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ABSTRACT: Poly(1,4-naphthalenevinylene), prepared from a
water-soluble precursor, was used to fabricate hybrid solar cells by
blending with water-soluble CdTe nanocrystals (NCs) to act as the AR
photoactive layer. In composites with CdTe NCs as the electron
acceptors in a bulk heterojunction configuration, the devices exhibi-
ted a short-circuit current density of —6.14 mA/cm?, an open-circuit  ITO

voltage of 0.44 V, a fill factor of 0.32, and a power conversion  Glass
efficiency of 0.86% under AM1.5G conditions. Because the devices
were fabricated from water-soluble materials, the procedure was

¢ * 1]
¥ T, 0 I
121 I
5 Es n ol
PNV:CdTe 3 PNV i
@ 4 J !
< i
- »
:
[
54 —a—light
° _,.M'—'f —4—dark
g e ——————
t 1 : 0.8 0.6 -04 -02 00 02 04 06 08 1.0
Voltage (V)

generally simple and environmentally friendly in comparison to the

conventional devices fabricated from oil-soluble materials.
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B INTRODUCTION

With respect to renewable energy, sr-conjugated polymer-
based plastic solar cells (7-PSCs) have recently been considered
as alternatives to conventional inorganic solar cells because of
the advantages of ease of processing, low cost, lightweighted-
ness, large area, as well as mechanical ﬂexibili‘cy.l_5 71-PSCs
are mainly constructed in a bulk heterojunction (BHJ) config-
uration in which the domain sizes of the donors and acceptors are
comparable with the exciton diffusion length so as to maximize
the exciton dissociation efﬁciency.ﬁ’7 However, the power con-
version efficiency (PCE) of 7-PSCs is limited by the poor ab-
sorption of fullerene derivatives, low mobility of charge carriers,
and so forth. One promising effort to solve this problem is the use
of semiconductor nanocrystals (NCs) as acceptors to fabricate
hybrid solar cells (HSCs), which leads to high absorption co-
efficients, high electron mobility, and feasibility of adjusting the
band gap by varying the NC size.®

NC—polymer HSCs have been extensively studied since the
pioneerin§ work of Wang and Herron’ and Alivisatos and co-
workers."” So far, there are four kinds of 71-conjugated polymers
that have been involved in HSCs as the donor materials: poly-
(phenylenevinylene) derivatives (such as OC,C,o-PPV'" and
MEH-PPV'?), polythiophene derivatives (such as P3HT,"
P30T,"* and PTEBS"), alternating polyfluorene copolymers
(such as APFO-3'°), and low-band-gap polymers (such as PCP-
DTBT"). With regard to semiconductor NCs, CdSe has been
extensively studied in HSCs for generating high PCE, although
other NCs, such as CdTe, are seen as excellent candidates.'® The
main factor limiting the application of CdTe NCs in HSCs is the
difficulty of finding suited polymers.

Recently, PSCs fabricated from water-soluble materials have
gradually received attention given their environmental benefit.">"?
In this scenario, the naphthalene ring is rich in electrons and
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naphthalene-based conjugated polymers are potentially useful
in fabricating HSCs. Meanwhile, almost all of the previous
HSCs are fabricated from oil-soluble materials. Many chances
are missed in the absence of the construction of the methodology
from water-soluble materials. Consequently, in this communica-
tion, we demonstrated the fabrication of photovoltaic devices
from water-soluble CdTe NCs and poly(1,4-naphthalenevinylene)
(PNV). By a primary optimization of the devices, an overall PCE
of 0.86% was achieved under AM1.5G illumination.

B EXPERIMENTAL SECTION

Synthesis of CdTe NCs. CdTe NCs were synthesized accord-
ing to our previous report.”® Briefly, a freshly prepared NaHTe
solution was injected into a N,-saturated CdCl, aqueous solution
at pH 5.75 in the presence of 2-aminoethanethiol hydrochloride
(MA) as a stabilizing agent to achieve the CdTe precursor. The
molar ratio of Cd**/MA/Te was 1:2.4:0.2. The precursor solu-
tion was then subjected to a reflux that controlled the growth of
the CdTe NCs. The concentration of the resulting CdTe NCs
was ca. 13 mM referring to Cd**. Then, the CdTe NCs were
precipitated with isopropyl alcohol at room temperature, recov-
ered by centrifugation, and then dispersed into water to give
optically clear and stable solutions. The final concentration of the
CdTe NCs was 36 mg/mL, as obtained by evaporating known
volumes to dryness and weighing.

