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ABSTRACT: Semiconductor quantum dots (QDs) composed of multiple
components are playing an important role in solar energy conversion as light
harvesting materials. Electron extraction dynamics in CdSe and core/shell CdSe/
CdS/ZnS colloidal QDs are studied by femtosecond transient absorption
spectroscopy in this Article. Our study demonstrates that, in the presence of the
commonly used electron acceptor, methyl viologen (MV2+), electrons in the 1S state
of CdSe QDs can be effectively extracted with a time constant less than 150 fs. With
regard to type I core/shell CdSe/CdS/ZnS QDs, 400 nm excitation will mainly
populate the CdS first, due to its large absorption cross section at around that
wavelength. Electrons from the conduction band of CdS then can be directly
extracted by MV2+ before transferring to core CdSe. Therefore, MV2+ can serve as an
efficient bridge to extract electrons from the shell of type I QDs. As compared to the
bare QDs, core/shell QDs have slower charge separation and much slower
recombination rates. Thus, the core/shell QDs are beneficial for designing solar cells.

■ INTRODUCTION

Semiconductor quantum dots (QDs) have been widely
explored due to their novel properties. These include their
size-dependent bandgap, discrete conduction and valence
bands, high photostability, and high photoluminescent
quantum yield.1−9 These properties make it different from
bulk semiconductors and result in its popularity in solar cell
research.4,6 As a promising candidate for efficient, low-cost
photovoltaic devices, quantum dot solar cells (QDSC) have a
theoretical power conversion efficiency of as high as 66%.10

The mechanism of light-to-electrical energy conversion in
QDSC is considered to be controlled by a series of charge-
transfer processes, such as charge separation, hot electron
extraction, multiple exciton generation (MEG), and plasmonic
effects.11−17 Among these processes, the charge separation
plays an important role in optimizing device performance.18 It
is known that photoelectrons are generated when QDs are
excited by photons whose energies are larger than the bandgap
and subsequently recombine on a nanosecond time scale with a
significant amount of irreversible energy loss.18−21 To alleviate
this loss, several methods have been developed, such as capping
QDs with shells or strongly coupling QDs to other semi-
conductor like TiO2.

22−24 The investigation of charge transfer
dynamics is helpful in the design of solar cells.18,25,26

Femtosecond transient absorption (TA) provides an ideal
way to study the ultrafast dynamics. Previous ultrafast
spectroscopy studies demonstrated that the electron relaxation

is related to surface states, capping, or core−shell struc-
ture.2,14,23,27,28

However, despite the high quantum efficiency of QDs,
charge separation efficiency and hence rapid extraction are of
great importance in solar cells. Yet electron extraction dynamics
have not been fully investigated. To conduct our experiment,
CdSe QDs and core/shell CdSe/CdS/ZnS QDs were made
and adsorbed with a widely used electron acceptor, methyl
viologen (MV2+). The core/shell QDs used here are type I
alignment, as both the conduction band (CB) and the valence
band (VB) edges of the core CdSe locate within the band gap
of CdS.29,30 Because the bandgap of these CdSe QDs is about
2.1 eV, photons with energy monitored at 3.1 eV can pump the
electrons into the 1Pe state, which then relax to the 1Se state on
a femtosecond time scale. With regard to core/shell CdSe/
CdS/ZnS QDs, 3.1 eV pump light will mainly pump the CdS
first, then the electrons will transfer to CdSe. We hope to find
out whether the extraction of MV2+ electron from CdS is direct
or not. Originally, the comparison between dynamics of CdSe
QDs and CdSe−MV2+ complexes was provided to show the
valid electron transfer (ET) process. Subsequently, the same
view between CdSe/CdS/ZnS QDs and CdSe/CdS/ZnS−
MV2+ complexes is given to testify the transfer process.
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■ EXPERIMENTAL SECTION

Materials. Cadmium oxide (CdO, 99%), 1-hexadecylamine
(HDA, 99%), tri-n-octylphosphine (TOP, 90%), tri-n-octyl-
phosphineoxide (TOPO, 99%), Se powder (98%), oleic acid
(OA, 90%), and octadecene (ODE, 90%) were purchased from
Aldrich and used as received without further purification.
Synthesis of CdSe QD. Highly fluorescent CdSe nano-

