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ABSTRACT We investigate a promising organic/inorganic hybrid composite for
solution-processable optoelectronics made by lead sulphide nanoparticles and
fullerene derivatives,which combine the sensitivity of PbS to the infrared spectrum
with the good electron transport properties of fullerenes. Charge separation is the
crucial process that determines whether the heterojunction can be the building
block for devices converting photogenerated excitons into free charges flowing in a
circuit. Subpicosecond spectroscopy techniques on bulk heterojunctions between
PbS nanocrystals of various sizes and [6,6]-phenyl-61-butyric acid methyl ester
(PCBM) were employed to reveal the ultrafast dynamics of photoexcited carriers,
particularly transfer of photoexcited electrons from nanocrystals to PCBM. Elec-
tron transfer is found to critically depend on nanoparticle size, occurring for
nanocrystals with diameter 4.4 nm and smaller, not for larger ones. Our findings
are relevant to the engineering of hybrid solar cells and light detectors based onPbS
nanocrystal/fullerene bulk heterojunctions.

SECTION Nanoparticles and Nanostructures

C olloidal semiconductor nanocrystals have attracted
wide interest during recent years because of their
easy solution synthesis and processability,1 size-

dependent optical properties,2 and wide scope of applica-
tions, ranging from biology to electronics, including photo-
sensing and photovoltaic devices.3-7 Optical properties
of nanocrystals can be easily determined and controlled
during synthesis, but the functionality of optoelectronic de-
vices also critically depends on electric conduction in nano-
crystal films, which typically occurs by hopping through
surfactants that separate nanocrystals and is much more
difficult to control and optimize. Semiconductor nanocrystals
blended with organic semiconductors form a novel class of
hybrid materials for optoelectronics with the potential for
improved charge transport properties aswell as extended and
tailorable functionalities. A promising hybrid composite is
made by lead sulphide nanocrystals and fullerene derivatives,
which benefits from the sensitivity of PbS to the infrared
spectrum, the potential for carrier multiplication8-10 and the
good electron transport properties of fullerenes.11 The size-
dependent band gap of nanocrystals offers the opportunity of
controlling the energy level alignment with respect to full-
erene, which ultimately determines the possibility of free
charge generation at the heterojunction following optical
excitation. Successful fabrication of infrared light detectors
and imagers based on blends containing PbS nanocrystals
were demonstrated.12,13

Semiconductor heterojunctions are classified according to
the relative alignment of the electron affinity (EA) and
ionization potential (IP) of the two materials. In a type I
heterojunction, the band edges of a semiconductor fall within
the energy gap of the second one, while a type II heterojunc-
tion is formed when a staggered level alignment sets in
(Figure 1a). Only in this latter case is charge separation at
the junction interface energetically favorable, and thus the
junction may serve to convert photogenerated excitons into
free charge carriers. PbS nanocrystals and fullerenes can in
principle form both kinds of heterojunction. Fullerene deri-
vative bandgaps depend on the exact chemical composition
and can be tuned with the addition of an organic tail, whose
primary role is to increase the solubility. In particular, [6,6]-
phenyl-61-butyric acid methyl ester (PCBM) lowest unoccu-
pied molecular orbital (LUMO) is usually reported between
-4.2 eV14,15 and -4.3 eV,16,17 although values as high as
-3.7 eV have been sometimes assumed.18,19 The bandgap of
bulk PbS is 0.41 eV with EA around -4.6 eV and IP of -5.0
eV.20 Quantum confinement energy in nanocrystals can
increase the optical bandgap up to ∼1.5 eV, shifting the EA
above the LUMO level of PCBM.21 When considering hybrid
heterojunctions between PbS nanocrystals and PCBM, there
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exists therefore a critical size for PbS nanocrystals for which a
transition occurs from type I to type II heterojunction. The
absolute positions of conduction and valence bands for
nanocrystals depend not only on materials, but also on size,2

shape22 and capping agents,23 with some of these effects
difficult to model theoretically with the necessary accuracy to
reliably estimate the level crossing; recent reports have even
questioned the very existence of band crossing.19 The critical
nanocrystal size and emission wavelength below which
charge separation takes place is extremely relevant to opto-
electronic applications in the near-infrared spectral region and
deserve a direct experimental assessment. The knowledge
of the electron transfer dynamics at the PCBM/nanocrystal
interface and its competition with multiexciton annihilation
processes are also significant for the exploitation of carrier
multiplication9 in nanocrystal composites.

In thiswork,we investigatedbulk heterojunctions between
PbS nanocrystals of various sizes and PCBM (Figure 1b and
1c). Subpicosecond spectroscopy techniques on blends were
employed to reveal the ultrafast dynamics of photoexcited
carriers at the heterojunction, particularly transfer of photo-
excited electrons from nanocrystals to PCBM.

