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ABSTRACT: Aqueous-processed solar cells have evolved into a new generation of
promising and renewable energy materials due to their excellent optical, electrical, and
low-cost properties. In this work, Cd,,sHg,,sTe colloid quantum dots (CQDs) were
incorporated into a water-soluble conjugated polymer with broad absorption and high
charge-carrier-mobility (5 X 107 cm®* V™' s7') to obtain a composite with an
absorption spectrum ranging from 300 to 1200 nm. The matched energy level between
polymer and CQDs ensured the effective electron transfer, while the interpenetrating
network structure formed via heat treatment guaranteed the quick electron transport.
Moreover, the formation process of the interpenetrating network was systematically
monitored by using AFM and TEM instruments and further confirmed through the
measurement of charge-carrier-mobility of the active layers. In combination with the
surface modification of a single Cd,,sHg,,sTe layer, this aqueous-processed solar cell
showed excellent photovoltaic response and the power conversion efficiency (PCE)
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reached 2.7% under AM 1.5 G illumination (100 mW cm™2). Especially, the contribution of the Herschel infrared region (780—
1100 nm) to the photocurrent was as high as 15.04%. This device showed the highest PCE among organic-inorganic hybrid solar
cells (HSCs) based on Cd,Hg;_.Te CQDs and the highest near infrared (NIR) contribution among aqueous-processed HSCs,
indicating the enormous potential of taking advantage of NIR energy in a solar spectrum and a promising application in solar

cells especially used in cloudy weather.

KEYWORDS: aqueous-processed, hybrid solar cells, colloidal quantum dots, near infrared

1. INTRODUCTION

Recently, people have turned a great deal of attention to the
renewable energy source, especially to the solar cells because of
more and more severe ecological and environmental issues.'
Different photovoltaic devices have been fabricated to obtain
solar cells with high performance by employing different
materials. One basic principle is to enlarge the absorption of
devices to the solar energy. Therefore, people are designing
tandem solar cells with different absorption materials or low
band-gap materials to match the solar spectrum.®™"® In
addition, the desired solar cells should adapt to different
weather conditions due to inhomogeneous territory on the
Earth and practical industrial applications in the near future.
For example, many regions face a perennial cloudy weather, and
the design of solar cells possessing near infrared (NIR)
absorption is highly appraisable because NIR ray can penetrate
the dense cloud layers. What is more, half of the sun’s power
reaching the surface of the Earth belongs to the infrared."*
Consequently, it is significant to develop a high efficient, low-
cost, and low toxic approach to fabricate solar cells with high
NIR contribution.

Being an important member of the solar cells, organic-
inorganic hybrid solar cells (HSCs) based on conjugated
polymer/colloidal quantum dots (CQDs) have evolved into a
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new generation of promising and renewable energy material.
This kind of solar cell has the advantages of low cost of the
polymer materials and high charge mobility of inorganic
semiconductor CQDs."*~** Recently, Ma and co-workers have
gotten an infusive achievement that they fabricated a sort of
photovoltaic device consisting of conjugated polymer and
PbS,Se,_, CQDs with the highest power conversion efficiency
(PCE) of 5.50% among the HSCs through the oil phase
method.*® Considering the green chemistry concept,”” >° the
aqueous-processed HSCs possess the advantages of environ-
mentally-friendly, low cost, and low toxicity. In our previous
work, we firstly fabricated aqueous-processed HSCs employing
poly(p-phenylene-vinylene) (PPV) and CdTe CQDs with a
PCE of 2.14%,' which was comparable to the HSCs processed
from an oily phase approach. However, this aqueous-processed
solar cell has an inferior absorption beyond visible light due to
the limited absorption by CQDs, that is to say, cloudy weather
would immensely decrease their performance. Alternatively,
Cd Hg, ,Te is one of the most important mercury compounds
due to the wide range of tunable optical and electrical

Received: March 11, 2014
Accepted: May 8, 2014
Published: May 8, 2014

dx.doi.org/10.1021/am501408v | ACS Appl. Mater. Interfaces 2014, 6, 8606—8612


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

propertles, obtained through compositional tuning (x) of this
material.>* Considering that Cd,Hg;_,Te CQDs have broad
absorption in the NIR region, the HSCs consisting of PPV and
Cdo 75Hg0 ,sTe CQDs were developed, but the PCE was only

1.5%,® which was determined by the narrow absorption region
(300—550 nm) and low charge-carrier-mobility (1.1 X 107*
ecm® V7' s7!) of PPV. Moreover, only one extremely thin
Cdy;sHgy,sTe layer determined its limited absorption within
NIR region. Therefore, it is still a challenge to prepare high
performance HSCs with high NIR absorption by using an
aqueous-processed approach.

