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Coordinatable and High Charge-Carrier-Mobility Water-
Soluble Conjugated Copolymers for Effective Aqueous-
Processed Polymer–Nanocrystal Hybrid Solar Cells and 
OFET Applications
 A water-soluble conjugated polymer (WCP) poly[(3,4-dibromo-2,5-thienylene 
vinylene)- co -( p -phenylene-vinylene)] (PBTPV), containing thiophene rings 
with high charge-carrier mobility and benzene rings with excellent solubility 
is designed and prepared through Wessling polymerization. The PBTPV 
precursor can be easily processed by employing water or alcohols as the 
solvents, which are clean, environmentally friendly, and non-toxic compared 
with the highly toxic organic solvents such as chloroform and chlorobenzene. 
As a novel photoelectric material, PBTPV presents excellent hole-transport 
properties with a carrier mobility of 5  ×  10  − 4  cm 2  V  − 1  s  − 1  measured in an 
organic fi eld-effect transistor device. By integrating PBTPV with aqueous CdTe 
nanocrystals (NCs) to produce the active layer of water-processed hybrid 
solar cells, the devices exhibit effective power conversion effi ciency up to 
3.3%. Moreover, the PBTPV can form strong coordination interactions with 
the CdTe NCs through the S atoms on the thiophene rings, and effective coor-
dination with other nanoparticles can be reasonably expected. 
  1. Introduction 

 Water-soluble conjugated polymers (WCPs) play an important 
role in many areas of modern technology. They are widely 
used for applications in diagnosis, imaging, and therapy, [  1–5  ]  
especially in organic light-emitting diodes (OLED) and organic 
photo voltaics (OPV), [  6–11  ]  due to their excellent optical, elec-
trical, and water-soluble properties. WCPs are not only low-cost, 
fl exible, and easily processed, but also clean and environmently 
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friendly. With respect to their structure, 
WCPs consist of two parts: one is the con-
jugated framework in the polymer main-
chains, while the other is charged groups 
in the side-chains, which are responsible 
for their hydrophilic nature. [  9  ]  In recent 
years, some work has focused on the 
interfacial modifi cation of OLED [  6–8  ]  and 
OPV [  10  ,  11  ]  devices with a thin layer of 
WCPs to improve electron injection or 
the interfacial dipole moment due to the 
locally ordered distribution of charges 
and the constructed barrier caused by 
the charged groups. However, the active 
layer in the photovoltaic devices often 
consists of two or three materials that are 
in disorder, and these layers should be 
thick enough to absorb enough light to 
generate suffi cient charge-carriers. The 
charges on the side-chains of the WCPs 
would obstruct the charge-carrier trans-
port, however, and therefore reduce the performance of the 
devices, which limits the application of WCPs. [  12  ,  13  ]  Another 
choice is to transfer WCPs from a chloroform to a water phase 
using surfactants, such as sodium dodecylsulphate (SDS), in 
order to avoid the introduction of the charges on the polymer 
chains. [  14  ,  15  ]  This kind of WCPs disperses in water in the form 
of microemulsion droplets, which increases the diffi culty in 
controlling the surface morphology. 