Synthesis of PNV Precursor. The method for the synthesis of
the PNV precursor can be found elsewhere by a slight modi-
fication.”" Typically, polymerization was carried out in a deoxy-
genated aqueous solution at 0—35 °C by the reaction of 8 mL of
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Figure 1. Absorption spectrum of 2-mercaptoethylamine-stabilized
CdTe NCs (inset: TEM image of CdTe NCs) (a) and the PNV film
(inset: chemical structures of the PNV precursor and PNV and con-
ventionally used PPV derivatives) (b). Energy level diagram (c) and
photovoltaic device structure (d) of PNV/CdTe NC HSCs.

1,4-naphthalenedimethylene bis(dimethylsulfonium chloride)
(0.3 M) and 4 mL of sodium hydroxide (0.3 M). After the
addition of sodium hydroxide, a viscous yellow solution was for-
med and the reaction was terminated by the addition of 0.4 M
hydrochloric acid to neutralize the reaction solution. Then, the
PNV precursor solution was dialyzed against deionized water for
1 week in a dialysis membrane (molecular weight cutoff at 3500)
to remove the low-molecular-weight reactants and products. The
final concentration of the PNV precursor solution was 4 mg/mL
(referring to PNV).

Fabrication of HSCs. For device construction, a precleaned
indium—tin oxide (ITO) glass was treated by O, plasma for
1S5 min. After that, a thin layer of PEDOT:PSS was foremost spin-
coated onto the pretreated ITO substrate at a speed of 2000 rpm
and annealed at 250 °C (which was higher than the conventional
temperature around 140 °C so as to obtain a relatively sharp
interface between the PEDOT:PSS layer and the photoactive
layer) for 30 min in a glovebox. The aqueous solutions of the
PNV precursor and CdTe NCs were directly mixed together with
different volume ratios (1:0, 2:1, 1:1, 1:2, and 1:3), and the
mixtures were sonicated for 30 min to realize their uniform
mixing. The photoactive layer was then obtained by spin coating
from a pure PNV precursor or a mixture of the PNV precursor
and CdTe NCs (without filtration by a membrane) on top of the
PEDOT:PSS layer at a speed of 20000r 700 rpm for 60 s in air,
respectively, and subsequently annealed at 250 °C for 60 min in
the glovebox to perform in situ conversion of the PNV precursor
to PNV. Finally, an aluminum electrode was evaporated onto the
photoactive layer in vacuo at a pressure below 10> Torr. The
active area was 4 or 5 mm”.

Characterization. UV—visible absorption spectra were ac-
quired using a Shimadzu 3600 UV—visible—near-IR spectro-
photometer. Fluorescence spectra were performed on a Shimadzu
RF-5301 PC spectrophotometer with an excitation wavelength
of 380 nm. Current density versus voltage (J—V) characteristics
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Figure 2. PL spectra of the films of pure PNV and PNV/CdTe NC
blends (1:18, w/w).

were measured by a computer-controlled Keithley 2400 source
meter measurement system, both in the dark and under 100 mW/
cm? illumination with an AM1.5G filter. The incident photon-
to-current efficiency (IPCE) was recorded under illumination
of monochromatic light from the xenon lamp using a mono-
chromator (Jobin Yvon, TRIAX 320) and detected by a computer-
controlled Stanford SR830 lock-in amplifier with a Stanford
SRS40 chopper. Atomic force microscopy (AFM) micrographs
were recorded in tapping mode with a Nanoscope IIla scanning
probe microscope from Digital Instruments. Transmission elec-
tron microsopy (TEM) micrographs were recorded by a Hitachi
H-8100 electron microscope operating at an acceleration voltage
of 200 kV.

