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ABSTRACT Injection of photoexcited electrons from colloidal PbS quantum dots into Ti0, nanoparticles is

investigated. The electron affinity and ionization potential of PbS quantum dots, inferred from cyclic voltammetry

measurements, show strong size dependence due to quantum confinement. On the basis of the measured energy

levels, photoexcited electrons should transfer efficiently from the quantum dots into Ti0, only for quantum-dot

diameter below ~4.3 nm. Continuous-wave fluorescence spectra and fluorescence transients of PhS quantum dots

coupled to titanium dioxide nanoparticles are consistent with electron transfer for small quantum dots. The

measured electron transfer time is surprisingly slow (~—100 ns), and implications of this for future photovoltaics

will be discussed. Initial results obtained from solar cells sensitized with PhS quantum dots are presented.
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emiconductor nanocrystals or quan-

tum dots (QDs) have attracted re-

search interest for the development
of solar cell devices due to their unique fea-
tures. These include size-dependent optical
absorption spectra, large extinction coeffi-
cients, and extended photostability, which
underlie efficient harvesting of light energy.
Their nanoscale sizes are compatible with
nanostructured electrode materials. QDs
also offer the intriguing possibility of over-
coming the ordinary thermodynamic limits
of solar energy conversion if multiple'? or
hot® charge carriers can be extracted. A va-
riety of configurations, such as QD superlat-
tice arrays,* QD-sensitized cells, and QDs
dispersed in organic semiconductor poly-
mers,® have been considered as next-
generation photovoltaic devices, with over
80% solar conversion efficiency expected in
tandem solar cells.®

A typical strategy to construct solar cells

based on QDs is to use semiconductor QDs
as the sensitizer in porous metal oxide
nanostructure films, in analogy to dye-
sensitized films.” Sensitization of mesopo-
rous TiO, and SnO, films using CdS,2 "'
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CdSe,'*'2 InP," InAs,"® and PbS'®~ '8 QDs
has been reported, and charge transfer
from the QDs into the TiO, and SnO, films
has been demonstrated via several types of
measurements. Among the various QD ma-
terials, PbS and PbSe are good candidates
for solar cells, because they can be made to
overlap the solar spectrum optimally. By
controlling their size, the absorption wave-
length of the first exciton peak can easily be
extended into the infrared.'® The occur-
rence and mechanism of carrier multiplica-
tion in QDs are currently subjects of intense
debate and research. However, the first,
the most consistent, and the most dramatic
indications of carrier multiplication have
been obtained with PbS and PbSe QDs.
Photon-to-exciton conversion efficiency up
to 700% has been claimed.*®

Hoyer and co-workers studied a solar
cell structure made by in situ growth of
PbS QDs in a porous TiO, film,"®~'® and
Plass et al.'” later investigated electron
transfer in the same structure. Although
the successful incorporation of the QDs in
the mesoporous TiO, is encouraging, this
approach is not optimal. As evidenced by
the featureless absorption spectra, the QD
size distribution was broad. The consequent
variation in the energy level alignment
could lead to an energy barrier, rather than
a favorable energetic pathway, to electrons
in a significant fraction of the QDs. It is also
likely that the QDs synthesized in situ do not
have the high-quality surfaces available
with the best modern colloidal syntheses.
The resulting surface states tend to be effi-
cient traps for photoexcited charge carriers
and thus interfere with the efficient extrac-
tion of charge from the QDs. The energy
conversion efficiency obtained through the
in situ growth was fairly low, perhaps as a
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consequence of the issues above. Independent charac-
terization of the QDs is obviously difficult when they are
grown in situ.

Recently developed colloidal syntheses produce
PbS?'22 and PbSe** QDs with monodisperse size distri-
butions, clear and discrete optical transitions, and high
fluorescence quantum yield. Size control allows selec-
tion of the QDs that optimize the energy-level align-
ment with the various metal-oxide electrode materials.
In addition, separate and thorough characterization of
the semiconductor QDs and the nanoscale metal oxide
facilitates understanding of the composite material.

