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ABSTRACT: Ultrafast transient absorption spectroscopy is used to study charge
transfer dynamics in hybrid films composed of the low band gap polymer PCPDTBT
and CdSe quantum dots capped with tert-butylthiol ligands. By selectively exciting the
polymer, a spectral signature for electrons on the quantum dots appears on ultrafast
time scales (≲ 65 fs), which indicates ultrafast electron transfer. From this time scale,
the coupling between the polymer chains and the quantum dots is estimated to be J ≳
17 meV. The reduced quantum dot acceptors exhibit an unambiguous spectral bleach
signature, whose amplitude allows for the first direct calculation of the absolute electron
transfer yield in a hybrid solar cell (82 ± 5%). We also show that a limitation of the
hybrid system is rapid and measurable geminate recombination due to the small
separation of the initial charge pair. The fast recombination is consistent with the internal quantum efficiency of the
corresponding solar cell. We therefore have identified and quantified a main loss mechanism in this type of third generation solar
cell.

I. INTRODUCTION
Bulk heterojunction (BHJ) hybrid solar cells comprised of
semiconductor nanocrystals blended with conjugated polymers
are demonstrating improved photovoltaic device performance
(up to ηP = 4−5%) over the past 12 years.1−3 Semiconductor
nanocrystals offer spectral tunability through compositional and
quantum confinement effects, high dielectric constants, and
high electron mobilities when compared to commonly used
fullerene acceptors; however, hybrid device efficiencies
currently lag behind those of all-organic heterojunctions.
Design rationale specific to hybrid systems are being developed
to further enhance the efficiencies of these solar cells,2,4 but the
physical mechanisms that occur at the hybrid interfaces are still
poorly understoodin particular the formation and evolution
of charge transfer states and of mobile charge carriers. While
many studies of conjugated polymers and fullerene derivative
blends have resulted in the detection of interfacial charge-
transfer (ICT) states5 (e.g., through emission below the band
gap of the donor6 or through new photoinduced absorption
(PIA) bands in transient absorption (TA) measurements7),
possible spectral signatures for such ICT states in hybrid blends
have been more elusive.8−10 A dominant issue in hybrids is the
electronic coupling between the nanocrystals, their ligands, and
the polymer chains, which is poorly understood yet frequently
considered to be responsible for the lower efficiencies of hybrid
devices11,12 when compared to all-organic solar cells.
Consequently, direct measurement of the charge transfer
processes in hybrid blends is of particular interest. It has
heretofore been difficult, however, to disentangle the spectral
signatures of all the transient species at play; as a result,

measuring how fast these transient species form and decay and/
or determining the absolute yield of charge carrier formation
has remained a challenge. In most BHJs, the charge transfer
yields are evaluated from the contribution of the excited species
residing on the polymer because the spectral signature of the
acceptor anion is only poorly resolved.13,14 Despite the
spectroscopic signatures of transient species on the acceptor
phase in hybrid BHJs,15−17 the question of charge transfer yield
is still largely unanswered.12,14,18 Furthermore, ultrafast spec-
troscopy studies have focused on hybrid heterojunctions giving
relatively poor photovoltaic efficiencies as a result of long,
insulating ligands on the nanocrystal acceptor,12,19 or reduced
absorption of one of the hybrid components (i.e., either wide
band gap nanocrystal acceptors15,16,20 or donor polymer17).
Herein, we characterize the electron transfer dynamics and

electron transfer yield in a hybrid BHJ blend that (i)
demonstrates high power conversion efficiency,21 as a result
of ligand engineering,2,4 and (ii) allows for clear elucidation of
the electron transfer rate and yield because the donor and
acceptor phases can be spectrally resolved. The BHJ blends of
poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT,
Eg

opt ≈ 1.5 eV) with tert-butylthiol (tBT)-capped CdSe
quantum dots, or CdSe(tBT) QDs, give a power conversion
efficiency of 2.1%. To study the excited state dynamics, we used
spectrally resolved TA spectroscopy with a time resolution of
65 fs. In such an experiment, the sample is excited by an
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ultrafast laser pulse (pump), and its absorption spectrum is
measured at a time delay Δt after the pump by a broadband
laser pulse (probe). Spectra presented in this paper are given as
differences between the steady-state absorption (pump off) and
the excited state absorption (pump on) of the sample. The TA
spectra therefore explicitly show the depletion of ground state-
based transitions and the appearance of excited state transitions.
We designed the hybrid system and TA experiment to
minimize the number of physical processes occurring at the
donor/acceptor interfaces, therefore allowing for straightfor-
ward extraction of physical parameters. In particular, when the
PCPDTBT is selectively photoexcited, due to the relative
alignment of the energy levels of the donor and acceptor,
polymer excitons may only dissociate through electron transfer
into the QD conduction band. Consequently, this work reveals
an unambiguous spectral signature for the QD anion, providing
evidence of electron transfer from a donor polymer to a
semiconductor nanocrystal acceptor, which occurs within 65 fs
for this system. The spectral evidence of excited state species on
the acceptor phase is unique to hybrids and allows the electron
transfer yield (82 ± 5%) to be determined and the evolution of
the electron population on the QDs to be tracked. Finally, rapid
geminate recombination is identified and quantified as the main
loss mechanism in the corresponding solar cell.

