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Ternary Solar Cells

Highly Efficient Ternary Solar Cells of 10.2% with
Core/Shell Quantum Dots via FRET Effect

Yong Woon Han, Sung Jae Jeon, Jun Young Choi, Joo Hyun Kim, and Doo

Kyung Moon*

Ternary organic solar cells (OSCs) with the efficiency over 10% are fabricated
as an inverted structure with core/shell type quantum dots (QDs) as third
component. Férster resonance energy transfer occurs due to overlap between
the emission range (A, =500-800 nm) of InP/ZnS QDs and the absorption
range (Aaps = 550-800 nm) of PTB7-Th donor polymer. InP/ZnS QDs increase
the photocurrent of the hybrid active layer via the strong emission properties
of ZnS shells surrounding the InP core QDs, which transfer photon energy to
PTB7-Th (UV-vis spectroscopy and photoluminescence). X-ray photoelectron
spectroscopy (XPS) depth profiling reveals that InP/ZnS QDs are distributed
on the surface of the hybrid active layer, while grazing-incidence wide-angle
X-ray scattering (GIWAXS) analysis reveals that these QDs enhance the
crystalline structure of the hybrid active layer. The incorporation of an
ethanedithiol (EDT)-modified ZnO layer as an electron transport layer
enhances the carrier transport and decreases carrier recombination, providing
a uniform morphology and surface potential favorable for electron extraction
and transport, as indicated by atomic force microscopy and electrostatic
force microscopy analyses. Due to the synergistic effects of InP/ZnS QDs
and the EDT-modified ZnO layer, the power conversion efficiency (PCE) is
10.2% via the enhancement in short-circuit current density (Jsc) from 17.4

to 18.4mAcm 2 and fill factor (FF) from 67.2 to 69.3%.

1. Introduction

Organic solar cells (OSCs) based on organic semiconductors are
currently an attractive field of research due to their advantages
such as solution processing, ease of fabrication, and potential for
use in flexible devices.' Many studies have been conducted on

Y. W. Han, S. J. Jeon, J. Y. Choi, Prof. D. K. Moon

Nano and Information Materials Lab. (NIMs Lab.)
Department of Materials Chemistry and Engineering
Konkuk University

120 Neungdong-ro, Gwangjin-gu, Seoul 05029, South Korea
E-mail: dkmoon@konkuk.ac.kr

Prof. J. H. Kim

Organic Opto-Electronic Materials Lab. (OOM Lab.)
Department of Polymer Engineering

Pukyong National University

365 Sinseon-ro, Nam-gu, Busan 48547, South Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/s0lr.201800077.

DOI: 10.1002/s0lr.201800077

Sol. RRL 2018, 1800077

1800077 (1 of 11)

bulk-heterojunction (BHJ) OSCs based on
novel polymer donors and fullerene-based
acceptors, which achieve efficiencies of
more than 11% through the modification
of materials and device structures.,*°

Binary OSCs based on one donor and
one acceptor generate excitons within the
optical ranges of the donor and acceptor,
and then exhibit photovoltaic properties of
charge dissociation and charge trans-
port.™ Currently, binary active layers
based on one donor and one acceptor have
limited absorption properties and have
limitations such as low charge transporting
property.l12-14

As an approach to overcome these
limitations, ternary solar cells — which
introduce a third component to the binary
active layer —are attracting attention.'>" In
general, the mechanisms by which the third
component (introduced to the binary active
layer) improves performance are as follows:
energy transfer,*>2% charge transfer,>>~*’)
parallel structure, or alloy structure.!
The ternary structure formed by introducing
a third component can improve the photo-
voltaic performance by enhancing photon harvesting or tuning
built-in potential or optimizing morphology.

Ternary solar cells have the following advantages: 1) it is
possible to easily manufacture a device by introducing a single
active layer in a binary solar cell; 2) the introduction of a third
component with different absorption properties than the
existing donor/acceptors can overcome the limited optical
properties of organic semiconductor-based active layers#**%;
and 3) introducing a third component can facilitate carrier
transport by forming favorable energy levels with the existing
donor/acceptor.'¢2%

One of the most notable methods is the mechanism that
improves the performance by increasing the photocurrent
through energy transfer. This mechanism can overcome the
optical limitations of the existing medium and the long
wavelength absorption properties of the active layer by
introducing a third component with primarily short wavelength
absorption properties. Zhang et al. introduced squaraine (SQ) as
an energy acceptor in a poly[N-9’-heptadecanyl-2,7-carbazole-
alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] ~ (PCDTBT)
and phenyl-C,;-butyric-acid-methyl ester (PC;;BM) based binary
active layer and reported an improvement in power conversion

28,29]
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efficiency (PCE) from 6.54 to 7.62%. This facilitated energy
transfer from the donor PCDTBT to the third component (SQ),
resulting in an improvement in PCE due to the increase in
photocurrent.”*

