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ABSTRACT: Achieving superior solar cell performance based
on the colloidal nanocrystals remains challenging due to their
complex surface composition. Much attention has been
devoted to the development of effective surface modification
strategies to enhance electronic coupling between the
nanocrystals to promote charge carrier transport. Herein, we
aim to attach benzenedithiol ligands onto the surface of CdSe
nanocrystals in the “face-on” geometry to minimize the nanocrystal−nanocrystal or polymer−nanocrystal distance. Furthermore,
the “electroactive” π-orbitals of the benzenedithiol are expected to further enhance the electronic coupling, which facilitates
charge carrier dissociation and transport. The electron mobility of CdSe QD films was improved 20 times by tuning the ligand
orientation, and high performance 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):CdSe nanocrystal hybrid solar cells were also achieved, showing a highest power conversion
efficiency of 4.18%. This research could open up a new pathway to improve further the performance of colloidal nanocrystal
based solar cells.
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1. INTRODUCTION

Colloidal nanocrystals offer the potentialities and have been
demonstrated for low-cost and solution-processed electronic
device applications such as field-effect transistors,1,2 light-
emitting diodes3,4 and photovoltaics,5−13 due to their spectral
tunability via quantum confinement effect and potentially high
charge carrier mobilities. However, achieving superior device
performance remains challenging due to the complex surface
composition and (opto) electronic behavior of the nanocrystals.
Nanocrystals are generally capped with long chain organic
ligands to ensure their solution process ability, following their
synthesis in solution.14−21 When the nanocrystals are processed
into films, these insulating ligands militate against efficient
exciton dissociation and carrier transport, which is detrimental
to the device performance. Therefore, much attention has been
devoted to the development of effective surface modification
strategies to enhance the electronic coupling between the
nanocrystals by replacing the pristine ligands with shorter
ligands to promote carrier transport while passivating the
nanocrystal surface to limit recombination loss.5,6,22−32

Thiols are the widely used, as postdeposition surface
modification ligands, for polymer/nanocrystals hybrid solar
cells (HSCs) due to their strong affinity to the nanocrystals,
which can replace the X-type ligands nearly completely.22,33−35

A power conversion efficiency (PCE) of 3.09% was obtained in

our lab after surface modification by n-butanethiol for poly(3-
hexylthiophene) (P3HT):CdSe quantum dots (QDs) HSCs.33

Metal chalcogenide complexes have emerged as promising
materials to effectively remove the pristine ligands, enhancing
strong electronic coupling between nanocrystals in films,2,36

and impressive field-effect transistor (FET) electron mobilities
up to 16 cm2 V−1 s−1 were obtained in In2Se2

4− capped CdSe
QDs.1 Atomic ligands such as halide, chalcogenides and
hydrochalcogenides are also used to passivate the nanocrystal
surface with the goal of using the shortest imaginable
ligands.2,6,23,37 All these works indicate that minimizing the
distance between the chalcogenide nanoparticles and/or the
polymer−nanocrystal is crucial for device performance and the
nonelectroactive insulating ligands should be removed as much
as possible. The atomic ligand passivation strategy was widely
used in quantum dot solar cells.5,6 However, seldom successful
work was reported for polymer/nanocrystal hybrid solar cells
involving atomic ligand. When trying to introduce the atomic
ligands for post deposition ligand exchange, we found that the
blend films will be destroyed by the atomic ligand/acetonitrile
solution. Considering to the different solubilities of the atomic
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ligand treated nanocrystal and polymer, the idea about blending
atomic ligand treated nanocrystal and polymer was also failed.
So some new and different ligand exchange strategies should be
developed with the idea of enhancing the electronic coupling
between polymer and nanocrystal in mind.
Following this strategy, we aim to further increase the

performance of the polymer/CdSe QDs hybrid solar cells by
attaching benzenedithiol (BDT) ligands on the surface of CdSe
nanocrystals in the “face-on” geometry to minimize the
nanocrystal−nanocrystal or polymer−nanocrystal distance.
Furthermore, the “electroactive” π-orbitals of the benzenedi-
thiol ligands are expected to further enhance the electronic
coupling between nanocrystals or between polymer and
nanocrystals, facilitating charge carrier dissociation and trans-
port. This was successfully done by simply selecting
benzenedithiols with −SH groups that are substituted in
different positions. By tuning the ligand orientation, the
electron mobility of CdSe QD film was improved 20 times,
and high performance poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothia-
diazole)] (PCPDTBT):CdSe QDs HSCs were also achieved,
showing a highest PCE of 4.18%, with short-circuit current
density (Jsc) of 9.69 mA cm−2, open-circuit voltage (Voc) of 0.76
V and fill factor (FF) of 0.568. To our knowledge, this PCE
value is among the highest ever reported for CdSe QDs based
HSCs.

