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ABSTRACT: The charge carrier photogeneration yield in hybrid polymer/nanocrystal
solar cells strongly depends on the interplay between charge transfer across quantum dot
(QD) organic capping layers and quantum confinement effects related to the QD size.
Here we combine femtosecond transient spectroscopy and density functional theory
(DFT) calculations to improve the understanding of charge transfer dynamics at P3HT/
InP QD heterointerfaces as a function of core size (2.5 vs 4.5 nm) and length of the surface
ligands (oleylamine vs pyridine). We find that, for large core QDs, the polaron generation
yield in P3HT is enhanced by efficient exciton dissociation and charge transfer, and is
limited by the length of the ligands. Conversely, for smaller size QDs, electron injection
from P3HT to InP cores becomes inefficient due to the unfavorable interfacial energetics,
even with short pyridine ligands. Thus, we suggest that both QD surface ligand
functionalization and core size should be optimized simultaneously for the design of high-
performance hybrid nanocrystal/polymer solar cells.

■ INTRODUCTION

Hybrid organic/inorganic solar cells combining organic
conductive polymers and inorganic nanocrystals have been
developed in recent years as an alternative to all-organic solar
cells.1,2 The possibility of replacing fullerene derivatives,
commonly used as acceptors in organic solar cells, with
nanostructured inorganic semiconductors offers benefits of
tunable absorption and emission spectra, particularly in the
near-infrared spectral range, higher charge carrier mobility,3

multiple exaction generation4 and better thermal- and photo-
stability.5 Meanwhile, the high dielectric constant of inorganic
nanocrystals assists charge separation and suppresses recombi-
nation at the organic/inorganic interfaces.6 Various composites
based on Si,7,8 ZnO,9 CdSe,10−12 PbS,13−15 and a few other II−
VI and III−V nanocrystals are currently studied from both
experimental and theoretical standpoints. Nevertheless, the
power conversion efficiency of quantum dots (QDs)/polymer
solar cell remain quite low compared to purely organic
counterparts (Si, 1.1%;7 CdSe, 3.6%;16 CdSe, ∼4%;17 PbS,
4.23%18). For these hybrid systems, the choice of QDs size and
organic molecules used for coating QDs governs the optical
behavior of inorganic cores and influences the performance of
QDs-based photovoltaic devices.19 On one hand, the organic
ligands passivating the surface of quantum dots (QDs) can
exert considerable influence over their photophysical and
charge or energy transfer properties when mixed with low
bandgap polymers, such as P3HT, poly(3-hexylthiophene-2,5-
diyl). For example, the long alkane ligands (e.g., trioctylphos-
phine oxide and oleylamine) required to stabilize the colloid

can be replaced with shorter ligands to reduce the distance
between QDs and polymer chains.20 On the other hand,
reducing the QDs size allows exploiting quantum confinement
effects to adjust energy levels to match with frontier orbital
energy of polymers and form type-II hybrid heterojunctions
that promote charge separation.21 For instance, the external
quantum efficiency of hybrid solar cells was found to decrease
by increasing the core size of PbS QDs blended with
conjugated polymer PTB1.21 In extremely small QDs, however,
charge transfer may be inhibited by unfavorable energy
alignment, particularly upon ligand exchange. Thus, quantum
size effect, which controls the spread of the wave function
outside the QD core, must also be carefully considered to
improve the photovoltaic performance of hybrid blends.22,23

III−V QDs display size-tunable absorption and emission in a
wide range of the visible spectrum, and are somehow less toxic
than typical II−VI QDs containing Cd or Se elements.24 In
particular, InP QDs are known to exhibit a range of ligand-
dependent behavior and provide an ideal system for
investigating the underlying photophysical and charge transfer
mechanisms. However, partly due to the difficulty in the
synthesis of III−V QDs compared to other types of inorganic
QDs,25 few works on the organic ligand effects on the
electronic band energies and ultrafast charge transfer dynamics
between QDs and low bandgap polymers have been
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reported.26,27 Blackburn et al. demonstrated the successful
injection of electrons into the conduction band of InP QDs and
the relaxation rate of 1P-1S increases with decreasing InP QD
size.28 Hole transfer from photoexcited InP QDs to the hole
acceptor TMPD molecule and electron transfer to nanocrystal-
line TiO2 films were also examined by time-resolved transient
absorption measurements.29 Selmarten et al. showed that the
polymer and InP QD can form a stable complex and the excited
InP QD transfers its hole to the conductive polymer.30 In
theory, quantitative understanding of interfacial charge transfer
processes of hybrid molecular systems have been well described
by the Marcus theory based on ab initio calculations. Wu et al.
studied dangling bonds effect on the charge transfer processes
in hybrid silicon quantum dots/P3HT system.31 Wang et al.
demonstrated that hole transfer from the CdSe/CdS quantum
rod to the tethered ferrocene moiety is in the inverted region of
Marcus theory.32