Recently, a method for enhancing the performances of
OSCs by incorporating the advantages of inorganic semi-
conductors — such as their unique optical properties and high
mobility properties — into OSCs has been attracting atten-
tion.’13% In particular, inorganic semiconductor quantum
dots (QDs) have outstanding optical properties and possess
suitable properties for the fabrication of photovoltaic devices
via facile solution processing including large extinction
coefficients, high emission properties, and quantum-size-
effect band gap tenability.**>”) Ma et al. fabricated hybrid
solar cells with PDTPBT as the donor and QDs of PbS,Se; _, as
the acceptor to form an ideal phase that exhibited PCE of up to
5.5%.%81 Guo et al. introduced CulnS,/ZnS QDs, which
formed a unique energy level with the third component in a
binary active layer with the PCDTBT donor and PC;;BM
acceptor, exhibiting improved charge generation and charge
transport characteristics. In addition, they reported a PCE of
7.19%, which was an improvement of 21.6% compared to the
existing PCE.”!

Most studies have attempted to improve performance through
the charge transfer mechanism by introducing QDs as electron
acceptors or as third components to make use of their
outstanding optical properties. In particular, introducing QDs
with strong emission properties as the third component to
facilitate energy transfer rather than for charge transfer can
improve the optical properties of organic-based binary active
layers.[*°!

In this study, quantum dots with indium phosphide (InP) core
and zinc sulfide (ZnS) shell (InP/ZnS QDs) were introduced as a
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third component for energy transfer to a binary active layer
containing poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno-
[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) as the do-
nor and PC7;BM as the acceptor. Hybrid ternary solar cells with
an inverted structure were fabricated based on this organic—
inorganic hybrid active layer.

InP/ZnS QDs have stronger emission properties than the core
InP QDs used in our previous study*® due to the introduction of
ZnS shells. The emission range of the InP/ZnS QDs overlapped
with the absorption range of the PTB7-Th donor, which
improved the photocurrent of the active layer through the
Forster resonance energy transfer (FRET) mechanism. This
phenomenon was confirmed by absorption and emission
analyses. By X-ray photoelectron spectroscopy (XPS) depth
profiling and grazing-incidence wide-angle X-ray scattering
(GIWAXS) analysis, the InP/ZnS QDs were found to be
distributed on the surface of the hybrid active layer, which
enhanced crystallinity of active layer. The introduction of a
modified ZnO layer by 1, 2-ethanedithiol (EDT) treatment
formed a favorable structure for carrier transport. This was
confirmed by analyzing the surface morphology (by atomic force
microscopy (AFM)) and surface potential (by electrostatic force
microscopy (EFM)). Hence, both, short-circuit current density
(Jsc) and, short-circuit current density (FF) improved through
the synergistic effect of incorporating InP/ZnS QDs and EDT-
modified ZnO layers in hybrid solar cells, resulting in a high
PCE of 10.2%.

2. Results and Discussion

Figure 1 shows the structure of the device fabricated in this study
(Figure 1a) and the structures of the materials used (Figure 1b-

(c) PC,.BM

ZnS Shell

Figure 1. Schematic images of materials in hybrid solar cells and structure with condition of fabricated hybrid solar cells.
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e). As shown in Figure 1la, the device was fabricated with an
inverted structure (ITO/ZnO/active layer/MoO3/Ag). The active
layer contained PTB7-Th (Figure 1b) as the donor and PC;;BM
(Figure 1c) as the acceptor. The structure of the InP/ZnS QDs
introduced in the photoactive layer for energy transfer is shown
in Figure 1d. Figure le shows the structure of EDT used to
modify the surface of the ZnO layer, which was introduced as the
ETL.

Figure 2a shows TEM images of InP QDs and InP/ZnS QDs.
The sizes of the InP QDs and InP/ZnS QDs were 2.89 and
3.52nm, respectively; they formed larger QDs by surface
passivation of ZnS shells. Figure 2b shows the optical properties
of InP/ZnS QDs (introduced in this study) and InP QDs (used in
our previous studies). The absorption of InP/ZnS QDs (A=
~650nm) was blue-shifted relative to that of InP QDs (A,ps =
~700nm). The emission of InP/ZnS QDs (Aey, = 500-800) was
also blue-shifted (=Ag,ir=50nm) relative to that of InP QDs
(Aem =550-800nm). InP/ZnS QDs exhibited higher emission
than InP QDs. This is because the ZnS shells reduce charge
trapping by removing the surface defects of InP QDs to form
uniform surfaces.*"*? The blue shift in the optical properties is
due to the Zn$ shells covering the core.[****l Furthermore, the
absorption band of InP/ZnS QDs was weaker and the emission
band was stronger than those of InP QDs. This is because the
trap sites on the core-type InP QDs surface can be passivated by
the introduction of ZnS shells, which reduces carrier recombi-
nation and thus greatly increases emission.!*”!

