger
recombination is an important mechanism, which can
significantly affect the efficiency of the devices. Auger
recombination can be either detrimental15 or can be beneficial
for the performance of the device.16 Clearly, for making the
best-possible use of the nanomaterials, photophysics of
charged QDs needs to be better understood.
Photocharging is probably the most straightforward way to

make charged QDs for spectroscopic studies.17,18 The charging
is typically confirmed by shortening of the QD photo-
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luminescent lifetime due to the trion Auger decay.13 However,
it is not a priori known whether a positive or negative trion has
been formed by the photocharging. For a controlled charging
of QDs, photochemical doping19−21 or electrochemistry
methods15,22−25 can be used. While the negative trion
properties have been extensively studied,13,15,20,26 only a few
articles address the photophysics of the positively charged
QDs.20,21,27 Partially, this is related to the fact that in QDs, the
spectroscopic signatures of valence band (VB) holes are much
weaker than the state-filling signal from the conduction band
electrons.28,29 Earlier, the hole-related trions have been studied
using photochemical doping to prepare positively charged
CdSe/CdS core shell QDs.20,21,27

In the following, we use spectroelectrochemistry as a direct
control method for positive charging of the QDs in
combination with in situ spectroscopic studies. We measure
the I−V charging curve using cycling voltammetry while
simultaneously following the QD steady-state absorption
changes in order to quantify the charging effect. We also
applied ultrafast transient absorption (TA) spectroscopy at
certain positive potentials to study the photoexcitation
dynamics of positively charged QDs. Our results demonstrate
the potential of electrochemistry as a versatile tool that can be
used for charging of QDs in a well-controlled way. Electro-
chemistry can be used in combination with other techniques
such as spectroscopy for in-depth studies of the effect of excess
charges on the device performance.

■ METHODS
QD Synthesis. For the synthesis of the CdSe nanoparticles,

a conventional hot injection method was used.3,30 A total of
1500 mg of CdO was dissolved in 7 mL of OLEA and 50 mL
of ODE at 270 °C in a three-neck flask. A Se precursor was
prepared by sonication of 300 mg of Se powder in 10 mL of
ODE for 10 min in an Ar-purged flask; then, 1 mL of
trioctylphosphine was added and stirred until the solution
became completely transparent. The temperature of the Cd
precursor solution was lowered to 240 °C; then, the Se
solution was quickly injected. When the QDs of the desired
size were obtained, the flask was removed from the heater and
quickly cooled with an ice bath. All chemicals were purchased
from Sigma-Aldrich and used without any further purification
or modification.
Film Preparation. The fluorine-doped tin oxide (FTO)

slides were coated using the doctor blade technique with TiO2
paste purchased from Solaronix, sintered at 480 °C, and cooled
overnight. A TiO2 mesoporous layer was used for QD
anchoring and to achieve a large surface area, thereby
providing sufficient optical density for spectroscopy measure-
ments. The capping ligand was changed to 3-mercaptopro-
pionic acid. Films were prepared by soaking TiO2-coated FTO
slides in aqueous solution of QDs and were adjusted to pH =
12 by dropwise addition of NaOH. Films were then washed
with distilled water and heated to 100 °C. Films were stored in
an Ar-filled desiccator over drying agents in the dark.
Electrochemistry. A conventional three-electrode electro-

chemical system in a custom-made spectroelectrochemical cell
was used.31 QD-sensitized TiO2-coated FTO was used as the
working electrode, a Pt wire as the counter electrode, and a
leak-less Ag|AgCl was used as the pseudo-reference electrode.
The electrolyte solution was a 0.1 M solution of
tetrabutylammonium hexafluorophosphate in dichloromethane
(DCM). A scan rate of 1 mV/s was used for running cyclic

voltammogram (CV); it ensures a quasi-stationary condition
for the measurements. A PalmSense 4 potentiostat was used
for all electrochemical measurements. The corresponding
stationary open-circuit potential (OCP) was −0.25 V versus
Ag|AgCl.

Spectroelectrochemistry. Measurements were done in
the same electrochemical cell as mentioned above. UV−vis
steady-state absorption spectra were recorded using an Agilent
spectrophotometer during the electrochemical cyclic voltam-
metry scan. Spectral measurements were done at a limited
number of specific potentials to prevent photocharging or
photocurrents from distorting the peaks in CV, which can
further complicate the interpretation. The acquisition of each
spectrum took about 5 s, causing a negligible effect on the
current and during which the potential changes only by ±5
mV.

