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ABSTRACT: Organic−inorganic hybrid solar cells composed of
conjugated polymers (CPs) and inorganic nanocrystal (NC) semi-
conductors have garnered considerable attention as a potential alternative
to traditional silicon solar cells due to the capacity of producing high-
efficiency solar energy in a cost-effective manner. The combination of
advantageous characteristics of CPs and NCs enables the construction of
nanostructured high-performance, lightweight, flexible, large-area, and low-
cost hybrid solar cells. However, it remains a grand challenge to control
the film morphology and interfacial structure of such organic/inorganic
semiconductor blends on the nanoscale. In this Perspective, we highlight
the strategies of implementing close contact between CPs and NCs by
tailoring the colloidal synthesis, the coordination reaction, and the
chemical modification of CPs. As such, they offer promising opportunities
for rationally controlling the phase separation between electron-donating CPs and electron-accepting NCs, increasing the
interfacial areas between them, enhancing their electronic interaction, and thus substantially promoting the photovoltaic
performance of the resulting organic−inorganic hybrid solar cells.

Organic−inorganic hybrid solar cells that are widely
prepared by simply blending conjugated polymer (CP)

and inorganic nanocrystal (NC) semiconductors have received
much attention as a promising route to low-cost, high-
performance, and long-term stable photovoltaic power
generation.1−3 These nanostructured hybrids integrate the
advantageous attributes of CPs, such as lightweight, large area,
flexibility, solution processability, and roll-to-roll production,4−7

with the size-dependent electronic structure, a broad absorption
extending to near-infrared region, excellent charge carrier
mobility, and good environmental stability of inorganic NCs.8

Since the pioneering work on organic−inorganic hybrid
nanocomposites consisting of the CP poly(2-methoxy-5-(2′-
ethyl)-hexyloxy-p-phenylenevinylene) (MEH-PPV) and CdSe
NCs with a power conversion efficiency (PCE) of 0.2%,9 the
performance of organic−inorganic hybrid solar cells has been
greatly improved with recent advances in chemical synthesis of
CPs and NCs as well as device engineering. These advances
include (1) the colloidal synthesis of NCs (e.g., CdTe, PbS,
ZnO, TiO2, CuInSe2, and Cu2ZnSnS4),

10−12 (2) the self-
assembly of NCs (e.g., nanowires (NWs), nanorods, tetrapods,
and hyperbranched nanorods) into large-scale aligned
structures,13 (3) the design of new CP donors, especially
low-bandgap CPs (e.g., poly[[9-(1-octylnonyl)-9H-carbazole-
2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophenediyl] (PCDTBT), poly[2,1,3-benzothiadiazole-4,7-
diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b′]-

dithiophene-2,6-diyl]] (PCPDTBT), and poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-flu-
oro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7)),14,15 and (4) the optimization of photoactive
architectures (e.g., bulk-heterojunction solar cells, inverted
solar cells, and tandem solar cells).16−18 Despite all these
advantages and progress, organic−inorganic hybrid solar cells
still exhibit much lower PCEs (i.e., the highest PCE of ∼3.6%
as in PCPDTBT/CdSe solar cells)15 than either all-organic
solar cells (i.e., ∼9.2% in PTB7/PC71BM solar cells),19 or all-
inorganic solar cells (i.e., ∼19.9% in CuIn1‑xGaxSe2 solar
cells).20