 An effective solution is to remove the charges after forming 
fi lms, as described in the Wessling polymerization. In our pre-
vious work, [  16  ,  17  ]  we synthesized poly( p -phenylene-vinylene) 
(PPV) according to the literature, [  18  ]  as an excellent photoelec-
tric material, which has been applied in OPV devices as elec-
tron donor. However, after decades of investigation, PPV can 
no longer meet researchers’ need in the rapid development of 
the organic electronics. In our previous study, [  19  ,  20  ]  we found 
that the absorption of the PPV is limited, absorbing light 
only from about 520 nm, and so most of the visible light is 
wasted. Moreover, the charge-carrier mobility of PPV is only 
1.1  ×  10  − 4  cm 2  V  − 1  s  − 1 , [  20  ]  and this carrier mobility limits the 
further improvement of the power conversion effi ciency (PCE) 
of the OPV devices. Exploring a new WCP with a wide absorp-
tion range, excellent fi lm-forming properties, ranking stability, 
m 4035wileyonlinelibrary.com
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     Figure  1 .     a) The structures of the PBTPV precursor and conjugated PBTPV as well as its formation process. b) The UV–vis absorption and PL emission 
spectra of the PBTPV. c) AFM (2.5  μ m  ×  2.5  μ m) topography of the PBTPV after annealing at 200  ° C for 60 min under N 2 .  
and high charge-carrier mobility is urgently needed. Herein, 
we report a new WCP synthetic method for poly[(3,4-dibromo-
2,5-thienylene vinylene)- co -( p -phenylene-vinylene)] (PBTPV), 
containing thienylene units on polymer main chains, through 
a Wessling polymerization reaction, which is soluble in water/
alcohols and exhibits excellent fi lm-forming and hole-transport 
properties. The organic fi eld-effect transistor (OFET) applica-
tion proves that the charge-carrier mobility of PBTPV is about 
5  ×  10  − 4  cm 2  V  − 1  s  − 1 , which is comparable to common photo-
electric polymers. Finally, a water-processed hybrid solar cell 
consisting of PBTPV and CdTe nanocrystals shows an excel-
lent photovoltaic response and the power conversion effi ciency 
reaches 2.4% (normal type) and 3.3% (inverted type) under AM 
1.5G illumination (100 mW · cm  − 2 ), which is comparable to that 
of polymer–nanocrystal hybrid solar cells from organic media.  

  2. Results and Discussion 

  2.1. Basic Structure and Optical Property of the PBTPV Films 

 The structure of the PBTPV is described in  Figure    1  a, and 
the detailed synthetic method of PBTPV can be found in the 
experimental section. Its structure is demonstrated by nuclear 
magnetic resonance (NMR) and FT-IR spectroscopies, as 
shown in Supporting Information Figure S1 and S2, respec-
tively. The PBTPV precursor is easily soluble in water or alco-
hols because of the positive charged tetrahydrothiophene, 
and the zeta potential is about 34.8 mV (Supporting Informa-
tion Figure S4). As a consequence, PBTPV can be easily used 
036 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
by simple solution-processable methods such as spin-coating 
or ink-jet printing. After annealing under nitrogen, an elimi-
nation reaction takes places on the PBTPV precursor chains 
and the conjugated structure of PBTPV forms, as described in 
Figure  1 a. Meanwhile, the positively charged tetrahydrothio-
phene units are removed, which assures the effi cient trans-
port of electrons and holes. The thermal gravimetric analysis 
(TGA) results of the PBTPV precursor in Supporting Informa-
tion Figure S5 illustrates that the tetrahydrothiophene units are 
removed beginning at a temperature of 150  ° C, therefore, the 
PBTPV precursor is stable under ambient conditions. In addi-
tion, PBTPV starts to decompose above 600  ° C, and so it can 
work within a very wide temperature range. As a photovoltaic 
material, wide absorbance is desired in order to absorb enough 
light and generate suffi cient excitons. [  14  ,  21  ]  The UV–vis absorp-
tion spectra and fl uorescence spectra of the PBTPV are plotted 
in Figure  1 b, and a wide absorption range from 300 to 700 nm 
is observed, which is red-shifted by about 200 nm relative to the 
WCP of PPV and the photoluminescence emission is located at 
about 600 nm. In addition, the PBTPV presents excellent fi lm-
forming properties. Calculated by the tapping mode of atomic 
force microscopy (AFM), the root-mean-square (RMS) rough-
ness of the PBTPV is only 0.7 nm relying on a simple spin-
coating method, and the whole fi lm is almost the same within a 
square area of 2 cm  ×  2 cm.   

