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ABSTRACT: Without using any environmentally hazardous organic solution, we fabricated hybrid solar cells (HSCs) based on
the aqueous-solution-processed poly(3-hexylthiophene) (P3HT) dots and CdTe nanocrystals (NCs). As a novel aqueous donor
material, the P3HT dots are prepared through a reprecipitation method and present an average diameter of 2.09 nm. When the
P3HT dots are mixed with the aqueous CdTe NCs, the dependence of the device performance on the donor−acceptor ratio
shows that the optimized ratio is 1:24. Specifically, the dependence of the device performance on the active-layer thermal
annealing conditions is investigated. As a result, the optimized annealing temperature is 265 °C, and the incorporation of P3HT
dots as donor materials successfully reduced the annealing time from 1 h to 10 min. In addition, the transmission electron
microscopy and atomic force microscopy measurements demonstrate that the size of the CdTe NCs increased as the annealing
time increased, and the annealing process facilitates the formation of a smoother interpenetrating network in the active layer.
Therefore, charge separation and transport in the P3HT dots:CdTe NCs layer are more efficient. Eventually, the P3HT
dots:CdTe NCs solar cells achieved 4.32% power conversion efficiency. The polymer dots and CdTe NCs based aqueous-
solution-processed HSCs provide an effective way to avoid a long-time thermal annealing process of the P3HT dots:CdTe NCs
layer and largely broaden the donor materials for aqueous HSCs.
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1. INTRODUCTION

Combining the high-electron-mobility, tunable absorption of
inorganic nanocrystals (NCs) with the solution processability
of polymers, the hybrid solar cells (HSCs) become a promising
candidate of high-efficiency, low-cost, and flexible photovoltaic
devices.1−6 Since the pioneering work of Alivisatos and co-
workers,1 significant improvement of the HSC performance has
been made and a power conversion efficiency (PCE) of 5.5%
has been achieved.7 However, the most successful and widely
used solvents in the fabrication process of HSCs are chlorinated
and aromatic solvents, which are flammable and detrimental to
human health and the environment and use a high amount of
electrical energy during production.8−10 Compared with these
organic solvents, water is green and biocompatible. Therefore,

aqueous processing without using environmentally hazardous
organic solvents was introduced in the fabrication of HSCs by
making efficient photovoltaic devices through environmentally
friendly and safe procedures. McLeskey et al. first introduced
aqueous processing in HSCs based on poly[2-(3-thienyl)-
ethoxy-4-butylsulfonate] and TiO2.

11−13 Manca et al. reported
HSCs based on a water-soluble derivative of polythiophene and
TiO2 nanoparticles or nanorods, and a PCE of 0.7% was
achieved.14−17
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Nevertheless, the performance of the water-soluble con-
jugated polymer and TiO2 based HSCs was relatively poor
because of the weak absorption of TiO2. To achieve higher
PCEs of aqueous HSCs, Yang and co-workers introduced CdTe
NCs as the acceptor to increase the device absorption and a
polymer precursor instead of a water-soluble polymer as the
donor.18 They improved the performance of the aqueous CdTe
NCs/polymer precursors based HSCs from 2.14% to 4.76% by
using different polymer precursors and interfacial modification
materials, changing the donor−acceptor ratio, and optimizing
the thermal annealing condition of the active layer.19−27

However, the polymer precursors for aqueous HSCs only
involved phenylene, thiophene, and naphthalene derivatives,
which are not well developed. Moreover, the active layer based
on CdTe NCs and polymer precursors required a long-time
annealing process of at least 1 h to promote polymerization of
the polymer precursor and growth of CdTe NCs, which is
complicated and wastes energy during the fabrication process.
As we know, a large number of conjugated polymers with

good photovoltaic properties have been developed for polymer
solar cells in the last 2 decades.28−32 The application of these
conjugated polymers to aqueous HSCs will largely develop the
donor materials for aqueous HSCs. Also, polymer nanoparticles
or polymer dots (Pdots; particle size < 20−30 nm)33 exactly
provide a way to transfer the conjugated polymer from organic
solvents to an aqueous phase. For example, Krebs et al.
incorporated the aqueous polymer/1-(methoxycarbonylprop-
yl)-1-phenyl-[6.0]C61 (PCBM) nanoparticles into the aque-
ous-solution-processed polymer solar cells and achieved a PCE
of 0.55% for a large-scale roll-to-roll device.8 Dastoor et al. have
reported an approach for producing optimized organic solar
cells from polyfluorene nanoparticles.34 Recently, Belcher et al.
reported organic photovoltaics based on a surfactant-free
poly(3-hexylthiophene) (P3HT):PCBM nanoparticulate with
a PCE of 1.09%.35