Colloidal PbS nanocrystals of various sizes capped with
oleic acid were synthesized by known methods24 and char-
acterized by optical spectroscopy, showing the first exciton
peak in the absorption spectrum at 1010, 1110, 1150, 1250,
and 1350 nm (Figure 2). In order to estimate the nanocrystal
diameter, we used the calibration relationship between the
first excitonic peak position and the nanocrystal size from
the transmission electron microscopy (TEM) measurements
reported in ref 25. Accordingly, absorption maxima of our

Figure1. (a) Sketchofenergy level alignmentat thePbSnanocrystal/PCBMinterface. IPandEA levelsofPbSnanocrystalswerecalculated fromthe
optical bandgap as described in the text29 (λAbs represented the wavelength of the first excitonic absorption maximum of PbS nanocrystals). (b)
Sketch of hybrid heterojunctionwith graphical representation of photoinduced electron transfer fromPbSnanocrystal to PCBMmolecule. (c) TEM
image of a nanocrystal/PCBM blend drop cast on an electron microscope carbon grid. PbS nanocrystals were seen immersed into a PCBM layer.

Figure 2. Normalized absorbance (solid line) and photolumines-
cence (dash line) spectra of PbS nanocrystals of five different
diameters. Vertical offsets are for clarity. Photoluminescence
spectra were measured in air; therefore the spectrum for 4.9 nm
nanocrystals could have been distorted by the water absorption
line around 1470 nm.
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nanocrystals corresponded to nanocrystal diameters of 3.3,
3.7, 3.9, 4.4, and 4.9 nm, respectively, covering an interesting
size range where a transition between type I and type II
alignment with PCBM energy levels was expected. Solution
blends were prepared with an excess of PCBM in volume and
then drop cast on a glass slide to form bulk heterojunctions.
TEM images (Figure 1c) confirmed that a considerable frac-
tion of nanocrystals were embedded in a PCBM matrix and
did not cluster. Morphology was a crucial feature to be able to
probe the heterojunction at the molecular scale. Having
isolatednanocrystals in aPCBMmatrixallowedus todecouple
the charge splitting process taking place at the PbS/PCBM
molecular interface from more complex phenomena invol-
ving exciton hopping within nanocrystal clusters. Films of
unblended nanocrystals served as a reference.

Time-resolved optical spectroscopy experiments were per-
formed to determine the dependence of the electron transfer
time on nanocrystal diameter. PbS nanocrystals were excited
with 150 fs-long laser pulses, 800 nm inwavelength,with sub-
nanojoule pulse energies and repetition rates adjustable from
80 MHz to several kilohertz. Photoluminescence was spec-
trally and then temporally resolved with an infrared-sensitive
streak camera. The photoluminescence decays presented in
Figure 3a,bweremeasured for films of pure nanocrystals and
nanocrystal/PCBM blends prepared with nanocrystals having
the largest and smallest sizes, φ = 4.9 and 3.3 nm, respec-
tively. While for the largest diameter the photoluminescence
decay was very similar for pure and blend films (a single
exponential fit to the data gave τ∼ 40 ns as the characteristic
time; see the Supporting Information for details), the photo-
luminescence for the smallest nanocrystals from the blend
decayedmuch faster than the reference pure nanocrystal film
(τ=170ps vs 75ns). At longdelays after excitation, thedecay
time became slower. While the early decay of the photolumi-
nescence was independent of thin film preparation condi-
tions, the intensity of the long-lasting tail was quite sensitive
on the procedure used to deposit the film. (Longer time-scale
photoluminescence decays have been included in the Sup-
porting Information).

To detect possible faster decay transients, photolumines-
cence measurements were complemented by femtosecond
transmission experiments, which allowed for a much shorter,
subpicosecond time resolution. Laser pulses, 150 fs-long,
1 kHz repetition rate, were provided by a regenerative ampli-
fier; the pump wavelength (784 nm) was chosen to excite
predominantly nanocrystals and not fullerene molecules.
Pump intensity was kept low enough that each pulse created
on average less than 1 exciton per nanocrystal (a typical
excitation level was 0.2 excitons per pulse in each nano-
crystal; incidentally, the pump photon energy was too low
for carrier multiplication to occur, therefore no multiexci-
tons were created in the linear regime). Differential transmis-
sion26 of probe pulses resonant with the exciton transition
was recorded as a function of the pump-probe delay. The
dynamics of differential transmission (Figure 3c,d) proved
to be similar to what was observed in luminescence, with a
faster decay in blend films than in pure nanocrystal films
for small nanocrystals (φ = 3.3 nm), while the decay was
not affected by the presence of PCBM for larger nanocrystals
(φ= 4.9 nm).