  2.2. OFET Application Based on Aqueous PBTPV Material 

 OFETs are particularly attractive candidates for a broad range 
of low-cost, fl exible electronic applications, including electronic 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4035–4042
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     Figure  2 .     a) The structural scheme of the OFET comprising a PBTPV thin fi lm, 300 nm thick SiO 2  insulator layer modifi ed with PMMA, a heavily doped 
ni-type Si wafer as the gate electrode, and Au as the source and drain electrodes. b) Output characteristic of an OFET in the  p -channel mode (from 
bottom to top, the  V  G  increased from 0 to 50 V); drain current versus  V  DS  is plotted. c) Drain current  I  DS  versus  V  G  characteristics of the OFET in the 
saturation regime at a drain-source voltage  V  DS  of 50 V. d) XRD characterization of the PBTPV before and after annealing under N 2 .  
paper and chemo-/biosensors. [  22  ,  23  ]  Many polymers have been 
employed for OFET applications, [  24–26  ]  but no effective WCPs 
have been found to demonstrate the OFET property. In order to 
measure the charge-carrier mobility of the PBTPV, we prepared 
a simple bottom gate, top contact (BG-TC) fi eld-effect tran-
sistor.  Figure    2  a shows the basic OFET structure: 110 nm thick-
ness poly(methyl methacrylate) was spin-coated on a 300 nm 
thermally oxidized SiO 2  layer as the gate dielectric with heavily 
doped silicon wafers as the back gate electrode. The current  I  DS  
modulated by  V  G  is approximately determined from the fol-
lowing equation: [  27–30  ] 

 IDS = (W)2L )Ciμ(VG − VT)2 (saturation regime)    (1) 

 Where   μ   is the fi eld-effect mobility,  I  DS  is the drain current 
between the drain and source electrodes,  L  and  W  are the 
channel length and width, respectively,  C  i  is the insulator 
capacitance per unit area,  V  G  is the applied gate voltage, and 
 V  T  is the extrapolated threshold voltage. In the saturation 
regime, we use this equation to estimate the charge-carrier 
mobility   μ  . From the slope of the plot of  I  D  0.5  versus  V  G ,   μ   can 
be calculated. From Figure  2 b we see that PBTPV has good 
hole-transport ability, and an obvious saturation current is 
observed at high  V  DS . The relationship between  V  G  and  I  DS  is 
plotted in Figure  2 c. The charge-carrier mobility is calculated 
to be about 5  ×  10  − 4  cm 2  V  − 1  s  − 1 , and the on/off ratio is more 
than 10 3  when  V  G  is 50 V. We attribute the high charge-carrier 
mobility to the high electron density of the thiophene unit, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4035–4042
the conjugated structure, and the improved crystallization 
behavior after annealing. X-ray diffraction (XRD) is employed 
to study the crystallization process of the PBTPV fi lm before 
and after annealing. Figure  2 d shows that the peak located at 
34 °  enhances after annealing, which indicates that the crystal-
lization is improved. In addition, a new peak appears at 23 ° , 
demonstrating a new crystal surface is created due to the for-
mation of a conjugated structure. This novel conjugated struc-
ture introduces intermolecular  π – π  interaction and forms 
a regularly packed structure as well as a novel crystalline 
surface. [  17  ]  

   Figure 3  a,b present the optimized electron delocalization 
MO diagram of the polymer repeating units. Complete delocali-
zation of the electrons can be observed in both of the highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) levels. This repeating unit repre-
sents the polymer chain in which it is possible to transport both 
type of charges (electrons and holes). The results from the the-
oretical calculations with respect to the HOMO level is about 
 − 5.28 eV, which is consistent with the value obtained from 
ultraviolet photoelectron spectroscopy (UPS) measurements 
( − 5.2 eV) shown in Figure  3 c,d. The  − 5.2 eV energy alignment 
favors hole transport and matches well with the photovoltaic 
materials commonly used such as poly(ethylenedioxythioph-
ene):poly(styrenesulfonate) (PEDOT: PSS) and Au. For these 
reasons, we believe that the PBTPV can be applied in solar cell 
applications.   
4037wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Optimized electron delocalization MO diagram of the PBTPV repeating units: a) HOMO energy level and b) LUMO energy level. c,d) UPS 
spectrum of the PBTPV: c), cutoff and d) Fermi-edge regions; the  x -axis shows the binding energy relative to the Fermi level of each material and the 
HOMO energy is calculated to be  − 5.2 eV.  
  2.3. Aqueous-Processed Hybrid Solar Cells Employing PBTPV 
and CdTe Nanocrystals 