B RESULTS AND DISCUSSION

Figure 1a shows the absorption spectrum of 2-mercaptoethy-
lamine-stabilized CdTe NCs with a diameter of 3 nm, which was
calculated from the 1s—1s exciton absorption peak,”” and the
TEM image. The absorption spectrum and chemical structure of
PNV are shown in Figure 1b. The maximum absorbance of a
PNV film appeared at 392 nm, while the absorption onset wave-
length appeared at 520 nm, from which the energy band gap of
PNV was estimated to be 2.4 eV. The energy level arrangement
of PNV and CdTe NCs was schematically shown in Figure Ic.
The highest occupied molecular orbital (HOMO, —S5.2 eV)
energy level of PNV and the valence band (—6.0 eV) energy level
of CdTe NCs were determined by the ultraviolet photoelectron
spectroscopy (UPS) measurements of bulk thin films spin-
coated on ITO. Then, the band gaps of PNV (2.4 eV) and CdTe
NCs (2.2 eV) were determined by UV—visible absorption
spectra of their thin films spin-coated on quartz. Finally, the
lowest unoccupied molecular orbital (LUMO, —2.8 eV) energy
level of PNV and the conduction band (CB, —3.8 eV) energy
level of CdTe NCs were calculated from the data mentioned
above, respectively. The offset between the LUMO energy level
of PNV and the CB energy level of CdTe NCs was 1.0 eV, larger
than the typical exciton binding energy (ca. 0.3—0.5 eV) of
conjugated polymers.*" This energy level difference could pro-
vide a sufficient driving force for direct electron transfer from
photoexcited PNV to CdTe NCs. In addition, CdTe NCs were
capped by small molecules of 2-mercaptoethylamine, and thus
no ligand-exchange process was necessary for the device con-
struction.”>** As shown in Figure 1d, photovoltaic devices
were fabricated with a typical sandwich structure in the BHJ
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Table 1. Photovoltaic Performance of the PNV/CdTe NC
HSCs with Different PNV to CdTe NC Weight Ratios

PNV/CdTe (w/w)  Ji (mA/cm?) Voo (V) FF PCE (%)
1:0 —0.007 0.69 025 0.001
1:4.5 —2.18 0.53 0.24 0.28
1:9.0 —4.13 0.51 0.30 0.63
1:18 —6.14 0.44 0.32 0.86
1:27 —5.51 0.41 0.30 0.68
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Figure 3. (a) Current density—voltage (J—V) characteristics of PNV/
CdTe NC HSCs with a PNV to CdTe NCs weight ratio of 1:18.
(b) IPCE as a function of the wavelength of the photovoltaic device
containing PNV and CdTe NCs (1:18), coplotted with the absorption
spectrum of the blend for comparison.

configuration, glass/ITO/PEDOT:PSS (55 nm)/PNV:CdTe
(~50 nm)/Al (100 nm). The devices exhibited an excellent
diode behavior in the dark, with a rectification ratio of 33 at =1V
(Figure 3a).

Photoluminescence (PL) quenching was usually used as an
effective tool for evaluation of the charge-transfer efficiency in the
donor—acceptor blend films.'>*> Typically, conjugated poly-
mers are good hole conductor materials, but recombination in
the pure polymer is high because of low mobility and a short
exciton diffusion length, giving rise to a strong PL signal.26
Figure 2 shows the PL spectra of pure PNV and PNV/CdTe
NC blend (1:18, w/w) films. It was observed that the PL of PNV
was quenched with the addition of CdTe NCs, providing evi-
dence of photoinduced charge transfer between PNV and CdTe
NCs. Besides, complete PL quenching of PNV indicated that
CdTe NCs were randomly dispersed throughout the blend film,
accepting electrons from photoexcited PNV. Furthermore, the

Figure 4. AFM images (size: Sum X S um, left) and the corresponding
TEM images (right) obtained from photoactive layers with different
weight ratios of PNV to CdTe NCs: (a and e) 1:4.5 (rms roughness =
5.72 nm); (b and f) 1:9.0 (rms roughness = 6.55 nm); (c and g) 1:18
(rms roughness = 6.34 nm); (d and h) 1:27 (rms roughness = 4.48 nm).
The height scale of the AFM images is 20 nm.

emission peak of CdTe NCs in the PL spectra was not detectable
at this condition. This phenomenon might be mainly caused by
the serious aggregation of CdTe NCs (Figure 4g) and ligand
removal (TGA measurement, not shown) in the annealing pro-
cess, which could badly decrease (or even totally quench) the PL
of CdTe NCs.?? This means that, besides charge transfer, other
reasons might also lead to PL quenching. A detailed investigation
is still underway.