Here we combine a variety of spectroscopy measurements
and quantum chemical calculations to examine the combined
effects of size and organic ligands on the electronic properties
of InP QDs and charge transfer processes in hybrid InP QDs/
P3HT thin films. We observe an instantaneous creation of
singlet excitons that subsequently dissociate to form polarons
on an ultrafast time scale; the yield of polaron formation is
significantly enhanced by adding InP QDs as electron
acceptors. The enhancement of polaron absorption upon
photoexcitation proves that electron injection from P3HT into
4.5 nm, pyridine ligand-capped InP QDs is very efficient due to
large electronic coupling between the lowest unoccupied
molecular orbital (LUMO) level of P3HT and the conduction
band (CB) of InP QDs. On the other hand, in the 2.5 nm InP
QDs/P3HT system, electron injection is rather inefficient and
back energy transfer is possible because of the overlap between

the emission spectrum of P3HT and the absorption of 2.5 nm
InP QDs. These findings supplement our understanding of
interfacial charge transfer dynamics between small QDs and
organic semiconductors, and can assist the rational design of
functional nanocrystals.

■ RESULTS AND DISCUSSION

Given the extremely large surface to volume ratio, the
electronic properties of QDs are strongly dependent on surface
functionalization.33,34 In this work, the long ligand (oleylamine)
used to stabilize colloidal dispersions of InP QDs and prevent
their aggregation was replaced by a short ligand (pyridine) to
reduce the spacing between InP core and P3HT polymer chains
in hybrid photovoltaic blends (Figure 1a). Different from
common ligand-exchange methods for II−VI QDs, here
methanol was used to precipitate the InP cores instead of the
less-polar hexanes (see experimental section for details on
ligand exchange). Low resolution transmission electron
microscopy (LR-TEM) images recorded before and after
ligand exchange reveal that the average radii of original InP
QDs were 2.5 and 4.5 nm, and that QDs retain almost the same
size after ligand exchange (Figure 1a).35 X-ray photoelectron
spectroscopy (XPS) and FTIR transmittance spectra measure-
ments were used to determine the elemental composition and
chemical bonding of InP QDs with different ligands. As shown
in Figure 1b, the In 3d XPS spectrum exhibits two
contributions, 3d5/2 and 3d3/2, respectively located at 447 and
454 eV, which are subject to a rather small shift (less than 1
cm−1) due to formation of In−N(pyridine) bonds upon ligand
exchange. This suggests that N atoms bind much stronger to In
rather than to P atoms, in agreement with previous findings by
Dung et al.36 Nevertheless, in InP(4.5 nm) the red shift of the
3d5/2 and 3d3/2 peaks is larger than in InP(2.5 nm), most likely

Figure 1. (a) TEM images of InP QDs encapsulated with oleylamine and pyridine ligands, after the oleylamine to pyridine ligand exchange process
shown in the schematics. (b) XPS of In 3d orbitals and (c) FTIR transmittance spectra of InP QDs, capped with oleylamine and pyridine ligands.
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due to the high binding efficient of pyridine on the surface. The
P 2p spectrum shown in Figure S1 indicates the presence of
two chemical environments for the P atoms: the predominant
peak, with binding energy below 130 eV, is characteristic of
InP; the other peak, located at higher binding energies (133.2−
134.1 eV), can be attributed to the phosphorus in an oxidized
environment (InPOx).