II. EXPERIMENTAL SECTION
Sample Preparation. CdSe quantum dot synthesis and tBT ligand

exchange were performed as described in ref 4. PCPDTBT was used as
received from 1-Material, with a molecular weight and a polydispersity
index of 28.5 kDa and 1.9, respectively. Photovoltaic devices were
fabricated and tested in air as described in ref 2 and in the Supporting
Information. Device active areas were 4 mm2, and active layers were
∼45−55 nm thick. For spectroscopic studies, hybrid active layers were
deposited through a similar spin-casting procedure onto quartz slides.
Their thicknesses were adjusted to obtain similar optical densities at
800 nm (i.e., neat PCPDTBT, 15−20 nm; hybrids, 45−55 nm).
Steady-State Spectroscopies. Thin film absolute absorbances

were measured using an integrating sphere. Chopped and filtered
monochromatic light (250 Hz, 10 nm fwhm) from a Cornerstone 260
1/4 m double grating monochromator (Newport 74125) was used in
conjunction with an EG&G 7220 lock-in amplifier to perform spectral
responsivity (or EQE) measurements. Thin film photoluminescence
spectra were collected on a Horiba Jobin Yvon Nanolog spectro-
fluorometer equipped with a 450W xenon short-arc excitation source
and an IGA-020 InGaAs photodiode detector using 0.5 s integrating
time and 3 scan averages, and then they were corrected for the InGaAs
detector response function. The photoluminescence intensity is
normalized by the absorbance of the film at 780 nm to account for
slight differences in film thicknesses.
Femtosecond Transient Absorption (TA) Spectroscopy. TA

measurements were carried out using the output of a Coherent Legend
Ti:sapphire amplifier (1 kHz, 3.5 mJ, 35 fs), as described in detail
elsewhere.22,23 The amplifier output was used as the 800 nm pump
pulse. White light supercontinuum probe pulses were polarized
perpendicular to the pump pulse and generated using a rotating CaF2
window or a sapphire window depending on the probed wavelength
range (see Supporting Information). The probe pulse was dispersed by
an Oriel MS1271 spectrograph onto a 256 pixel Si or InGaAs
photodiode array depending on the wavelength range probed. To
obtain satisfactory signal-to-noise on the optically thin samples,
transient spectra were measured for typical pump fluences of 180 μJ
cm−2. Samples were translated perpendicular to the path of the pump
and probe to prevent photodamage.

III. RESULTS AND DISCUSSION
1. Steady-State Characterization of the Hybrid

Blends. We investigated BHJs of 4.5-nm CdSe(tBT) QDs
with the low band gap conjugated polymer PCPDTBT.24 The
extended absorption profile of PCPDTBT (i.e., absorption
cutoff at ∼850 nm) coupled with the effects of the tBT ligands
on the electronic coupling between QDs25 result in an efficient
BHJ solar cell. Figure 1 shows the absorption spectra of films of

PCPDTBT, CdSe(tBT) QDs, and the resulting hybrid BHJ.
The 4.5-nm CdSe(tBT) QDs (Eg ≈ 2.1 eV) exhibit excitonic
transitions at 600 nm (overlapping 1Se−1S3/2 and 1Se−2S3/2
transitions) and 500 nm (1Pe−1P3/2 transition).

26,27 A change
in the polymer morphology in the presence of the QDs is
evidenced by a blue shift of the PCPDTBT peak absorbance
relative to that of the neat polymer film (also see the
Supporting Information, Figure S1), resulting from the QDs
inhibiting packing of polymer chains and/or from the cosolvent
required during processing of the hybrid BHJ films.28

The external quantum efficiency (EQE) provides evidence
for dissociation of excitons generated on both the donor and
acceptor phases (Figure 1b). This is evidenced in the EQE
spectrum by cooperative spectral response from both the
nanocrystals (e.g., excitonic features at 500 and 600 nm) and
the polymer at energies lower than the band gap of the QDs
(e.g., 750 nm). The corresponding PCPDTBT:CdSe(tBT) QD
BHJ hybrid solar cell gives a short circuit current of JSC = 7.25
mA cm−2, an open circuit potential of VOC = 0.76 V, and a fill
factor (FF) of 0.38, leading to a power conversion efficiency of