 Considering the water-soluble properties as well as the concept 
of green chemistry, [  14  ,  31–35  ]  we prepared aqueous-processed 
hybrid solar cells comprised of PBTPV as the donor and CdTe 
NCs as the acceptor in order to combine both the low-cost 
and fl exible properties of the polymer with the high charge-
carrier mobility of the NCs. [  31  ,  34–44  ]  Relying on the HOMO level 
and the bandgap calculated from the absorption spectra, the 
energy band structure of the PBTPV is easily described, and 
is well-matched with the CdTe NCs. Based on the different 
energy structures of interface-modifi ed materials, we designed 
both normal structure and inverted structure devices, as 
shown in  Figure    4  a,b. The normal structure device uses ITO/
PEDOT:PSS/PBTPV:CdTe NCs/TiO  x  /Al and the inverted struc-
ture is built as ITO/TiO 2 /PBTPV:CdTe NCs/MoO 3 /Au, wherein 
PEDOT:PSS and MoO 3  are used as hole-transport layers, while 
TiO  x   and TiO 2  are employed as electron-transport layers. [  35  ,  45  ,  46  ]  
The charge-carriers are transported in opposite directions. The 
surface morphology of the active layer is studied with AFM, 
and the corresponding height images of the active layer shown 
in Figure  4 c,d indicate the obvious phase separation on the 
nanoscale, as well as that an effi cient interpenetrating network 
is established. While the surface of the inverted device is more 
homogeneous than the normal one, the surface roughness is 
only 3.0 nm lower than the active layer on PEDOT:PSS, which 
38 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
may be attributed to the partial dissolution of PEDOT:PSS 
by the aqueous active layer resulting in some bad points or 
cracks. We observe the growth of the CdTe NCs from about 2 
to about 14 nm after annealing under N 2  (Supporting Informa-
tion Figure S6). These annealed NCs connect with each other 
and promote the formation of an interpenetrating network as 
well as electron-transport paths. [  34  ]  Meanwhile, the non-con-
ductive ligands on the CdTe NC surfaces are removed during 
the annealing process. 2-Mercaptoethylamine, the surface 
ligands on the NCs, contained a characteristic N element, and 
we detected the obvious decrease of the surface ligands con-
tent as the N1s peak disappeared after annealing. Calculated 
from the XPS data in  Figure    5  a, the surface ligand content 
decreases to only 9.7% of the original after annealing. There-
fore, the conductivity of the NCs might be improved, ben-
efi ting from both the effective interpenetrating network and 
reduced content of surface ligands. In order to characterize 
the electron mobility of the NCs, electron-only carrier mobility 
was measured according to a similar method with a diode con-
fi guration of ITO/Al/PBTPV:CdTe NCs/LiF/Al using the space-
charge-limited-current (SCLC) model at low voltage [  20  ]  which is 
described by:

  J = 9ε0εrμV 2/ 8L 3
    (2) 

 Where   ε   0  is the permittivity of free space (8.85  ×  10  − 12  F m  − 1 ), 
  ε   r  is the dielectric constant of the CdTe NCs (assumed to 3),   μ   
is the mobility of an electron,  V  is the applied voltage, and  L  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4035–4042
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     Figure  4 .     Different device structures result in different charge-carrier transport directions: in the normal structure device (a) PEDOT:PSS is used to 
collect holes and TiO  x   is employed to transport electrons; in the inverted structure device (b) MoO 3  exists as the hole transport layer while TiO 2  is the 
electron transport layer. c,d) The corresponding AFM (5  μ m  ×  5  μ m) topography images; the RMS roughness of the normal structure device (4.6 nm) 
is larger than the inverted one (3.0 nm), which may be caused by dissolution of the PEDOT:PSS by the aqueous active layer to some extent.  
is the fi lm thickness. By fi tting the results to a space-charge-
limited form,  J  0.5  versus  V  appl  is plotted in the Figure  5 b. The 
thickness of the blend fi lm was about 100 nm, which was 
determined by the Ambios Tech. XP-2 profi lometer. The elec-
tron mobility of the CdTe NCs is about 2.03  ×  10  − 4  cm 2  V  − 1  s  − 1 , 
which is similar to the hole mobility of the PBTPV. Effective 
charge-carrier transport is based on balanced electron/hole 
mobility, which indicates a possible photovoltaic response. The 
energy structures of the devices are presented in  Figure    6  a,b. 
© 2013 WILEY-VCH Verlag G