Herein, we introduced water-soluble conjugated polymer
poly[(3,4-dibromo-2,5-thienylene-vinylene)-co-(p-phenylene-
vinylene)] (PBTPV) with broad absorption (300 700 nm)
and high charge-carrier-mobility (5 X 107 cm?® V™! s71)** into
the HSCs. Combined with the interfacial modlﬁcatlon by
Cdy,sHgo,sTe CQDs, the obtained solar cells of
PBTPV:Cd,,sHgy,sTe showed a satisfactory photovoltaic
response with a PCE of 2.7% under AM 1.5G illumination
(100 mW cm™?), 80% higher than that of the
PPV:Cd,,sHgy,sTe solar cells. Especially, the solar cells
presented at least 15.04% NIR contribution, which was 32%
higher than that of the PPV:Cd,,sHg,,sTe solar cells. To our
knowledge, this PCE is the highest value for the NIR HSCs
fabricated via an aqueous-processed approach.

2. EXPERIMENTAL SECTION

1. Materials. Tellurium powder (200 mesh, 99.8%), RRO-
dichloro-p-xylene (98%), tetrahydrothiophene (99%), and 3-mercap-
topropionic acid (MPA) were all purchased from Aldrich Chemical
Crop. Paraformaldehyde (96+%) and 2-mercaptoethylaminehydro-
chloride (2-MA, 98%) was obtained from Acros. 3,4-Dibromothio-
phene was purchased from Aladdin. ZnCl, (98+%), CdCl, (99+%),
HgCl, (99+%), and tetrabutyltitanate and sodium borohydride
(NaBH,, 99%) were commercially available. All of the solvents were
analytical grade and used as received.

2.2. Preparation of Aqueous Cd,;sHg,,sTe CQDs. The
Cdy,sHgp,sTe CQDs were prepared according to the following
method. Freshly prepared NaHTe solution was added into a N,-
saturated aqueous solution of CdCl, and HgCl, at pH 9 in the
presence of MPA as a stabilizing agent. The ratio of metal
ions:MPA:HTe was 1:2.9:0.5, and the concentration of metal ion
was 3.75 X 107> M. The ratio of Cd** to Hg** was 3. The solution was
then placed in an oven at 40 °C for 30 min and finally preserved in a
dark place.

2.3. Preparation of PBTPV Precursor and PBTPV. Chlor-
omethylation and Wessling polymerization dominated the primary
synthesis of PBTPV as shown in Scheme 1. The details of the synthetic
method were described as follows: a stream of dry hydrogen chloride
was added into a stirred solution consisting of 0.5 g of ZnCl,, 1.25 g of
paraformaldehyde, and 2.5 mL of concentrated HCI acid, allowing the
temperature to rise to 50—60 °C. Until the solution was saturated with
HC], 3 mL of 3,4-dibromothiophene was added dropwise with stirring,
and the mixture was stirred for 6 h. Then, the oily lower layer of the
mixture was siphoned off and washed with cold water for several times.
The oil was filtered to remove the residual paraformaldehyde, and then
30 mL of methanol was added, followed by 2.6 mL of
tetrahydrothiophene. This solution was kept at 50 °C for 24 h to
convert the 2,5-dichloromethyl-3,4-dibromothiophene to the sulfo-
nium salt monomer (M;). The p-xylylenebis(tetrahydrothiophenium
chloride) (M,) was prepared using the reaction between p-xylylene
dichloride and tetrahydrothiophene at 50 °C for 24 h in a 1:2 molar
ratio. Then, 10 mL of 0.4 M NaOH was added into a highly cold
mixed solution composed of 1.24 g M,;, 0.56 g M,, and 10 mL of
methanol with moderate stirring. The reaction proceeded for 1 h and
was terminated by addition of 0.4 M HCI aqueous solution to
neutralize the surplus alkali. The whole process was carried out at 0—
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Scheme 1. Preparation Process of the Water-Soluble

Conjugated Polymer PBTPV
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5°C under nitrogen. Finally, the mixture was collected, and the impure
aqueous solution of the PBTPV precursor was dialyzed against
deionized water for 1 week to remove some small molecules. The
PBTPV precursor can be heat transferred into PBTPV at 300 °C for 1
h under the protection of N,.