Figure 1. (a) Normalized absolute absorbance spectra of a CdSe(tBT)
QDs solution (solid line), a neat PCPDTBT film (dashed line), and a
PCPDTBT solution (dotted line). The inset shows the structure of the
donor polymer, PCPDTBT. (b) Absolute absorbance of a
PCPDTBT:CdSe(tBT) hybrid film with 1:8 wt/wt polymer/QD
spin-cast from 1,2-dichlorobenzene onto quartz, and external quantum
efficiency of the corresponding ITO/PEDOT:PSS/PCPDTBT:CdSe-
(tBT)/ZnO/Al device. The inset shows the energy diagram of the
BHJ relative to vacuum, with energy levels of PCPDTBT24 and of 4.5
nm CdSe(tBT) QDs,4 all determined from electrochemistry measure-
ments.
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ηP = 2.1% for a ITO/PEDOT:PSS/PCPDTBT:CdSe(tBT)/
ZnO/Al device structure (see the Supporting Information,
Figure S2). The active layer of this device is the same as that
studied by TA spectroscopy (vide inf ra). Efficiencies of 4.1%
have been achieved for this system by substituting the CdSe
QDs with anisotropic CdSe multipods.2

In order to understand how the two components of the
hybrid heterojunction give rise to photocurrent upon photo-
excitation, we performed both steady-state and time-resolved
spectroscopic measurements. Photoluminescence tracks the
excited state population and dynamics. The presence of
CdSe(tBT) QDs in a PCPDTBT matrix results in the
reduction of the polymer photoluminescence and is an
indication of the interaction between the two components.
Photoluminescence quenching experiments (Figure 2) illustrate

that the addition of CdSe(tBT) QDs reduces the photo-
luminescence efficiency of PCPDTBT by as much as 75 ± 5%
for the maximal QD content studied here (1:10 wt/wt
polymer/QD). To understand the type of interaction that
results in photoluminescence quenching, it is important to note
that the respective band gaps of the components prevent uphill
energy transfer from the polymer to the QDs (inset of Figure
1b). Furthermore, while the modifications of the polymer
packing detected by absorbance measurements can affect the
photoluminescence efficiency by altering radiative and non-
radiative decay pathways, we would expect that the more
disordered, glassy phase of PCPDTBT observed in the hybrid
films would be more emissive than the more ordered phase in
neat PCPDTBT films, as observed in P3HT.29 Consequently,
the photoluminescence quenching experiments suggest that
charge transfer does indeed occur at the interface between the
PCPDTBT and the CdSe(tBT) QDs, as confirmed by the
experimental evidence presented below.
2. Transient Absorption Spectra of Hybrid Compo-

nents. TA measurements were performed to directly quantify
the charge-transfer processes at play in the hybrid blend. The
low band gap polymer was selectively excited by pumping the
films at 800 nm, which is in the low-energy tail of the S1 ← S0
transition of PCPDTBT.30 First, we established that all

measurements were performed in the linear regime, as
determined by probing the initial singlet population in neat
PCPDTBT films for a range of pump fluence (Figure 3a). The

inflection of the curve at around 250 μJ cm−2 (corresponding to
1.4 × 1014 absorbed 800 nm photons per cm2) shows the
threshold above which exciton−exciton and exciton−charge
annihilation effects become non-negligible. The threshold
fluence 250 μJ cm−2 corresponds to a number density ρc of
absorbed photons of 9 × 10−2 nm−3 in a 15 nm film. The pump
fluence used for the production run TA experiments was set at
180 μJ cm−2 for the 800 nm and for the 550 nm pumps. We
further checked that this pump fluence indeed corresponds to
the annihilation-free regime in hybrid films by recording the
time-resolved exciton decay for different fluences. Figure 3b
shows that the exciton decays are comparable for fluences of
180 μJ cm−2 and 52 μJ cm−2, indicating the absence of
nonlinear processes at these pump fluences.
Now spectral features for neat CdSe(tBT) QD, neat

PCPDTBT polymer, and hybrid films are compared in Figure
4 for different time delays between the pump and the probe.
The dynamics of the different excited state populations are
extracted and summarized in Figure 5. The TA data have been
normalized by the excitation densities in each sample to
eliminate the slight differences in absorbance of the neat
component films and of the hybrid films due to thickness and

Figure 2. Photoluminescence efficiency as a function of the QD
content in the hybrid, for an excitation wavelength of 780 nm. The
quantum dot content was evaluated from the ratio of the absorbance at
the wavelength at which the polymer absorbs least (at 480 nm the
absorbance is mainly due to QDs) and of the absorbance at the
wavelength at which the polymer absorbs most (714−774 nm
depending on the film). The photoluminescence efficiency was
determined by integrating the absorbance-corrected PL signals of
each film from 850 to 1100 nm. The relative absorbance of the sample
presented in the transient absorption section is shown by a black
arrow.

