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ABSTRACT: Photoinduced electron transfer (ET) processes from CulnS,/CdS core/shell quantum dots (QDs) with different
core sizes and shell thicknesses to TiO, electrodes were investigated by time-resolved photoluminescence (PL) spectroscopy.
The ET rates and efficiencies from CulnS,/CdS QDs to TiO, were superior to those of CulnS,/ZnS QDs. An enhanced ET
efficiency was surprisingly observed for 2.0 nm CulnS, core QDs after growth of the CdS shell. On the basis of the experimental
and theoretical analysis, the improved performances of CulnS,/CdS QDs were attributed to the passivation of nonradiative traps
by overcoating shell and enhanced delocalization of electron wave function from core to CdS shell due to lower conduction band
offset. These results indicated that the electron distribution regulated by the band alignment between core and shell of QDs and
the passivation of surface defect states could improve ET performance between donor and acceptor.
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1. INTRODUCTION

Great interests have been focused on quantum dot sensitized
solar cells (QDSCs) in recent years due to the global energy
crisis.' Unique features of quantum dots (QDs) such as size-
tunable band gap,z’3 high extinction coefficient,* and the
multiple exciton generation® have made them good candidates
for the design of the next-generation photovoltaics.®”"!
However, the maximum power conversion efficiency is typically
below $.5% for liquid junction QDSCs'*™"* and 5-7% for
solid-state QDSCs,'®'” which is influenced by the generation
efficiency of electron—hole pairs, charge transfer dynamics, and
electron recombination processes in these devices.'®

Ternary chalcopyrite CulnS, is one kind of ideal semi-
conductor materials for designing and fabricating QDSCs due
to its high absorption coeflicient and direct bandgap of 1.5 eV
which matches well with the solar spectrum.'” > Earlier
CulnS,-based liquid junction QDSCs showed a power

-4 ACS Publications  © 2013 American Chemical Society

12681

conversion efficiency of less than 1%.>* The efficiency of
CulnS,-based QDSCs was increased to 3.91% with the
suppression of charge recombination at the TiO,/QD/
electrolyte interfaces by introducing a buffer layer and a
passivation layer.>*™>® The Teng group made a great
breakthrough in the CulnS,-based solar cells by introducing a
CdS passivation layer and achieved a power conversion
efficiency of 4.2%.>” Moreover, the introduction of a broad
bandgap ZnS passivation layer could also improve the
performance of QDSCs by preventing the electron trapping
into surface states of QDs.”® Because the trap states at
interface/surface of QDs play an important role in degrading
the performance of QDSCs, the effective passivation is
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necessary to reduce these negative effects."®*”** In addition, by

exchanging CdS with a Mn—CdS shell, the power conversion
efficiency of CulnS,—Mn—CdS QDSCs was boosted from
4.69% to 5.38%, resulting from improved interfacial charge
transfer properties controlled by type II bandgap engineering in
CulnS,~Mn—CdS systems.”® The assembled CdS/CdSe QD-
sensitized photovoltaics exhibited a conversion efficiency of
5.32% for efficient extraction of photogenerated electrons and
enhanced electron injection rate owing to inverted type-I
energy level alignment between CdS core and CdSe shell."
Consequently, band alignment engineering significantly influ-
ences the solar energy conversion efficiency of QDSCs, which
could be regulated by selecting appropriate semiconductor
materials and varying the core size and shell thickness.