Here, we report a study of electron transport from
colloidal PbS QDs to titanium dioxide nanoparticles.
This work is motivated by the potential of the lead-salt
QDs for sensitizing solar cells. The relevant energy lev-
els of PbS QDs are obtained from cyclic voltammetry
(CV) measurements together with the known electronic
states of the QDs. The inferred energies agree well
with a simple model of the electron affinity and ioniza-
tion potential of semiconductor nanocrystal. PbS QDs
are attached to TiO, nanoparticles with a bifunctional
linker molecule with thiol groups on one end and car-
boxylic groups on the other. Continuous-wave and
time-resolved fluorescence spectra exhibit strong
quenching for appropriate QD sizes, and this is clear evi-
dence of electron transfer from the QDs to the TiO,
nanoparticles. The fluorescence transients, along with
femtosecond transient absorption measurements, indi-
cate that electron transfer is somewhat slower than ex-
pected. The implications of these results for solar en-
ergy conversion will be discussed.

RESULTS AND DISCUSSION

For Gratzel-type solar cells sensitized by semicon-
ductor QDs, carrier injection from the QDs to the metal
oxide electrodes is required. Since TiO, is an n-type
semiconductor, photoexcited electrons should have en-
ergy above the edge of the conduction band of the
TiO, nanoparticles. Colloidal PbS QDs were synthesized
with energy gaps between 0.8 and 1.8 eV by literature
procedures®'?? that build on Murray’s approach.?® Cy-
clic voltammetry was performed on the QDs, with the
results summarized in Table 1. For each size of QD, the
lowest unoccupied molecular orbital (LUMO) is deter-
mined from the CV data assuming that the energy level
of Ag/AgCl in saturated NaCl is 4.7 eV below the
vacuum level (see the Supporting Information). The
highest occupied level is then obtained by subtracting
the measured QD energy gap, ignoring any corrections
due to the binding energy of the exciton. This is justi-
fied because those corrections are on the order of a few
percent in the lead-salts,?* which is the same order as
the precision of our measurements. The resulting ener-
gies are shown in Figure 1 (red circles) along with analo-
gous data for PbSe QDs (blue circles) reported by Jiang
et al.in ref 25.
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TABLE 1. LUMO and HOMO Levels of the PbS QDs

absmax  diameter E, ¢’ LUMO®  HoMmo’ E®
entry

(nm)° (nm) () (eV) (eV) (eV)
1 730 2.9 —1.24 —35 —52 1.70
2 870 3.4 —0.96 —37 =51 143
3 1055 4.0 —0.76 -39 =51 118
4 1245 48 —0.71 —4.0 —50 1.00
5 1440 5.7 —0.58 —4.1 =50 0.86
6 1690 6.6 —0.36 —4.2 =50 0.73

“First exciton absorption maximum. °First reduction peak in the initial cathodic
scan of CV (vs Ag/AgCl in saturated NaCl). “Deduced from (V. “Extracted from the ab-
sorption spectrum of the PbS QDs. “The energy gap is taken as the energy of the low-
est exciton absorption peak.

Theoretical modeling of the relevant energy levels
is based on quantum confinement of charge carriers to-
gether with dielectric effects. A 4-band model based
on a k- P Hamiltonian?* accounts for the optical spec-
tra of PbS and PbSe QDs reasonably well. By itself, such
a model cannot determine the energy levels relative to
vacuum. Brus proposed a way to extend effective-mass
models to account for the electrostatic effects of a
charged dielectric sphere and penetration of the car-
rier wave function into the host.?® To the lowest order,
this model depends only on the dielectric constant of
the QDs and it yields a simple additive correction to the
k- P energy levels:

1\é?
__)ﬁ"’Xbulk M

EQD,vac = Ek-p + (1 €
QD

Eqp,vac is the energy level relative to vacuum, E,q,
is the energy level from the k- P calculation (with the
zero of energy taken as the conduction band edge of
the bulk crystal), e is the dielectric constant of the QD,
R is the radius of the QD, and x,, is the electron affin-
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Figure 1. Energy levels of various sizes of PbS and PbSe
QDs and TiO, nanoparticles. The experimental levels of the
PbS QDs (red circles) are obtained from absorption spectra
and CV measurements. The energy levels of the PbSe QDs
(blue circles) are from ref . The calculated energy levels for
PbS and PbSe QDs are represented by solid red and blue
lines, respectively. Solid green lines represent electron affin-
ity and ionization potential of TiO, nanoparticles in organic
solvent.
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ity of the bulk semiconductor. The bulk electron affin-
ity was allowed to vary as a fit parameter. However, the
inferred values agree well with literature values (be-
low). This model accounts well for the energies of PbS
QDs (red line in Figure 1). The same procedure does not
account as well for the energies of PbSe QDs. This might
be expected, given that the k- P model is not as accu-
rate quantitatively in the case of PbSe. The energy lev-
els of PbSe QDs were calculated with the k- P model,
but the QD diameter associated with each wave func-
tion was determined from experimental values.?” This
can be viewed as an empirical correction to the calcula-
tion, and the results are also shown in Figure 1. The in-
ferred electron affinity of PbS is —4.55 eV, close to the
literature value of —4.6 eV.2%2° Fitting the data for PbSe
QDs yields the value of —4.68 eV for the electron affin-
ity, close to the value of —4.7 eV3° inferred from a cal-
culation of the PbS—PbSe band offset.

For dye-sensitized solar cells, nonaqueous solvents
are preferred as they offer a wider range of electro-
chemical stability and greater solubility for electrolytic
solutes. The electron affinity (—3.9 eV) and ionization
potential (—7.1 eV) of TiO, nanoparticles®' in organic
solvents are displayed as the solid green lines in Figure
1. From these results, we would expect that efficient
electron transfer from PbS QDs to TiO, will only occur
for QD diameters below ~4.3 nm. PbSe QDs would
have to be smaller than 1 nm, at which point the struc-
ture will not have a crystal lattice and is more properly
viewed as a cluster. In any case, electron transfer from
PbSe nanocrystals to TiO, is not energetically favorable
under the conditions considered here.

We first investigated the properties of TiO, nanopar-
ticles linked to 4.8 nm PbS QDs, for which electron
transfer is not expected. The optical absorption spec-
trum of the QD-TiO2 composite is essentially identical
to that of the QDs alone (Figure 2a). The absorbance de-
creases slightly at the lowest exciton peak and increases
slightly at wavelengths below 1100 nm. As seen in Fig-
ure 2b, the emission peak of the PbS—TiO, composite is
slightly broader and lower than that of the PbS QDs,
but the area is approximately unchanged. The lack of
emission quenching of the PbS QD-TiO, composites can
be explained by the relationship of the reduction po-
tential of the thiol ligands and the valence band edge
position of PbS QDs. It is well-known that aliphatic thiol
ligands lead to fluorescence quenching and lifetime
change of CdSe QDs. It was explained that the thiol
head groups act as a hole scavenger. However, for CdTe
QDs, fluorescence quenching and lifetime change were
not observed.?? This difference was explained by not-
ing that the reduction potential of aliphatic thiol ligands
is located between the valence band edge position of
CdSe (ca. —6.0 eV vs vacuum) and CdTe QDs (ca. —5.5
eV vs vacuum). The lower energy level of CdSe QDs
leads to hole capture, while the higher level of CdTe
QDs blocks it. The valence band edge of PbS QDs (ca.
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Figure 2. (a) The absorbance and (b) fluorescence spectra of
PbS QDs (solid blue lines) of diameter of 4.8 nm and the PbS
QD-TiO, composite (solid red lines) in tetrachloroethylene
(TCE). Fluorescence is measured with 633 nm excitation. The
fluorescence spectra were measured under identical condi-
tions, to allow quantitative comparison. The small, sharp
peak around 1400 nm in the absorption spectrum of the
PbS—TiO, composite comes from titanium isopropoxide
residue which was not completely hydrolyzed. The TiO, is
transparent across the indicated range of wavelengths.