Figure 3. (a) Transient absorption signal amplitude of a neat
PCPDTBT film at 1400 nm, taken at 1 ps delay after the pump pulse.
(b) Time-resolved transient absorption signal for a PCPDTBT:CdSe-
(tBT) QD hybrid film probed at 1400 nm (singlet exciton, see text)
after excitation by a 800 nm pump pulse for two different pump
fluences.
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morphology differences; the raw data (signals in mOD) is
shown in Figure S3 for completeness (see the Supporting
Information). Here, the spectra of the neat CdSe(tBT) QD film
and the spectra of the neat PCPDTBT film serve as control
experiments to disentangle transient species present in the
hybrid data.

First, Figure 4a shows the absence of signal from the neat
CdSe(tBT) QD film when it is excited at 800 nm, ruling out
two-photon absorption and/or trap-state absorption as possible
QD excitation pathways at this excitation wavelength. This
stands in contrast to transient spectra obtained when a 550 nm
pump is used that directly excites the CdSe(tBT) QD film. The
latter experiment reveals bleaches of the overlapping 1Se−1S3/2
and 1Se−2S3/2 transitions of the QDs around 610 nm and of
the 1Pe−1P3/2 transition around 500 nm.26,27

Second, PCPDTBT singlet excitons can be monitored
directly in the near-infrared (NIR) region through the induced
absorption band around 1400−1480 nm (brown shading in
Figure 4a), which is attributed to transitions from the lowest
lying singlet excited state to higher lying singlet states (Sn ←
S1).

31 The 1250 nm PIA signal of neat PCPDTBT (red shading
in Figure 4a) has been previously associated with dissociated/
delocalized polarons31,32 (labeled “polarons I”). This signal
overlaps with the broad singlet exciton PIA around 1400 nm,
but the polarons I band can be detected at long times (≳100
ps) when the singlet band disappears.31 The positive feature in
the 855−885 nm range (green shading) has also been observed
in absorption spectra of chemically oxidized PCPDTBT33,34

and is therefore also attributed to polarons. In our TA
measurements, this feature shows a significant long-lived
component (lifetime >500 ps, Figure 5) that distinguishes it
from the polaron I band. It is therefore likely related to a
different polaron species, labeled “polarons II”. Polarons II may
correspond to trapped/localized polarons,35,36 possibly caused
by morphological defects.

3. Transient Absorption Spectra of Hybrid Films. For
hybrid films, the TA measurements provide clear evidence that
electron transfer occurs from PCPDTBT to the CdSe(tBT)
QDs upon excitation at 800 nm. The hybrid film exhibits an
additional negative peak around 610 nm when compared to the
neat polymer film (violet shading in Figure 4a). This peak
corresponds to a bleach of the CdSe(tBT) QD 1Se−1S3/2 and
1Se−2S3/2 excitonic transitions (Figure 1a and Figure 4a). As
noted before, and as shown on the inset of Figure 1b, this signal
can only arise from electron transfer from the excited polymer
to the QDs; both energy transfer from the exciton state of
PCPDTBT to the exciton state of CdSe(tBT) QDs and hole
transfer from PCPDTBT to the QDs are uphill processes.
Moreover, the 610 nm bleach arises very rapidly within the time
resolution of our ultrafast measurement, namely 65 fs (Figure
4b and see the Supporting Information).
In the 900−1050 nm (orange shaded) region, the hybrid

films exhibit a long-lived component that is fully absent in the
neat polymer. This long-lived PIA is therefore related to the
presence of QDs in the blend. It could arise from electronic
transitions in the reduced CdSe(tBT) QDs37,38 after charge
transfer or from transitions from states akin to CT states that
involve positive polarons on the polymer chains and electrons
on the QDs. Although there is a small signal in this 900−1050
nm region in the neat polymer films, its decay dynamics are
similar to that of the singlet and polarons bands (see the
Supporting Information, Figure S5). Therefore, this neat
polymer film signal can be distinguished from the large and
long-lived signal observed in the hybrid films in the orange
shaded region. In addition, both the prompt polymer bleach
(observed at 600−800 nm) and the prompt polaron II signal
(green shading) are enhanced in the hybrid, suggesting a higher
yield of charge carriers by a factor 2−3 at 1 ps, comparable to
the yield enhancement in PDTPQx-HD:PbS hybrid hetero-