2.4. Preparation of TiO, Precursor. In a typical synthesis, 4 mL
of tetrabutyltitanate was dissolved in 2 mL of isopropyl alcohol in a
conical flask for S min. 210 uL of water and 17 uL of concentrated
HCI were mixed with 4 mL of isopropyl alcohol for 5 min. Then, this
solution was dropped into the conical flask over about 10 min, and the
mixture was stirred for 12 h at room temperature. Before use, the
resultant TiO, precursor was diluted with isopropyl alcohol.

2.5. Device Fabrication. ITO-coated glasses first underwent
ultrasonic treatment in chloroform, acetone, isopropyl, and then were
rinsed by deionized water before drying in N, flow, followed by the
oxygen plasma treatment for 5 min. Then spin-coating of the TiO,
layer (about 30 nm) at 2000 r per min (rpm) for 10 s, followed by
annealing at 350 °C for 15 min under N, to convert the TiO,
precursor into anatase-phase TiO,. Before spin-coating of the
Cdy,sHg,sTe CQDs or the blending of the donor and acceptor,
the Cd,;sHgy,sTe CQDs underwent ligand exchange with a
concentration of 2 g mL™' 2-MA water solution, and the precipitate
was obtained by centrifugation at 8000 rpm for 2 min. The
precipitated Cdy;sHgg,sTe CQDs were redissolved in 2-MA water
solution and further centrifugated by addition of isopropyl alcohol to
remove the superfluous salts and ligands, and this process was repeated
two times. The precipitated CQDs were redissolved in deionized water
with a concentration of 84 mg mL™". The Cd,;sHg,,sTe layer (about
40 nm) was prepared by a spin-coating process with a revolving speed
of 800 rpm followed by a 10 min of annealing at 300 °C. Next, the
photoactive layer (about 80 nm) was formed by spin-coating (at 800
rpm), with an aqueous solution containing 1.67 mg mL™' PBTPV
precursor and 56 mg mL™" Cd,;sHgy,sTe CQDs. The blend film was
annealed at 300 °C in a glove box for 1 h. Finally, a 4 nm thick MoO;
layer and Au electrodes with 80 nm thickness were evaporated on the
photoactive layer sequentially with a 4.5 mm* mask.

2.6. Characterization. UV-vis spectra were acquired on a
Shimadzu 3600 UV-vis-NIR spectrophotometer. Fluorescence spectra
were acquired on a Shimadzu RF-5301 PC spectrofluorimeter, and the
excitation wavelength was 365 nm. Atomic force microscopy (AFM)
images were recorded in tapping mode with a Digital Instruments
NanoScopellla under ambient conditions. Transmission electron
microscopy (TEM) images were recorded on a JEOL-2010 electron
microscope operating at 200 kV. The film thicknesses were measured
on an Ambios Tech. XP-2 profilometer. The current density-voltage
(J-V) characterization of PV devices under white-light illumination
from an SCIENCETECH 500-W solar simulator (AM 1.5G, 100 mW
cm™) was carried out on computer-controlled Keithley 2400 Source
Meter measurement system in a glove box filled with nitrogen

dx.doi.org/10.1021/am501408v | ACS Appl. Mater. Interfaces 2014, 6, 8606—8612



ACS Applied Materials & Interfaces

Research Article

atmosphere (<1 ppm of H,0 and <1 ppm of O,). EQE was measured
under illumination of monochromatic light from the xenon lamp using
a monochromator (JobinYvon, TRIAX 320) and detected by a
computer-controlled Stanford SR830 lock-in amplifier with a Stanford
SR540 chopper. All the other measurements were performed under
ambient atmosphere at room temperature.