2. EXPERIMENTAL SECTION
CdSe QDs Synthesis. CdSe QDs were synthesized according to

the reported procedure.38 In a typical synthetic process, CdO (76 mg),
trioctylphosphine oxide (TOPO, 3.0 g) and oleic acid (OA, 3.0 mL)
were added into the reactor and the mixture was heated to 285 °C
under vigorous stirring in nitrogen atmosphere. Se (80 mg) was added
into trioctylphosphine (TOP, 1.0 mL), and the mixture was sonicated
until the solution became clear. Then the Se-TOP solution was quickly
injected into the reactor. 5 min later, the hot solution was quickly
transferred into toluene (5 mL). The as-prepared CdSe QDs were
washed in methanol and centrifuged for two times and then dispersed
in pyridine (15 mL), and the mixture was stirred for 24 h. The
resulting nanocrystals were flocculated by hexane and centrifuged.

Device Fabrication and Testing. Prior to fabrication, the
substrates were cleaned by sonication using detergent, deionized
water, acetone and isopropyl alcohol sequentially for every 15 min
followed by 15 min of ultraviolet ozone (UV-ozone) treatment. Then
a layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (Baytron P AI4083) was spin-coated onto the cleaned
ITO and baked in air at 140 °C for 15 min. Then the substrates were
transferred to a glovebox for spin coating of a PCPDTBT:CdSe QDs
(1:9, w/w) active layer with a thickness of about 90 nm. The
postdeposition ligand-exchange process was carried out by soaking the
as-prepared films in a solution of 10 mM benzenedithiol or
toluenethiol in acetonitrile for 30 s, then rinsed with pure acetonitrile
twice to remove the excess benzenethiol or toluenethiol and OA.
Subsequently, a thin pure nanocrystal layer was deposited onto the
blend film from a 5 mg mL−1 CdSe QDs solution in hexane, then
ligand exchanged and cleaned as described above. Subsequently, 5 nm
PFN film was deposited on the active layer as a cathode buffer layer.
Then the samples were loaded into a vacuum deposition chamber

Figure 1. (a) Schematic device structure used in this study and the schematic illustration of orientation of various benzenedithiols on the surface of
CdSe QDs. (b) Density functional theory (DFT) calculation results showing the orientation of the various benzenedithiols on the CdSe (0001)
surface. 1,4-Benzenrdithiol lays its electrostatically “reactive” π-orbitals on the surface of the CdSe QDs, while the 1,2-benzenedithiol shields its π-
orbitals from the surface.
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(background pressure ≈ 5 × 10−4 Pa) to deposit 100 nm thick Al as
cathode with a shadow mask (device area of 5.2 mm2). The J−V curves
were measured with Keithley 2400 measurement source units at room
temperature in air. The photocurrent was measured under a calibrated
solar simulator (Abet 300 W) at 100 mW cm−2 under standard AM
1.5G conditions in air, and the light intensity was calibrated with a
standard photovoltaic reference cell. The EQE spectrum was measured
with Stanford lock-in amplifier 8300 unit.
Characterization. The XPS was measured in an integrated

ultrahigh vacuum system equipped with multitechnique surface
analysis system (Thermo ESCALAB 250Xi). The steady-state PL
spectra were taken on a FluoroMax-4 HORIBA Jobin Yvon
spectrofluorometer.

3. RESULTS AND DISCUSSION

HSCs based on PCPDTBT:CdSe QDs with various
benzenedithiols at the polymer/nanocrystal interface were
fabricated with device structure of ITO/poly(3,4-ethylenediox-
ythiophene):polystyrenesulfonic acid (PEDOT:PSS)/
PCPDTBT :C d S e QD s / p o l y [ ( 9 , 9 - b i s ( 3 ′ - (N ,N -
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluor-
ene)] (PFN)/Al, as shown in Figure 1a. A postdeposition
ligand exchange treatment was applied, using 1,2-benzenedi-
thiol (1,2-BDT), 1,3-benzenedithiol (1,3-BDT) or 1,4-
benzenedithiol (1,4-BDT) dissolved in anhydrous acetonitrile,
to treat the hybrid PCPDTBT/CdSe QD films in which the
QDs were capped with oleic acid and pyridine with the size of
∼6 nm (Figure S1, Supporting Information). This method
helps us to graft the benzenedithiols on the nanocrystal surface
with different configurations. Schematic illustration of the
surface chemistry of CdSe QDs is shown in Figure 1a. Due to
the strong affinity of thiols with Cd2+ on the surface of CdSe
QDs, which are postulated to replace the X-type ligands by
forming Cd-thiolate,22 both −SH groups of the same BDT
molecule anchor on the surface of the nanocrystals, which is
demonstrated by Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) (Figures
S2 and S3, Supporting Information, respectively). Thus, the
orientations of the three benzenedithiols can be schematically
illustrated in Figure 1a in a simple qualitative steric point of
view. The benzene ring of 1,4-BDT will be closer to the surface
of CdSe QDs in the case of face-on orientation as compared to
the other two orientations with 1,2-BDT and 1,3-BDT ligands.
Density functional theory (DFT) calculations were employed