Figure 4. (a) Transient absorption spectra of a neat CdSe(tBT) film,
of a neat PCPDTBT film (15−20 nm), and of a hybrid
PCPDTBT:CdSe(tBT) film (1:8 wt/wt, 45−55 nm) at different
time delays between the pump and the probe pulses. I0 is the incident
pump photon density (I0 ∼ 7.3 × 1014 cm−2 for the 800 nm pump; 5 ×
1014 cm−2 for the 550 nm pump), while Fa is the fraction of 800 nm
photons absorbed by the films (Fa ∼ 0.14 for both the polymer and the
QD films, Fa ∼ 0.09 for the hybrid). We identify the spectral features
discussed in the text by color-coding. (b) Open symbols show the QD
bleach formation (600−620 nm, violet shading) within the time
resolution of the setup. The small signal in the trace from the neat
polymer film, full symbols, is due to the overlapping polymer ground
state bleach.
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junctions determined by steady-state PIA.39 Finally, the
PCPDTBT singlet exciton Sn ← S1 transition(s) amplitude is
partially quenched by ∼33% at initial times (75 fs) in the
hybrid, as compared to the neat polymer film (Figure 5). This
can result from (i) a reduction of the initial S1 exciton
population caused by electron transfer to the QDs, and/or (ii)
a modified oscillator strength of the Sn ← S1 transitions caused
by packing modifications of the polymer, and/or (iii)
overlapping bands from various excited species.
4. Accessible QD Electron Energy Levels by Injection

from the PCPDTBT S1 State. The TA experiments presented
in this paper lead to a clearer understanding of the electronic
couplings at play in the PCPDTBT:CdSe(tBT) QD hybrid
system. First, the spectral information given by the TA data set
helps discriminate between filled electron levels in the
CdSe(tBT) QDs. The bleached 1Se−1S3/2 and 1Se−2S3/2
transitions indicate that the 1Se level of the QD is partly filled
upon electron transfer from the polymer donor. On the other
hand, due to the spectral overlap in the 500 nm region with a
singlet state absorption of the polymer (blue shading in Figure
4; also see the Supporting Information, Figure S6), it is difficult
to confirm filling of the 1Pe electron level from TA
experiments; however, the energy level alignment (Figure 1b)
gives information on the filling of the 1Pe level. In CdSe QDs,
most of the energy difference between the first (1Se−1Sh,1/2)
and second (1Pe−1Ph,1/2) excitonic transitions derives from the
energy level difference in the conduction band due to the near
degeneracy of the valence band.40 This excitonic transition
energy difference is on the order of 400 meV for the 4.5 nm
CdSe QDs used here, which implies that the 1Pe level of the 4.5
nm CdSe(tBT) QD probably lies shallower in energy than the
ionization potential of the PCPDTBT excited state, IP*PCPDTBT
(vide inf ra). Therefore, it is likely that electron transfer from
PCPDTBT excited at 800 nm to the 1Pe level of CdSe QDs is
energetically unfavorable.
5. Evaluation of the Electronic Coupling between

PCPDTBT and CdSe(tBT) QDs. The ultrafast electron transfer
time tet ≲ 65 fs (ket ≳ 1.5 × 1013 s−1) shows that the PCPDTBT
S1 excited state and the QDs 1Se electron state are well coupled.
Under the assumption of a three-level scheme41 (i.e., ground

state, polymer excited state, and electron-transferred state), the
electronic coupling J between the S1 excitonic state of
PCPDTBT and that of the CdSe(tBT) QDs can be evaluated
from Marcus theory: ket = (tet)

−1 = 2πJ2/ℏ(4πλkBT)
1/2

exp(−(ΔG + λ)2/4λkBT), where J is the electronic coupling
matrix element, ℏ is the reduced Planck constant, λ is the
reorganization energy, kB is the Boltzmann constant, T is the
temperature, and ΔG is the driving force for the electron
transfer reaction. The driving force ΔG cannot directly be
inferred from the electron affinities measured by electro-
chemistry and pictured in Figure 1b because this would neglect
the exciton binding energy. We therefore use42 ΔG ∼ EAQD −
IP*PCPDTBT, where EAQD is the adiabatic electron affinity of the
QD and IP*PCPDTBT is the adiabatic ionization potential of the
excited PCPDTBT donor. Approximating IP*PCPDTBT as
IPPCPDTBT − Eexciton, and with the electrochemically determined
energy levels for IPPCPDTBT and EAQD, we find ΔG ∼ −100
meV. The reorganization energies for charge transfer from a
conjugated polymer to a QD are poorly documented at this
stage, but the minimal value of the electronic coupling J can be
obtained using the optimal reorganization energy value (i.e.,
such that λ + ΔG ∼ 0 meV), which yields J ≳ 17 meV. This
value is comparable to the optimal coupling matrix element
obtained for electron transfer from PbS QDs to PCBM
molecules derived with the same hypothesis.12 The measured
electron transfer time is also consistent with the measured
electron injection times in dye-sensitized solar cells43 and with
calculated electron injection times of 90 fs from dodecathio-
phene chains physisorbed to Si nanocrystals.44 To date, no
signature of an optically bright CT state has been
unambiguously detected in this hybrid system, supporting the
assumption of a three-level scheme.
Although electron transfer from the S1 state of PCPDTBT

and the 1Se state of CdSe QDs is “ultrafast” in our hybrid
system (i.e., below the 65 fs resolution of our setup), it does not
directly imply that it always outcompetes all other processes,
leading to 100% of the excitons dissociated at donor/acceptor
interfaces, as is commonly assumed.45,46 Indeed, in highly
disordered materials such as hybrid and organic BHJs, the
interface is a heterogeneous ensemble that exists as a