Theoretically, utilizing the excess photo energy to create
additional electron-hole pairs (multiple exciton generation) can
increase the thermodynamic energy conversion efficiency of
single junction QDSCs to 44%.>'® Although huge numbers of
researches were conducted to study the work mechanisms of
photovoltaics and further improve device performance by
optimizing device structure and material parameters, the actual
energy conversion efficiency was far below the theoretical
value.’>™*” Thus, more significant efforts should be made to
change the present situation. The charge separation at the
QD—metal oxide interface is a primary photophysical event
leading to photocurrent generation in QDSCs. Efficient
interface electron transfer (ET) from QDs to external
electrodes is a crucial factor to further improve the power
conversion efficiency of QDSCs.*° A fair amount of works have
been done to search approaches to promote ET between QDs
and metal oxide nanoparticles or organic electron accept-
ors.>*~>* Kamat group studied the effects of the QD size and
donor—acceptor distance on ET dynamic processes from CdSe
QDs to TiO,, ZnO, and SnO, nanoparticles.30_32 Further the
Lian group observed the effects of the ZnS shell thickness and
band alignment between core and shell on the charge
separation from type I CdSe/ZnS and type II CdTe/CdSe
core/shell QDs to adsorbed organic electron acceptors.>>>* But
the photosensitizing properties of CulnS, QDs are less
understood. So, it is necessary to study the extraction efficiency
of photogenerated electrons from CulnS, QDs to external
electrodes for improving the performance of QDSCs.

In this work, we investigated the ET from CulnS,/CdS and
CulnS,/ZnS core/shell QDs to TiO, films by time-resolved
photoluminescence (PL) spectroscopy. The band alignment in
CulnS, core QDs could be regulated by CdS and ZnS shell
materials, which can adjust the spatial distributions of the
conduction band electron and valence band hole wave
functions. More efficient ET was observed in CulnS,/CdS—
TiO, than that in CulnS,/ZnS—TiO, and even CulnS,—TiO,
due to the effective passivation of surface defect states and
enhanced electron wave function delocalization from the core
to shell of QDs.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Indium acetate (In(OAc);, 99.99%), cadmium
oxide (CdO, 99.99%), zinc stearate (ZnSt,, 12.5—-14% ZnO), 1-
octadecene (ODE, 90%), oleic acid (OA, 90%), 1-dodecanethiol
(DDT, 98%), and 3-mercaptopropionic acid (MPA, 99%) were
purchased from Alfa Aesar. Copper(I) iodide (Cul, 98%), sulfur
powder (S, 99%), and trioctylphosphine (TOP, 99%) were purchased
from Aldrich. TiO, powder (P2S, a mixed phase of 80% anatase and
20% rutile; average size 25 nm) was purchased from Degussa.

2.2. Synthesis of CulnS,/CdS and CulnS,/ZnS Core/Shell
QDs. CulnS, QDs were synthesized with a typical method reported
previously.*> A 95 mg portion of Cul (0.5 mmol), 146 mg of In(OAc)
(0.5 mmol), and S mL of DDT were loaded in a 25 mL of three-
necked flask. The reaction mixture was degassed for 10 min under
vacuum filled with argon three times and heated to 130 °C for about
10 min until a clear solution was formed. Then, the temperature was
raised to 230 °C and maintained at that temperature for 5—40 min for
differently sized CulnS, QDs. In the shell overcoating procedure, the
cadmium precursor was prepared by a mixture of 258.4 mg of CdO, 2
mL of oleic acid, and 4 mL of ODE was heated to 180 °C in a 25 mL
three-neck flask under argon until the solution turned to clear, and
then, an additional 7.5 mL of ODE was injected to make the
concentration of Cd(OA), 0.15 mmol/mL. The growth of a CdS
(ZnS) shell was also conducted as reported in the paper.*® A mixture
of 2 mmol of Cd(OA), (ZnSt,), 2 mmol of sulfur dissolved in 2 mL of
trioctylphosphine, and 8 mL of ODE was added dropwise into the
reaction solution at 210 °C, and an aliquot was taken from the reaction
for different reaction time to obtain QDs with a series of shell
thicknesses. All the reaction mixtures were diluted with toluene,
methanol was added and then centrifuged to remove excess ligands
and precursors. After repeating the process three times, the
precipitated QD samples were dispensed in toluene for further
experiments and measurements.