     Figure  5 .     a) XPS spectra of Cd3d and N1s in the CdTe NCs fi lms before a
making use of the PBTPV:CdTe NC hybrid fi lm. The electron mobility of the

Adv. Funct. Mater. 2013, 23, 4035–4042
We selected a proper interfacial modifi cation layer to intro-
duce either electrons or holes and to promote exciton separa-
tion. In the normal devices, amorphous TiO  x   is employed as 
the electron extraction layer, meanwhile the network structure 
effectively protects the active layer from exposure to water and 
oxygen. TiO 2  in the inverted structure was processed at 350  ° C 
to form the anatase phase. The crystallization of TiO 2  increases 
the conductivity and electron transport ability, and the energy 
structure of crystalline TiO 2  is well-matched with the CdTe NCs 
4039wileyonlinelibrary.commbH & Co. KGaA, Weinheim

nd after annealing. b) Results for the electron-only carrier mobility device 
 CdTe NCs reaches 2.03  ×  10  − 4  cm 2  V  − 1  s  − 1 .  
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     Figure  6 .     Energy structure schemes of the a) normal and b) inverted structure devices. The staggered energy level arrangements ensure effective 
charge-carrier transport. c) The corresponding device performance of the normal and inverted structure devices, respectively. d) EQE measurement 
of the normal device.  

   Table  1.     Current – voltage characteristics of the photovoltaic devices 
with different device types. 

Device type a)   J  sc  
[mA cm  − 2 ]

 V  oc  
[V]

FF 
[%]

PCE 
[%]

Normal 14.4 0.44 38.3 2.43

Inverted 13.3 0.58 43.2 3.33

    a) The device types (including normal and inverted devices) are each modifi ed with 
the corresponding interfacial layer.   

     Figure  7 .     FT-IR spectrum of the CdTe NCs, PBTPV, and PBTPV:CdTe NC 
hybrid fi lms after annealing. The shift of the stretching vibration peak of 
the PBTPV after hybridization with CdTe NCs is attributed to the strong 
coordination between PBTPV and CdTe NCs.  
for the prevention of holes and transport of electrons. The cor-
responding photovoltaic performance is shown in Figure  6 c, 
and the normal type device gives a  J  sc  of 14.4 mA cm  − 2 ,  V  oc  
of 0.44 V, FF of 38.3%, and PCE of 2.43%, while the inverted 
type device presents a  J  sc  of 13.3 mA cm  − 2 ,  V  oc  of 0.58 V, FF of 
43.2%, and PCE of 3.33% (summarized in  Table    1  ). The  V  oc  of 
the inverted device is higher than those of the normal devices, 
because the leakage current may be more serious in the normal 
devices, which results in a low  V  oc  as well as a low FF, even 
though the PEDOT:PSS has been already baked at a high tem-
perature. The photovoltaic response benefi ts from the interpen-
etrating network structure of the two phases that results from 
the CdTe NCs grows during the annealing process. The external 
quantum effi ciency (EQE) of the device is plotted in the Figure 
 6 d, the device is sensitive to a wide spectrum response ranging 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
from 300 to 900 nm, because larger NCs have an absorption 
red-shift compared to that of smaller NCs.   

 The S atoms on the thiophene rings of PBTPV can provide 
effective coordination to the CdTe NCs, and we observe a shift 
in the peaks of the FT-IR spectrum ( Figure    7  ) for the PBTPV 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4035–4042
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resulting from the C–S bond stretching vibration due to its 
hybridization with the CdTe NCs. The peaks located at 956 and 
830 cm  − 1  shift to 1064 and 943 cm  − 1 , respectively, due to the 
strong coordination interactions. Meanwhile, most IR peaks of 
the CdTe NCs disappear, which may be a result from the coor-
dination bond, which reconstruct the surface properties of the 
CdTe NCs making the interaction between the small molecules 
and CdTe NCs weaker. We believe that the excellent photovol-
taic response is partly due to the strong coordination interac-
tions that led to the charge transfer from PBTPV to the CdTe 
NCs. The optimized theoretical calculations for the electron 
delocalization in the LUMO diagrammed in Figure  3 b indi-
cates that the S atoms are rich in electron density in the LUMO 
energy level, so the excited electrons will be transferred most 
effectively from PBTPV to CdTe NCs through the S atoms. Due 
to the strong coordination interaction with the S atoms, many 
nanoparticles are prepared from the small molecular ligands 
containing –SH. Therefore, PBTPV is also expected to form 
strong interaction with many other nanoparticles.    