Figure 5. Comparison of the decay dynamics of the excited species in the neat PCPDTBT film (squares, blue symbols) and in the hybrid film
(triangles, brown symbols), with short time dynamics given as insets. Time traces were obtained by averaging data over the following wavelength
ranges: green 855−885 nm, orange 900−1050 nm, red 1250−1300 nm, brown 1400−1480 nm. The full lines are multiexponential fits to the data to
serve as guides to the eyes; their coefficients can be found in Table S1 of the Supporting Information. The data point traces for the hybrid samples in
the orange, red, and brown wavelength ranges were smoothed by 5 points boxcar averaging.
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distribution of donor−acceptor conformations and couplings.
Moreover, the distribution of couplings is likely widened in
hybrid materials compared to PCBM-based BHJs as a result of
the intrinsically heterogeneous nature of QD surfaces (i.e.,
variety of crystalline facets, ligand configurations, and
polydispersity of QD diameters). In these experiments, we
therefore likely observe a subset of donor/acceptor interface
conformations, namely those exhibiting the strongest couplings.
It is possible that additional, slower electron transfer processes
take place and that these slower charge separation events are
hidden by the fast decay of the rapidly charge-transferred pairs.
Disorder, via the most unfavorable conformations, or
equivalently the slowest electron transfer processes, can reduce
the absolute yield of charge transfer below 100%.
6. Prompt Yield for Electron Transfer and Model for

the Electron Population Time Evolution. The QD spectral
bleach provides a way to quantify the absolute yield of charge
transfer at the donor/acceptor interface. This task is generally
difficult in all-organic BHJs because the numerous PIA
signatures of excited states in the NIR overlap strongly, making
quantitative analysis difficult. Here, the 610 nm signal arises
from CdSe(tBT) QD reduction only, so that its amplitude
reflects the number of electrons located on the QD at each
delay time of the TA experiment. In order to eliminate the
polymer bleach contribution in this region, the hybrid TA
spectra can be decomposed at each time by a linear
combination of the CdSe(tBT) QD and of the neat PCPDTBT
TA spectra. For each time step, the observed data dobs
(corresponding to the hybrid spectrum) can be compared to
the data dpred predicted by a linear combination model with
parameters (a,b):

= Δ

= × Δ + × Δ =

d A

d a A b A t( 75 fs)

obs hybrid

pred polymer QD (1)

where ΔAi is the TA signal of sample i (Figure 4a). The
comparison between dobs and dpred is made for a large number of
(a,b) parameter couples. The most likely model parameter
couple (amean, bmean) is extracted using Bayes’ theorem and a
Metropolis algorithm.47 It is possible to fit the data, within
experimental uncertainties, with various (a,b) couples; there-
fore, the standard deviations of the parameters (as.d, bs.d.) reflect
the dispersion of (a,b) couples that fit the experimental data.
Simply put, this procedure gives access to rigorous, statistically
relevant error bars (see the Supporting Information).
In this decomposition, the parameter b represents the

contribution of the QD electrons to the hybrid spectrum. The
parameter b can be converted to the density of electrons, Ne,
residing on the QDs:

= × × ×N b I F Fe 0,QDs a,neatQD 1Se (2)

where I0,QDs, Fa,neatQD, and F1Se are the experimental parameters
used for the control experiment on the neat QD film: I0,QDs ∼ 5
× 1014 cm−2 is the density of 550 nm photons incident on the
neat QD film, Fa,neat QD ∼ 0.14 is the fraction of 550 nm
photons absorbed by the neat QD film, and F1Se ∼ 0.68 is the
fraction of absorbed photons involving the 1Se state of the QD
conduction band (see the Supporting Information). In other
words, the 610 nm bleach magnitude in the neat QD film,
obtained after the generation of I0,QDs × Fa,neatQD × F1Se ∼ 5 ×
1013 cm−2 electrons on the 1Se energy level is used to deduce
the density of electrons on the QDs in the hybrid film from the
610 nm bleach magnitude.

The population density of electrons on the conduction band
of the QDs as a function of time is represented in Figure 6.