Figure 2c shows surface images (Figure 2c-1 and c-2) of the
BH]J active layer incorporated on the ETL (ZnO layer or EDT-
modified ZnO layer). In recent years, several studies have

 (0)-2 ZnO(EiD'f)/BHJ‘

(€)1 Z60/BHY
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reported improvements in photovoltaic performance by remov-
ing surface defects and creating uniform morphologies through
ZnO surface treatment with several polar solvents.**% In this
study, the EDT-modified ZnO layer presented a smoother
surface than the ZnO layer. This is consistent with the tendency
in the study of Gao et al. to reduce carrier recombination by
removing vacancies (oxygen, hydroxy groups, etc.) present on the
ZnO surface by EDT treatment.*®!

Figure 2c-3 and c-4 show surface images of the BHJ + QDs
active layer (containing InP/ZnS QDs) and the BH]J active layer,
respectively, incorporated on the ETL (ZnO layer or EDT-
modified ZnO layer). A rough surface was formed by the
introduction of InP/ZnS QDs (Figure 2c¢-3). The active layer
(Figure 2c-4) introduced on the EDT-modified ZnO layer showed
a uniform surface due to EDT treatment. This means that the
rough morphology formed by the introduction of InP/ZnS QDs
can be controlled by the EDT-modified ZnO layer, imparting a
uniform morphology.

Table 1 shows the device structures fabricated in this study.
Device 1 was a bulk-heterojunction device (PTB7-Th + PC;,BM,
referred to as “BH]J”) with PTB7-Th and PC;;BM as the active
layers incorporated on the ZnO ETL. In Device 2, EDT-modified
ZnO replaced the ZnO layer that was used in Device 1. Devices 3
and 4 were hybrid devices (PTB7-Th + PC;BM + InP/ZnS QDs,
referred to as “BH]J 4+ QDs”) incorporating InP/ZnS QDs in the
photoactive layers of Devices 1 and 2, respectively.

Figure 3 shows the current density—voltage (J-V) (Figure 3a)
and EQE properties of the fabricated hybrid solar cell devices
(Figure 3b). As shown in Figure 3a, Device 1 (fabricated with a
BH] active layer) had a PCE performance of 9.1% (Jsc=17.4
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Figure 2. a) TEM images of InP QDs (left) and InP@ZnS QDs (right). b) Absorption and emission characteristics of InP QDs and InP@ZnS QDs.
c) Phase images of fabricated hybrid active layer: (c)-1: ZnO/BH), (c)-2: ZnO(EDT)/BH], (c)-3: ZnO/BH)+QDs, and (c)-4: ZnO(EDT)/BH) + QDs.
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Table 1. Photovoltaic performances of BHJ (PTB7-Th + PC;;BM) + QDs
(InP/ZnS QDs) hybrid solar cells.

Device structure Jsc ImMAecm™® Voc [V] FF[%] PCE [%]
Device 1 (ZnO/BH)) 17.4 0.777 67.2 9.17)
Device 2 (ZnO (EDT)/BH)) 18.0 0.798  67.5 9.7%
Device 3 (ZnO/BH) 4 QDs) 18.3 0.798 66.2 9.7%)
Device 4 (ZnO (EDT)/BH] + QDs) 18.4 0.798 69.3 10.2%

3 The average values and deviations were obtained from 10 devices.

mAcm ™2, Voc =0.777V, and FF = 67.2%). Device 2 (with EDT-
modified ZnO replacing the ZnO layer in Device 1) showed PCE
of 9.7% (Jsc=18.0mAcm 2, Voc=0.798V, and FF =67.5%).
Device 3 (fabricated with InP/ZnS QDs in the layers of Device 1)
exhibited PCE of 9.7% (Jsc = 18.3 mA em ™2, Voc=0.798V, and
FF = 66.2%). Finally, Device 4 (with both InP/ZnS QDs and EDT-
modified ZnO layer) had the highest performance with
PCE=10.2% (Jsc=184mAcm 2 Voc=0.798V, and FF
=69.3%). The performances of optimized concentration with
InP/ZnS QDs (Figure Sla, Supporting Information) and the
hybrid solar cells fabricated from BHJ+ InP QDs and EDT-
modified ZnO layer (Figure S1b, Supporting Information) are
shown in Figure S1, Table S1, and S2, Supporting information.
Introduction of the InP QDs and EDT-modified ZnO layer
improved Jsc over that of Device 1 but showed lower
performance than that of the device containing InP/ZnS QDs.
This is the reason that both InP QDs and InP/ZnS QDs could
offer additional photon energy via FRET effect. Because of the
emission intensity of InP QDs was lower than InP/ZnS QDs, the
higher energy transferred to PTB7-Th from InP/ZnS QDs rather
than InP QDs.