—5.0 eV vs vacuum) is even higher than that of CdTe
QDs as seen Figure 1. Therefore, we expect no change
of fluorescence intensity and lifetime of PbS QDs with
aliphatic thiol ligands. This was confirmed by compari-
son of the fluorescence spectra of small and large PbS
QDs with and without aliphatic ligands such as
1-decanethiol. Thus, the fluorescence from the PbS-
TiO, composite is just the intrinsic fluorescence from
the thiol-functionalized PbS QDs. Small red shifts of the
first exciton absorption peak (~4 nm) and the emis-
sion peak (~14 nm) are observed for the PbS—TiO,
composite. These spectral shifts are not
surprising—several prior studies of water-stable QDs
wrapped with thiol ligands have reported shifts of the
absorption and emission spectra.>* 37 The spectral shift
may originate from the redistribution of electronic den-
sity and reduction of electron confinement due to the
Pb—thiol bond.

Fluorescence transients allow monitoring of the dy-
namics of the electron population in the QDs. Fluores-
cence lifetimes in the microsecond range have been re-
ported in prior studies of colloidal lead-salt QDs.3®4°
The fluorescence decay of the PbS—TiO, composites
with 4.8 nm QDs is identical (within experimental er-
ror) to that of the isolated QDs (Figure 3); both have
1.7 ps lifetimes.
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Figure 3. The fluorescence decays of PbS QDs (blue circles)
and PbS-TiO, composite (red circles) in TCE for PbS QDs with
4.8 nm diameter. Solid green lines: fits to single-exponential
decay functions. The details of the fluorescence lifetimes
are in the text. For clarity, the fluorescence decay trace of
the PbS-TiO, is shifted vertically.

The single exponential decay and similar fluores-
cence lifetime of the composites with the large PbS
QDs (diameter >4.3 nm) indicates that the decay dy-
namics of the composite is dominated by the intrinsic
decay dynamics of PbS QDs. This result is consistent
with the steady-state fluorescence spectra. Together
with the time-integrated fluorescence spectra, these re-
sults lead us to conclude that there is negligible trans-
fer of electrons between the 4.8 nm QDs and TiO,.

For QD diameters less than 4.3 nm coupled to TiO,
nanoparticles, we would expect to observe evidence
of transfer of photoexcited electrons. The absorption
spectra of 3.4 nm diameter PbS QDs and PbS QD-TiO,
composites in TCE are shown in Figure 4a and their fluo-
rescence spectra are in Figure 4b. The lowest absorp-
tion peak is broadened, and there is a red-shift of ~36
nm, when the QDs are coupled to the TiO,. The QD fluo-
rescence is quenched dramatically in the presence of
the TiO,. The quenching is clear despite the increased
absorbance of the composite at the excitation wave-
length. In addition, the emission peak has shifted to the
red by ~35 nm, which is close to the spectral shift of
the absorption peak. The strong fluorescence quench-
ing is a signature of electron injection from small PbS
QDs into the TiO, conduction band.

Fluorescence decays for the 3.4 nm diameter PbS
QDs (blue circles in Figure 5) and their PbS QD-TiO,
composites (red circles in Figure 5) in TCE provide fur-
ther evidence of electron transfer. The fluorescence of
the 3.4 nm diameter PbS QDs decays with a time con-
stant of 4.3 s (solid green line in Figure 5). The fluores-
cence decay of the composite is much faster; the emis-
sion intensity drops to 10% of the peak value in ~1 ps.
The decay is best modeled by a sum of two
exponential-decay terms (solid green line), with time
constants of 0.11 and 0.81 ps. The average lifetime of
the PbS—TiO, composite is estimated to be 0.7 s by
use of the expression of intensity-weighted average life-
time, <t> =>a77/a7,.*""** If we assume that elec-
trons in the QDs decay only by radiative relaxation or
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Figure 4. (a) The absorption and (b) fluorescence spectra of
3.4 nm diameter PbS QDs and PbS QD-TiO, composites in
TCE. Fluorescence is measured with 633 nm excitation.