Herein, the aqueous polymer dots, which were prepared
from the conjugated polymer P3HT, were first introduced as
the donor materials for aqueous HSCs. Also, aqueous HSCs
with the structure of indium−tin oxide (ITO)/TiO2/CdTe
NCs/P3HT dots:CdTe NCs/MoO3/Au were fabricated by
using aqueous P3HT dots (2.09 nm) and aqueous CdTe NCs
(3.32 nm). The investigation of the dependence of the
performance on the donor−acceptor weight ratio indicated
the optimized P3HT dots: CdTe NCs ratio is 1:24 and the
device showed a 4.12% PCE. We especially investigated the
influence of the thermal annealing temperature and time of the
P3HT dots:CdTe NCs layer on the device efficiency.
Remarkably, we successfully reduced the annealing time of

the P3HT dots:CdTe NCs layer from 1 h to 10 min by the
introduction of the P3HT dots. The best device performance
with 16.95 mA cm−2 short-circuit current (Jsc), 0.54 V open-
circuit voltage (Voc), 47.2% fill factor (FF), and 4.32% PCE was
achieved when thermally annealed at 265 °C for 10 min. The
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) measurements showed that a 265 °C and
10 min annealing process facilitated the formation of a
smoother interpenetrating network in the active layer, which
resulted in more efficient charge separation and transport in the
P3HT dots:CdTe NCs layer and the interface between the
P3HT dots:CdTe NCs layer and MoO3. The polymer dots and
CdTe NCs based aqueous-solution-processed HSCs provided
an effective way to avoid a long-time thermal annealing process
of the P3HT dots:CdTe NCs layer and largely broaden the
donor materials for aqueous HSCs.

2. EXPERIMENTAL SECTION
2.1. Materials. Tetrahydrothiophene (99%), poly(styrene-co-

maleic anhydride) (PSMA), tellurium powder (200 mesh, 99.8%),
and α,α′-dichloro-p-xylene (98%) were all obtained from Aldrich.
Cadmium chloride hemipentahydrate (99%), chloroauric acid
(analytical reagant, AR), and sodium borohydride (99%) were
commercially obtained from Sinopharm Chemical Reagent Co. Ltd.
Poly(3-hexylthiophene) (P3HT) was from Rieke Metals. Molybde-
num oxide (>99%) and 2-mercaptoethylamine (MA; 98%) were
purchased from Acros. Sodium citrate, isopropyl alcohol, methanol,
acetone, and n-hexane were AR grade. All materials were used as
received.

2.2. Preparation of P3HT Dots. Water-soluble P3HT dots were
prepared through a reprecipitation method. PSMA (1 mg mL−1) and
P3HT (5 mg mL−1) were dissolved and mixed in tetrahydrofuran
(THF) and stirred for 4 h until homogeneous. A total of 10 mL of
deionized water was sonicated in a bath sonicator. At the same time, 5
mL of a P3HT and PSMA mixed solution was injected into deionized
water and sonicated for 30 min. After that, a stream of N2 gas went
through the solution to remove THF and concentrate the solution on
a 90 °C hot plate. Finally, upon filtration through a 0.2 μm filter, the
P3HT dots solution was produced.