3. RESULTS AND DISCUSSION

3.1. Photophysical Properties of Cd;,sHgy,sTe
CQDs:PBTPV Layer. The absorption spectra of the films
with different CQDs content are shown in Figure la. From the
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Figure 1. (a) The absorption spectra with different Cd,,sHgy,sTe
CQDs content. Insert is absorption spectrum of PBTPV. (b) The PL
emission quenching process with different Cd,y,sHgp,sTe CQDs
proportions with an excitation wavelength of 365 nm.

inset of Figure 1a, it is observed that the PBTPV film presents a
broad absorption from 300 to 700 nm. In addition, the
absorption of pure Cd,;sHgy,sTe CQDs is from 300 to 1200
nm (the red line in Figure la). Therefore, introducing
Cdy-sHgg,sTe CQDs into PBTPV will further broaden the
absorption spectrum of polymer from 700 to 1200 nm. In order
to clearly show the contribution of Cd;sHgy,sTe CQDs to the
absorption, Figure S1 shows the magnification of the
absorption spectra of pure polymer PBTPV and the blend
films in the range of 700—1200 nm. It is observed that there
exists gradual enhancement of absorption for the blend film
with increasing the content of Cd,;sHgg,sTe CQDs from 30%
to 60%. Especially, an abrupt increase in the absorption
spectrum is shown when the Cd,,sHgy,sTe CQDs content
increases to 97%. However, the polymer does not show any
absorption in the range of 770—1200 nm. Therefore, the
absorption spectrum of the blend film in the range of 770—
1200 nm is only contributed by Cd,,sHgy,sTe CQDs. It is
clearly observed that the absorption spectra of the blend film in
Figure la show the peak characteristics of both PBTPV and
Cd,;sHgp,sTe CQDs from UV to 1200 nm. In addition, Figure
S2 gives the change of extinction coefficients with the
wavelength. It is observed the extinction coefficients of
PBTPV, Cd,;sHgy,sTe CQDs, and their blend film are all in
the order of 10* at given range of wavelength, implying their
good absorption capability. These results indicate that the
PBTPV:Cd,,;sHgy,sTe HSC will have a broad response to
sunlight, which is favorable to its improvement of PCE. Figure
1b presents the photoluminescence (PL) spectra of PBTPV
and blend films which were excited at 365 nm. The PL
emission at 586 and 550 nm is attributed to strong 7—7n
interacting chains and the weak interactions without 77—z
scaffold of PBTPV film, respectively. The PL spectra of PBTPV
are gradually quenched with increasing the content CQDs,
indicating that electron transfer from polymer to CQD might
have occurred.
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Figure 2a shows the energy structure of the
PBTPV:Cd,,sHgy,sTe HSC device. Relative to the vacuum
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Figure 2. (a) The energy structure of the PBTPV:Cd,;sHgy,sTe
HSC. (b) The device structure of the PBTPV:Cd,,sHg,,sTe HSC.

level, the highest occupied molecular orbital (HOMO) level of
PBTPV is —52 eV, and the lowest unoccupied molecular
orbital (LUMO) level is —1.84 eV. The conduction band of
Cd,,sHgy,sTe CQDs is —4.0 eV, and the valence band is —5.3
eV>**° This energy band structure guarantees that the electrons
can transfer from PBTPV to Cd,;sHg;,sTe CQDs. Therefore,
it is easy to understand that the PL quenching of PBTPV
results from the electron transfer from polymer to CQDs. The
results indicate that the effective charge separate can occur in
the device, which is an essential condition for high performance
solar cells. Figure 2b shows the device structure where the
single Cdy-sHg,sTe CQDs modification layer was added to
enhance the light absorption simultaneously as a hole block
layer and electron transport layer.