37 The FTIR spectrum in Figure 1c
shows two bands between 1100 and 1200 cm−1, which can be
attributed to the PO stretching mode corresponding to
phosphine oxide.38 The vibrational signatures confirm the
success of ligand-exchange with pyridine, with clear signatures
of the CCH out of plane vibration at 869 cm−1, and CN
stretching mode at 1610 cm−1, proving that N in pyridine was
successfully bounded to the InP QD surface after ligand
exchange. The oleylamine ligands are not fully removed as
indicated by the appearances of stretching modes at 962 and
1072 cm−1 (CC stretching), and 1262 cm−1 (C−N
stretching).
Methylamine (NH2CH3) ligand modified In31P31 is a good

reduced model for InP QDs chemically passivated by
oleylamine ligand. Although the experimental band gap of
InP QDs (2.5 and 4.5 nm) cannot be reproduced using small
size InP model, it still allows capturing the effects of different
organic ligands and surface coverage on the electronic
properties from computable point of view, which can provide
guidance to design ligand−InP QDs complexes with proper
energy levels. As shown in Figure 2a, the DFT results
demonstrate that both type of organic ligands and surface
coverage have significant influence on the HOMO and LUMO
energy levels. For both methylamine and pyridine ligands,
increasing the ligand coverage can destabilize both HOMO and
LUMO levels. The band gap of In31P31 slightly reduces due to
the surface reconstruction and introduction of midgap levels
from pyridine segments capped on the surface. Figure 2a also
shows the spatial electronic density distributions of HOMO
and LUMO levels of the representative In31P31 with different
organic ligands. It can be clearly seen that the HOMO mainly
resides on the surface, representing the p-orbital character
oriented to the (111) direction, while the LUMO is localized in
the inner regions of In31P31 QDs, where most of the
contributions of LUMO and HOMO stem from InP core
atoms obtained from the projected density of state (PDOS,
shown in Figure 2b). The methylamine ligands have little
contribution to the density of states at the frontier energy
region, but pyridine ligands contribute to the LUMO level of
ligand-InP QD complex, where the HOMO is localized within
the InP core and the LUMO is localized on pyridine. Electronic
coupling between the pyridine HOMOs and the first state for
hole (1Sh) of In31P31 in the ground state of the complex create
hybrid orbitals at the inorganic/organic interface. Such orbitals
present a lower potential energy barrier, allowing holes to
delocalize into the newly accessible states with mixed QD-
surfactant character.22 Thus, the band gaps of InP QDs, directly
affected by both HOMO and LUMO states, could loosely
depend on the nonconjugated ligand species binding to the
surface, but only on conjugated ligands, such as pyridine used
here. The pyridine ligands are not expected to contribute to
optical transition near the HOMO−LUMO gap energy,
because the overlap of these LUMO wave function with the
HOMO is negligible and optical transition into these states are
expected to have small transition matrix elements. As shown in
Figure S2, the photoluminescence of 2.5 nm InP QDs in
toluene solvent shows a slightly red-shift after pyridine

replacement and enhancement of the emission peak at 700
nm, possibly due to the presence of surface trap states.
Conversely, for 4.5 nm QDs, the modest reduction in the
average dot size during ligand-exchange becomes dominant,
resulting in a slight blue shift of photoluminescence spectra
after pyridine exchange.
The absorption spectra of P3HT, InP QDs capped with

oleylamine and pyridine, and their InP/P3HT blends (weight
ratio of 3:1) are shown in Figure 3a (left curves). The lowest
energy absorption offsets, due to the lowest allowed transition
(1Sh-1Se), occur from 530 to 640 nm, in accordance with the
size of InP QDs obtained by TEM.35 After mixing InP QDs
with P3HT (black solid curve), the absorption spectra reflect
the superposition of the absorption of individual components
(P3HT and InP QDs). The photoluminescence spectra of
these blends, obtained by photoexcitation at 500 nm, are also
shown in Figure 3a (right curves; note that emission intensity
was normalized with respect to the absorbance at the excitation
wavelength). The photoluminescence intensity of InP(4.5
nm)/P3HT is found to be significantly reduced compared to
pristine P3HT, especially in the case of py-InP(4.5 nm). It is
possible that the oleylamine coating of the InP QDs quenches
the photoluminescence as electron transfer occurs over a
relatively small distance (5−8 Å). In the case of InP(2.5 nm)/
P3HT, the photoluminescence intensity from P3HT is even