2.3. Synthesis of CdTe NCs. Synthesis of CdTe NCs was
performed following the previous report.18 MA was added into a 12.5
mM CdCl2 aqueous solution, and the pH was adjusted to 5.70−5.74. A
total of 0.28 mL of a NaHTe(2/3M) solution was added into a N2-
saturated MA and CdCl2 mixed solution. The molar ratio of Cd/Te/
MA was 1:0.2:2.4. Growth of CdTe NCs was obtained by refluxing the
mixed solution at 100 °C for 30 min. Then the CdTe NCs solution
was concentrated to 8 mL and cooled to room temperature. After that,
the CdTe NCs solution was centrifuged for 5 min at 6000 rpm in the
presence of isopropyl alcohol. Using a vacuum oven, the CdTe NCs
were dried at room temperature. Finally the CdTe NCs were dissolved

Figure 1. (a) Formation of P3HT dots. (b) Picture of a P3HT dots solution.
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in 1 mL of deionized water and reached a concentration of 72 mg
mL−1.
2.4. Device Fabrication. The ITO substrate was cleaned by

ethanol, acetone, isopropyl alcohol, and N2 flow. Next, the ITO
substrate was treated by O2 plasma for 10 min. The TiO2 precursor
(tetrabutyltitanate) was spin-coated onto the ITO with a speed of
2000 rpm and then annealed at 350 °C for 15 min to produce the
anatase TiO2. The CdTe NCs solution was spin-coated onto the TiO2
layer at 700 rpm for 40 s in the air, with an annealing process in N2 at
265 °C for 2 min. After that, the mixed P3HT dots and CdTe NCs
solution with different ratios was spin-coated at 700 rpm for 40 s with
a repeated annealing process at 265 °C for 2 min in N2. Then another
P3HT dots:CdTe NCs layer was fabricated and annealed at 265 °C in
the glovebox for different times. Finally, MoO3 (5 nm) and Au (80
nm) were deposited on the P3HT dots:CdTe NCs layer through
vacuum evaporation at a pressure below 10−5 Torr, with a 5 mm2

active area.
2.5. Characterization. UV−vis absorption spectra of the P3HT

dots and CdTe NCs films were measured by a Shimadzu 3600 UV−
vis−near-IR spectrophotometer. A Hitachi H-800 electron microscope
was used to conduct TEM with a CCD camera at an acceleration
voltage of 200 kV. The SII Nanonavi probe station (300hv) was used
to perform the AFM measurements. An integrated ultrahigh-vacuum
system equipped with a multitechnique surface analysis system (VG
Scienta R3000) for ultraviolet photoelectron spectroscopy (UPS) was
used to obtain the energy band values. Under AM1.5G 100 mW cm−2

illumination, a computer-controlled Keithley 2400 sourcemeter system
was used to measure the current density versus voltage (J−V)
characteristics. A Crowntech QTest Station 1000AD was used to
measure the external quantum efficiency (EQE).

3. RESULTS AND DISCUSSION
3.1. Preparation and Basic Properties of P3HT Dots

and CdTe NCs. P3HT dots were prepared by using a

reprecipitation method. Compared with the typical mini-
emulsion approach, the reprecipitation method exhibited higher
yield and reliably generated Pdots with a size of 5−30 nm
rather than polymer nanoparticles of 40−500 nm.33 In the
procedure, a solution of P3HT and a commercial copolymer,
PSMA, dissolved in THF was added to water and sonicated.
During the process of Pdots formation, the P3HT chains and
the hydrophobic polystyrene part of PSMA were likely
intertwined with each other and anchored inside the body of
Pdots. At the same time, maleic anhydride units hydrolyzed in
water resulted in Pdots surface-localized carboxyl groups
(Figure 1a).38 After formation of Pdots, the organic solvent
was removed under a N2 flow and heating process. With the
carboxyl groups covering the outside, Pdots were dispersed in
water and exhibited a clear aqueous solution that was stable for
several months (Figure 1b). The TEM images of the P3HT
dots solution were analyzed to determine their morphologies
and size distributions. As we can see from the TEM images
(Figure 2a), the P3HT dots are spherical, with an average
diameter of approximately 2.09 nm. The statistical size
distribution of the P3HT dots is shown in Figure 2b. Because
2.09 nm is shorter than the exciton diffusion length of the
conjugated polymer, it is reasonable to believe that the as-
prepared P3HT dots will facilitate exciton dissociation and
charge separation at the interface between P3HT dots and
CdTe NCs. Thermal gravimetric analysis (TGA) of P3HT and
PSMA in Figure S1 in the Supporting Information (SI) shows
that P3HT and PSMA have excellent stabilities with
decomposition temperatures of 463 and 316 °C, respectively.
The absorption spectra of the as-prepared and annealed P3HT
dots films are shown in Figure S2a in the SI. The absorption of
the P3HT dots film ranged from 300 to 750 nm as the regular
P3HT film.
CdTe NCs were synthesized according to the previous