As shown in Table 1, when InP/ZnS QDs were introduced in
the active layer, Jsc increased from 17.4 (Device 1) to
18.3mAcm * (Device 3). Meanwhile, FF decreased slightly
from 67.2 (Device 1) to 66.2% (Device 3). Due to EDT treatment
of the ZnO layer, Jsc increased from 17.4 (Device 1) to
18.0mA cm™* (Device 2), while FF increased from 67.2 (Device
1) to 67.5% (Device 2). As a result, InP/ZnS QDs improved Jsc

(@) o f
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and EDT treatment improved Jsc and FF. When both InP/ZnS
QDs and the EDT-modified ZnO layer were introduced, Jsc
increased from 17.4 (Device 1) to 18.4 mA cm ™% (Device 4), while
FF increased from 67.2 (Device 1) to 69.3% (Device 4). As a
result, PCE improved from 9.1 to 10.2%. This is due to the
synergistic effects of introducing both InP/ZnS QDs and the
EDT-modified ZnO layer on the improvement of Jsc and FF. The
Voc of Devices 2—4 were slightly enhanced from 0.777 to 0.798 V
because of introducing InP/ZnS QDs and EDT treatment by the
strengthening of internal built-in potential.

As shown in Figure 3Db, the calculated Jsc values obtained by
measuring the EQE were 15.27, 15.92, 16.47, and 16.78 mA cm ™2
for Devices 1-4, respectively. Especially, the devices with In
P/ZnS QDs showed higher intensity in the region of 300-400 nm
because of higher absorption properties of InP/ZnS QDs in this
region. This is consistent with the current density—voltage
property shown in Figure 3a.

In Figure 4a, the optical properties of the materials used in the
hybrid active layer are shown. The properties agree with the
emission ranges of both the InP QDs and InP/ZnS QDs rather
than the main absorption range (l.,s=550-800nm) of the
PTB7-Th donor polymer used in the hybrid active layer. In this
region, energy transfer can occur from the InP/ZnS QDs to
PTB7-Th via FRET at the wavelength where the emission of the
InP/ZnS QDs overlaps with the absorption of PTB7-Th. The
FRET effect is a photoconversion mechanism in which energy
transfer occurs due to overlap of the specific optical ranges of
photoactive materials. Sensitizers can be used as the third
component in photoactive materials in OSCs to extend the
spectral absorption range.”"*? In particular, Zhao et al. reported
that hybrid OSCs containing sensitizers with near-infrared
absorption properties were fabricated on PCDTBT- and PC;;BM-
based active layers and that the absorption properties were
extended by energy transfer. In addition, they reported that the
PCE improved from 4.91 to 6.39%.5°

Photoluminescence (PL) characteristics of pure InP/ZnS
QDs, mixture of PTB7-Th:InP/ZnS QDs, and pure PTB7-Th was
performed with respect to various mixing ratio to confirm FRET
effect from InP/ZnS QDs to PTB7-Th (shown in Figure 4b)."*]
InP/ZnS QDs (FRET donor) showed high emission intensity
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Figure 3. a) Current density—voltage (J-V) characteristics and b) external quantum efficiency characteristics of fabricated hybrid solar cells.
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Figure 4. a) Optical characteristics of PTB7-Th and InP/ZnS QDs. b) Photoluminescence characteristics of InP/ZnS QDs and PTB7-Th mixture in
various ratio. c) Time-resolved photoluminescence characteristics of PTB7-Th without and with InP/ZnS QDs.

(Amax=610nm). When PTB7-Th (FRET acceptor) introduced
slightly, the emission intensity of InP/ZnS QDs dropped down
and the emission intensity of PTB7-Th peak (=775nm)
increased. When the ratio of InP/ZnS QDs:PTB7-Th is over
1:0.5, the emission intensity of PTB7-Th peak showed higher
intensity rather than that of the pure PTB7-Th. This is because
energy transfer via FRET effect appeared from FRET donor to
FRET acceptor.

To prove energy transfer between InP/ZnS QDs and PTB7-Th
via FRET effects, the Forster radius (R,) was calculated (shown in
Figure S2a—e, Supporting Information). FRET donor can
transfer energy to FRET acceptor in the overlap region located
within Forster radius that the typical length scale of <10nm
where FRET energy transfer can occur. The Forster radius was
calculated with Equations S(1)-S(3), Supporting Information
and some factors.”*>* The calculated Forster radius (Ro) = 2.063
nm (details are shown in Supporting Information). This result
prove that the energy transfer from InP/ZnS QDs to PTB7-Th is
favorable via FRET effect.

To further verify the energy transfer from InP/ZnS QDs to
PTB7-Th, the time-resolved PL properties of films are shown in
Figure 4c, monitored at Ae, =600-650nm under 470nm
excitation. The average lifetime of carriers was characterized
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by previous literature.”® The measured lifetime of PTB7-Th
was 0.517ns and PTB7-Th+InP/ZnS QDs was 0.464ns,
respectively. As shown in Figure S2a—e, Supporting Information,
PTB7-Th and InP/ZnS QDs were mixed within Férster radius.
The emission decay profile of PTB7-Th is more obvious by
mixing with InP/ZnS QDs. This phenomena obviously suggest
that the harvested energy transferred from InP/ZnS QDs to
PTB7-Th due to overlap of optical properties within Forster
radius.*>>7]

Figure 5 show the optical properties of hybrid photoactive
layer. In our previous study, InP QDs were introduced to an
active layer consisting of PTB7 and PC;;BM to improve the
photovoltaic properties. The emission range of the InP QDs
overlapped the absorption range of PTB7 (a polymer donor) and
the absorption property of the InP QDs was added to the
absorption properties of the original PTB7 donor. As a result, the
performance improved due to the expanded absorption proper-
ties. The InP/ZnS QDs used in this study had better emission
properties than the InP QDs (Figure 4a) allowing better energy
transfer to PTB7-Th.