crystals were made according to a procedure modified from one
that was used in previous report.31 For a reaction, the mixture
of 677.9 mg of OA, 77.04 mg of CdO, and 8.1 g of ODE in a
three-neck flask was heated to 280 °C for 20 min in a N2
atmosphere until the mixture became clear. After this the
solution was cooled to room temperature, and 1.5 g of TOPO
and 1.5 g of HDA were added into the solution. It was then
heated to 280 °C with vigorous stirring in N2 atmosphere. At
this temperature, 2.9 g of TOP-Se (10 wt %) and 1.1 g of ODE
mixture were injected into the flask. The growth temperature
was then reduced to 250 °C for 1 h to form homogeneous
CdSe QDs. This reaction generated CdSe nanocrystals of about
3.4 nm in size. The reaction mixture was allowed to cool to
room temperature, and an extraction procedure was used to
purify the nanocrystals from side products and unreacted
precursors: The same volume of toluene was added to the
solution to isolate the QDs. A large amount of methanol was
subsequently added, followed by centrifugation at 5000 rpm for
10 min. One milliliter of chloroform and ≥10 mL of acetone
were then added for a second centrifugation. The core/shell
QDs were synthesized using methods in available litera-
ture.31−34 The CdSe/CdS/ZnS QDs contained bare CdSe, 2
layers of CdS, and 2 layers of ZnS. The QD concentration in
the purified solution was calculated using Lambert−Beer’s law,
to be 1.91 × 10−5 mol/L (SI1, Supporting Information).
The QD−MV2+ complexes were made as follows. MV2+ (5

mM) dissolved in methanol was added to the QD solution in
chloroform. Because MV2+ is poorly soluble in chloroform,
sonication ensured that it was well dispersed and finally
adsorbed onto the QDs surface.
Transmission Electron Microscopy (TEM) Measure-

ments. TEM images of CdSe and CdSe/CdS/ZnS were
produced on a JEM-2100F transmission electron microscope
operating at an accelerating voltage of 200 kV. Figure 1 shows
representative TEM images of initial CdSe core, core/shell
QDs. The mean radii of the CdSe core and core/shell QDs are,
respectively, 3.4 ± 0.4 and 5.6 ± 0.5 nm. The lattice planes
extend straight across the particles, implying that the growth of
shells occurs in the regime of coherent epitaxy.
Femtosecond Transient Absorption Spectrome-

ter.35−38 A regeneratively amplified Ti:sapphire laser system
(Spectra Physics, 800 nm, 100 fs, 1 mJ/pulse, and 250 Hz
repetition rate) was used as the light source. The 800 nm
output pulse from the amplifier was split into two parts to
generate pump and probe pulses. The pump pulse at 400 nm
was generated by the frequency doubling of a 800 nm pulse
with a beta barium borate (BBO) crystal. The pump pulses at
567 and 580 nm were generated through the TOPAS system
(Light Conversion). The energy of the 400 nm pump pulse was
controlled by a variable neutral-density filter wheel. A white
light continuum (from 440 to 700 nm) probe pulse was
generated by attenuating and focusing the other 800 nm pulse
into a sapphire window. The pump and probe beams were
spatially overlapped at the sample (2 mm cuvette) with crossing
areas of 500 and 300 μm in diameter, respectively. The

excitation energy density was adjusted to ∼120 nJ/pulse (400
nm) and ∼30 nJ/pulse (567 and 580 nm). The laser noise can
be eliminated by comparing with the adjacent laser pulses
(using a mechanical chopper to half the pump pulse frequency).
Time-resolved transient absorption spectra were recorded with
a highly sensitive spectrometer (Avantes AvaSpec-2048×14).
The dynamics traces were obtained by controlling the relative
delay between the pump and probe pulses with a stepper-motor
driven optical delay line (Newport M-ILS250CC). The group
velocity dispersion of the whole experimental system was
compensated by a chirp program. The experimental data were
fitted with a locally written program running in Matlab based
on the proposed model. The instrument response function was
measured using a quartz crystal instead of a sample pumped at
400 and 567 nm, respectively. All of the measurements were
performed at room temperature.

■ RESULTS AND DISCUSSION
MV2+ was chosen as the electron acceptor for the following
reasons. First, the reduction potential of MV2+ is located
slightly below the conduction band edge of CdSe QDs;
therefore, electrons from CdSe can transfer to MV2+ easily.39−42

Second, the absorption band of MV+ radical, at ∼600−700 nm,
is well separated from the QD absorption, allowing
unambiguous distinction between it and the QD, as well as
being convenient to observe.41 Third, MV2+ anchored to QDs
have been studied extensively due to their ultrafast exciton
dissociation, which occurs on a subpicosecond time scale.39,40,43