Due to the low relative dielectric constant (εr ≈ 3) of CPs,
photogenerated excitons (i.e., electron and hole pairs) in
polymer solar cells are strongly bound by Coulomb force
(Figure 1).18 As the binding energy is typically larger than the
thermal energy, the excitons cannot be dissociated within
polymer donors. Thus the excitons need to diffuse to the
donor−acceptor interface, where the interface potential arising
from the energy offset between the LUMO of CP donor and
the electron affinity (i.e., the conduction band edge) of
inorganic NC acceptor is able to dissociate excitons into free
charge carriers by charge transfer.21 The resulting free charge
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carriers (i.e., holes and electrons) are then transported to and
collected on their respective electrodes.22 It is noteworthy that
the excitons may also be partially generated in the NC acceptor.
For inorganic bulk materials, in which the Bohr radius is larger
than the lattice spacing, Wannier−Mott excitons with a weak
binding energy are generated. For inorganic NCs, however, the
exciton Bohr radius is comparable to the NC size, and the
photogenerated electron−hole pairs are bound by Coulomb
force, leading to the formation of Frenkel excitons.23,24 These
Frenkel excitons need to be dissociated by the energy offset
between the highest occupied molecular orbital (HOMO) of
the CP donor and the ionization potential (i.e., the valence
band edge) of the NC acceptor at the donor/acceptor
interface.25 Therefore, the PCE of organic−inorganic hybrid
solar cells relies largely on the electronic band structures of
both donor and acceptor materials, as well as the energy-level
alignment at the donor/acceptor interface.
Over the past decade, many efforts have been concentrated

on the solution-phase colloidal synthesis of inorganic NCs
stabilized by a layer of organic alkyl ligands (e.g., alkyl thiols,
acids, amines, phosphines, and phosphine oxides).26 The
ligands have been demonstrated to play a crucial role in
determining the size, shape, chemical composition, and thus
electronic property of synthesized colloidal NCs.27−30 In
particular, the electronic density of states (DOS) of semi-
conducting NCs deviates from the continuous energy spectrum
of bulk materials, and forms the discrete atomic-like states when
the NC size becomes comparable to or smaller than the bulk
exciton Bohr radius (i.e., ≤ 10 nm), which is attributed to the
spatial confinement of electronic excitons to the physical
dimension of NCs (i.e., quantum confinement effect).31 The
quantum confinement effect not only allows the tailoring of the
optical band gap of NCs to achieve a strong light absorption
from the UV to near-IR spectral region, but also promotes the
interfacial charge transfer between inorganic and organic
semiconductors with less recombination.32 As such, the tunable
nanostructure and electronic activity of semiconducting NCs
offer expanded flexibility for realizing high-performance photo-
voltaic architectures in organic−inorganic hybrids.

However, the control over the film morphology and
interfacial structure of NCs within the CP matrix on the
nanoscale when blending them together as an active layer
constitutes a major challenge. This is due primarily to the
exclusion of alkyl ligands capped on the NC surface from the
crystalline domain of CPs, leading to microscopic phase
separation between CPs and NCs.33 The thoroughly mixed
CP and NC domains in the dimension close to the exciton
diffusion length of CPs (i.e., typically ≤10 nm) is necessary to
impart the maximum exciton diffusion to the donor/acceptor
interface for subsequent dissociation. Moreover, the insulating
nature of organic ligands severely impedes the exciton
dissociation at the donor/acceptor interface as well as the
charge transport in the active layer owing to the formation of
spatial barrier outside semiconducting NCs (e.g., the thickness
of insulating trioctylphosphine oxide (TOPO) on the CdSe NC
surface was approximately 11 Å).9 In this Perspective, we
highlight the strategies of implementing close contact between
CPs and NCs, thereby facilitating their electronic interaction
and in turn promoting the photovoltaic performance of
organic−inorganic hybrid solar cells.

Ligand Exchange with Organic Molecules. Although alkyl
ligands play an important role in controlling the size, shape, and
stability of NCs during the solution-phase colloidal synthesis,
the insulating nature of alkyl ligands unfavorably suppresses the
electronic properties of NCs within the CP matrix. Direct
removal of alkyl ligands via thermal degradation or physical
sonication often produces the energy trap states within the NC
bandgap due to the uneven passivation of organic residual
ligands, which subsequently act to localize charge carriers and