Figure 5a and b show the absorption properties when InP
QDs and InP/ZnS QDs were introduced in pristine PTB7-Th and
the BHJ (PTB7-Th + PC,;BM) active layer, respectively. PTB7-Th

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Absorption characteristics of PTB7-Th only and with InP QDs or InP/ZnS QDs. b) Absorption characteristics of BHJ only and with InP QDs
or InP/ZnS QDs. c) Photoluminescence characteristics of PTB7-Th & BH] only and with InP QDs or InP/ZnS QDs.

has a main absorption at A,,s=>550-800nm, as shown in
Figure 4a. When InP QDs and InP/ZnS QDs were introduced in
PTB7-Th, the absorption intensity improved without an
absorption shift. The absorption intensity of the hybrid active
layer containing InP/ZnS QDs increased more than that
containing InP QDs. When InP QDs and InP/ZnS QDs were
introduced in the BH] active layer, the absorption with InP/ZnS
QDs was more intense than that with InP QDs. This is due to
energy transfer from InP/ZnS QDs to PTB7-Th resulting from
the overlap of the emission range (Aer, = 500-800 nm) of the InP/
ZnS QDs and the absorption range (d,,s = 550-800 nm) of PTB7-
Th. As a result, the stronger emission of the InP/ZnS QDs with
ZnS shells relative to that of the InP QDs significantly increased
the absorption properties of PTB7-Th through the FRET effect.

Figure 5c shows the PL characteristics when InP QDs and
InP/ZnS QDs were introduced in a pristine PTB7-Th layer and
the BH]J active layer, respectively. Pristine PTB7-Th and PTB7-Th
containing QDs (InP QDs and InP/ZnS QDs) showed maximum
emission intensities at ~Ae, =760 nm. The emission intensity
of the PTB7-Th containing InP QDs was higher than that of
pristine PTB7-Th. The highest emission intensity was obtained
when InP/ZnS QDs were introduced in PTB7-Th. This
difference is because the additional energy absorbed by the
main donor (PTB7-Th polymer) was transferred from the InP

Sol. RRL 2018, 1800077 1800077

QDs and InP/ZnS QDs via FRET effects, creating additional
carriers.

The BH] active layer showed lower emission intensity than
pristine PTB7-Th. This decrease was due to PL quenching by
PC7BM. When InP QDs or InP/ZnS QDs were introduced in
the BHJ active layer, all samples showed a maximum emission
intensity at Aoy, = ~730 nm. The BH] active layer containing InP
QDs showed lower emission intensity than the BH]J active layer;
the BH]J active layer containing InP/ZnS QDs showed the lowest
emission intensity. PL quenching rates were 95.66% (BH]),
96.16% (BHJ + InP QDs), and 96.51% (BHJ + InP/ZnS QDs);
the highest PL quenching rate was obtained when InP/ZnS QDs
were introduced.

InP QDs and InP/ZnS QDs were introduced to the BH]J
active layer to enhance the absorption properties of PTB7-Th
through energy transfer by creating additional carriers. In
addition, the introduction of QDs contributed to enhanced
carrier transport by improving the PL quenching property. As
shown in Figure 3 and Table 1, the introduction of InP QDs and
InP/ZnS QDs is consistent with the improvement of Jsc.
However, the higher emission properties of InP/ZnS QDs
could offer more energy transfer than InP QDs. This result is
well consistent with Figure S1 and Table S1, Supporting
Information.
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Figure 6. XPS depth-profiling characteristics of (a) BHJ active layer and (b) BH) + QDs hybrid active layer.

Figure 6 shows XPS depth profiling characteristics of the
devices fabricated (ITO/ZnO/active layer). Figure 6a shows the
device fabricated with the BH] active layer and Figure 6b shows
the cross-section profile of the device fabricated with the
BH] + QDs active layer. Cross-section profiling was performed at
~4nmmin ' from 0 min (top of active layer) to 30 min (bottom
of active layer). The signals due to the measured atoms are
expressed as atomic concentrations (%). In Figure 6a, carbon (C
atom) and sulfur (S atom) signals from the molecular structures
of PTB7-Th and PC;;BM appeared for ~15 min (thickness was
~60 nm). Subsequently, the C signal decreased rapidly and zinc
(Zn atom) and indium (In atom) signals increased from the ZnO
layer and ITO glass. On the other hand, Figure 6b showed
meaningful In and Zn signals from 0 to 5 min, unlike Figure 6a.
Thereafter C, S, In, and Zn signals appeared in the same order as
in Figure 6a. This means that the InP/ZnS QDs were mostly
distributed on the top surface (0 min) of the hybrid active layer.