report.27 TEM images of CdTe NCs before annealing are
shown in Figure S3 in the SI. It is observed that the as-prepared
CdTe NCs exhibit an average diameter of approximately 3.32
nm. Figure S2b in the SI shows the absorption spectra of the as-
prepared CdTe NCs film and the CdTe NCs film annealed at
265 °C for 10 min. After annealing, the CdTe NCs grew bigger
and the absorption peak of the CdTe film red shifted from 511
to 824 nm.
The UPS spectrum of CdTe is shown in Figure S4 in the SI,

and the valence (VB) and conduction (CB) bands (−6.19 and
−4.69 eV, respectively) of fully grown CdTe NCs are obtained
from analysis of the UPS measurements, as shown in Figure 3a,
together with the lowest unoccupied molecular orbital

Figure 2. (a) TEM image of P3HT dots. (b) P3HT dots size
distribution based on 152 dots.

Figure 3. (a) Energy-level diagram of the P3HT dots:CdTe NCs solar cell. (b) P3HT dots:CdTe NCs solar cell device structure.
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(LUMO) and highest occupied molecular orbital (HOMO) of
P3HT as well as the relative energy levels of TiO2 and MoO3.
The VB value of CdTe (−6.19 eV) is calculated from the UPS
measurements. The VB value was calculated by subtracting the
onset of the low-binding-energy photoemission from the onset
of the secondary electron energy cutoff and then subtracting
the excitation photoenergy (21.2 eV).
3.2. Aqueous-Solution-Processed HSCs Based on

P3HT Dots and CdTe NCs. The device structure of the
HSC is ITO/TiO2/CdTe NCs/P3HT dots:CdTe NCs/
MoO3/Au (Figure 3b). MoO3 is chosen as the hole-transport
material, and TiO2 is selected as the electron-transport material.
In order to enhance the light absorption and electron
selectivity, a single CdTe NCs layer was introduced between
the P3HT dots:CdTe NCs and TiO2 layers.

26

The device performances of the solar cells usually greatly
depend on the ratio of the donor and acceptor. When P3HT
dots was mixed with CdTe NCs, the ratio dependence of P3HT
dots:CdTe NCs based solar cells was investigated, and the
results are presented in Figure S5 and Table S1 in the SI. When
the P3HT dots:CdTe NCs weight ratio was 1:36, the device
exhibited Jsc of 13.03 mA cm−2, Voc of 0.52 V, FF of 46.6%, and
PCE of 3.16%. In this case, the content of P3HT dots is too low
and charge transport is poor, which causes the relatively low

short-circuit current. When the content of P3HT dots was
increased and the ratio was 1:18, the electrostatic force
interaction between the negative charges on the surface of
CdTe NCs and positive charges on the surface of P3HT dots
increased and caused the appearance of precipitation in the
blend solution, which formed an inhomogeneous active layer.
The precipitate in the P3HT dots:CdTe NCs layer hindered
charge transport and decreased Jsc to 12.61 mA cm−2, FF to
35.1%, and PCE to 2.3%. An optimized PCE of 4.12% was
achieved when the ratio became 1:24, and Jsc increased to 16.57
mA cm−2 with FF of 47.8% and Voc of 0.52 V.
Because the thermal annealing process plays a direct and

important role in influencing the quality and property of the
P3HT dots:CdTe NCs layer, the effect of the annealing
temperature and time of the P3HT dots:CdTe NCs layer on
the device performance of P3HT dots:CdTe NCs based
aqueous HSCs was investigated. Compared with the previously
reported polymer precursor/CdTe NCs system, P3HT dots
does not require an annealing process to confirm polymer-
ization of a polymer with high molecular weight. In terms of
CdTe NCs, the annealing process was necessary to promote
removal of the surface ligands on CdTe NCs and growth of
CdTe NCs.18