All of these properties make MV2+ a suitable electron acceptor
for our experiment. The QD-to-MV2+ molar ratios must be
maintained for different samples. Here, it is 1:7 for both (see
Supporting Information SI2 for a detailed discussion).
Figure 2 shows the optical absorption spectra of CdSe QDs

and core/shell CdSe/CdS/ZnS QDs with and without MV2+.
The static-state ultraviolet and visible (UV−vis) absorption
spectrum of CdSe QDs exhibits a main peak at ∼567 nm,
which is assigned to the 1S3/2h−1Se excitonic transition. There
is also a larger intensity bulk-like continuous absorption band
with an onset at 400 nm. Because MV2+ shows no absorption at
300−700 nm, the CdSe−MV2+ complexes have the same

Figure 1. Transmission electron micrographs of (a) bare CdSe QDs
and (b) CdSe/CdS/ZnS QDs. Size histogram of (c) bare CdSe QDs
and (d) CdSe/CdS/ZnS QDs, measuring over 150 particles in each
sample.
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absorption as the free CdSe colloid in this range.41 In contrast
to the CdSe QD, there is a red-shift of 20 nm in the absorption
spectrum of core/shell QD caused by the CdS shell. The
absorption at 400 nm is much larger than that of the bare CdSe,
due to the big absorption cross section of CdS.44,45

The time-resolved TA spectra at 2 ps of CdSe QDs and
CdSe−MV2+ QDs are shown in Figure 3. Figure 3a,b is excited
at 400 and 567 nm, respectively. The whole TA from 0 to 1.3
ns is shown in Supporting Information Figure S2. There is
strong ground-state bleaching corresponding to the 1S exciton
transition at 567 nm in Figure 3a and b. The bleaching
magnitude of the QD−MV2+ complexes is much smaller than
that of the bare QDs under the same conditions, which means
that their populations must decrease. Hence, we ensure that the
MV2+ extracts the electrons from QDs and turns into MV+

radicals. The transient spectra thus show a small absorption
band at the range from 600 to 700 nm due to the absorption of

MV+ radicals (inset of Figure 3a and Supporting Information
Figure S3b). Figure 3c compares the 650 nm dynamics of the
bare QDs with that of the complexes. The difference clearly
indicates the generation of MV+ radicals in the complexes. This
may be attributed to the charge transfer from QDs to MV2+. As
shown in Scheme 1a, the 400 nm pump light creates electrons

that populate the 1Pe level immediately; these electrons then
relax to the 1Se level on a femtosecond time scale. From 1Se
they will quickly transfer to MV2+. As a comparison, the
experiments were performed by directly pumping at 567 nm.
Figure 3b shows the TA spectra, and Figure 3d shows the 650
nm dynamics comparison. From these figures, we can see that

Figure 2. Normalized UV−vis absorption of bare CdSe QDs (■),
QD−MV2+ complexes (red ●), CdSe/CdS/ZnS core/shell QDs (blue
▲), and CdSe/CdS/ZnS−MV2+ complexes (pink ▼). The inset
shows the absorption of MV2+.

Figure 3. (a and b) Transient absorption spectra of CdSe at 2 ps excited at 400 and 567 nm. The solid black line is the TA of the bare QDs, and the
red solid line is the QD−MV2+ complexes. Inset of (a) is the MV+ radical absorption at 600−700 nm. (c and d) Kinetics comparison at 650 nm
pumped at 400 and 567 nm, respectively. ■, kinetics probed at 650 nm of the bare QDs; red ●, that of the complexes.

Scheme 1. Schematic Illustration of Electron Transfer in
System of CdSe Adsorbed with MV2+ and Conduction and
Valence Band Edge Positions (vs Vacuum)a

a(a) In CdSe−MV2+ complexes, k1 is the state filling rate. k2 and k3 are
the charge transfer rates. (b) In CdSe/CdS/ZnS−MV2+ complexes, k1
is the rate of electrons transfer from CdS to CdSe. k2 and k3 are the
charge transfer rates.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp5024789 | J. Phys. Chem. C 2014, 118, 17240−1724617242



the results are similar to those from pumping at 400 nm. The
1S bleaching kinetics comparison is shown in Figure 4 ((a)

excited at 400 nm and (b) excited at 567 nm). Interestingly, the
1S bleaching of the complexes arises much more quickly than
does that of the bare CdSe QD. Rate constants need to be
calculated to figure out the process. We use the rate equation
below:
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When the bare QDs are excited at 400 nm, the state filling time
(1/k1) can be obtained by fitting the formation kinetics of the
567 nm bleaching (rising part of the ■ in Figure 4a), which is
about 360 fs (Table 1). When the QD−MV2+ complexes are
excited at 567 nm, k3 can be obtained by monitoring the
bleaching kinetics at 580 nm (blue ● in Figure 4b). As the
decay of the bleaching is too fast to be fitted, k3 is suggested to
be 1/150 fs−1, which is very close to our system time response
(the FWHW of the instrument response function (IRF) is
about 150 fs). We will test two conditions. The first assumes
that k2 exists and (k1 + k2) > k3. Under this condition, eq 2 will
consist of two components. The first is the rising part ((−k1/
(k1 + k2 − k3)) e