A systematic investigation over various nanocrystal sizes
was carried out by repeating the photoluminescence and
pump-probe experiments for nanocrystals of intermediate
sizes, φ=3.7, 3.9, and 4.4 nm. As summarized in Figure 4, a
single exponential fit to the decay to the photoluminescence
from pure PbS thin films gave characteristic times of 40, 10,
65, 70, and 75 ns ((10 ns) for samples with φ=4.9, 4.4, 3.9,
3.7, and 3.3 nm, respectively (decay times weremuch longer
for nanocrystals in solution, as shown in the Supporting
Information). The decay of nanocrystal emission in blends
was shortened to less than 1 ns for nanocrystal sizes equal or
smaller than 4.4 nm (single exponential fits in the temporal

Figure 3. (a,b) Normalized time-resolved photoluminescence
decays for pure nanocrystals (red lines) and blends with PCBM
(black lines) of PbS nanocrystals with diameters φ = 4.9 and 3.3
nm. (c,d)Decayof the differential transmission signal as a function
of the pump-probe delay for pure nanocrystals (red lines) and
blendswith PCBM (black lines) of PbS nanocrystalswith diameters
φ = 4.9 and 3.3 nm.

Figure 4. Photoluminescence (square markers) and transient
absorption (circles) decay times as a function of nanocrystal
diameter for blends (black markers) and pure nanocrystal films
(red markers). The dashed lines mark the multiexciton lifetimes
for excitation levels creating an averagenumber of Ænæ excitons per
nanocrystal as estimated through transient absorption measure-
ments (details in the Supporting Information). With our transient
absorption setup we could only estimate decays shorter than 1 ns
because of the limited range of the topical delay line. Points
corresponding to transient absorption decays longer than 1 ns
were therefore not included in the plot.
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window 0-100 ps to the data gave τ = 140 ps ( 20 ps
statistical error for sizes φ=4.4, 3.9, 3.7, and 3.3 nm), while
the decay for the blend with nanocrystals of φ=4.9 nmwas
hardly distinguishable from the one for a pure PbS thin film.
Analogously, we observed significantly faster decays of the
differential transmission signalwith respect to theprobedelay
in drop cast films of PbS/PCBM containing nanocrystals with
diameter φ = 4.4, 3.9, 3.7, and 3.3 nm (approximately τ =
150 ps could be estimated for all these decays within a
statistical uncertainty of (15 ps) than in the sample with
nanocrystals φ=4.9 nm. Differential transmission spectra of
pure nanocrystals of all diameters and PCBM/PbS nanocryst-
als φ = 4.9 nm were similar and did not show considerable
decay in our scanning range. Overall, all blends except for the
one with largest nanocrystals (φ = 4.9 nm) showed decay
times for both photoluminescence and differential transmis-
sion much faster than the corresponding reference pure
nanocrystal films.

The shorter lifetime of both photoluminescence and differ-
ential transmission signal at the exciton resonance could be
attributed to electron transfer from a PbS nanocrystal to a
nearby PCBM molecule.12,27,28 We could speculate that the
slowing down of the photoluminescence decay observed at
longer delays was due to the decay of the excitations created
in nanocrystal clusters. The larger the aggregate, the longer
the time excitons took to find a PCBM molecule where they
may split. This interpretation was corroborated by the fact
that the intensity of the long-lasting tail depended on sample
preparation, which could influence nanocrystal aggregation
(in all instances, theamplitudeof the signal generatedby long-
living nanocrystals was less than 1% of the total photolumi-
nescence signal).

Time-resolved spectroscopy data indicated that electron
transfer to the acceptor molecule occurred for blends with
nanocrystal diameters equal to or smaller than φ = 4.4 nm,
while it did not occur for nanocrystals with diameter φ =
4.9nm.Uncertainties in thedeterminationofnanocrystal size
threshold were expected from homogeneous and inhomoge-
neous linewidths inboth nanocrystal andPCBMenergy levels.
We estimated that, for all samples investigated, the dominant
contribution to energy linewidthswas the∼70meV (fullwidth
at half-maximum (fwhm)) of inhomogenous broadening
related to the nanocrystal size dispersion, exceeding homo-
geneous broadening (kBT ∼ 26 meV).

This experimental finding appeared consistent with the
sketch shown in Figure 1a, where level crossing occurred for
nanocrystals of diameter φ = (4.25 ( 0.75) nm (with first
excitonic peak maximum around ∼1300 nm). The depen-
dence of EAonnanocrystal sizewas calculatedwithin a rather
crude approximation,29 inwhich several phenomena influen-
cing electronic level positions with respect to the vacuum
level were neglected, e.g., electron-hole interaction (which
should, however, account for ∼10 meV),30 band dispersion
and mixing, electrostatic effects, and interface dipole. The
present experimental estimation of the critical nanocrystal
diameter for electron transfer to occur could thus serve to
validate accurate microscopic models addressing the issue of
electronic level alignment in the PCBM/nanocrystal hetero-
junction at the molecular scale.