The influence of the annealing temperature on the device
performance was investigated with the temperature varied from
160 to 320 °C, and the J−V characteristics are shown in Figure
S6 and Table S2 in the SI. When the temperature was 160 °C,
Jsc and FF were only 0.66 mA cm−2 and 24.1%, which lead to a
poor PCE of 0.08%. The results indicated that the interfacial
ligands on CdTe NCs were not removed when the active layer
was annealed at 160 °C, which hindered charge dissociation
and transport in the active layer. When the temperature was
increased to 210 °C, Jsc of 10.77 mA cm−2 and PCE of 2.15%
were obtained, which indicated that ligand deprival on the

Figure 4. (a) J−V curves of the P3HT dots:CdTe NCs solar cell devices annealed at 265 °C for 5, 10, 30, and 60 min. (b) EQE curve of the P3HT
dots:CdTe NCs solar cell device annealed at 265 °C for 10 min.

Table 1. Device Performance with Different Annealing
Times of 5, 10, 30, and 60 min

annealing time
[min]

Jsc
[mA cm−2]

Voc
[V]

FF
[%]

PCE
[%]

rms roughness
[nm]

5 15.95 0.56 45.1 4.03 4.358
10 16.95 0.54 47.2 4.32 4.288
30 16.94 0.52 48.2 4.25 5.527
60 16.73 0.52 47.6 4.14 5.813

Figure 5. TEM images of the P3HT dots:CdTe NCs blended films annealed at 265 °C for (a) 5, (b) 10, (c) 30, and (d) 60 min.
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CdTe NCs occurred. When the annealing temperature was
further increased to 265 °C, the performance with Jsc of 16.05%,
Voc of 0.54, FF of 42.7%, and PCE of 3.7% was achieved. The
high temperature (265 °C) promoted elimination of the ligands
on CdTe NCs and further facilitated charge dissociation and
transport in the active layer. However, the higher temperature
(320 °C) decreased Jsc, Voc, and PCE to 13.4 mA cm−2, 0.46 V,
and 2.94%, maybe because of decomposition of PSMA. The
results suggested that the optimized annealing temperature of
the active layer was 265 °C.
To investigate the dependence of the performance on the

annealing time, the active layers were annealed for 5, 10, 30,
and 60 min at 265 °C. The photovoltaic performances of HSCs
annealed for different times are shown in Figure 4a. When the
active layer was annealed for only 5 min, PCE of 4.03% had
already been reached with Voc of 0.56 V, Jsc of 15.95 mA cm−2,
and FF of 45.1%. When the annealing time was increased from
5 to 10 min, Jsc increased from 15.95 to 16.95 mA cm−2, and FF
was improved to 47.2%, while Voc decreased to 0.54 V and PCE
of 4.32% was achieved. Upon annealing for 30 min, there are
only slight changes in Jsc (from 16.95 to 16.94 mA cm−2), FF
(from 47.2 to 48.2%), Voc (from 0.54 to 0.52 V), and PCE
(from 4.32 to 4.25%). Upon 60 min of annealing, the device
gave Jsc of 16.73 mA cm−2, Voc of 0.52 V, FF of 47.6%, and PCE
of 4.14%. The optimized device was obtained by annealing the
P3HT dots:CdTe NCs layer at 265 °C for 10 min. The
performances of devices with different annealing times are
summarized in Table 1, which indicates that the P3HT
dots:CdTe NCs based HSCs only need 10 min of annealing at
265 °C.
To understand the changes in the device performance with

different thermal annealing times of the active layer, TEM and
AFM of the active layer were measured to observe the
differences in the morphology and surface topography. Upon
annealing for only 5 min, the TEM image (Figure 5a) shows
that CdTe NCs grew from 3.32 to 7.83 nm and the sizes of the
P3HT dots domains were in the range of 9−19 nm. The AFM
image in Figure 6a shows that the active layer exhibits a
relatively rough surface and the root-mean-square (rms)
roughness is 4.358 nm. When the annealing time lasted for
10 min, as shown in Figure 5b, the CdTe NCs grew from 7.83
to 11.26 nm with a more uniform distribution and became
interconnected with each other, which formed a continuous
electron-transport pathway. The sizes of P3HT dots domains
were in the range of 6−15 nm, and the P3HT dots formed an
effective hole-transport channel. Therefore, 10 min thermal
annealing promoted formation of an interpenetrating network