  3. Conclusions 

 A new type WCP of PBTPV is synthesized for the fi rst time 
making use of molecular design. The excellent fi lm-forming 
properties, stability, and photoelectric response guarantee suita-
bility for OFET and aqueous-processable hybrid solar cell appli-
cations. The carrier mobility of the aqueous PBTPV is about 5  ×  
10  − 4  cm 2  V  − 1  s  − 1  and the PCE of the aqueous-processed PBTPV/
CdTe NCs hybrid photovoltaic device reaches 3.3%, which is 
within the same level as that of the oil-processed hybrid photo-
voltaic devices. The excellent photovoltaic response is based 
on the coordination interaction between PBTPV and the CdTe 
NCs, which results in effective charge transfer from PBTPV to 
the CdTe NCs. High performance devices or other applications 
using PBTPV can reasonably be expected.  

  4. Experimental Section 
  Materials : Tellurium powder (200 mesh, 99.8%),  R , R  0 -dichloro- p -

xylene (98%), and tetrahydrothiophene (99%) were all purchased from 
Aldrich Chemical Corp. 2-Mercaptoethylamine (MA, 98%) was obtained 
from Acros. PEDOT:PSS (Clevios PVP. Al 4083) was provided by 
H. C. Starck Inc. Sodium borohydride (NaBH 4 , 99%) and CdCl 2  (99 + %) 
was commercially procured. All of the solvents were analytical grade and 
used as received. 

  Preparation of PBTPV Precursor : The synthetic method for PBTPV is 
based on two similar reactions: chloromethylation [  47  ]  and Wessling 
polymerization. [  16–18  ]  The synthesis is described as follows: a stream 
of dry hydrogen chloride was added to a stirred solution of 1.25 g 
paraformaldehyde, 0.5 g ZnCl 2 , and 2.5 mL of concentrated HCl, 
allowing the temperature to rise to 50–60  ° C, until the solution was 
saturated. At this point 3 mL of 3,4-dibromothiophene was added 
dropwise with stirring. After the mixture had been stirred for 6 h, the oily 
lower layer was siphoned off and washed with cold water several times. 
The oil was fi ltered to remove some paraformaldehyde, and then 30 mL 
methanol was added, followed by the 2.6 mL tetrahydrothiophene. This 
solution was kept at 50  ° C for 24 h to convert the 2,5-dichloro-methyl-
3,4-dibromo-thiophene to the sulfonium salt monomer (M 1 ). The 
 p -xylylenebis (tetrahydrothiophenium chloride) (M 2 ) was prepared using 
the reaction between  p -xylylene dichloride and tetrahydrothiophene at 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4035–4042
50  ° C for 24 h in a 1:2 molar ratio. PBTPV was polymerized by adding 
10 mL 0.4  M  NaOH to 10 mL of a mixture of 1.24 g M 1  and 0.56 g M 2  
in methanol. This solution was cooled to 0–5  ° C in an ice bath under 
nitrogen. The reaction proceeded for 1 h and then was terminated by 
addition of 0.4  M  HCl aqueous solution to neutralize the solution. The 
aqueous solution of the PBTPV precursor was dialyzed against deionized 
water for one week. 

  Preparation of MA-Capped CdTe NCs : Typically, aqueous precursors 
of CdTe NCs were obtained by injecting a freshly prepared solution of 
NaHTe into 12.5 m M  N 2 -saturated CdCl 2  solutions in the presence of 
MA at a pH range of 5.5–6.0. The molar ratio of Cd 2 +  /MA/HTe  −   was set 
as 1:2.4:0.2. The resultant precursor solutions were refl uxed at 100  ° C 
to maintain the growth of NCs; their sizes increased with the refl ux 
duration. After preparation, the NC solution was centrifuged at a speed 
of 8000 rpm with the addition of isopropanol to remove superfl uous 
salts and MA. Then the precipitated NCs were redissolved in deionized 
water at a concentration of about 70 mg mL  − 1 . 