One could also expect that the time required for electrons
to be transferred from nanocrystals to PCBM would depend
on the energy jump between levels in the two materials.
Results in Figure 4 indicated that for blends with nanocrystal
sizes ranging from 3.3 to 4.4 nm there was no significant
variation of photoluminescence or differential transmission
signal decays as a function of nanocrystal size. This implied
that, in the limited range we could explore, the electron
transfer time was not clearly influenced by the nanocrystal
diameter, provided that nanocrystals were small enough for
charge transfer to occur. Similar results were reported for the
electron transfer time from colloidal PbS nanocrystals into
TiO2nanoparticles.

31On theother hand, inCdSenanocrystals
linked to mesoporous TiO2 electron transfer time was size-
dependent, ranging from ∼100 ps to several tens of nano-
seconds28 for varying energydifferencebetween the acceptor
and donor levels. In the PbS/PCBM composite, the change of
the EA level for similar variation of the nanocrystal size can be
easily calculated assuming equal electron and hole PbS
masses32 and equates half the energy gap variation, i.e.,
∼110meV, but no increase of the transfer timewas observed.
A microscopic theory should model in a realistic way the
donor/acceptor interface to understand which interactions
precluded a faster electron extraction from smaller nanocrys-
tal sizes. Acomprehensive understanding should also account
for capping agents, oleic acidmolecules in our samples, which
are expected to provide a barrier for electron transfer and
bear influence on absolute values and size-dependent trends
of electron transfer times.

Also shown in Figure 4, the measured electron transfer
time was shorter than Auger recombination time for pump
power even exceeding two excitons per nanocrystal on
average33 (see Supporting Information for details). This effect
may enhance the efficiency of short wavelength photon-
to-electron conversion in photodetector10 and photovoltaic
devices4 by exploiting the process of carrier multiplication.8,9

Photocurrent measurements on nanocrystal/PCBM films
drop cast on 20 μm-spacing interdigitated electrodes de-
monstrated that photoelectrons transferred from nano-
crystals to PCBM were indeed available for electrical
conduction. Responsivity spectra, measured under mono-
chromatic tunable illumination, are shown in Figure 5 for
blends with nanocrystals in three different sizes. Respon-
sivity extended as far in the infrared range as nanocrystal
absorption spectra, proving that the blends were activated
by photoexcitations of nanocrystals and not of PCBM. The
photocurrent response was at least 2 orders of magnitude
higher for blends containing φ= 3.0 nm nanocrystals than
for the ones with φ = 4.9 and 8.0 nm nanocrystals. As
photocurrent was activated by charge separation, measure-
ments in Figure 5 were a confirmation that charge transfer
occurred only for nanocrystals smaller than 4.9 nm. The
photocurrent for blends with φ = 4.9 nm nanocrystals did
not peak in correspondence with the first exciton transition
of nanocrystals, but at shorter wavelength, an effect that
could be due to a remnant subset of smaller nanocrystals
in the blend for which charge transfer occurred. Current-
voltage characteristics of measured samples are included in
the Supporting Information (Figure S5).
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In conclusion, we were able to demonstrate that electron
transfer from PbS nanocrystals to PCBM fullerene is tunable
with nanocrystal size. The crossing between transferring and
nontransferring junctions occurred for nanocrystals with
optical transitions in the very useful near-infrared range,
around1300nm inwavelength. For nanocrystals with shorter
emission wavelength, electron transfer time was around
130-150 ps, fast enough to compete with recombination
processes detrimental for the exploitation of carrier multi-
plication processes in PbS. Information we gathered may
prove crucial to the development of hybrid photodetectors
and solar cells exploiting absorptionofnanocrystals to harvest
infrared and near-UV solar emission.

SUPPORTING INFORMATION AVAILABLE Experimental
details. Transient absorption data not shown in the main text
(pure nanocrystal films and blends with φ = 3.7, 3.9, and
4.4 nm); transient absorption as a function of pump excitation
density (pure nanocrystals, φ = 3.3 nm); differential transmission
spectrogram of PbS φ = 3.3 nm/PCBM thin film; photolumine-
scence decays of solutions and thin films of PbS and PbS/PCBM;
current-voltage characteristics of thin films of PbS and PbS/PCBM
blends with nanocrystals φ = 3.0, 4.9, and 8.0 nm drop-cast on
interdigitated electrodes. Thismaterial is available free of charge via
the Internet at http://pubs.acs.org.
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