Figure 1. Schematic illustration of the working principle of organic−inorganic hybrid solar cells.
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lead to an increased carrier recombination of NCs.34 Moreover,
the naked NCs tend to precipitate from the colloidal dispersion
very quickly, preventing them from being mixed with CPs.35 In
this context, ligand exchange is widely regarded as a simple yet
effective strategy to minimize the interparticle spacing by
redecorating the NC surface with small molecules such as
pyridine, butylamine, and hexanoic acid, followed by the
removal of these small ligands under vacuum.36−39 The ligand
exchange process can be described by the adsorption−
desorption dynamics of capping ligands on NCs, which
depends largely on the dynamic equilibrium of the adsorption
reaction kinetic constant, desorption reaction kinetic constant,
and steric repulsion of ligand molecules.40 In general, due to the
stronger binding ability of acids, the long-alkyl ligands with
phosphoric acid groups are more favorable in capping NCs
than that terminated with phosphine oxide groups. However,
the short-alkyl ligands terminated with the weak hydroxyl
bonding groups still tend to achieve a higher surface coverage
on NCs than the long-alkyl ligand with acid groups due to the
steric effect.
Notably, pyridine, a volatile small molecule with weak

binding ability,33 has been commonly employed as a compelling
small molecular ligand to achieve an effective ligand passivation
and enable the solution processability, followed by its removal
under vacuum.41 Compared with alkyl ligand-capped NCs,
pyridine-capped NCs can be considered as almost “naked” to
be mixed with CPs, resulting in close contact between CPs and
NCs that decreases the contact resistance, promotes the charge
carrier transport, reduces the recombination loss, and thus
improves the short circuit current (Jsc) of the resulting solar
cells.36 In addition to the improvement in charge transport,
ligand exchange may also alter the energy alignment of
organic−inorganic semiconductor interfaces, providing a
potential route to increasing the open voltage (Voc), which is
directly proportional to the energy offset between the HOMO
of CP donor and the electron affinity (i.e., the conduction band
edge) of the NC acceptor. It was found that thiol ligand
possessed a higher efficiency than pyridine in exchanging the
negatively charged stearate and alkyl phosphonate ligands. The
electron affinity of CdSe NCs was slightly lifted from −3.92 eV
to −3.73 eV when exchanging the pyridine ligand with the tert-
butylthiol ligand, leading to the increase of Voc from 0.57 to
0.80 V, and correspondingly, the increase of PCE from 1.0% to
1.9%.42

Ligand Exchange with Inorganic Compounds. It is noteworthy
that the NCs capped with small organic molecules such as short
alkylthiols, alkylamines, and pyridine, are very sensitive to
oxidation and thermal degradation attributed to the relatively
weak binding strength of small molecules,36 which leads to the
reduced NC size and charge transfer, and the increased carrier
recombination. To address this shortcoming of organic ligands,
inorganic ligands, especially the metal chalcogenide (e.g.,
Sn2S6

4−, In2Se4
2−, and MoS4

2−) and the metal-free hydro-
chalcogenide (e.g., S2−, HS−, Se2−, HTe−, and TeS3

2−) ligands,
have been developed,43,44 based on the concept of a Lewis base
that donates one or more electron pairs to form the
coordination complex with inorganic NCs (e.g., Sn2S6

4− ion-
capped CdSe NCs).43 The surface of the resulting NCs is
negatively charged by the multivalent inorganic ligands.
Consequently, the electrostatic repulsion between NCs
facilitates the retention of stable dispersion of NCs in various
polar solvents (e.g., dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and acetonitrile (MeCN)).45 Furthermore,

in comparison to the NCs passivated with long alkyl ligands,
the reduced interparticle spacing enables strong electronic
coupling between neighboring NCs for an enhanced charger
carrier transport.46 Obviously, inorganic ligands may constitute
a significant step forward in facilitating the mixing of NCs
within the CP matrix to form close contact between them.47

Recently, a new surface modification approach using
inorganic nitrosonium tetrafluoroborate (NOBF4) ligands to
replace the original organic ligands attached to the NC surface
has been reported.48,49 Such surface modification rendered the
phase transfer of NCs from hydrophobic to hydrophilic media
without affecting the NC size and shape. The NO+ cation was a
good leaving group, as it was readily reduced to NO followed
by reacting with oxygen to yield NO2, and it can also react with
the solvated water molecules to form nitrous acid.48,49 The
formation of an acidic environment facilitated the coordination
of BF4