3.2. Formation of the Interpenetrating Network. For
an eligible photovoltaic device, an ideal electron transport path
is another important factor to affect its performance. Therefore,
a heat treatment process was carried out in order to form the
interpenetrating network structure, which is favorable for the
electron transport. Note that the PBTPV has an excellent
thermal stability with the decomposition temperature of 550 °C
(Figure S3), which guarantees its donor role under high
temperature (300 °C). The absorption spectra of pure
Cdy;sHgpasTe CQDs annealed under different temperatures
present absorption from 300 to 1200 nm and show little change
(Figure S4). The formation process of interpenetrating network
is presented in Scheme 2. In the active layer, the Cd,sHgy,sTe

Scheme 2. Photoactive Layer before and after Annealing and
the Formation of the Interpenetrating Network Structure
during Annealing
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CQD:s disperse in the polymer, and no interlinking exists until
the occurrence of the annealing procedure. During the
annealing, the content of surface ligands decreases, and the
size of Cdy;sHggosTe CQDs becomes bigger. Under the
limitation of the polymer chains, the Cd;;sHg,sTe CQDs
germinate and grow up with inhomogeneous size, which results
in multiple hybrid heterojunctions (HH]Js) at last. As a result,
the interlinking of CQDs comes into being which provides an
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unobstructed route for the charges carrier transportation. When
the excitons are generated in the course of light absorption by
PBTPV, they diffuse to HHJs where the consequent
dissociation takes place. Consequently, the electrons transfer
from PBTPV to Cd,;sHgy,sTe CQDs and then transport in
the interpenetrating network.

Tapping mode of AFM is used to characterize the
nanoscopic morphology of the blend film which directly
monitors the formation process of the interpenetrating
network. From Figure 3a/d, the blend film under 200 °C

100.0 nm
0.0 nm

180°

0°

Figure 3. AFM (5 mm X S mm) topography (a—c) and the
corresponding phase images (d—f) of the PBTPV:Cd,,sHgy,sTe
active layer with various annealing temperature: (a and d) 200 °C, (b
and e) 250 °C, (c and f) 300 °C. The active layer suffered from
annealing for 60 min under N,.

annealing shows a relative rough surface with a root-mean-
square (RMS) roughness of 5.4 nm. However, it still looks
smooth because of the small size of the Cd,;sHgy,sTe CQDs.
Therefore, the CQDs are separately distributed in the blend
film. With increasing the annealing temperature to 250 °C, the
blend film apparently presents a two phase structure and the
RMS roughness gets to 6.9 nm as shown in Figure 3b/e.
Though a large aggregation region of the Cd,;sHg,sTe CQDs
appears, the blend film just establishes an unsound inter-
penetrating network structure. Accompanied with an apparent
phase separation, the mature interpenetrating network forms
when the annealing temperature increases to 300 °C.
Moreover, the RMS roughness of the blend film decreases to
5.2 nm although larger CQDs formed as presented in Figure
3c/f. Such a structure will ensure the charge separation and
smooth transport at the heterojunction.

TEM of the PBTPV:Cd,,;sHg,,sTe active layer further
confirms the formation of the interpenetrating network. From
Figure 4a-b, it is observed that the size of the Cd,,sHg,,sTe/
CQDs composite is inhomogeneous with the average values of
10—20 nm under 200 and 250 °C heat treatment. When the
temperature is increased to 300 °C, as shown in Figure 4c, an
ideal Cd,;sHgy,sTe CQDs size of about 40 nm is obtained,
which is of benefit to form an excellent interpenetrating
network structure. Therefore, the domain size change is due to
the growth of Cdy,;sHgy,sTe CQDs from 3—5 nm before
annealing to 10—40 nm after annealing at different temper-
atures until the formation of the interpenetrating network.
Another important role of heat treatment is to remove the
ligands on the surface of CQDs. As known, the existence of the
ligands will severely hinder the transport of electrons, and,
therefore, it is necessary to get rid of them as much as possible.
Considering that 2-MA, the surface ligands on the CQDs,
contains a characteristic N element, XPS analysis for the Cd 3d
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Figure 4. (a—c) TEM images of the PBTPV:Cd,,sHg,,sTe blend
films at different annealing temperature (200, 250, and 300 °C). (d)

XPS spectra of Cd 3d and N 1s in the blend film before and after
annealing at 300 °C.

and N 1Is is used to calculate the ligand content on the CQDs’
surface after annealing as presented in Figure 4d. The obvious
decrease of the surface ligands is detected, and the content
reduces by 79.1% after annealing at 300 °C for 1 h. Therefore,
most of the nonconductive ligands on the CQDs surfaces are
removed during the annealing process. As a result, the annealed
CQDs connect with each other, which is favorable for the
electron transport. Moreover, it has been systematically
investigated in our previous studies that the toxicity of
Cd,Hg,_,Te CQDs mainly comes from the released Cd**
and Hg?**® In this system, however, the aqueous-processed
HSC:s will not dissolve in water any more after annealing, which
might avoid Cd** and Hg*" entering into surroundings by
rainwash.