2.3. Fabrication of TiO, and QDs/TiO, Electrodes. The TiO,
and SiO, pastes used in this work were fabricated by the same method
reported before.*® TiO, used above was P25 powders with average size
of 25 nm purchased from Degussa. SiO, nanocrystals with average size
of 20 nm were synthetized with a method previously reported.”” A
0.45 mL portion of deionized water and 270.5 mg of ammonium
hydroxide were added into 7.5 mL of ethanol with stirring. And this
solution was injected into the mixed solution of 3.472 g of tetraethyl
orthosilicate and 7.5 mL of ethanol with constant stirring for S days.
The SiO, nanocrystals were precipitated with hexane and further
isolated by centrifugation and decantation. TiO, and SiO, films were
spread on glass by spin-coating their pastes onto glass substrates with a
speed of 2000 rpm for 60 s, and the obtained electrodes were
subsequently calcined at 500 °C in air for 60 min and then cooled to
room temperature naturally. For the QDs-sensitization, the TiO, and
SiO, electrodes were heated to ~200 °C and immersed rapidly in an
acetonitrile solution of MPA (1 M) and sulfuric acid (0.1 M) for 12 h
and then rinsed thoroughly with acetonitrile and toluene. After that,
the MPA-coated metallic oxide films were immersed in QDs in toluene
for 12 h and then rinsed thoroughly with toluene.*

2.4. Characterization and Measurements. The absorption
spectra of the colloidal QDs in toluene solution were recorded on a
UV-3101PC UV-Vis-NIR scanning spectrophotometer (Shimadzu).
Fluorescence spectra were recorded by a Hitachi F-7000 spectropho-
tometer. The sizes of QDs were measured by a Philips TECNAI G2
transmission electron microscope (TEM) operated at an accelerating
voltage of 200 kV. TEM samples were prepared by drop-casting QDs
dispersed in toluene onto carbon-coated 200 mesh copper TEM grids.
Energy-dispersive X-ray spectroscopy (EDX) was measured for the
elemental analysis of the QDs by using GENESIS 2000 XMS 60S
scanning electron microscope equipped with a field emission gun and
operated at 10 kV. X-ray diffraction (XRD) patterns were collected on
a Rigaku XRD spectrometer. The time-resolved PL spectra were
measured by LifeSpec-1I dedicated lifetime spectrometer (Edinburgh
Instruments). The excitation source was picosecond pulsed diode laser
with a laser wavelength of 485 nm. All measurements were carried out
at room temperature.

3. RESULTS AND DISCUSSION

The absorption and normalized PL spectra of CulnS, core and
CulnS,/CdS core/shell QDs are shown in Figure 1. The
diameters of two CulnS, core QDs were determined to be 2.0
and 3.6 nm, respectively, as seen from the TEM images shown
in Figure 2a and b. The TEM images of CulnS,/CdS core/shell
QDs are also shown in Figure 2¢ and d. The shell thicknesses
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Figure 1. UV-visible absorption (dashed lines) and normalized PL
(solid lines) spectra of 2.0 (a) and 3.6 nm (b) CulnS, core and
CulnS,/CdS core/shell QDs.

Figure 2. TEM images of bare CulnS, cores with 2.0 (a) and 3.6 nm
(b) diameters and the corresponding CulnS,/CdS core/shell QDs (c
and d).