The performance of photovoltaic devices was optimized by
varying the weight ratio of PNV to CdTe NCs (Table 1). This
demonstrated that the photovoltaic device made of pure PNV
exhibited a PCE of only 0.001%, which was dramatically im-
proved after the introduction of CdTe NCs into the photoactive
layer. Meanwhile, with an increase of the CdTe NC content, the
PCE of photovoltaic devices increased at first and then decreased
after reaching a maximum PCE at a weight ratio of 1:18 of PNV
to CdTe NCs. Figure 3a shows the J—V curves of the optimized
photovoltaic device in the dark and under illumination of simu-
lated AM1.5G (100 mW/cm?). The corresponding parameters
Jso» Voo, FF, and PCE of the device were —6.14 mA/cm?, 0.44 V,
0.32, and 0.86%, respectively.

The IPCE spectrum of the optimized device is shown in
Figure 3b, coplotted with the absorption spectrum of the cor-
responding blend film. One can see that the blend film has an
absorption larger than 574 nm (the absorption onset wavelength
of CdTe NCs; Figure 1a), which was attributed to the aggrega-
tion of CdTe NCs in the annealing process.”> Simultaneously, it
shows that there is photocurrent generation at wavelengths larger
than 520 nm (the absorption onset wavelength of PNV;
Figure 1b), proving that CdTe NCs were also the photoactive
material in the as-prepared photovoltaic devices. Besides, Jq.
calculated from the IPCE spectrum was 6.27 mA/cm?, which
matched very well with J. obtained from the J—V curve.

The morphology of the photoactive layer greatly contributed
to the performance of 7-PSCs by influencing both charge
separation and transport processes.”’ > This means that the
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interfacial area between the donor and acceptor should be
maximized with a regular domain size compared with the
exciton diffusion length, and a continuously interpenetrating
network should also be formed to favor the transport of charge
carriers. To gain insight into the relationship between the
morphology of the photoactive layer and the device perfor-
mance, AFM and TEM were combined to investigate the
morphology of blend films of PNV/CdTe NCs with different
weight ratios. Figure 4 shows the AFM height images and the
corresponding TEM images of PNV/CdTe NC blend films
with weight ratios of 1:4.5, 1:9.0, 1:18, and 1:27, respectively.
The surface of the blend films was rather smooth, and the
change of the root-mean-square (rms) roughness of the films
was relatively small, with a narrow range between 4.48 and
6.55 nm (Figure 4a—d).

Meanwhile, it was believed that the dark regions in the cor-
responding TEM images referred to the CdTe-rich domains while
the light regions referred to the PNV-rich domains (Figure 4e—h).
Therefore, it was observed that the CdTe-rich domains became
larger with the addition of more CdTe NCs (Figure 4e—h).
However, the majority of the PNV-rich domains appeared smaller
than a few tens of nanometers (Figure 4e—g), which was com-
parable with the typical exciton diffusion length of conjugated
polymers and thus would favor the exciton dissociation at the
interface between PNV and CdTe NCs.**® At ratios of 1:4.5 and
1:9.0, the interpenetrating network was not well developed and
the CdTe-rich domains were relatively small, which were mostly
isolated by the PNV-rich domains (Figure 4e,f). In contrast, at a
ratio of 1:27, the excessive CdTe NCs in the blend film lead to
serious aggregation of CdTe NCs. The large CdTe-rich domains
(ca. 300 nm) induced the formation of large PNV-rich domains
that greatly exceeded the exciton diffusion length of conjugated
polymers and thus suppressed the formation of the interpene-
trating network (Figure 4h). However, a continuously interpe-
netrating network was clearly distinguished at a ratio of 1:18
(Figure 4g). As a result, the highest FF value of 0.32 was achieved,
which indicated the balanced transport of charge carriers.”®****
Besides, the larger aggregate of CdTe-rich domains would
narrow the band gap of CdTe NCs and thus diminish the offset
between the HOMO energy level of PNV and the CB energy
level of CdTe NCs, which might partially explain the decrease of
V. as the weight ratio of PNV to CdTe NCs changed from 1:4.5
to 1:27 (Table 1).2>*7%7

B CONCLUSIONS

In summary, we have successfully fabricated a HSC from
water-soluble CdTe NCs and PNV. On the basis of the AFM and
TEM studies, we suggested that a continuously interpenetrating
network formed by simply adjusting the ratio of PNV to CdTe
NCs, which led to a maximum PCE of 0.86% at the optimized
ratio. Our results revealed that PNV was a promising s7-con-
jugated polymer, and meanwhile water was an alternative to the
conventional organic solvent in fabricating HSCs. The current
effort will soundly promotes the development of HSCs in a
simple and environmentally friendly way.
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