The formation of the interpenetrating network is also
confirmed by the measurement of carrier mobility at different
temperatures. Electron-only carrier mobility was measured
according to a similar method with a diode configuration of
ITO/TiO,/PBTPV:Cd,,sHg,,sTe/Al using the space-charge-
limited-current (SCLC) at low voltage which is calculated
according to the Mott—Gurney equation

= 9¢,euV*/8L°
0r

where ¢, is the permittivity of free space (8.85 X 10"* F m™),
g, is the dielectric constant of Cd,;sHg,,sTe CQDs, y is the
electron mobility, V is the applied voltage, and L is the film
thickness. By fitting the results to a space-charge-limited form,
J*S versus Vppl is plotted in Figure S. The thickness of the
blend film is about 80 nm detected by the Ambios Tech. XP-2
profilometer. The electron mobility of the Cd,,sHgy,sTe
CQDs under different annealing temperature is calculated to be
1.4 X 1075 em® V™' s7 (200 °C), 8.3 X 107> cm? V™' s7* (250
°C), and 2.7 X 107* cm? V™' 57! (300 °C), respectively. It is
observed that the electron mobility observably improves with
increasing the annealing temperature, which means the
formation of effective paths for the electron transport, namely,
the increase of the annealing temperature results in the
formation and perfection of the interpenetrating network.
Moreover, the electron mobility of the Cd,,sHg,,sTe CQDs
reaches 2.7 X 107 cm? V™! s7! under 300 °C, which is similar
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ACS Applied Materials & Interfaces

Research Article

linear fit of 200 °C
- A linear fit of 250 °C
£ linear fit of 300 °C
O 2 °
w* 21—0o—200°
°< —o—250°c
—
o 11
o
.
0 4
T T T T T
appl

Figure 5. J°° vs V,ppl Plots for the blend film under different annealing
temperatures.

to the hole mobility of the PBTPV (5 X 10™* cm? V™' s7).
This balanced electron/hole mobility ensures the effective
charge-carrier transport, indicating a possible photovoltaic
response.

3.3. Performance of the Devices. The devices with a
structure of ITO/TiO,/Cdy ,sHgy 25Te/
PBTPV:Cd,,sHgy,sTe/MoO;/Au were fabricated via an
aqueous-processed approach. Experiments to optimize the
device performance are summarized in Table 1. As Figure 6a

Table 1. Photovoltaic Performance under Different
Preparation Conditions

conditions Joe mMA cm™) V. (V) FF (%) PCE (%)
200 °C/800 rpm 023 0.10 15.0 0.0033
250 °C/800 rpm 14.0 0.26 30.0 1.1
300 °C/800 rpm 15.6 0.40 432 2.7
300 °C/600 rpm 19.1 0.36 30.8 2.1

shows, due to the lack of interpenetrating network, a rather low
PCE of about 0.0033% is detected under a low heat treatment
temperature of 200 °C. When the temperature is increased to
250 °C, the interpenetrating network under growth period
appears and thus results in better electron transport. Therefore,
the shot-circuit current (J,.) largely increases to 14.0 mA cm™>.
However, owning to the inmmature interpenetrating network,
the open-circuit voltage (V) of 0.26 V is still not satisfactory
and leads to a low PCE of 1.1%. When the temperature is
enhanced to 300 °C, a sturdy interpenetrating network

structure is formed. Therefore, there is an observable
improvement with a PCE of approximately 2.7%, which is the
highest value for the NIR HSC fabricated in aqueous process by
far. The J. (15.6 mA cm™2), V. (0.4 V), and the highest PCE
determine a fill factor (FF) of about 43.2%.