Overall, our deconvolution model assumes that (i) each
absorbed photon yields one electron−hole pair in a neat QD
film or one polymer exciton in a hybrid film, (ii) an extra
electron on a QD results in the same magnitude of bleach (in
mOD) as an optically excited electron−hole pair,48 and (iii) the
transient spectra measured in the hybrid films can be fitted by a
linear combination of the TA spectra measured in the neat QD
film and in the neat polymer film in the bleach region (i.e., the
amplitude of the PIA features in the spectra of the hybrid are
proportional to the PIA features in the neat component films).
Having gained access to the QD electron density as a

function of time, we now (i) deduce the prompt yield of
electron transfer and (ii) analyze the temporal evolution of the
QD electron density with a physically relevant model that
describes diffusion of electron−hole pairs, taking account of
their mutual Coulomb attraction. Thereby, we avoid the more
commonly used (but less physical) fit to multiexponential
decays.

i. Prompt Yield of Electron Transfer. The yield of electron
transfer is obtained by normalizing the initial electron density
(i.e., the electron density extracted at 75 fs) by the exciton
density initially present on the PCPDTBT chains: ηCT ∼ Ne/
(I0Fa), where I0 ∼ 7.3 × 1014 cm−2 is the density of 800 nm
photons incident on the hybrid film, Fa ∼ 0.09 is the fraction of
photons absorbed by the hybrid film. We obtain ηCT ∼ 82 ±
5%. This number is in general agreement with the charge
transfer yield obtained from photoluminescence data.

ii. Temporal Evolution of the QD Electron Density. The
QD electron density exhibits a rapid temporal decay that we
attribute to recombination with the PCPDTBT polarons.
Indeed, the decay observed in the PCPDTBT:CdSe(tBT) QDs
hybrids is greatly accelerated compared to the decay observed
in neat films of CdSe QDs (the decays are compared in the
Supporting Information, Figure S7). This observation rules out
the hypothesis that the rapid dynamics observed in hybrids are
related to localized excited states (traps) that exist at the surface
of the QDs, which would result in longer ground state bleach
recovery. We further assume that the blending with the
polymer does not introduce localized electron states at the QD
surface.

Figure 6. Density of electrons located on the QD conduction band as
a function of time. This curve is obtained from the deconvolution of
the 610 nm TA bleach, with corresponding statistical error bars
(brown bars). A solution to the electron−hole pair diffusion problem,
under mutual Coulomb attraction, is shown with the black line and
described in the text.
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A simple physical model for the recombination of CdSe-
(tBT) QD electrons and PCPDTBT polarons is that of charges
diffusing under a spherically symmetric potential U:49

ρ ρ ρ δ δ∂
∂

= ∇⃗· ∇⃗ + ∇⃗ ⃗ + ⃗ − ⎯→ −
⎛
⎝⎜

⎞
⎠⎟t

D
k T

U r r r t t( ) ( ) ( )
B

0 0

(3)

where ρ is the density of charges. U(r)⃗ = kBT(rc/|r|⃗) + E⃗·r ⃗ is the
potential, where the first term represents the Coulomb
attraction between charges via the Onsager radius rc = e2/
4πε0εrkBT and where the second term is the potential from an
external electric field E⃗. D is the diffusion coefficient and is
homogeneous in our case, with D = (kBT)/q(μe + μn). In this
model, recombination between QD electrons and PCPDTBT
polarons is geminate. In effect, the decay of the electron
population in the hybrid film does not depend on the fluence
(see the Supporting Information, Figure S8), providing
evidence for geminate recombination. If bimolecular recombi-
nation dominated, the electron population decay would be
slower for lower pump fluences.
The solution of this equation in the long-time limit is the

Braun−Onsager model,50,51 commonly used to describe the
dynamics of charge carrier population at longer time scales.45,52

Here, the external electric field E⃗ is null (to match the
conditions of the TA experiment), and the force felt by the
charges is solely from their Coulomb attraction. We use a
differential equation solver53 to obtain the time-dependent
solution of eq 3 (i.e., the electron density as a function of
time). The specific solution presented in black in Figure 6 has
been obtained for a diffusion coefficient D = 5 × 10−5 cm2 s−1,
calculated from measured mobility values for electrons and
holes in hybrid blends made of P3HT and CdSe QDs.28 We
find that diffusive models that match our data require that most
of the charges are initially located within their Coulomb
attraction radius (see the Supporting Information, Figure S9).
This means that most electrons and polarons are spatially
located very close to one another and charge separation suffers
from their mutual Coulomb attraction. Other charge pairs
progressively diffuse away from each other and escape their
Coulomb attraction. In particular, the TA measurements show
that the yield of electrons decreases from 82 ± 5% at initial
times to 24 ± 3% after 1 ps, 10 ± 2% after 10 ps, and 4.5 ± 1%
after 500 ps. It is important to point out here that these yield
values do not depend on the assumptions made in the diffusion
limited recombination model. As noted above, the yield of
electrons at 75 fs is referred to as the charge transfer yield or
exciton dissociation efficiency and is ηCT ∼ 82 ± 5%. The
fraction of these dissociated excitons that remains after 1 ps
(i.e., after the fast recombination) is called charge separation
efficiency: ηsep ∼ (24 ± 3%)/(82 ± 5%) = 29.5 ± 4.5%.
7. Comparison of Yields Obtained from the Transient