− anions with the positively charged NC surface (i.e.,
metal cations or oxidized metal atoms formed by the oxidation
of NC surfaces) by removing the original oleyl acid or
oleylamine ligands via the protonation reaction (Figure 2a).48,49

It is noteworthy that DMF can not only act as a solvent but also
a stabilizer for NCs, and thus the tetrafluoroborate-capped NCs
were highly soluble in DMF due to the stabilization from BF4

−

anions and DMF molecules, which can even exceed the
solubility of oleylamine-capped NCs, especially for large-sized

Figure 2. (a) Schematic illustration of the ligand-exchange process by
using inorganic NOBF4 ligands to replace the original oleic acid and
oleylamine ligands in DMF. (b) Comparison of upconversion emission
spectra of NaYF4:Yb/Tm nanoplates before and after NOBF4
treatment. The corresponding visible upconversion luminescence are
shown in the upper left and right insets, respectively. Adapted with
permission from ref 48. Copyright 2010 American Chemical Society.
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NCs, in nonpolar solvents (i.e., hexane).48 For example, the
upconversion NaYF4:Yb nanoplates in the size of several-
hundred nanometers quickly precipitated from their colloidal
dispersion in hexane when they were capped with oleylamine,
but their solubility was largely increased to 5 mg/mL in DMF
without precipitation for several months when BF4

− anions
were used as the ligands.48 The improved solubility of
NaYF4:Yb nanoplates not only significantly promoted the
emission intensity of NaYF4:Yb-nanoplate solution (Figure
2b),48 but also provided a facile solution-processable route to
fabricating upconversion nanoparticle-based organic−inorganic
hybrid solar cells to decrease the energy transfer loss by
producing high-energy photons from the combination of
multiple low-energy photons.50

Graf ting of CPs on NCs with Bifunctional Ligands. Another
intriguing strategy to promote the charge transfer between CPs
and the organic ligand-capped NCs is to directly graft CPs onto
NCs using a bifunctional ligand.38 To this end, one end
functional group of bifunctional ligand should possess a high
chemical affinity to the NC surface, serving as the coordination
ligand to prevent the unfavorable aggregation of NCs, while its
other end should be able to chemically couple with the end-
functionalized CPs, thus tethering CPs onto the NC surface.51

The end-group functionalization of CP chains is commonly
used in preparing tailored hybrid materials,52,53 enabling the
formation of close polymer-to-NC interaction via specifically
chosen ligating moieties.54 The implement of bifunctional
ligand is expected to yield an improved chemical and electronic
stability of the resulting inorganic NCs. The bifunctional ligand
favors a high surface coverage due to the strong anchoring

ability, imparts a direct electronic coupling of NC with CP, and
enables a well-defined CP donor/NC acceptor interface for an
effective charge transfer in organic−inorganic hybrid solar cells.
Recent advances on the organic synthetic methodology

render the design and synthesis of a broad range of bifunctional
ligands,55 which can simultaneously meet the requirements in
manipulating the growth of NCs into the specific size and shape
as well as grafting the end-functionalized CPs onto the ligand-
capped NCs. Recently, bromobenzylphosphonic acid (BBPA)
with phosphonic and aryl bromide groups at the respective
ends has been synthesized as an effective ligand for chemically
tethering poly(3-hexylthiophene-2,5-diyl) (P3HT) chains on
CdSe quantum rods (QRs) (Figure 3a).56 Owing to the strong
coordination reaction, the phosphonic acid passivated on CdSe
induced the elongated growth of CdSe QRs, and the aryl
bromide groups were situated on the QR surface.57

Subsequently, these aryl bromide groups were converted into
azide groups. Finally, the grafting of ethynyl-terminated P3HT
onto azide-functionalized CdSe QRs was accomplished via the
click reaction between the azide and ethynyl groups (i.e.,
forming P3HT-CdSe QR nanocompsoites), thereby dispensing
with the need for ligand change or the introduction of any
deleterious metallic impurity.56,58 It is noteworthy that the click
reaction possesses several attractive features, including an
extremely versatile bond-formation process, no need for
protecting groups, good selectivity, nearly complete conversion,
and generally no need for purification.59 The CdSe QRs were
readily dispersed within the P3HT-CdSe QR nanocomposites
(Figures 3b). The enhanced charge transfer from P3HT to
CdSe QR was evidenced by the much faster photoluminescence