to further explore the orientation of different benzenedithiols
on the CdSe QD surface, using the Viena ab initio simulation
package (VASP).39,40 Because the geometric size of the CdSe
QDs is drastically larger than that of the benzenedithiol
molecules, for simplicity, a two-layer slab model of CdSe(0001)
surface was used instead of a spherical shape. Generalized
gradient approximation (GGA) in the form proposed by
Perdew, Burke and Ernzerhof (PBE)41 was used to express the
exchange-correlation energy of interaction among electrons,
while the frozen-core projector augmented wave method42 was
used to illustrate the interaction between ions and electrons.
The plane wave kinetic energy cutoff is set to 400 eV. The
convergence criterion of the total energy is 10−4 eV, and the
maximum residual force allowed on each atom is 0.01 eV/Å.
The calculation results are shown in Figure 1b. As for the 1,2-
BDT molecule, the S atom forms a covalent bond with a Cd
atom present on the surface of the CdSe(0001) nanoparticle,
and the entire molecule is almost perpendicular to the
CdSe(0001) surface and it is titled by 4° from the surface
normal, i.e., an edge-on orientation, shielding its π-orbitals from

the CdSe(0001) surface. On the other hand, 1,4-BDT almost
lies flat on the CdSe(0001) surface with a tilting angle of 14°
from the QD surface in the face-on orientation, whereas 1,3-
BDT has an intermediate tilting angle of 45° from the QD
surface. These results are consistent with the previous works on
benzenethiols adsorption on the surface of Ag or Au.43,44 The
interaction between π-orbitals of the ligand and the surface may
be significant in the 1,4-BDT case with face-on orientation.43

Hence, a comprehensive modeling, taking into account the
curvature effect, the presence of nearby particles and
intercrystal binding will provide more accurate information
about the BDT binding modes.5,45 However, it is beyond the
scope of this manuscript. For the effect of internanocrystals
connection, Sargent et al. employed grazing-incidence small-
angle X-ray scattering (GISAXS) to measure the interparticle
distance of PbS nanocrystal films and found that mercapto-
propionic acid, a bidentate organic cross-linker, can reduce the
average center-to-center nanocrystal distance by cross-linking in
the pure PbS films.5 Here, GISAXS measurements were also
carried out at beamline 16B1 in shanghai synchrotron radiation
facility. No obvious change was observed in interparticle
distance for blend films treated by various BDTs (Figure S4,
Supporting Information). It indicated that the device perform-
ance differences induced by inter nanocrystals connection can
be ignored.
Cofacial and strong π-stack interaction between the

molecules results in very efficient electronic coupling, which
is a promising route to increase carrier mobilities in organic
semiconductors.46,47 To make a realistic evaluation on the effect
of ligand orientation on charge transport properties of CdSe
QDs films, we measured the current density−voltage (J−V)
characteristics of electron-only devices in configuration of ITO/
PFN/CdSe QDs/PFN/Al and the carrier mobility was
extracted by fitting the J−V characteristics using the space-

charge-limited current (SCLC) model (Figure 2) and the
Mott−Gurney law, given by

ε ε μ=J
V
L

9
8 r0

2

3

where ε0εr (εr = 6 here48) is the dielectric permittivity of the
CdSe QDs film, L is the thickness of the film and V is the
applied voltage. It clearly envisages that the electron mobility is

Figure 2. Effect of ligand orientation on charge transport properties of
neat CdSe QDs film. J−V characteristics of electron-only device in
configuration of ITO/PFN/CdSe QDs/PFN/Al.
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completely depending on the orientation of benzene ring to the
CdSe QDs, i.e., increases from (1.4 ± 0.7) × 10−7 to (7.8 ±
3.8) × 10−7 cm2 V−1 s−1 and further to (3.0 ± 1.1) × 10−6 cm2