−(k1+k2)t), which has the rising rate of (k1 + k2),
and the second is the decay part ((k1/(k1 + k2 − k3)) e−k3t),
which has the decay rate of k3 (1/150 fs−1). In fact, the rising
part cannot be calculated as it is too fast for fitting; however, we
can observe the decay part with a rate of ∼1/360 fs−1 from the
fitted data (blue ● and pink line in Figure 4a). This is not too
fast for fitting, which does not match our experimental
observation, and hence the condition (k1 + k2) > k3 cannot
be true. Instead, we now assume that (k1 + k2) < k3, and the
solution to formula 1 becomes
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Here, we ignore the rate constant k2, because the decay rate we
fit is about 1/360 fs−1, just equal to k1 when (k1/(k3 − k1)) e

−k1t

contributes to the decay part, while the rising part is beyond the
resolution as (−k1/(k3 − k1)) e−k3t contributes to the rising
part. This is perfectly consistent with our fitted data in Table 1:
the kinetics at 580 nm of CdSe−MV2+ only has a decay time
around 360 fs. From this the charge transfer mechanics are
clear. When MV2+ is adsorbed on CdSe QD, electrons that cool
to 1Se from the 1Pe level will instantaneously transfer to MV2+

with a rate of around 150 fs. The decrease of the initial 1Se
population is a result of the charge transfer rate k3 being over
2.4 times larger than the state filling rate k1. This means that
electrons have already been extracted by MV2+ before they
remain in the 1Se level for a sufficient period of time, making
the maximum bleaching value smaller.
To further investigate the dynamics of the charge transfer

process, we choose type I CdSe/CdS/ZnS core/shell QDs. The

Figure 4. Kinetics comparison of CdSe QD and CdSe−MV2+

complexes, 1S bleaching of CdSe (■), absorption of MV+ radicals
(blue ●). (a) Kinetics excited at 400 nm. (b) Kinetics excited at 567
nm. Here, we monitored bleach at 580 nm to avoid the effect of
excitation. Instrument response function (purple solid line).

Table 1. Best-Fit Parameters of 1S Absorption Bleach Transients and MV+ in Two Complexes with Function I ∝ ∑iAi exp(−t/
τi)
a

excitation (nm) τ1 (ps) τ2 (ps) τ3 τ4

CdSe 400 0.36 ± 0.1 (−1) 2 ± 0.2 (0.14) >5 ns
567 2 ± 0.2 (0.16) >5 ns

CdSe−MV2+ 400 0.36 ± 0.005 (1)
CdSe/CdS/ZnS 400 0.71 ± 0.1 (−1) 80 ± 1.4 (0.34) >5 ns

580 46.6 ± 3.2 (0.24) >5 ns
CdSe/CdS/ZnS−MV2+ 400 0.47 ± 0.1 (−1) 1.8 ± 0.2 (0.58) 22 ± 1.6 (0.18) ps >2 ns

580 1.5 ± 0.1 (0.64) 36 ± 3.8 (0.14) ps >2 ns

aFitting error and relative weights (Ai) are given in brackets.
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CdS shell functions as a tunneling barrier to slow the charge
transfer or recombination. The growth of the outer ZnS shell
provided better passivation of the surface states of CdS, as well
as enhanced photostability and quantum yield.46 Because of the
wide band gap of ZnS, the charge transfer mechanism at the
CdSe/CdS interface and the electron wave function delocaliza-
tion into the CdS shell are not affected by the presence of the
ZnS shell.46 This kind of QD exhibits slow charge separation
and recombination processes, making it easy to study charge
transfer, which is well documented in the literature.11,12,23,47,48

Figure 5 shows the TA spectra at 2 ps of type I CdSe/CdS/
ZnS QDs and CdSe/CdS/ZnS−MV2+ complexes excited at 400
nm (Figure 5a) and 580 nm (Figure 5b). The TA spectra are
given in Supporting Information Figure S4. Both spectra show a
strong 1S ground-state bleaching at 587 nm. The difference
between the bare QDs and these core/shell QDs is that 400 nm
will pump the CdS first, as it has a much larger absorption cross
section than CdSe. Figure 2 clearly shows that the absorption at
400 nm is much larger than that of the bare QD. The bleaching
of the complexes has a smaller amplitude due to the charge
transfer process, which results from the generation of MV+