  OFET Preparation : OFETs were fabricated in a top-contact 
confi guration on heavily doped n-type Si wafers covered with 300 nm 
thick thermally grown SiO 2 . The Si/SiO 2  substrates were carefully 
cleaned and handled with UV–O 3  radiation for at least 20 min. 110 nm 
PMMA was spin-coated on the substrates followed by the aqueous 
polymer using a 5.0 mg mL  − 1  water solution at 1000 rpm for 120 s, 
and was subsequently dried at 200  ° C for 1 h in a glove box. Au drain 
and source electrodes (thickness 60 nm) were deposited in vacuum 
through a shadow mask. The channel length ( L ) and width ( W ) were 
50  μ m and 1000  μ m, respectively. OFET characteristics were measured 
inside a glove box by using a semiconductor device analyzer, Agilent 
Technologies B1500A. 

  Preparation of the Aqueous-Processed Hybrid Devices : i) For the 
normal structure device, ITO-coated glass substrates were fi rst treated 
with ultrasonic consequently in chloroform, acetone, and isopropanol. 
Next, the substrates were rinsed with deionized water before drying in 
an N 2  fl ow, followed by oxygen plasma treatment for 5 min; then spin-
coating of the PEDOT:PSS layer (45 nm) at 3000 rpm for 60 s, and 
annealing at 250  ° C for 30 min under N 2  in order to avoid dissolution 
by the active layer. The photoactive layer was formed by spin-coating (at 
600 rpm) with an aqueous solution containing the PBTPV precursor and 
CdTe NCs with a weight ratio of 1:28. The blend fi lm (about 100 nm) 
was annealed at 300  ° C for 60 min in the glove box, and a thin layer 
(about 10 nm) of TiO  x   was spin-coated on the active layer and heated 
for only 10 min, followed by evaporation of Al electrode with a 5 mm 2  
mask. ii) For the inverted structure device, after the plasma treatment 
for 5 min, ITO-coated glasses were spin-coated with TiO 2  and heated 
at 350  ° C for 15 min. After spin-coating the active layer at 700 rpm, the 
blend fi lm (about 75 nm) was annealed at 300  ° C for 60 min in the glove 
box, followed by evaporation of MoO 3  (5 nm) and Au electrode (60 nm) 
with a 5 mm 2  mask. 

  Characterization : UV–vis spectra were acquired on a Shimadzu 3600 
UV–vis–NIR spectrophotometer. Fluorescence spectra were acquired 
on a Shimadzu RF-5301 PC spectrofl uorimeter and the excitation 
wavelength was 365 nm. AFM images were recorded in tapping 
mode with a Digital Instruments NanoScope IIIa under ambient 
conditions. XRD investigations were carried out by using Siemens 
D5005 diffractometer. TEM images were recorded on a JEOL-2010 
electron microscope operating at 200 kV. The fi lm thicknesses were 
measured on an Ambios Tech. XP-2 profi lometer. EQE was measured 
under illumination of monochromatic light from the xenon lamp 
using a monochromator (Jobin Yvon, TRIAX 320) and detected by a 
computer-controlled Stanford SR830 lock-in amplifi er with a Stanford 
SR540 chopper. The energy band values were measured in an integrated 
ultrahigh vacuum system equipped with multitechnique surface analysis 
system (VG ESCALAB MK II spectrometer) UPS. UPS was measured 
with the He (I) (21.2 eV) line using a negative bias voltage applied 
to the samples in order to shift the spectra from the spectrometer 
threshold. XPS was investigated by using ESCALAB 250 spectrometer 
with a mono X-ray source Al Ka excitation (1486.6 eV). The  1 H NMR 
spectra were recorded using a Bruker AVANCEIII500 spectrometer at 
4041wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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500 MHz. Matrix-assisted laser desorption/ionization refl ect time-of-
fl ight (MALDI-TOF) MS was recorded on Bruker autofl ex speed TOF 
with DCTB as the matrix. Zeta potential measurements were performed 
using a Zetasizer Nano-ZS (Malvern Instruments) and the result was 
measured for more than 5 times and the average value is given. The 
current density–voltage ( J – V ) characterizations of PV devices under 
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temperature.  
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