in the P3HT dots:CdTe NCs layer, which enhanced charge
separation and transport, avoided the occurrence of pinholes,
and increased Jsc from 15.95 to 16.95 mA cm−2. Meanwhile, a
homogeneous active layer formed and exhibited a rms
roughness of 4.288 nm. Thus, the active layer presented the
smoothest morphology, which is beneficial to a better interface
contact between the P3HT dots:CdTe NCs and MoO3 layers,
and improved FF from 45.1% to 47.2%. When the annealing
time was increased to 30 and 60 min, the sizes of the CdTe
NCs grew to 15.41 and 20.13 nm, as shown in Figure 5c,d, and
the rms roughness largely increased from 4.288 to 5.527 and
5.813 nm. Meanwhile, large-sized CdTe nanoclusters appeared
in the larger-scale-viewed 5 μm × 5 μm AFM topographic
images (Figure S7 in the SI) of the 30 and 60 min annealed
active layers. Even though CdTe has formed a continuous
electron-transport phase, the large CdTe clusters resulted in an
inhomogeneous film with large-scale phase separation, which
adversely influenced charge separation and transport in the
P3HT dots:CdTe NCs layer as well as charge transport
between the P3HT dots:CdTe NCs layer and MoO3.
Therefore, Jsc and PCE decreased to 16.94 mA cm−2 and
4.25% and 16.73 mA cm−2 and 4.14%. It is noted that Voc
decreased from 0.56 to 0.52 V as the annealing time increased,
which may be due to the higher crystallinity of the P3HT film,
leading to an upward shift of the P3HT HOMO level.36,37 The
optimized thermal annealing condition is 265 °C for 10 min,
with the highest PCE of 4.23%, Voc of 0.54 V, Jsc of 16.95 mA
cm−2, and FF of 47.2%, with a 4.288 nm rms roughness for the
P3HT dots:CdTe NCs layer.
To check the reproducibility of the performance, a histogram

of the average PCEs for the devices contributing to our work is
presented. As shown in Figure S9 in the SI, around 70% of the
devices exhibited an overall efficiency exceeding 3.5% under 1
sun condition. Of those, 30% have PCEs higher than 4%.
The EQE of the device annealed at 265 °C for 10 min is

plotted in Figure 4b. It is observed that the device presents a
wide spectral response from 400 to 900 nm and reaches its
maximum value of 70% at 400 nm.

4. CONCLUSION

In conclusion, we reported the incorporation of the aqueous
polymer dots as the donor and aqueous CdTe NCs as the
acceptor in aqueous HSCs. By using a reprecipitation method,
P3HT dots exhibited a 2.09 nm average diameter and were
prepared from the classic conjugated polymer P3HT. The
influence of the P3HT dots:CdTe NCs weight ratio on the
device performance indicated that the optimized P3HT

Figure 6. Topographic AFM images (1.5 μm × 1.5 μm) of the P3HT dots:CdTe NCs blended films annealed at 265 °C for (a) 5, (b) 10, (c) 30, and
(d) 60 min.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508985q
ACS Appl. Mater. Interfaces 2015, 7, 7146−7152

7150

http://dx.doi.org/10.1021/am508985q


dots:CdTe NCs ratio was 1:24, and PCE of 4.12% was
achieved. The dependence of the device performance on the
thermal annealing condition demonstrated that the optimized
annealing temperature of the active layer was 265 °C. Also, we
notably reduced the thermal annealing time from 1 h to 10 min
and achieved Jsc of 16.95 mA cm−2, Voc of 0.54 V, FF of 47.2%,
and PCE of 4.32% because of formation of the interpenetrating
network in the active layer and the smooth surface morphology
of the P3HT dots:CdTe NCs layer. The aqueous-solution-
processed HSCs based on polymer dots and CdTe NCs
provided a new, versatile, and promising approach for further
research to lead to high-performance aqueous HSCs.
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