were approximately calculated by ignoring the size change of
the CulnS, cores, and the shell layers were estimated on the
basis of one monolayer (ML) of 0.31 and 0.33 nm with respect
to ZnS and CdS shell materials. The corresponding TEM
images and size distribution results of CulnS,/CdS core/shell
QDs with different core sizes and shell thicknesses are shown in
Figures S1 and S2 in the Supporting Information. The XRD
patterns of CulnS,/CdS and CulnS,/ZnS core/shell QDs were
collected, and the composition of CulnS,/CdS core/shell QDs
with 2.0 nm core and 1.0 ML CdS shell was estimated by the
EDX as shown in Supporting Information Figure S4. The Cu:In
ratio is close to the ideal 1:1, and the XRD patterns are similar
to those reported before, ensuring the quality of the
synthesized nanoparticles. As seen in Figures 1 and S5
(Supporting Information), the PL peaks of CulnS,/CdS
core/shell QDs exhibit a blue shift from 662 and 773 to 646
and 720 nm, respectively, relative to those of above-mentioned
two CulnS, core QDs due to the etching of core and enhanced
quantum confinement effect with the overgrowth of CdS shell,
which is similar to ZnS overgrowth case. After that, further CdS
shell overcoating produces a red shift from 646 and 720 to 692
and 765 nm, respectively, owing to delocalization of the
electron wave function into CdS shell for a very small offset
between the bulk conduction bands of the CulnS, core and
CdS shell, as reported by the Klimov group.® It is worth noting
that the PL peak of CulnS,/CdS core/shell QDs with 2.7 ML
shell shows a red shift of 30 nm relative to the corresponding
bare QDs with 2.0 nm diameter. In contrary, the PL peak still
exhibits a blue shift relative to pure CulnS, core QDs even
though 3.1 ML CdS is overcoated for the 3.6 nm diameter
CulnS, core QDs. These results suggest that the electron wave
function delocalization from core to shell could be regulated
not only by shell materials but (at least partly) by core sizes.
To acquire a deep understanding of the core size and shell
material dependent distinctive performances, we measured the
PL decays and estimated the average PL lifetimes of CulnS,/
CdS and CulnS,/ZnS core/shell QDs with different core sizes
and shell thicknesses as shown in Figure 3. The PL lifetimes of
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Figure 3. Average PL lifetimes of CulnS,/ZnS (a) and CulnS,/CdS
(b) core/shell QDs with 2.0 (blue squares) and 3.6 nm (red triangles)
core diameters and different shell thicknesses in toluene.
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Figure 4. PL decay curves of 2.0 (a) and 3.6 nm (b) CulnS, core QDs and the corresponding CulnS,/CdS core/shell QDs with 2.0 (c) and 3.6 nm
(d) core diameters and various CdS shell thicknesses deposited on the TiO, (empty symbols) and SiO, (solid symbols) films.

CulnS, core QDs are shortened with decreasing the diameter
and become long with increasing the shell thickness, indicating
the effective passivation of surface states. Then, we measured
the quantum yields and estimated the radiative and non-
radiative decay rates of CulnS,/CdS core/shell QDs using the
relation QY = k,/(k, + k,,) and 1/7 = k, + k,, as listed in Table
S1 in the Supporting Information. As seen from this table, the
quantum yields increase and the nonradiative decay rates
decrease from 1.66 X 107 and 5.52 X 10° s™! for two CulnS,
core QDs to 5.75 X 10° and 2.55 X 10° s™" with the overgrowth
of CdS shell, also confirming the effective passivation of
nonradiative trap states by CdS shell. On the other hand, a
surprising phenomenon is found that the average lifetimes of
CulnS,/ZnS core/shell QDs with a large core diameter are
much longer than those of small core diameter QDs with
similar ZnS shell thickness (Figure 3a),*® but it turns to the
opposite as to CulnS,/CdS core/shell QDs (Figure 3b). This
phenomenon can be understood as follows: lower offset
between the bulk conduction bands of the CulnS, core and
CdS shell relative to ZnS shell enhances the delocalization of
electron wave function into shell. Meanwhile, the higher
conduction band edge in the smaller CulnS, core relative to the
larger one due to quantum confinement effect leads to a greater
degree of delocalized electron wave function to CdS shell while
the hole still remains in the CulnS, core, reducing the spatial
overlap of photogenerated electron and hole wave functions
inducing the slow radiative decay.”> As shown in Supporting
Information Table S1, the radiative decay rates of CulnS,/CdS
QDs with 2.0 nm core are obviously slower than those of QDs
with 3.6 nm core. As discussed above, the spatial distribution of
electron wave function could be tuned by adjusting the core
sizes and shell materials (CdS, ZnS) to vary the band alignment
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between the core and shell. Therefore the enhanced electron
wave function delocalization to CdS shell and shell-induced
stability can make CulnS,/CdS core/shell QDs a candidate for
the fabrication of QDSCs.