Figure 2. (a) Calculated energy level (HOMO and LUMO) of InP
QDs with and without organic ligands (methylamine represents the
oleylamine), for different coverage of In atoms (5%, 50% and 100%);
projected density of state (PDOS) on In (gray) and P (yellow) atoms
with organic ligand (b) amino (purple) and (c) pyridine (green). The
Fermi level (vertical dashed line) is chosen to be in the middle of the
HOMO−LUMO gap.
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higher than the pristine polymer, suggesting that electron
injection from P3HT to InP(2.5 nm) is inefficient. To deepen
our understanding of exciton dynamics in InP(2.5 nm) and
InP(4.5 nm) blended with P3HT, we conducted time-resolved
photoluminescence measurements by time-correlated single
photon counting (TCSPC), Figure 3b. All the samples were
excited at 400 nm, and emission was monitored at 650 nm. The
photoluminescence decays show a fast and a slow decay
component, which were fitted by a double exponential function,
I(t) = a1 exp (−(1/τ1)) + a2 exp (−(1/τ2)) The extracted
parameters are reported in Tables S1. For pristine P3HT, the
fast decay component is 57 ps, while the slow decay component
is 337 ps. The slow component agrees well with reported values
of singlet exciton annihilation by monomolecular nonradiative

or radiative processes.39 Photoluminescence lifetimes are
shorter in QD/polymer blends due to effective exciton
dissociation at the InP/P3HT heterointerfaces. The interfacial
charge transfer efficiency can be estimated from the ratio
between the exciton lifetime of QD/P3HT blends and that of
pristine P3HT. The resulting efficiencies are 14.2% in py-
InP(2.5 nm)/P3HT and 17.8% in py-InP(4.5 nm)/P3HT. In
agreement with DFT calculations, the py-InP(4.5 nm) QDs are
more effective electron acceptors than the py-InP(2.5 nm) QDs
thanks to their proper energy alignment. To elucidate the origin
of the fast decay components, we measured the fluorescence
lifetime of our samples at t < 15 ps by upconversion
measurements (see Figure S3). Here the fast decay time is
strongly sensitive to excitation intensity, and even at the lowest
intensity needed to obtain a detectable signal (I = 8.5 nJ/cm2),
the fluorescence lifetimes are reduced to only few picoseconds
(refer to Table S2). This indicates that the fast fluorescence
decays are due to diffusion-limited singlet−singlet annihilation.
Similar bimolecular recombination effects were previously
observed in PbS QDs/P3HT blends.40

Transient absorption (TA) measurements were further
performed to quantify the yield of polaron generation upon
charge transfer in the hybrid InP QDs/P3HT blends, following
excitation at 400 nm with fluence of 15 μJ/cm2. Transient
spectra of neat P3HT and InP QDs/P3HT films at different
time delays are compared in Figure 4. At 400 nm, both P3HT
and InP QDs absorb, and the spectra were recorded in the
differential transmission mode (ΔT/T). Here the positive
features in TA spectra correspond to ground state bleaching
(GSB), revealing the characteristic vibronic structure of the
P3HT film; negative features correspond to photoinduced
absorption (PIA) mainly due to polarons arising from exciton
dissociation at the hybrid interfaces. The corresponding kinetics
of transient absorption signals for GSB and PIA are compared
in Figure 5 and fitting parameters are shown in Table S3 and
S4. Comparing with pristine P3HT, the GSB kinetics of
InP(2.5 nm)/P3HT thin film decays within the first 100 ps,
suggesting that the electron transfer from P3HT to InP(2.5
nm) is insufficient, even with pyridine ligands, likely due to
trapping states induced by the ligand exchange on the surface of
InP QD cores. In the case of InP(4.5 nm)/P3HT, the GSB
signal at 600 nm shows slow decay kinetics within 500 ps,
which is an evidence for the formation of long-lived charges in
this blend. The control sample of py-InP(4.5 nm) was obtained
by isolating QDs on the PMMA matrix. Figure S5 compares the
ground state bleaching kinetics of py-InP(4.5 nm) in PMMA

Figure 3. (a) Absorption (left) and photoluminescence (right) spectra
of thin films of P3HT (solid black line), InP QDs (dashed lines) and
InP QDs/P3HT blends (solid lines). (b) Time-resolved photo-
luminescence decay of thin films of P3HT and InP QDs/P3HT blends
upon pulsed photoexcitation at 400 nm.