InP/ZnS QDs had lower surface energy than PTB7-Th and
PC;;BM (Figure S3, Supporting Information). Commonly, lower
surface energy materials segregate at air/film interfaces,
whereas higher surface energy materials segregate at film/
electrode interfaces.”® Because of this property, when InP/ZnS
QDs (with the lowest surface energy) were introduced to the BH]
active layer, they tended to distribute on the surface and the
PTB7-Th and PCy;BM layers tended to be distributed under the
surface of the BHJ active layer. As a result, InP/ZnS QDs were
distributed on the surface of the BHJ+ QDs active layer,
contributing to improving the optical properties of the active
layer. This tendency is consistent with the results in Figure 3-6.

Figure 7 shows GIWAXS characterization used to measure
the crystalline structure of the hybrid active layer. The spectrum
consists of out-of-plane and in-plane 2D patterns; the molecular
packing and aggregation of films can be confirmed by GIWAXS
analysis.’” The figures show the crystalline characteristics of
pristine PTB7-Th (Figure 7a), the BHJ active layer (Figure 7b),
PTB7-Th+InP/ZnS QDs (Figure 7c), and the BHJ+QDs
hybrid active layer (Figure 7d). Also, Figure S4, Supporting
Information shows line cut profile along gz and g, axis. Pristine
PTB7-Th showed a high intensity around g, = 2.0 A~" in the out-
of-plane direction. This peak is due to the crystalline property of
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PTB7-Th, which forms a highly n—n ordered structure on the
substrate with mainly face-on orientation.*®®! The BH] active
layer film had a strong molecular ordering structure due to
fullerene aggregation.!®” When InP/ZnS QDs were incorporated
in the pristine PTB7-Th, the intensity of g, =2.0A"! peak
decreased and a strong crystalline peak was observed as a round
shape above g, =2.0A~" by the aggregates of InP/ZnS QDs.
Also, the new peak at g, =2.3 A~" was obviously formed by
incorporating InP/ZnS QDs (Figure S4a, Supporting Informa-
tion). Similar results were observed in Figure 7d: the BH] + QDs
active layer showed strong crystalline peak at gz =2.0 A" and
Gy =2.3 A™' resulted from aggregates of InP/ZnS QDs
(Figure S4b, Supporting Information). These high crystalline
characteristics of InP/ZnS QDs were in favor for enhancing

) 3.0
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Figure 7. Grazing-incidence wide-angle X-ray scattering (GIWAXS)
characteristics of (a) pristine PTB7-Th, (b) BH) (PTB7-Th+ PC;;BM),
(c) PTB7-Th+1InP/ZnS QDs, and (d) BHJ 4+ InP/ZnS QDs.
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charge transport result in enhancing performance of hybrid
solar cells.

In particular, as shown in Figure 6, InP/ZnS QDs were
distributed on the surface of the hybrid active layer, improving
the optical properties. Further, the crystalline structure of the
BH] active layer was enhanced, as shown in Figure 7. As a result,
InP/ZnS QDs improved the optical properties of the active layer
via energy transfer and through distribution on the surface of the
BHJ + QDs active layer to form a highly crystalline structured
hybrid active layer. Through these two roles, the InP/ZnS QDs
contributed to the improvement of Jsc in the fabricated devices.
This is consistent with the improved Jsc results upon the
introduction of InP/ZnS QDs, which is shown in Figure 3 and
Table 1.

Figure 8 shows the AFM morphology characteristics of the
hybrid active layer and ZnO layer. The root mean square (RMS)
roughness was 1.819nm when the BH] active layer was
introduced on the ZnO layer (Figure 8a) and 1.963nm when
the BHJ + QDs active layer was introduced on the ZnO layer
(Figure 8b). The introduction of InP/ZnS QDs produced a
rougher film. This is consistent with InP/ZnS QDs in the BH]
active layer being distributed on the surface of the hybrid active
layer, as shown in Figure 6. RMS roughness values of 1.783 and
1.821 nm were observed when the BH]J active layer (Figure 8c)
and BHJ + QDs active layer (Figure 8d) were, respectively,
introduced on the EDT-modified ZnO layer. The introduction of

www.solar-rrl.com

InP/ZnS QDs also formed a rougher film but the introduction of
the EDT-modified ZnO layer formed a relatively uniform
surface. This uniform surface contributed to enhanced carrier
transport and reduced carrier recombination.[®*%*

Figure 9 and Figure S5, Supporting Information show surface
potential properties of the hybrid active layer and the ZnO layer.
The surface potential of the ZnO layer was 498.747 mV
(Rq=9.871mV) and that of the EDT-modified ZnO layer was
504.647 mV (Rq=5.520mV). The surface of the ZnO layer
showed a higher and more uniform surface potential after EDT
treatment. Song et al. reported that the surface potential of the
ZnO layer increased after treatment with polar solvent, resulting
in better electron extraction and transport (improved Jsc and
FF).[! Thus, the ZnO layer with EDT treatment contributed to
the improvement of Jsc and FF by providing a surface potential
that was more suitable for electron extraction and transport,
consistent with the results in Table 1.