by transfer to the TiO,, the electron-transfer rate con-
stant will be ko, = 1/7qp41i0,) — /700" Using the av-
erage fluorescence lifetime of the PbS—TiO, composite
and the intrinsic lifetime of PbS QDs, the electron-
transfer rate constant is estimated as 1.19 ws™ ', which
corresponds to an electron injection time of 0.84 s. Ex-
periments with 2.9 nm PbS QDs and their PbS QD-
TiO2 composites produce similar results, with an elec-
tron injection time of 0.45 u.s.

To probe charge transfer with greater temporal reso-
lution, femtosecond transient absorption measure-
ments were performed at room temperature with the
3.2 nm diameter PbS QDs and their PbS QD-TiO, com-

o PbS QDs in TCE
PbS QD-TiO2 in TCE 7

100k o

Normalized intensity

10°

o TRt

2 4 6 8 10

Time [ps]
Figure 5. The fluorescence decays of PbS QDs (blue circles)
and PbS—TiO, composite (red circles) in TCE for PbS QDs

with 3.4 nm diameter. Solid green lines: fits using single or
double exponential decay functions.

: AN
VOL.2 » NO. 11 = 2206-2212 = 2008 ACSNJANIC

.

)

2209



2210

!

10 —r T T r

——PbS QDs in TCE
8 ——PbS QD-TIO, in TCE

AT

0 100 200 300 400
Time [ps]

Figure 6. The transient absorption kinetics of PbS QDs (blue
line) and PbS QD-TiO2 composites (red line) in TCE for PbS
QDs with 3.2 nm diameter. The green solid line is to guide
the eye. The samples are excited at a wavelength of 800 nm
and probed at 800 nm.

posites (Figure 6). The samples were excited at the first
exciton absorption (800 nm) and probed at 800 nm.
The transient absorption trace of PbS QDs in TCE shows
no change on the time scale of the measurement (a
few hundred picoseconds), as expected from the micro-
second population decay seen in fluorescence. The
transient absorption change of the PbS QD-TiO, com-
posite shows the same behavior. There is no fast decay
component for these composites. From the results of
the transient absorption measurement and fluores-
cence lifetime, we conclude that the electron transfer
time from PbS QDs to TiO, nanoparticles in organic sol-
vent is hundreds of nanoseconds.

This electron transfer time is rather slow compared
to relevant prior results, and deserves some discussion.
The work that is closest to that reported here was done
by Plass et al.,'® who synthesized PbS QDs inside po-
rous TiO, films, and studied the carrier dynamics with
ultrafast transient absorption spectroscopy. These
workers monitored the electron population in the QDs,
and recorded double-exponential decays. They at-
tribute the longer (~10 ps) time constant to electron
transfer, although a detailed model of the dynamics is
not presented. A faster (~1 ps) component in the de-
cay is assigned to electron trapping at the interface.

Several factors impede a direct comparison of our
work with that of Plass et al. First, the materials are not
identical: colloidal QDs versus QDs grown in situ, the
presence of the thiol ligands in our work, and amor-
phous titania in our work versus the anatase phase stud-
ied by Plass et al. We believe that the surface trapping
is likely to be reduced in the colloidal samples com-
pared to those grown in situ. The colloidal QDs are more
monodisperse about the nominal size for each synthe-
sis. Plass and co-workers studied 6 nm PbS QDs, which
would not produce any electron transfer to TiO, in our
experiment. It occurs in their work because they used
an organic p-type charge transport material and dried
TiO, nanoparticles, which have a lower electron affin-
ity of —4.45 eV (vs vacuum) rather than a liquid
electrolyte.
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Figure 7. |-V characteristic of the PbS QD-sensitized TiO,
solar cell under 80 mW/cm? illumination (red open circles)
and in the dark (blue solid circles). The solid line is to guide
the eye. Inset: photos of the titania film before (left) and af-
ter (right) incorporation of the QDs.