Figure 4. Transient absorption spectra of pristine P3HT: (a) InP(2.5 nm) QDs/P3HT and (b) InP(4.5 nm) QDs/P3HT before and after ligand
exchange measured at 200 fs, 10 ps, 100 ps, and 500 ps after excitation. Excitation: 400 nm, 15 μJ/cm2.
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matrix and P3HT with same QDs concentration. As expected,
the observed GSB signal (λprobe = 550 nm) is very weak in the
control sample, and dominant in InP/P3HT blend; observation
of a long-lived GSB in InP/P3HT confirms the efficient
electron injection from P3TH to the InP QDs.
The PIA region between 850 and 1000 nm, known as

positive polaron absorption of P3HT, reveals additional
differences between the hybrid blends and neat P3HT. In the
absence of electron acceptor, excitons generated in the pure
P3HT film decay without forming polarons. Addition of
InP(4.5 nm) QDs to P3HT rapidly reduces the number of
singlet excitons and also reveals a region of enhanced PIA
signal. Since no detectable signal could be recorded in this
spectral region in the control sample, we deduce that the PIA
signal originates from the interaction of InP QDs and P3HT in
the blend and conclude that the enhanced PIA features in
InP(4.5 nm)/P3HT blend is due to the formation of P3HT
hole polarons, generated by electrons transferred from polymer
to the InP QDs. In the InP(2.5 nm)/P3HT blend, this polaron
absorption is also present, albeit at a significantly reduced level.
From a comparison of the 900 nm PIA signal magnitude in neat
P3HT film and hybrid heterojunction, we infer that polaron
yield increases by more than a factor of 2 in InP QDs/P3HT
heterojunctions. Clearly, there is an ultrafast electron transfer
from P3HT to InP(4.5 nm) QDs, a promising electron
acceptor for hybrid photovoltaic devices. Finally, we assign the
photoinduced absorption in this spectral range (1100−1300
nm) to absorption by singlet excitons, in agreement with
previous investigations.41 The kinetics probed at 1300 nm
(Figure S4) also suggests that, independently of the choice of
ligands, P3HT excitons are efficiently quenched by the InP
QDs, in line with the photoluminescence kinetics in Figure 3b.
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 blends, which could arise
from electronic transitions in the reduced InP QDs after charge
transfer or from transitions from states akin to charge transfer

states that involve positive polarons on the polymer chains and
electrons on the QDs. Although there is a small signal in this
850−1000 nm region in the neat polymer films, its decay
dynamics are similar to those of the singlet and polarons bands.
Therefore, this neat polymer film signal can be separated from
the large and long-lived signal observed in the hybrid films. In
addition, both the prompt polymer bleach (observed at 600−
800 nm) and the prompt polaron signal are enhanced in the
hybrid blends. This enhancement is due to higher yield of
charge carriers (by a factor of 2−3 at 1 ps), comparable to the
yield estimated in py-InP(4.5 nm)/P3HT hybrid hetero-
junctions. This observation and the concomitant increase of
polaron absorption when P3HT is combined with InP QDs
suggest the dissociation of singlet excitons being a precursor for
polaron formation. We therefore conclude that the enhance-
ment of polaron yield in P3HT by adding InP(4.5 nm) is due
to an ultrafast electron transfer from P3HT (electron donor) to
InP (electron acceptor).
Quantum chemical calculations using a phonon-assisted full

quantum treatment are used to elucidate the charge separation
and recombination processes in these systems. Similar to the
typical organic/organic system (P3HT:PCBM) shown in
Figure 6a, the calculated hole wave function in hybrid QD/
polymer blends is localized along the P3HT molecule. This and
other factors such as the presence of the spacer between the
QD and the polymer, as well as the absence of actual chemical
bonds or hybrid clusters, strongly reduce the possibility of
direct charge generation in the InP QDs/P3HT blends.
Conversely, the electron wave function is localized both at
the InP core and on P3HT. This is indicative of charge transfer
occurring at the InP/P3HT interface after photoexciation.
Table 1 summarizes and compares the charge transfer and
recombination rates at P3HT:PCBM and ideal In31P31/P3HT
interfaces (InP QD is fully passivated with hydrogen) calculated
using nonradiative Marcus charge transfer theory. The average
electronic coupling for charge separation (VCS) between initial
state (LUMO of P3HT) and final state (LUMO of InP QD) is