The surface potential was 472.741 mV (Rq=6.293 mV) when
the BH]J active layer was introduced on the ZnO layer (Figure 9a)
and 472.385mV (Rq=6.227 mV) when the BHJ + QDs active
layer was introduced on the ZnO layer (Figure 9b). The
introduction of InP/ZnS QDs showed lower and more uniform
surface potential. In addition, the surface potential was
468.515mV (Rq=5.845mV) when the BH]J active layer was
introduced on the EDT-modified ZnO layer (Figure 9c) and
449.365 mV (Rq=4.961 mV) when the BHJ + QDs active layer

‘ (d)‘ZnO(EDT) / BHJ

o™ Fa
>
2

Figure 8. Morphology characteristics of (a) ZnO/BH]), (b) ZnO/BH) + QDs, (c) ZnO(EDT)/BH), and (d) ZnO(EDT)/BH) + QDs (2D images in left and

middle section, 3D images in right section).
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Figure 9. Surface potential characteristics of (a) ZnO/BH), (b) ZnO/BH] 4+ QDs, (c) ZnO(EDT)/BH], and (d) ZnO(EDT)/BH) 4 QDs (2D images in left

and middle section, histograms in right section).

was introduced on the EDT-modified ZnO layer (Figure 9d). The
surface potential reduced significantly from 472.741 to
468.515 mV and a more uniform surface potential was observed
at 6.293mV from 5.845mV due to introduction of the EDT-
modified ZnO layer. This is a more uniform surface potential
property than that due to the introduction of InP/ZnS QDs.

As shown in Figure 8, 9, and Figure S5, Supporting
Information, when both InP/ZnS QDs and the EDT-modified
ZnO layer were introduced, a uniform morphology (Rq: 6.293—
4.961 mV) with low surface potential (472.741-449.362 mV) was
observed. Compared to the surface potentials of the active layers
and the high surface potential of the EDT-modified ZnO layer
shown in Figure S5, Supporting Information, the EDT-modified
ZnO layer (the highest surface potential) and the BHJ + QDs
active layer (the lowest surface potential) were the most favorable
for electron extraction and transport (shown in Figure S6,
Supporting Information). The introduction of InP/ZnS QDs
increased the optical properties of the hybrid active layer and
enhanced the crystal structure. Introduction of the EDT-
modified ZnO layer established uniform morphological proper-
ties, resulting in favorable structures for carrier generation and
transport. Therefore, Jsc and FF could increase, which is
consistent with the results in Table 1.

The morphological and surface potential characteristics of the
devices containing InP QDs and the EDT-modified ZnO layer are
shown in Figure S7, Supporting Information. Although
the morphology was slightly roughened (1.819-1.838 nm) with
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the introduction of InP QDs, the introduction of the EDT-
modified ZnO layer caused a uniform morphology (1.838-
1.793 nm). In addition, the surface potential decreased with the
introduction

of InP QDs and the EDT-modified ZnO layer (472.741-
467.468mV), and the surface showed uniform properties
(6.293-5.828 mV). However, the variations were smaller than
those of Device 4 (with InP/ZnS QDs and the EDT-modified
ZnO layer) and Jsc and FF were also lower. This result shows that
the changes in the optical, morphological, and surface potential
properties that resulted from the introduction of InP QDs had
less effect on the device performance than the changes that
resulted from the introduction of InP/ZnS QDs.

Hybrid ternary solar cells fabricated with InP/ZnS QDs
enhanced the optical properties of the BHJ active layer. Energy
transfer from the InP/ZnS QDs to the PTB7-Th polymer
occurred due to the overlap between the absorption range
(Aaps =550-800nm) of PTB7-Th and the emission range
(Aem =500-800 nm) of the InP/ZnS QDs. The InP/ZnS QDs
used in this study passivated the surface defects of the core by
introducing ZnS shells on the InP QDs (used in previous
research), which resulted in increased emission relative to that of
the InP QDs, thereby facilitating stronger energy transfer to
PTB7-Th (shown in Figure 5). InP/ZnS QDs were distributed on
the surface of the hybrid active layer (shown in Figure 6).
Introduction of InP/ZnS QDs to the BHJ active layer caused a
highly crystalline structure to be formed (shown in Figure 7). As
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a result, the introduction of InP/ZnS QDs in the hybrid active
layer increased carrier generation and transport by enhancing
energy transfer and the crystallinity of the structure, thus
improving Jsc of the fabricated devices. However, InP/ZnS QDs
formed a rough morphology because they distributed on the
surface and FF decreased (shown in Figure 3, 8, and Table 1). By
introducing the EDT-modified ZnO layer, a more uniform film
was formed (shown in Figure 8), which had lower and more
uniform surface potential (shown in Figure 9). As a result, the
trap sites of the ZnO layer were passivated, reducing carrier
recombination, improving carrier transport, and improving both
Jsc and FF of the fabricated devices (shown in Figure 3 and
Table 1). As a result, the Jsc and FF of the device fabricated by the
simultaneous introduction of InP/ZnS QDs and the EDT-
modified ZnO layer were both greatly improved by the
synergistic effect and a hybrid device exhibiting a high PCE
of 10.2% was fabricated.