Figure S5 gives the J—V curve of the device ITO/TiO,/
PBTPV:Cd,;sHg,,sTe/MoO;/Au (namely, without the single
Cdy,sHgy,sTe layer modification), which presents the J. (9.15
mA cm™2), V,. (0.38 V), FF (35.7%), and the PCE of 1.24%
(Table S1). The ], FF, and PCE are all lower than the one
with the single Cd,,sHgy,sTe layer modification. Especially,
the photocurrent increases 70% after introduction of this single
CQD layer. This indicates that this layer plays an important
role in this system because Cd,-sHg,sTe CQDs are believed
to act as light absorption simultaneously as a hole block and
electron transport layer. In addition, rotating speed has an
important effect on the performance of device, which
determines the thickness of the film. The film thickness was
adjusted by setting the rotating speed at 600 rpm on the
Cdy;sHgo,sTe (about SO nm) and PBTPV:Cd,,sHg,,sTe
(about 100 nm) layers in order to obtain a thicker thickness
which would lead to much more absorption. As we expected,
the stronger absorption led to an extremely high promotion of
Jic (19.1 mA cm™2). However, the surface roughness is generally
inverse proportion to the rotating speed. Therefore, the PCE
(2.1%) did not reach the peak value because of the relative
rough surface under the low rotating speed (600 rpm), which
resulted in a low FF of 30.8% (Table 1). Last but not least, the
device structure is another important factor to the performance.
For instance, the bilayer device of ITO/TiO,/Cd,,sHgy,sTe/
PBTPV/MoO;/Au was fabricated, which only shows PCE of
0.82% (Figure SS and Table S1).

Figure 6b describes the external quantum efficiency measure-
ment of the PBTPV:Cd,;sHg,,sTe HSC device (namely, the
device with PCE of 2.7% in Table 1) annealed under the
temperature of 300 °C. It is observed that this device has a wide
response range in terms of the spectra covering from UV to
1100 nm, and the maximum value reaches 58.21% at 360 nm.
By calculating, caused by the double-deck Cd,,sHgy,sTe
CQDs, the contribution of the NIR spectra is great, and the
ratio reaches 15.04% within the Herschel infrared region (780—
1100 nm), which is 32% higher than the HSC device of
PPV:Cdy,sHgy,sTe. This result indicates that the
PBTPV:Cd,,sHg,,sTe HSC device will present obviously an
advantage in comparison with other HSC devices when applied
in the cloudy region.
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Figure 6. (a) J—V curves of the PBTPV:Cd,,sHgy,sTe HSC devices with different preparation conditions. (b) The EQE expression of the
PBTPV:Cd,,sHg,sTe HSC device after the heat treatment of 300 °C (the device with PCE of 2.7% in Table 1).
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4. CONCLUSIONS

In summary, we successfully produced a sort of aqueous-
processed PBTPV:Cd,;sHgy,sTe HSCs with an enormous
Herschel infrared contribution. In line with the appreciable
concept of green chemistry, we found an effective way to get an
excellent PCE by altering the annealing temperature to obtain
CQD:s of diverse size with less ligands and simultaneously form
an interpenetrating network as well as introducing the
interfacial modification (single Cd,;sHgy,sTe CQDs layer) to
enhance the absorbance. The PCE reached 2.7% under AM
1.5G illumination and conservatively estimated that the
contribution of the NIR region attained 15.04% explored by
the EQE measurement. To the best of our knowledge, this solar
cell presents the highest PCE among HSCs based on
Cd,Hg, ,Te CQDs and the highest NIR contribution among
aqueous-processed HSCs, indicating the enormous potential of
taking advantages of NIR energy in solar spectrum.

B ASSOCIATED CONTENT
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The magnification of the absorption spectra of pure polymer
PBTPV and the blend films in the range of 700—1200 nm, the
change of extinction coefficients PBTPV, Cd,,sHg,,sTe CQDs
and their blend film with the wavelength, TGA curve of the
PBTPV precursor, the absorption spectrum of Cd,sHgg,sTe
CQDs under different temperatures, the I-V curve of the
devices with different structures, and photovoltaic performance
of different devices. This material is available free of charge via
the Internet at http://pubs.acs.org.
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