Figure 5. Comparison of kinetics of transient absorption signals for ground state bleaching (λprobe = 600 nm) and polaron formation (λprobe = 900
nm) of P3HT and InP QDs/P3HT blends.
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15.2 meV, which is larger than that of the reference
P3HT:PCBM system. The calculated electron transfer rate is
4.49 × 1011 s−1 for In31P31, indicating efficient charge separation
in InP QDs/P3HT hybrid system. This value is in good
agreement with our pump−probe measurements (<1 ps),
demonstrating that the model of In31P31/P3HT accurately
captures the key features of the charge transfer dynamics. The
predicted charge separation rate is larger by 3−4 orders than
the charge recombination rate, in accordance with the time
scale of electron injection from P3HT to InP QDs. Different
from the ideal model (fully passivated InP QD), dangling bond
defects or oxidation state on the surface may act as charge
recombination centers in hybrid blends, resulting in increased
charge recombination rate.
Finally, we propose a mechanism of charge and energy

transfer at InP QDs/P3HT heterointerfaces, as shown in Figure
7. For InP(4.5 nm)/P3HT blend, electrons can be effectively
injected from P3HT into InP QDs within 1 ps. This can be
attributed to proper energy alignment and short spacing
between InP cores and P3HT by replacing oleylamine ligand
with pyridine. Electron injection is inefficient at the InP(2.5
nm)/P3HT hybrid interface, probably due to the unfavorable
interfacial energy alignment after ligand exchange. The
enhancement of photoluminescence at 724 nm could result
from either P3HT or InP(2.5 nm) emission. Energy transfer
from InP(2.5 nm) to P3HT may also increase the emission
intensity of P3HT due to the overlap of P3HT absorption and
InP(2.5 nm) photoluminescence spectra, as shown in Figure 7c.
In polymer/small QDs with short ligands, Dexter transfer is

the dominating energy transfer mechanism.42 We evaluated the
Dexter energy transfer rate for our systems according to kDexter =
KJ exp ((−2RDA)/L), where J is the normalized spectral overlap
integral, RDA is the calculated distance between the InP QD and
P3HT, and L is the van der Waals radius of P3HT (evaluated
by the Polymorph code) and K is a proportionality factor (K =
2/3 in the case of polymer/fullerene blends).43 For the py-
InP(2.5 nm) QDs, we obtained kDexter = 1.83 × 1013 s−1, which
is indeed larger than the charge injection rate (∼4.5 × 1011 s−1).

■ CONCLUSIONS

We presented a combined theoretical and experimental study of
charge transfer in a rather unconventional polymer/III−V QD
system. Our DFT calculations with nanoscale (diameter <5
nm) InP QDs show strong quantum confinement, and predict
that energy levels of ligand-InP complexes can be tuned by
different organic ligands. Femtosecond time-resolved measure-
ments were performed to elucidate the interfacial charge carrier
dynamics at the InP QDs/P3HT system. For InP(4.5 nm)/
P3HT, ultrafast electron injection from P3HT into InP(4.5
nm) core can be concluded from dissociation of singlet exciton,
enhancement of polaron absorption and large electronic
coupling. Pyridine ligands facilitate this electron transfer
process thanks to the short spacing between InP core and
P3HT. In the case of InP(2.5 nm)/P3HT, electron injection is
inefficient but energy transfer takes place. The theoretical
electron transfer rate predicted by Marcus theory can compete
with that of organic/organic hybrid system, indicating that InP/
P3HT is an efficient charge separation system, provided that
optimal InP QD size and organic ligands are used. Although the
synthesis of III−V QDs remains challenging, our findings
indicate that they are suitable alternatives to II−VI QDs for
hybrid photovoltaic applications.

■ MATERIALS AND METHODS

Materials and Sample Preparation. regioregular P3HT
and InP quantum dots were purchased from Rieke Metals and
NN-lab, respectively, and used without further purification. To
exchange the oleylamine ligands, the InP QDs were
precipitated by addition of methanol and then isolated by
centrifugation to obtain a solid pellet. Then a small amount of
pyridine was added into the InP pellet and the resulting
dispersion was heated gently at 60 °C under inert atmosphere
overnight. Afterward, the pyridine modified InP QDs are
precipitated with methanol, recovered by centrifugation and
then dispersed in solvent of dichlorobenzene:pyridine (9:1 vol.
ratio). InP QDs/polymer blend films with weight ratio of 3:1
(InP QDs: 30 mg/mL and P3HT: 10 mg/mL) were spin-
coated at 800 rpm under nitrogen atmosphere onto glass
substrate for 60 s. In absence of device data for III−V QD/
polymer solar cells, the weight ratio of 3:1 was chosen based on
optimal conditions for II−VI/polymer blends, as they are
expected to be similar. Before spin-coating, the glass substrates
were cleaned by subsequent ultrasonic treatment in acetone,
isopropanol and deionized water for 10 min each step. The
images of atomic force microspectra (AFM) measurements of
these InP QDs/P3HT thin film samples (in Figure S6) show
large number of small domains, yielding large interfacial area
between InP QDs and P3HT.