radicals. Figure 5c and d shows the kinetics of MV+ radicals
probed at 660 nm. Other than for the bare QDs, the MV+

absorption here has a much slower rise time over 30 ps. We
ascribe this phenomenon to the slow charge transfer, as the
CdS and ZnS shells inhibit the transfer process. We compare
the 580 nm kinetics excited at 400 and 580 nm, respectively, in
Figure 6a and b, which shows that the 1S bleaching of the
complexes rises and recovers faster than that of the bare core/
shell QDs. We thus prove that electron extraction is present in
the complex system. The formation of MV+ radicals as shown
by the absorption at 600−700 nm (Supporting Information
Figure S5b) can further confirm the electron extraction process.
The fitted data are shown in Table 1 to do the further
calculation. Scheme 1b will help to explain in detail, where k1 is
the ET rate from CdS to CdSe and k2 and k3 are the charge
separation rates. When excited at 580 nm, only the core CdSe
generates electron−hole pairs, so MV2+ extracts electrons only
from CdSe with a rate k3. k1 and k2 do not exist in this case.
Here, we change formula 1 and its solution eq 2 to
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where Ns and Nc denote the population of the shell CdS and
core CdSe, respectively. Under 400 nm excitation, the ET
process from CdS to CdSe takes about 710 fs, indicating k1 in

Figure 5. TA spectra at 2 ps of CdSe/CdS/ZnS and CdSe/CdS/ZnS−MV2+ complexes. (a) and (b) were pumped at 400 and 580 nm, respectively.
The solid black line is the TA of the core/shell QDs, and the red solid line is the core/shell QD−MV2+ complexes. (c) and (d) show kinetics
comparison probed at 660 nm pumped at 400 and 580 nm, respectively.

Figure 6. Kinetics comparison of CdSe/CdS/ZnS and CdSe/CdS/
ZnS−MV2+, 1S bleaching of CdSe/CdS/ZnS (■), absorption of MV+

radicals (blue ●). (a) Kinetics excited at 400 nm. (b) Kinetics excited
at 580 nm. Instrument response function (purple solid line).
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this system is 1/710 fs−1. It does not matter whether the
electron finally populates the 1P or 1S level of the core, because
their energy difference is small as compared to the large gap
between CdSe and CdS. Seen from Scheme 1b, k3 can be
obtained by fitting the 590 nm kinetics of CdSe/CdS/ZnS−
MV2+ excited at 580 nm (blue● in Figure 6b fitted in Table 1).
k3 is the fastest rate of the fitted data, 1/1.5 ps−1. The value is
consistent with the fitted data of the kinetics excited at 400 nm
within error, which is about 1/1.8 ps−1. The slower rates relate
to the electron−hole recombination process. As the rising time
constant of the bleaching is about 470 fs (blue ● in Figure 6a,
fitted in Table 1), we know that k1 + k2 = 1/470 fs−1 using
solution 2. The electron extraction rate k2 can hence be
calculated as 1/1.4 ps−1, which is much slower than that of the
CdSe−MV2+ complexes as expected. Figure 7 compares the

charge recombination process of CdSe−MV2+ and core/shell
QD−MV2+ complexes. The process of the core/shell
complexes extends to several nanoseconds, which is much
slower than that of the bare QDs due to the CdS and ZnS
shells. Because the shells contribute to the charge separation
and prevent the charge recombination, they are of great
potential application in solar cells. We conclude that about 1/3
(k2/[k1 + k2]) of the electrons from CdS can be extracted to
MV2+ at a rate of 1/1.4 ps−1 before they transfer to CdSe, thus
accelerating the charge transfer process, which is significant to
improve efficiency. Furthermore, the shells will certainly slow
the recombination process, which is beneficial in the design of
solar cells.

■ CONCLUSIONS
In summary, we have investigated the electron extraction
dynamics of CdSe and core/shell CdSe/CdS/ZnS quantum
dots (QDs) with MV2+ adsorbed on the surface by femto-
second transient absorption spectrometer. We proved that the
electrons in the 1Se level of CdSe QDs can be efficiently
extracted by MV2+ with a time constant less than 150 fs, while
there are little electrons in 1Pe that transfer to MV2+ directly.
The electrons extraction process is very different in core/shell
CdSe/CdS/ZnS QDs. The electrons extraction time constants
are slowed to 1.4 and 1.5 ps, from CdS and CdSe, respectively.
The recombination is also slowed to several nanoseconds. We
believe that the core/shell structure will be of potential
application in solar cells. Also, if MV2+ or similar molecules are
attached or linked to QDs as a bridge in quantum dot solar
cells, electrons will be extracted efficiently.
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