V−1 s−1 for 1,2-BDT, 1,3-BDT and 1,4-BDT modified
nanocrystal films, respectively. These results suggest that the
face-on orientated benzene ring could greatly improve the
charge transport properties, which is beneficial for achieving
high performance HSCs. This improvement arises from an
enhanced electronic coupling between the nanocrystals and the
π-orbitals of benzene ring when it takes face-on orientation.
The absorption spectra of the neat CdSe QD films and

PCPDTBT/CdSe hybrid films with various QD surface
treatment/capping are shown in Figure 3a. The absorption of

CdSe QD film was nearly the same with different ligands on the
QD surface, whereas the benzenedithiols slightly blue-shifted
the PCPDTBT absorption spectra from 729 to 719 nm.
Because acetonitrile, which is the solvent for BDT alone,
cannot alter the absorption of the polymer, we infer that this
may be due to the loosening of the molecular packing of the
polymer chain with the increased space at the polymer/
nanocrystal interface induced by the removal of bulky
surfactants. Steady-state photoluminescence (PL) measure-
ments were conducted to study the exciton dissociation process
with different benzenedithiols at the donor/acceptor (D/A)
interface. As shown in Figure 3b, PCPDTBT/CdSe QDs films
containing QDs modified with different benzenedithiols show

various levels of PL quenching compared to the neat polymer
film. Stronger PL quenching was observed when gradually lying
down the benzene ring. Because the morphology of the hybrid
films remains the same after the postdeposition ligand exchange
process (Figure S5, Supporting Information),22,33 the increased
level of polymer PL quenching could be attributed to the
enhanced electronic coupling between polymer and nanocryst-
als, facilitating the exciton dissociation process, which is
prerequisite for achieving high efficient photovoltaic devi-
ces.49−51 This PL quenching trend is in agreement with the
mobility change trend discussed above, indicating the strongest
electronic coupling effect between polymer and CdSe QDs
when 1,4-BDT was used as face-on orientation suggested by the
simulation.
During the device fabrication, in order to get rid of the effect

of the second ligand on the blend film, the same ligand was
used for ligand exchange on the CdSe QD hole-blocking layer.
Due to the removal of the original surfactants such as oleic acid,
the electron mobility of the CdSe layer was improved as
discussed above, which is beneficial for electron extraction.
Figure 4a shows the J−V characteristics of HSCs with different

benzenedithiols at the polymer/nanocrystal interface under
simulated 1 sun AM 1.5 solar illumination. The photovoltaic
performance parameters are also summarized in Table 1.
Compared to the edge-on oriented 1,2-BDT, the face-on
oriented 1,4-BDT results an increment in the Jsc from 6.77 ±
0.38 to 9.50 ± 0.20 mA cm−2 and FF from 0.466 ± 0.023 to

Figure 3. (a) Absorption spectra of the neat CdSe QD films and
PCPDTBT/CdSe QDs blend films with different treatments. (b) PL
spectra of the neat PCPDTBT film and PCPDTBT/CdSe QDs blend
films with different benzenedithiols at polymer/nanocrystal interface.

Figure 4. (a) J−V characteristics of PCPDTBT/CdSe QDs HSCs with
various orientated benzenedithiol at polymer/nanocrystal interface
under simulated 1 sun AM 1.5 solar illumination. (b) Corresponding
EQE of the devices.
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0.543 ± 0.018. Consequently, the face-on oriented benzene
rings at the polymer/nanocrystal interface lead to the highest
HSC performance with a PCE of 4.18% (3.92 ± 0.17%), which
is 58% higher than that for devices with edge-on oriented
ligands. We also fitted the dark-current density characteristics
using the modified diode equation52 including series resistance
for the devices studied here. As summarized in Table 1, we see
that the specific series resistance Rs is reduced from 17.8 to
12.0, and further to 6.5 Ω cm2 as the orientation of the benzene
ring change from edge-on to face-on fashion at the D/A
interface. This reduction in series resistance agrees well with the
enhanced charge transport properties discussed earlier (Figure
2).
The external quantum efficiency (EQE) spectra of these

devices are shown in Figure 4b. It clearly shows that EQE was
gradually improved in the entire spectral range when the
benzenedithiols ligands turned to face-on from edge-on
orientation. The improvement was more apparent in the
range between 500 and 850 nm corresponding to the
absorption of the polymer. This agrees well with the steady-
state PL results described above, which showed that the face-on
orientated benzene ring at the D/A interface improves the
dissociation of excitons generated in the polymer into charges.
Although there is only 10% PCPDTBT in weight or ∼30% in
volume in the active layer of HSCs, the low band gap polymer
contributes strongly to the light absorption due to its high
absorption coefficient and its ability to harvest the near-infrared
photons. These results are consistent with that the molecular
face-on ordering relative to donor/acceptor (D/A) hetero-
junction interfaces could improve exciton dissociation and/or
charge transport for polymer/fullerene based bulk hetero-
junction devices investigated.53 Selecting or designing new
ligands that favor face-on orientation on the surface of
nanocrystals is critical for efficiently converting the long
wavelength photons into electrons to achieve higher photo-
currents. Recently, there has been a report on CdSe QD/
reduced graphene oxide (rRO)-PCPDTBT hybrid films that
achieved similar efficiencies. They found that Voc was improved
by 25−30% compared to the QD only devices mainly due to
the higher electron mobility and reduction of trapped charges
inside the active layer of rGO containing solar cells.54