Infrared Absorption. FTIR absorption spectra were
obtained by using Bruker Vertex 80v equipped with RT-
DTGS detector. Spectral and phase resolution used during
Fourier transformation were 4 and 32 cm−1, respectively.

Steady-State Absorption and Photoluminescence.
Steady-state absorption spectra were obtained by an UV−vis

Figure 6. Energy level alignment and electronic distribution of
HOMO and LUMO of (a) P3HT:PCBM and (b) In31P31/P3HT
interface with fully passivated InP with hydrogen. The isosurfaces are
plotted with electron densities of 0.02 e/Å3.

Table 1. Calculated Parameters for Non-Radiative Charge Separation and Recombination Rates at P3HT:PCBM and In31P31/
P3HT Interfaces

system Seff GCS/GCR (eV) λext (eV) λint (eV) VCS/VCR (meV) kCS/kCR (s−1)

P3HT:PCBM 1.38 −0.96/−1.24 0.26 0.320 13.8/19.6 5.73 × 1011/1.96 × 1010

In31P31/P3HT 1.36 −1.19/−1.32 0.12 0.316 15.2/18.4 4.49 × 1011/2.28 × 1010
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spectrophotometer (Cary 100Bio, Varian) at 1.0 nm resolution,
and the steady state photoluminescence spectra were recorded
by a spectrofluorometer (Fluorolog-3, HORIBA Jobin Yvon).
Time-Resolved Photoluminescence. Fluorescence life-

time measurements were performed by time-correlated single
photon counting (TCSPC) and by fluorescence upconversion.
TCSPC measurements were conducted on a FluoTime 200
platform from Picoquant GmbH. A titanium−sapphire 100 fs
laser (Chameleon, Coherent Inc. 100 fs pulse width, 80 MHz
repetition rate) combined with a harmonic generator was used
as the excitation source with an excitation wavelength of 400
nm (I = 8.5 nJ/cm2). The detector was a microchannel plate
(MCP) PMT system HAM-R3809U-50 (Hamamatsu) with
spectral sensitivity from 200 to 850 nm and instrument
response function of 30 ps. Fluorescence up-conversion was
measured with a FOG100, CDP spectrometer using 400 nm
excitation femtosecond laser source (100 fs, 80 MHz). The
fluorescence was collected by parabolic mirror and focused into
a 0.5 mm BBO crystal (cut angle 38, ooe interaction) together
with the fundamental radiation (800 nm). The resulting sum-
frequency radiation after passing through a double mono-
chromator (CDP2022D) was detected by photomultiplier-
based photoncounting electronics.
Transient Absorption Spectroscopy. Transient absorp-

tion experiments were carried out using a femtosecond pump−
probe setup where the excitation source was generated from the
optical parametric amplifier (OPA). The second (400 nm) or
third harmonic (267 nm) of the fundamental (800 nm) of a
Ti:sapphire femtosecond laser (repetition rate 1 kHz, pulse
width of 100 fs and 2 W power) were used as pump, and white
light was used as probe for measuring the transient absorption
spectrum. The signals were collected and monitored using a
monochromator/PMT configuration with lock-in detection.
Third order nonlinear effects were minimized by setting the
excitation density to a value 15 μJ/cm2 per pulse. The entire
measurements were performed on samples placed in a cryostat
which was brought to pressure of <10−3 Pa.

■ COMPUTATIONAL APPROACH

Similar to the magic-sized Cd33Se33 structure,
44 the InP QDs

were constructed using In31P31 clusters with diameters of about
1.3 nm characterized with high stability, although magic-sized
InP has not been experimentally reported yet. On the other
hand, In31P31 model is large enough to exhibit the characteristic
feature of a nanocrystal but are still feasible for ionic relaxation.
The initial geometry of the In31P31 was obtained from the bulk
structure using a spherical cutoff. Then the ligands were added
to the optimized In31P31, and geometries of the combined
ligand-capped InP systems were optimized. The geometries
were optimized using the hybrid B3LYP functional with the
LANL2DZ/6-31G* mixed basis set, where the LANL2DZ core
pseudopotentials and associated valence basis sets were chosen
for heavy In atoms and the 6-31G* all-electron basis set was
assigned to other atoms (H, C, N, S, and P atoms). The
oligomers were considered to represent the low bandgap
polymer P3HT (eight repeated units) based on the effective
conjugated length of polythiophene as being between 6 and 12
units. The InP/P3HT interfacial structures were obtained from
optimized molecular structures of P3HT and In31P31 and
superimposing them to mimic the interfacial structures. The
beginning intermolecuelar distance between P3HT and In31P31