Figure 3. (a) Schematic illustration of grafting P3HT onto BBPA-functionalized CdSe (BBPA-CdSe) QRs by the click reaction. (b) Transmission
electron microscopy (TEM) image of P3HT/CdSe QR nanocomposites synthesized by the click reaction. (c) Normalized time-resolved
photoluminescence decays of P3HT (solid circles), physical mixture of P3HT/CdSe QR (open circles), and P3HT-CdSe QR nanocomposites
prepared by click coupling (open squares), respectively, monitored at λexc = 407 nm and λem ≥ 500 nm. The curve fitting yielded average lifetimes of
370 ps for P3HT, 320 ps for P3HT/CdSe QR composite, and 105 ps for P3HT-CdSe QR nanocomposites by click reaction, respectively. Adapted
with permission from ref 56. Copyright 2011 Wiley-VCH.
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lifetime of ∼105 ps in the P3HT-CdSe QR nanocomposites as
compared to that of ∼320 ps in the physically mixed P3HT/
CdSe QR composites (Figure 3c). Clearly, the combination of
coordination chemistry and click chemistry opens opportunities
to potentially improve the performance of organic−inorganic
hybrid solar cells by crafting well-defined interfacial contact
between these two semiconducting constituents.

The close contact of P3HT chains with TiO2 NCs has also
been realized by the difunctionalization of cyanoacetic groups
on both the ends of P3HT backbones, resulting in an improved
charge injection and thus an enhanced PCE of 2.2%, as
compared to that of 0.1% in the unfunctionalized-P3HT/TiO2
solar cells and that of 0.2% in the monocyanoacetic-P3HT/
TiO2 solar cells.

60

We note that the property of the donor/electrode interface
partially determines the charge transfer and transport of

organic−inorganic hybrid solar cells, especially in the case
that the NC layer serves as the electrode,61 through the
following four aspects: (1) adjusting the energy barrier between
the active layer and the electrodes, (2) improving the charge
selectivity at the active layer/anode interface for holes as well as
at the active layer/cathode interface for electrons, (3)
prohibiting chemical reaction between the active layer and
the electrodes, and (4) modulating the light interference effect
at the active layer/electrode interface to maximize light
absorption in the active layer.62−65 In this context, the
formation of an interfacial dipolar layer has been demonstrated
to alter the work function of electrodes, which can be ascribed
to the electron redistribution by charge transfer and the
hybridization of the wave functions of donor/electrode
materials.66,67 Recently, the molecular modification of
cyanoacrylic acids by incorporating a variety of thienyl and
benzothiadiazole units has been shown to endow the resulting
cyanoacrylic-acid ligands with different LUMO levels (Figure
4), which increased the electron affinity in the regions close to
the TiO2 surface and facilitated a cascade of electron transport
from P3HT to TiO2.

68 The interaction between the −COOH
group on cyanoacrylic acid and the −OH group on TiO2

connected cyanoacrylic acid to TiO2, while the π−π interaction
between thienyl units on cyanoacrylic acid and P3HT chains
improved the compatibility between P3HT and cyanoacrylic
acid-capped TiO2.

68 Moreover, the tethering of cyanoacrylic
acid ligands on the TiO2 surface formed a molecular dipole that
was orientated away from the TiO2 surface. This induced a step

The combination of coordination
chemistry and click chemistry
opens opportunities to poten-

tially improve the performance of
organic−inorganic hybrid solar
cells by crafting well-defined

interfacial contact between these
two semiconducting constituents.