3. Conclusion

Hybrid ternary solar cells were prepared incorporating InP/ZnS
QDs with noble absorption properties into PTB7-Th-PC;;BM-
based BH]J active layer. InP/ZnS QDs were distributed on the
surface of the hybrid active layer. InP/ZnS QDs have strong
emission properties due to passivation of surface defects of InP
core QDs by the ZnS shells. The InP/ZnS QDs transferred
energy to PTB7-Th due to overlap between absorption band of
PTB7-Th and emission band of InP/ZnS QDs, which enhanced
photocurrent generation. InP/ZnS QDs-enhanced crystalline
structures in the hybrid active layer resulted in enhanced carrier
transporting properties. The EDT-modified ZnO layer provided
uniform morphologies and surface potentials favorable for
enhancing electron transport and reducing carrier recombina-
tion. Due to the synergistic effects of InP/ZnS QDs and the EDT-
modified ZnO layer, the PCE of the hybrid ternary solar cell was
10.2%, resulting from the increased Jsc and FF.

4. Experimental Section

Materials: For the fabrication of hybrid solar cells, indium tin oxide
(ITO) glass (sheet resistance of 10-15Q sq™ ') was purchased from AMG
(Republic of Korea). Zinc acetate dihydrate [Zn(CH3COO),-2H,0,
99.999%), ethanolamine and 2-methoxyethanol (used as precursors for
ZnO, 1,2-ethanedithiol (EDT) and acetonitrile (used as surface
modification solvents for ZnO layer), and 1,8-diiodooctane (DIO) and
chlorobenzene (CB) (used as solvents for the photoactive layer) were
purchased from Sigma—Aldrich (USA). PTB7-Th and PC;;BM (used as
photoactive materials) were purchased from 1-Material (Canada). InP/
ZnS QDs (used as photoactive material) were purchased from Sigma-—
Aldrich.

Device Fabrication: To fabricate the hybrid ternary solar cells, ITO glass
was cleaned by ultra-sonication using acetone, Alconox detergent,
isopropyl alcohol, and D.I. water in sequence. After cleaning, the ITO
glass was subjected to UVO treatment (Ahtech LTS AH 1700). The
electron transport layer (ETL) (ZnO precursor) was spin-coated onto
UVO-treated ITO glass at 3000 rpm for 30's and annealed at 150 °C for 1h.
For ZnO surface modification, EDT (0.2 vol.% in acetonitrile) was spin-
coated onto ZnO at 4000 rpm for 30s. The BH) active layer was formed
with PTB7-Th and PC;:BM in the ratio 1:1.5 (25mgmL™") in CB (DIO
3vol.%). The hybrid BH] active layer was formed with InP/ZnS QDs
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(5wt.%) in the BH] active layer. The BH) or hybrid BH) active layer was
pre-stirred at 60 °C in the glove box. The BH] active layer was spin-coated
to thickness of 280 nm onto the ZnO or EDT-modified ZnO after filtering
(0.2nm polytetrafluoroethylene (PTFE) filter). The hole transport layer
(HTL) (MoO3) and metal electrode (Ag) were thermally deposited in a
vacuum chamber (at 1x 10 %torr) at rates of 0.3As™' (5nm) and
2.0As™" (100 nm), respectively. After fabrication, an encapsulation glass
was attached using a UV sealant by UV curing for 3 min.

Film and Device Characterization: The current density—voltage (J-V)
characteristics of the hybrid ternary solar cells fabricated were measured
using a Keithley 2400 source meter. The light source used a solar
simulator (Oriel, 100mW cm™?) and the reference cell was calibrated at
AM 1.5G. The external quantum efficiency (EQE) characteristics were
measured using an IPCE measurement system (Mcscience, Polaronix
K3100). The absorption properties and emission properties were
measured using a UV-vis spectrometer (Agilent 8453) and a photo-
luminescence spectrometer (Perkin Elmer LS55), respectively. The sizes
of the InP core QDs and InP/ZnS QDs were measured using transmission
electron microscopy (TEM, JEM-2100). Time-resolved PL (TRPL) imaging
was performed using an inverted-type scanning confocal microscope
(MicroTime-200, Picoquant, Germany). The cross-section profile of BH|
and hybrid BH) active layers were measured by XPS depth profiling
(ULVAC-PHI 5000 VersaProbe, Phi (®)). The crystalline structures of BH|
and hybrid BH) active layers were measured by GIWAXS. The surface
morphology and surface potential characteristics were measured by AFM
(PSIA XE-100) and EFM (PSIA XE-100 EFM). The contact angle and
surface energy were measured by a contact angle analyzer (DSAT00,
KRUSS).
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Supporting Information is available from the Wiley Online Library or from
the author.
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