was set to be 3.5 Å. Here we only considered the thiophenes of
P3HT faced to InP surface because of the effective interactions
between these donor−acceptor systems acquiring relatively
larger electronic couplings.

Nonradiative Charge Transfer Rate. The rates of charge
transfer between organic and inorganic hybrid systems can be
approximately described by Marcus equation45 by the following
equation k = ((2π)/ℏ)|V|2(1/(4πλKBT)

1/2)exp(−(λ/(4KBT)))
in the high-temperature limit, where T is the temperature, k and
ℏ refer to the Boltzman and Planck constants, respectively, λ is
the electron reorganization energy due to geometric relaxation
accompanying charge transfer, and V is the electronic coupling
matrix element between the interesting frontier orbitals of
donor and acceptor. In lower temperature, it is appropriate to

Figure 7. Proposed mechanism of (a) electron injection process between P3HT and py-InP(4.5 nm), (b) energy transfer process between P3HT
and py-InP(2.5 nm), and (c) spectral overlap between absorption of P3HT and photoluminescence of py-InP(2.5 nm).
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use the Marcus−Levitch−Jortner (MLJ) equation formulation
of the rate expression containing the effect of the quantum
vibrational modes:46
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where Sef f is the effective Huang−Ryhs factor and ωef f is the
frequency of one effective mode that incorporates the effect of
all the quantum modes in an average way. ΔG is the Gibbs free
energy between the initial and final states.
Internal and External Reorganization Energy. The

reorganization energy (λ) can be separated into the internal
reorganization energy (λint) and external reorganization energy
(λext). λint is normally further decomposed into contributions
along the various normal frequency modes of the molecule
according to λint = ∑Siℏωi, where Si is the Huang−Rhys factor
of the corresponding frequency mode, describing the electron-
vibration coupling strength in terms of the projection along the
normal mode of the displacement between the equilibrium of
initial and final geometry. The analysis of the electron transfer
rate was greatly simplified by defining effective frequency ωeff

and effective Huang-Ryes factor Seff = ∑iSiℏωi/ωeff. The
calculations of the Huang−Rhys factors were carried out with
the DUSHIN program.47

The λext empirical formula can be expressed as
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where Δq is the transferred charge and Ri are the semiaxes of
the ellipses that separately encompass the donor and acceptor:
7.91, 5.41, and 7.88 Å for In31P31 and 14.59, 5.43, and 7.84 Å
for P3HT. The lDA = 10.08 Å is the center-to-center distance
between donor and acceptor, and εopt and εs are the optical and
static dielectric constants of the surrounding P3HT matrix48 by
using experimental values of εopt = 1.96 and εs = 3.3.49

Electronic Couplings. The electronic coupling Vij, which is
defined as ⟨ϕi|F̂|ϕj⟩, between the ϕi and ϕj orbitals of the
isolated donor and acceptor fragments can be calculated by
projecting the Fock Matrix of dimer onto molecular orbitals of
respective donor and acceptor molecule with the subsequent
symmetric orthogonalization, where F̂ is the Kohn−Sham Fock
operator of the whole system. The electronic coupling in the
charge separation process (Vcs) is taken to be the coupling
between the LUMO of P3HT and In31P31. The electronic
coupling in the charge recombination process (VCR) is taken to
be the coupling between HOMO of P3HT and LUMO of
In31P31.
Gibbs Free Energy. The Gibbs free energy for charge

recombination (ΔGCR) and separation (ΔGCS) can be
calculated as the energy changes of isolated donor and
acceptor, where the ΔGCS = ED

+ + EA
− + EC − ED

0 − EA
0 −

Eg
opt, and ΔGCR = ED

0 + EA
0 − ED

+ − EA
− − EC, where ED

+/0 and EA
−/0

are ionic/ground state energy of donor and acceptor, EC is the

Coulomb stabilization energy, and Eg
opt is the optical gap of the

donor.
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