The PL dynamics of CulnS,/CdS core/shell QDs with
different core sizes and shell thicknesses attached to TiO, and
SiO, films were investigated and the corresponding PL decay
curves are shown in Figure 4. It was feasible for ET from
CulnS, core and CulnS,/ZnS core/shell QDs to TiO, as
observed in previous reports.***® The SiO, is an insulator and
it can not act as an electron acceptor. As seen in Figure 4c and
d, the overcoating of CdS shell results in a significant increase
in PL lifetimes and uniform single-exponential decays. After
attaching CulnS,/CdS core/shell QDs to TiO,, a significant
shortening in the PL decays is clearly observed as shown in
Figure 4c and d. The ET rate (kgr) and efficiency (#7pr) can be
calculated from eqs 1 and 2:

kET = 1/Talve(Q.D - TIOZ) - I/Tave(QD - SIOZ) (1)

Tave(Q,D - Tioz)/Tave(QD - Sloz) (2)

where 7,,.(QD — TiO,) and 7,,.(QD — SiO,) are the average
lifetimes of the QDs attached to TiO, and SiO, films,
respectively. The ET rates and efficiencies were determined
from eqs 1 and 2 and summarized in Table S2 in the
Supporting Information. As seen from this table, the CdS shell
layer has a significant influence on the ET from attached
CulnS,/CdS core/shell QDs to TiO,. The ET rate decreases
with the increase of CdS shell thickness for the role of shell as a
tunneling barrier. Sun et al. found that the electrons had to
tunnel through the shell barrier and transfer to TiO, in
CulnS,/ZnS-TiO, system, and the ET rates were in reasonable

Mgr =1 =
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agreement with the theoretical values of radial electron
densities at the ZnS shell surfaces as a function of ZnS shell
thickness in the following empirical formula:*®

kgr(d) = koe_ﬁd (3)

where d is the thickness of the shell and k, is the ET rate for
bare QDs.>* To quantify the effect of shell materials on the ET
rate, the eigenfunctions and energies of the electrons in
CulnS,/CdS and CulnS,/ZnS core/shell QDs were calculated
by modeling them as particles confined in the spherical well of
finite depth.39’40 The effective mass of electrons is 0.16, 0.20,
and 0.28m, in CuInSZ,41 CdS, and ZnS,* respectively. A
potential energy of zero inside the CulnS, core and a barrier
height of 0.05™ and 1 eV for electron to tunnel into CdS and
ZnS shells are assigned. Another 3.7 eV barrier is assigned for
electron to tunnel through to extend into the surrounding
organic matrix (MPA).*® The logarithm plots of ET rates and
electron densities at CdS shell surfaces as a function of shell
thickness for CulnS,/CdS core/shell QDs with 2.0 and 3.6 nm
core diameters are shown in Figure 5. In addition, for
comparison the theoretical values of radial electron densities
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Figure 5. Plots of the logarithm of ET rates of CulnS,/CdS core/shell
QDs (black squares) with core diameters of 2.0 (a) and 3.6 nm (b) as
a function of shell thickness. The solid lines represent the fit of the ET
rates. The calculated electron densities at CdS (red dashed lines) and
ZnS (blue short dash dot lines) shell surfaces as a function of shell
thickness are also shown in the figure. The electron density lines are
normalized to the measured ET rates of bare CulnS, QDs for
comparison.