Absorption Measurements to Solar Cell Performance.
These yields for electron density formation and decay obtained
by TA experiments can be compared to the internal quantum
efficiency at 800 nm (where IQE is equal to the EQE divided
by the fraction of incident photons absorbed in the solar cell).
While TA reports on the exciton dissociation efficiency and
recombination, the IQE also probes the charge transport and
collection efficiencies and therefore should logically be smaller
than the TA transfer yield. Let us consider a solar cell with an
active layer identical to the hybrid film studied by TA
spectroscopy (ITO/PEDOT:PSS/PCPDTBT:CdSe(tBT)/

ZnO/Al). It possesses an EQE at 800 nm of 3.7%. For a 2-
pass absorption process, the fraction of absorbed photons in a
similar active layer deposited on quartz is ηabs ∼ 17.5% (equal
to 2 × (1 − %T), where %T is the transmission of the film at
800 nm), resulting in an IQE value at 800 nm of approximately
20%. This suggests that around 80% of the charge carriers
remaining at 1 ps (i.e., after the fast recombination time range)
are extracted and yield electrical current in a solar cell device
under the influence of the electric field induced by the
difference in the electrode work functions. Altogether, we have
quantified the efficiencies of the following steps in our materials
for 800 nm illumination. The external quantum efficiency can
be written as EQE = ηabs × ηCT × ηsep × ηcoll with ηabs ∼ 17.5%
the light absorption efficiency (2-pass absorption), ηCT ∼ 82 ±
5% the exciton dissociation efficiency (from TA), and ηsep ∼
29.5 ± 4.5% the charge separation efficiency (from TA), so that
ηcoll ∼ 80 ± 20% the charge collection efficiency. The
absorption and charge separation efficiencies are here the
limiting process in our hybrid solar cell. It is important to
mention that the fraction of absorbed photons in a solar cell
configuration comprising electrodes and transport layers
(rather than on quartz) will be different from the one cited
above.54,55 In effect, it has been shown that the multiple
reflections at the various interfaces of the solar cell stack can
result in a redistribution of the optical electric field in the active
layer, thereby modifying its absorption efficiency. We are
currently investigating the magnitude of this effect in our solar
cells, and our preliminary results suggest than the fraction of
absorbed photons by the active layer in a solar cell
configuration is 24% at 800 nm. This results in a charge
collection efficiency ηcoll ∼ 66 ± 14%.
To conclude, our study identifies fast geminate recombina-

tion as a major source of the carrier loss by direct measurement
and, therefore, points to where hybrid blends can be improved.
One way to increase the electron−hole initial separation could
be to use anisotropic nanostructures.2,21 With this in mind, our
future work will also focus on studying full solar cell devices
under operating conditions to further investigate the loss
mechanisms in third generation hybrid solar cells in a
quantitative fashion.

IV. CONCLUSIONS
We have characterized an efficient hybrid BHJ composed of
PCPDTBT and 4.5-nm CdSe QDs capped with tert-butylthiol
by ultrafast TA spectroscopy. After selective excitation of the
low band gap polymer, a clear spectroscopic signature for
ultrafast electron transfer to the CdSe(tBT) QDs is observed.
The amplitude of this spectral band gives a photon-to-electron
transfer yield of 82 ± 5% at initial times (75 fs), while its
spectral position identifies the QD energy level filled (1Se) by
charge transfer. From the decay of the electron population, we
argue that charge pairs are generated in close proximity to each
other, which results in strong, unfavorable geminate recombi-
nation. This suggests that this is the major loss mechanism for
the hybrid blend tested here. Finally, the electron coupling
between the PCPDTBT polymer chains and the CdSe(tBT)
QDs is found to be J ≳ 17 meV from the measured lower
bound for the forward electron transfer rate, k ≳ 1.5 × 1013 s−1.
Recently, it was shown for BHJ containing donor−acceptor

polymers blended with PCBM that higher energy excitation led
to higher CT rates.30,56,57 In the case of hybrids, because the
electronic coupling probed for low energy excitons (as here
with the 800 nm pump) is already very good, we think that
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higher energy excitons would open new transfer pathways to
other CdSe excited electronic levels rather than increase the
rate of electron transfer from the PCPDTBT S1 exciton to the
CdSe(tBT) QDs 1Se level. This variety of transfer pathways
could result in a higher global yield of charge transfer. This
scenario will be tested in a subsequent study by using various
excitation wavelengths in the transient absorption experiment
and by comparing the EQE of the solar cell to the absorbance
of the active layer in a solar cell configuration. Further studies
will also focus on elucidating the impact of the polymer
structure, nanocrystal morphology, and ligand chemistry on the
electron transfer yield under solar cell operating conditions.
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