The electron transfer time that we infer is also much
slower than the transfer times inferred similarly from
fluorescence quenching in CdSe'*** and CdS* QD-
TiO, systems. The energy difference between the LUMO
of the QD and the conduction band of TiO, is 200 and
400 meV for the 3.4 and 2.9 nm PbS QDs, respectively.
CdSe QDs with 7.5 and 4.6 nm diameter have approxi-
mately the same energy differences as these PbS QDs
when coupled to TiO,. However, the electron transfer
times from CdSe QDs (~0.02 s for 4.6 nm diameter
and 0.12 s for 7.5 nm diameter)** are an order of mag-
nitude faster than those from PbS QDs. It remains to
be seen whether the relatively slow electron transfer
from PbS QDs will adversely impact the performance
of photovoltaic devices. However, we would expect the
slow transfer to present a serious impediment to the ex-
ploitation of multiple exciton generation, simply be-
cause the multiexciton lifetimes will be short compared
to the transfer time. It is worth mentioning that the mi-
crosecond fluorescence lifetimes of isolated PbS and
PbSe QDs*° are 2 orders of magnitude longer than the
lifetimes of CdS and CdSe QDs. Resonant energy trans-
fer is similarly slowed in PbS QDs.*® We conjecture that
the slow electron transfer is an inherent property of
lead-salt QDs. Clearly, the relevant physical mechanisms
are not understood and much more work is needed
on this interesting and important question.

We fabricated prototype Gratzel cells with PbS QDs
as the sensitizer. PbS QDs with diameter of 2.9 nm (en-
ergy gap ~1.5 eV) were synthesized with the linker mol-
ecule described above. Films of 25 nm TiO, particles
with thickness ranging from 2 to 8 wm were deposited
on fluorinated tin oxide electrodes. (Details of the fabri-
cation are in the Supporting Information.) The QDs
were infiltrated into the TiO, films, and the /7 /5~ elec-
trolyte commonly used as the redox couple for ruthe-
nium dyes completed the cells. Strong scattering from
the films made it difficult to quantitatively assess the
concentration of QDs via the absorption spectrum. The
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photocurrent—voltage curve for a cell with 4 pum thick
titania is shown in Figure 7 as an example. The open-
circuit voltage, short-circuit current density, fill factor,
and energy conversion efficiency of this cell are 0.49V,
1 mA/cm,? 57%, and 0.28%, respectively. These results
confirm the role of the QDs in efficiently sensitizing the
titania. Considering that no attempt was made to opti-
mize the performance, the results are encouraging, and
we expect that significant improvement can be made.
Practical issues such as potential instability of lead-salt
QDs in the iodide electrolyte will have to be addressed.

CONCLUSION

The energy levels (relative to vacuum) of electrons
in PbS QDs have been determined through cyclic volta-
mmetry, and the results agree well with calculations
that account for quantum confinement of the electrons

EXPERIMENTAL DETAILS

TiO, nanoparticles were synthesized according to the ap-
proach of Robel et al.'® Colloidal PbS QDs were assembled to
the TiO, nanoparticles by bifunctional linker molecules with
3-mercaptopropionic acid (MPA). Details of the syntheses are in
the Supporting Information. Absorption spectra were measured
at room temperature. Emission spectra were recorded at room
temperature with an infrared fluorometer equipped with a
200 mm focal length monochromator, a 25 mW HeNe laser as
the excitation source, and an InGaAs photodiode. For time-
resolved fluorescence and transient absorption measurements,
the samples were excited at a repetition rate of 1 kHz by femto-
second pulses at 800 nm. For time-resolved fluorescence mea-
surements, the ultrashort pulse duration is not needed; this was
used only for convenience. The sample was exposed to micro-
watt average power levels so that the excitation level was always
well below one electron—hole pair per dot. Fluorescence was
monitored with a 125 MHz InGaAs photoreceiver. The output
was fed into a digital oscilloscope and averaged, which provides
an instrument response of a few nanoseconds and adequate dy-
namic range to monitor decay times in the microsecond range.
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