Figure 4. (a) Energy level diagram of the interface of polymer/interfacial modifier/TiO2 in a hybrid solar cell. (EVAC: vacuum level, Ef,p: quasi-Fermi
level of holes, Ef,n: quasi-Fermi level of electrons, and VOC: open-circuit voltage). (b) Chemical structures of interfacial modifiers (WL-1 to WL-4).
(c) Current−voltage curves of solar devices fabricated from P3HT/interfacial modifiers (WL-1 to WL-4)/TiO2. (d) EQE spectra of P3HT/TiO2
hybrid solar cells with bare or various interfacial modifiers, WL-1 to WL-4, treated TiO2. Adapted with permission from ref 68. Copyright 2012
Wiley-VCH.
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in the local vacuum level due to the electric field across the
dipolar layer,69 and shifted the band edge of TiO2 closer to the
vacuum level of P3HT, thus enabling the simultaneous increase
in both Voc and Jsc.

68

Direct Graf ting of CPs on NCs without Ligands. In addition to
tuning the molecular structure of the semiconductor organic/
inorganic interface by elaborately designing various functional
ligands, the ability to control the film morphology and
interfacial structure of organic−inorganic hybrid nanocompo-
sites via their direct coordination interaction on the nanoscale
represents a much facile route to intimate CP−NC nano-
composites.70,71 For example, owing to the existence of the
intermediate bonding energy between P3HT and CdS, which
was referred to as the C−S−Cd bond,72 CdS NCs can be
directly bound onto crystalline P3HT NWs through the
solvent-assisted chemical grafting and ligand exchange.73 The
strong electronic interaction between P3HT and CdS led to an
improved PCE of 4% in the CdS-grafted-P3HT device (Figure
5), as compared to that of 0.6% for the nongrafted device.73−75

The formation of C−S−Cd bonding may be feasible to control
the in situ growth of CdS NCs in the P3HT matrix through the
dipole−dipole or ion-dipole interaction between the inorganic
ions (i.e., Cd2+) and the coordination atom (i.e., S in thienyl) in
P3HT.76,77 Such intrinsic molecular interaction between CP
and NC offered a unique yet practical way of optimizing the
molecular structure, film morphology, and electronic inter-
action in organic−inorganic hybrid solar cells.
In summary, the efforts toward better controlled interfacial

contact between CP and inorganic NC semiconductors by
imparting chemically compatible, electronically favorable, and
spatially close interactions are expected to further improve the
performance of organic−inorganic hybrid solar cells, which
could probably be realized by the following three approaches:

(1) ligand-exchanging the long alkyl ligands with the short
organic or inorganic small molecules (i.e., pyridine) to reduce
the electron-hopping distance without significantly disturbing
the solution processability of NCs; (2) grafting CPs onto the
NC surface using a bifunctional ligand to improve the
dispersion and connection of NCs in the CP matrix with an
enhanced grafting density; and (3) direct grafting of CPs onto
NCs via the coordination interaction between them on the
nanoscale to facilitate the charge transfer and transport in the
organic−inorganic hybrids without the electron trap states
caused by the insulating capping ligands.

The success of establishing close contact between CP and
NC semiconductors exerted crucial influences on improving
photovoltaic performance of organic−inorganic hybrid solar
cells by controlling the phase separation of CP and NC,
increasing the CP donor/NC acceptor interface, and promoting
the charge transfer.70,73,78 All the recent progress has shown
certain promise but is not significant enough for practical
applications. To date, the PCEs of all-organic solar cells (e.g.,
low bandgap CP-based) and all-inorganic solar cells (e.g.,
multinary chalcogenide NC-based) have exceeded 10%,
attributing largely to the success in designing new donor/
acceptor materials.79−83 Clearly, the strategies discussed above
to yield CP−NC nanocomposites can be readily and
appropriately extended to these new donor and acceptor
materials rather than being limited to commonly used MEH-
PPV and P3HT, and II−VI and IV−VI NCs. Nonetheless, with
the rapid development being made in chemical synthesis,
polymer engineering, and device fabrication, the close mixing of
organic and inorganic semiconductors will probably evolve into
a general yet robust strategy to enhance the device performance
of organic−inorganic hybrid solar cells via rational control of
the donor/acceptor electronic interactions.
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