TA Spectroscopy. Measurements were done in the same
electrochemical cell as mentioned earlier. Output pulses of a
Spitfire Pro regenerative amplifier (796 nm, 6 mJ, 100 fs) were
used to generate both pump and probe light. The second
harmonic of the fundamental laser wavelength generated by a
BBO crystal was used as pump pulses with a central
wavelength of 398 nm. To avoid the multiexcitations, a very
low photon flux was used (50 μW with 400 μm spot size).
Output of a NOPA (TOPAS) was used to generate 1300 nm
pulses, which were focused in a CaF2 crystal to generate
broadband white light (350 to 1200 nm) to be used as the
probe. For TA, we used bulk electrolysis or chronoampero-
metric methods. After setting a specific potential and reaching
equilibrium (i.e., steady current with no changes), spectral
evolution of the photoexcited QDs was recorded at different
delay times between the laser pump and probe. The data are
collected as average of 1000 laser pulses at each delay point. In
our measurement, the negative signal corresponds to the
ground-state bleach together with stimulated emission, and the
positive signal is the excited-state absorption. Stability of the
measurement was checked by comparing the amplitude of the
TA signal at each scan. For each measurement, at least, five full
scans are measured and averaged.

TA Data Analysis. To decipher the TA measurements
under different potentials, global fitting was used as the main
data analysis method. Glotaran software was used for the
analyses. For visualizing the results, Origin software was used.

■ RESULTS AND DISCUSSION
For estimation of the band structure of the CdSe QDs, we used
cyclic voltammetry as a common tool for measuring the energy
level positions in semiconductors.15,23,32 Measurement of CV
of the QDs was done in a three-electrode electrochemical cell.
The QD assembly onto TiO2-FTO serves as the working
electrode, and a platinum plate is used as the counter electrode
(see the Methods section). The potentials are measured and
reported versus a Ag|AgCl pseudo-reference electrode. A
representative CV is shown in Figure 1.
The peaks in the CV represent significant changes in the

current and correspond to the potentials where electron
exchange is taking place between the working electrode (i.e.,
TiO2-FTO) and the sample (in this case CdSe QDs) in the
electrochemical cell. In our measurements, it means positive
charging of the QDs. Since in the electrochemical measure-
ments, the potential is regulated versus a reference electrode
with a relatively fixed potential, the change toward the positive
potentials corresponds to the lowering of the Fermi level of
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TiO2-FTO. Such conjecture is based on the fact that TiO2-
FTO slides are in direct contact with each other and the Fermi
level should be equal throughout their junction. We can
assume the QD assembly as another semiconductor, which is
separated by a thin insulator (ligand) and in this way correlates
the electrochemical potential to the QD energy levels. In the
CV shown in Figure 1, we can clearly see the presence of a
peak as the consequence of scanning the applied electro-
chemical potential toward positive potentials. At around +0.75
V, it is expected that the VB levels become emptied of
electrons, leading to a peak in the CV and accordingly to
positive charging of QDs. The optical properties and electronic
structure of the QDs will change due to the positive charging33

as the Fermi level reaches the band edge of the QDs.23 Hence,
the properties of the material are alternated and controlled by
adjusting the applied electrochemical potential. The changes in
the steady-state absorption of QDs due to the spectroelec-
trochemical charging under positive bias are illustrated in
Figure 2. As a comparison, we also show the unbiased QD
absorption spectrum, which is measured at OCP. In our
measurements, the changes due to the positive charging remain
within 10% of the absorption of neutral QDs. This is
qualitatively consistent with the known weak hole-related
signal in the QD absorption spectrum, which is partially related
to the high density of hole states at the band edge.28,29

As the next step, we apply femtosecond TA spectroscopy to
in situ probe the excited-state dynamics of the QDs under
applied positive bias. The measurements are employed to
follow the population and depopulation pathways of the
photoexcited positively charged QDs. TA data and the globally
fitted exponential decay-associated spectral (DAS) compo-
nents, obtained through singular value decomposition (SVD),

are plotted in Figure 3. In order to distinguish the potential-
induced changes in the QD excited-state dynamics, we use TA
measurement at OCP as the reference.
At OCP, the fast component of 400−500 fs lifetime

corresponds to the hot electron cooling after excitation with
398 nm pulses. The component has a characteristic sigmoidal
shape, which means a decay of photogenerated charge carriers
from higher energies and a rise at the band edge, which is
consistent with the carrier relaxation process.28,29,34,35 The
SVD analyses also find two decay components that are
assigned to the electron injection and transfer from the QD
conduction band to TiO2. The faster of the two, ∼60 ps,
corresponds to electron injection, while the slower component
of several hundred picoseconds is the migration of the injected
electron further away from the QD−TiO2 interface to the bulk
of TiO2, thereby losing the interaction with the photo-
generated hole, which remains in the QD.36 The weak broad
positive signal spanning over the near-infrared range (650−
1100 nm) is due to the absorption of the free charges in the
conduction band of TiO2.