According to our results, the direct coupling of CdSe QD to
a π-aromatic system in face-on orientation should also
contribute to the improved performance.
To further confirm the significant effect of ligand orientation

on the performance of HSCs, we also used three corresponding
toluenethiols with only one −SH group to modify the D/A
interface. O-toluenethiol, m-toluenethiol, p-toluenethiol with
only one anchor group that cannot lie down on the surface of
nanocrystals as 1,4-BDT does, which means the orientation of
the benzene ring at the D/A interface cannot be tuned as the
benzenedithiols. Figure 5 shows the J−V characteristic curves of
PCPDTBT/CdSe QDs HSCs with various toluenethiols at

polymer/nanocrystal interface and their device performances
are summarized in Table 2. We can see that when these
toluenethiols were used to treat the polymer/nanocrystal blend
films, the HSC devices show very similar performance. And the
PCE is less than the CdSe QD covered with 1,4-BDT. These
results further demonstrate that the ligand orientation at the
polymer/nanocrystal interface has a significant impact on the
performance of HSCs, which has not been fully investigated
before. Also as shown in Table 1, the device treated by 1,4-BDT
showed much better performance than that treated by 1,2-
ethanedithiol (EDT), indicating the “electroactive” π-orbitals of
the BDT contribute to the performance improvement of HSCs.

4. CONCLUSIONS
In conclusion, the effects of ligand orientation on the charge
transport properties of CdSe nanocrystals, the exciton
dissociation process at the PCPDTBT/CdSe QDs interface
and consequently the photovoltaic performance were system-
atically investigated. The orientation of benzenedithiol on CdSe
QD surface was tuned by changing the substitution positions of
the two thiols on the benzene ring as verified by DFT
calculations. Making the “electroactive” benzene ring of
benzenedithiol lie down on the QD surface can enhance the
electronic coupling and to minimize the nanocrystal−nano-
crystal or polymer−nanocrystal distance, thereby facilitating
charge transport and exciton dissociation at the D/A interface.
High performance hybrid solar cells based on PCPDTBT:CdSe
QDs are demonstrated with a highest efficiency of 4.18% when
1,4-benzenedithiol is used for ligand exchange, which results in
a face-on orientated benzene ring at the D/A interface.
Although we have only focused on CdSe QDs in this work,
our results show that judicious choice of ligands can enhance
electronic coupling between donor and acceptor and greatly

Table 1. Summary of Photovoltaic Performance of PCPDTBT:CdSe QDs HSCs with Various Orientated Benzenedithiol at
Polymer/Nanocrystal Interface, Which Represent Statistical Averages of over 15 Devices for Each Configuration

Ligand VOC (V) JSC (mA cm−2) FF (%) PCE (%) Rs (Ω cm2)

OA/pyridine 0.77 ± 0.01 4.47 ± 0.19 42.8 ± 1.7 1.46 ± 0.11 27.4
EDT 0.76 ± 0.01 8.46 ± 0.25 47.1 ± 0.5 3.01 ± 0.05
1,2-BDT 0.79 ± 0.02 6.77 ± 0.38 46.6 ± 2.3 2.49 ± 0.17 17.8
1,3-BDT 0.78 ± 0.01 8.66 ± 0.44 46.5 ± 1.4 3.16 ± 0.20 12.0
1,4-BDT 0.76 ± 0.01 9.50 ± 0.20 54.3 ± 1.8 3.92 ± 0.17 6.5

Figure 5. J−V characteristics of PCPDTBT/CdSe QDs HSCs with
various toluenethiols at polymer/nanocrystal interface under simulated
1 sun AM 1.5 solar illumination.
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improve the photovoltaic device performance. This research
could open up a new pathway to improve further the
performance of bulk heterojunction based hybrid solar cells
that involve more efficient nanostructures, e.g., nanorods, and/
or more advanced designs of conjugated polymers. These
findings could also find use in further improving the
performance of nanocrystal based devices such as FETs and
LEDs.
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