at the shell surfaces of CulnS,/ZnS core/shell QDs with
different core diameters and shell thicknesses are also presented
in Figure 5, in consideration of the good fit between ET rates
and theoretical values in CulnS,/ZnS—TiO, system.’® It is
obvious that the rate of ET from CulnS,/CdS core/shell QDs
to TiO, is evidently faster than that of CulnS,/ZnS core/shell
QDs with the same core size and shell thickness. Figure 6c and
d shows the radial distribution functions of lowest energy
conduction band electrons of CulnS,/CdS and CulnS,/ZnS
core/shell QDs with 2.0 ML shell (CdS, ZnS). It is obvious that
lower offset between the bulk conduction bands of the CulnS,
core and CdS shell (Figure 6a) relative to ZnS shell (Figure 6b)
enhances the electron wave function delocalization from core to
shell and electron density at the CdS shell surface. The
electronic coupling strength between electron donor and
acceptor for the ET process is proportional to the 1S electron
density at the shell surface.** So the enhanced electron wave
function delocalization and electron density accelerate the ET
process from CulnS,/CdS core/shell QDs to TiO,.

Nevertheless, the key issue for photovoltaics is not only the
ET rate itself but also the ET efficiency generally. To investigate
the improvement of ET efliciency in CulnS,/CdS—TiO, and
CulnS,/ZnS—TiO, systems, the PL dynamics of CulnS,/ZnS
core/shell QDs with 2.0 and 3.6 nm core diameters and
different shell thicknesses attached to TiO, films were
investigated as described in Supporting Information Figure
S6. The corresponding TEM images and size distribution
results are shown in Supporting Information Figure S3.
Meanwhile, the ET rates and efficiencies calculated are listed
in Supporting Information Table S2. The experimental ET
rates for CulnS,/ZnS core/shell QDs are in reasonable
agreement with the theoretical values, confirming the tunneling
of the electron through the ZnS barrier shell®® The ET
efficiencies for CulnS,/CdS core/shell QDs are more efficient
than those of CulnS,/ZnS core/shell QDs with the same core
diameter and similar shell thickness as shown in Table S2. And
the advantage is more obvious when the shell gets thicker. This
is because CulnS,/ZnS core/shell QDs own a classic type I
band alignment, and both the lowest energy conduction band
electrons and valence band holes are confined in Culn$, core.*®
While, as to CulnS,/CdS core/shell QDs, the initial intra-QD
charge separation, enhanced electron wave function delocaliza-
tion to CdS shell and increased electron density at the shell
surface are in favor of ET from core/shell structure QDs to
TiO,>* The electron density at the QDs surface decreases
exponentially with increasing the shell thickness in consid-
eration of the tunneling of the electron through the barrier
shell, so the advantage of CulnS,/CdS core/shell QDs is
highlighted compared to CulnS,/ZnS core/shell QDs with
increasing the shell thickness for lower offset between the bulk
conduction bands of the CulnS, core and CdS shell relative to
ZnS shell.

Moreover, the CdS shell-thickness-dependent ET efficiencies
were explored as shown in Figure 7. The ET efliciency
decreases from 84% for bare core to 81%, 77%, and 61% for 3.6
nm core QDs with 0.5, 1.5, and 3.1 ML CdS shell, respectively,
but it increases surprisingly from 66% for 2.0 nm bare core to
82% and 73% for QDs with 1.0 and 2.7 ML CdS shell,
respectively, as seen in Figure 7. While the ET efficiency
decreased with the increase of shell thickness was reported
from classic type I band alignment CulnS,/ZnS and gradient
CdSe/ZnS core/shell QDs to TiO, and ZnO films,
respectively.** The surprising increase in ET efficiency for
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Figure 7. ET efficiencies of CulnS,/CdS core/shell QDs with core
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different CdS shell thicknesses attached to TiO, films.