37−39 Eventually, the absorption
bleach is recovered by charges recombining with the lifetime,
which is longer than our experimental window noted as >2 ns.
Application of positive potentials leads to changes in the

photogenerated charge carrier dynamics. At +0.5 V, the charge
injection to TiO2 and the ground-state bleach recovery become
drastically faster. A new component of a few ps appears in the
kinetics at +0.5 V. We interpret the component as the result of
the Fermi level reaching surface defect states within the QD
band gap close to the VB. These trap states will be emptied
(populated by holes). The existence of such states in the core-
only QDs is supported by several studies.29,33,40 The states act
as hole traps and recombination centers, leading to a ps
component of the TA decay. We suggest that the ps
component is a combination of the fast sub-picosecond
cooling and the ps trapping, which as the result of uncertainty
in the global fitting has merged into a single component of 1.6
ps. The generally faster bleach recovery can be partially
explained in terms of an increased Coulombic interaction
between the now positively charged QDs and the electrons

Figure 1. Correlation between electrochemical measurement and the
band structure of the 3 nm CdSe QDs and TiO2. Electrochemical
measurement was performed in a three-electrode cell, where the CdSe
QD assembly on mesoporous TiO2-coated FTO serves as the working
electrode (FTO is not shown). A leak-less Ag|AgCl electrode was
used as the reference, and a platinum plate was used as the counter
electrode (supporting electrolyte: 0.1 M tetra butyl ammonium
hexafluorophosphate in DCM, scan rate of 1 mV/s, room temper-
ature). The peaks at −1.75 and +0.75 V are assigned to the
conduction band (first excited state) and valance band of 3 nm CdSe
QDs, respectively. The band structure of 3 nm CdSe QDs is shown,
where the arrows indicate optically allowed transitions.

Figure 2. Spectroelectrochemical measurements of 3 nm CdSe QDs
on TiO2-FTO. (OCP = −0.25 V vs Ag|AgCl). Absorption spectra
were recorded during the electrochemical measurement. Potential-
dependent difference spectra are constructed by subtraction of the
OCP spectrum from the measured spectra. The OCP spectrum is
scaled by 0.1 for better comparison.
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injected to the TiO2. Since the electron injection-related
component of 60 ps is still present, while the slower diffusion
phase is not distinguishable from the bleach recovery, we can
conclude that electrons remain near the QDs and can
recombine more efficiently. The faster recovery may also be
the result of intraband states in TiO2, which are activated
(changed) by the applied positive potential. Such states in
TiO2 are known to be formed by dangling bonds at the surface
and oxygen vacancies in the material.38,39,41

At +0.75 V, the Fermi level is shifted to lower energy levels
than those of the VB of the QDS. The spectroelectrochemical
measurements in Figure 2 clearly show a change in the steady-
state absorption of the QDs compared to the lower potentials.
Since the density of states at the VB is large and the energy
levels are closely packed, we cannot quantify the precise
number of holes in the VB per QD. However, we can
qualitatively conclude that holes have been injected into the
VB of QDs due to the applied electrochemical bias. Upon
photoexcitation of such positively charged QDs, a positive
trion or positively charged exciton is created. The cooling of
hot electrons and the trapping remain unchanged within the
experimental and global fitting uncertainty. An important
difference compared to the lower potentials apparent from data
analysis is that no electron injection to TiO2 can be seen. Also,
no broadband excited-state absorption of the free electrons in
TiO2 can be detected. We conclude that charge injection to
TiO2 is completely terminated. The longest component of the
bleach recovery is in the range of 200−300 ps, which is due to
the Auger decay of the positive trion. Further rise in the
electrochemical potential to +1.0 and +1.5 V does not induce
any significant change in the dynamics. Only the hot carrier
cooling becomes slightly faster, consistent with the expected

more efficient carrier−carrier scattering in the case of higher
charging.

■ CONCLUSIONS
We have prepared high-optical quality QD-sensitized TiO2
electrodes for combining electrochemical measurements with
in situ ultrafast laser spectroscopy. Electrochemical charging is
used as a direct manipulation tool to inject and control extra
holes in the VB of the QDs. Based on the cyclic voltammogram
and changes in the steady-state absorption spectra, we could
identify the electrochemical potentials for positive charging of
the QDs. Femtosecond TA spectroscopy allowed us to follow
the details of the optically excited charge carrier dynamics in
such a well-controlled charged system. Besides a sub-
picosecond hot electron cooling, a fast decay of excitation
with a 250 ps time constant due to Auger decay is clearly
observable in the TA measurements. Higher potentials which
may cause multiple charging did not make any significant
difference in the positively charged QD Auger decay lifetime.
These observations provide basic information about the
positive trion and the potential of spectroelectrochemical
measurements for further detailed studies of such processes in
QDs. These findings may pave the way for refining the design
principles of QD optoelectronics.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02729.

Wavelength-integrated TA kinetics at different applied
potentials together with the global fit obtained via SVD
analyses with Glotaran software (PDF)

Figure 3. Excited-state dynamics of 3 nm CdSe QDs under applied positive bias. Summary of the TA measurements and their corresponding DAS
for 3 nm CdSe QD assembled on the TiO2-FTO electrode at OCP, +0.5, +0.75, +1.0, and +1.5 V vs Ag|AgCl. Cartoon depiction of photogenerated
electron transitions at the given potentials. Black arrows indicate laser excitation connecting the corresponding energy levels for photogenerated
charges, and blue (down) arrows indicate the decaying pathways and recombination mechanisms.
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