2.0 nm CulnS, QDs after overgrowth of the CdS shell found in
our work can be explained below. The conduction band of bulk
CulnS, is only 0.05 eV lower than that of bulk CdS, making the
electron wave function delocalize to CdS shell easily as seen in
Figure 6. The enhanced electron wave function delocalization is
in favor of efficient ET for increased electronic coupling
between CulnS,/CdS core/shell QDs and TiO,. While the
delocalization of hole wave function from CulnS, core to shell
is difficult due to high tunneling barrier induced by CdS
shell.**** So the spatial overlap of photogenerated electron and
hole wave functions reduces after CdS shell overcoating, and
this spatial distribution results in a fast and efficient ET.**
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Moreover, the exceedingly large surface-to-volume ratio and a
high density of surface states of nanoparticles usually enhance
the effect of surface on electron dynamics.*® The surface
passivation of the QDs by broad bandgap semiconductor shell
overcoating (CdS, ZnS) could improve the ET process and
then enhance the performance of QDSCs by suppressing the
surface trapping.””*®** The nonradiative decay rates of CulnS,
QDs decrease rapidly after CdS shell overgrowth as shown in
Supporting Information Table S1, indicating that CdS shell
overgrowth around CulnS, bare QDs could passivate the traps
as nonradiative recombination centers competing with
ET.'®** This means that the passivation of nonradiative
traps by overcoating shell, the enhanced electron wave function
delocalization to shell, and reduced spatial overlap between
electron and hole wave functions make the ET for CulnS,/CdS
core/shell QDs with 2.0 nm core diameter more efficient
relative to bare core. But the ET efficiency for CulnS,/CdS
core/shell QDs with 3.6 nm core diameter shows a slight
reduction for decreased electron wave function delocalization
to shell due to increased potential barrier between core and
shell with larger core size. It is worth mentioning that the ET
efficiency still stays at a high level for CdS shell thickness up to
~1.5 MLs as shown in Figure 7. So about 1.0—2.0 ML CdS
shell passivation around CulnS, QDs could not only make QDs
more stable but also reduce the unwanted back-recombination
of the injected electrons with little expense of ET efliciency in
the design of QDSCs.

Then, we fit the theoretical electron densities and
experimental ET rates of CulnS,/CdS core/shell QDs with
eq 3, the values of 8 are 1.68 and 3.03 nm™" for the QDs with
2.0 nm core diameter and 1.38 and 3.01 nm™ for QDs with
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large core as shown in Figure Sa and b.***® A gap between

experimental ET rates and calculated radial electron densities at
CdS shell surfaces is clearly seen for the same CulnS,/CdS
core/shell QDs. In addition, this confusing situation is not
discovered for CulnS,/ZnS core/shell QDs as seen in
Supporting Information Figure S6¢.*® As what has been said
above, the difference between experimental and theoretical
values comes from the change of shell materials. The enhanced
electron wave function delocalization from CulnS, core to CdS
shell relative to much higher conduction band ZnS shell makes
itself more sensitive to surface defects.>**” Meanwhile, the QD
surface defects as nonradiative recombination centers will
compete efficiently with the ET and significantly influence the
electron injection process.'®**® So, the difference between
experimental ET rates and calculated radial electron densities
for CulnS,/CdS core/shell QDs possibly arises from increased
effect of QD surface defects on ET process. Further work is
necessary to verify the exact mechanisms of CulnS, QD-based
solar cells and optimize their performances.

4. CONCLUSIONS

In conclusion, we have demonstrated efficient ET from
CulnS,/CdS core/shell QDs with different core sizes and
shell thicknesses to TiO, electrodes. An improvement in ET
rate and efficiency is observed for CulnS,/CdS QDs relative to
CulnS,/ZnS QDs with the same core size and shell thickness,
due to initial intra-QD charge separation, enhanced electron
wave function delocalization to CdS shell, and increased
electron density at the shell surface for CdS shell QDs for lower
conduction band offset. The ET efliciency increases from 66%
for 2.0 nm bare core QDs to 82% after overgrowth of 1.0 ML
CdS shell surprisingly, resulted from passivation of surface
defects, enhanced electron wave function delocalization to shell
and reduced spatial overlap between electron and hole wave
functions. These results demonstrate the improved ET
performance by passivating the surface states and tuning the
band alignment between core and shell of QDs and suggest the
rational design of QD-sensitizer with low conduction band edge
passivation layer in QDSCs.
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