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ansfer by quantum dots in
organic–inorganic hybrid solar cells through FRET†

Yong Woon Han,a Eui Jin Lee,a Jinwhan Joo,b Jongnam Park,b Tae Hyun Sungc

and Doo Kyung Moon*a

Organic–inorganic hybrid solar cells were fabricated with InP QDs (5 wt%) in a BHJ active layer (PTB7 +

PC71BM). InP QDs were distributed on the top of the hybrid active layer (BHJ + QDs), determined

through XPS depth profiling and AFM analyses. InP QDs showed strong emission characteristics at lmax ¼
650 nm in the PL spectra. They played an important role in increasing Jsc by Förster resonance energy

transfer (FRET) to PTB7. The carrier recombination of the hybrid active layer (BHJ + QDs) was reduced

by morphology control through introducing a PFN interlayer. The carrier mobility of the device with the

hybrid active layer (BHJ + QDs) increased 1.5–1.58 times over that of the device with the BHJ active

layer. By means of the synergy effect of InP QDs and the PFN interlayer, the PCE of the fabricated hybrid

solar cells was enhanced from 4.9% (Jsc ¼ 13.2 mA cm�2, FF ¼ 60.0%) to 8.4% (Jsc ¼ 14.5 mA cm�2, FF

¼ 72.5%).
Introduction

Organic photovoltaics (hereinaer called OPVs) have advan-
tages such as easy fabrication, low cost, exibility, abundant
availability, etc., and have the potential to be used in the har-
vesting of renewable energy; therefore, they are being studied as
an alternative energy source.1 Recent OPV research has reported
a power conversion efficiency (PCE) close to 10% for a polymer
donor with high photon harvesting properties.2

Additionally, to record high efficiency with the device structure
for OPVs, studies have been conducted on (1) additives for the
phase separation between the polymer donor and the fullerene
acceptor in the active layer,3–6 (2) the introduction and control of an
interlayer to improve the charge transporting characteristics,7–13 (3)
ternary structures14–16 and tandem structures17–19 for light absorp-
tion in a wide absorption range. However, despite these studies,
the low absorption coefficient and low charge mobility of the
polymer donor (organic semiconductor) are barriers to increasing
the PCE. Furthermore, tandem structure cells, etc., have the
disadvantage that they require an additional and complicated
process such as the introduction of an interconnection layer for
preventing inter-mixing between the top cell and the bottom cell.
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A study of hybrid solar cells has been recently reported, in
which the correlation between organic semiconductors and
inorganic semiconductors that can compensate for the limited
absorption property and do not require a complicated process
to overcome the drawbacks of the organic semiconductor was
investigated.20–23 Hybrid solar cells can be produced by mixing
organic semiconductors and inorganic semiconductors in the
active layer or introducing them in separate layers via a simple
method.

Inorganic semiconductors or compound semiconductors
have advantages such as a broad absorption range, high
absorption coefficient, high conductivity and fast carrier
mobility.24–26 However, despite their advantages, inorganic solar
cells require complex manufacturing processes and high
production costs due to their insolubility. In particular, the thin
lm manufacturing process utilizing vacuum deposition and
sputtering is limited in its application to the fabrication of
organic–inorganic hybrid cells.

Among inorganic semiconductors, quantum dots (hereinaer
called QDs) have recently received attention for their ability to
overcome these disadvantages. In particular, a number of studies
on LEDs and OPVs have been reported on the possibility of
bandgap tuning due to the size of QDs and the types of ligands
surrounding them.27–31 QDs are available through solution
process because they are dispersed in solvent due to the intro-
duction of ligands. These characteristics allow for the fabrication
of hybrid solar cells with organic semiconductors. Bawendi32

et al. have reported a PCE of 8.55% through energy band align-
ment by controlling the ligands of lead sulde (PbS) QDs. Sar-
gent33 et al. have reported a PCE of 8.92% by using a PbS QDs
active layer and an n-PCBM interlayer.
This journal is © The Royal Society of Chemistry 2016
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There have recently been studies reported on hybrid solar
cells, in which QDs were added to the active layer to increase the
absorption property of the OPVs. Lee20 et al. introduced PbS QDs
with different bandgap energies (0.9–1.7 eV) instead of [6,6]-
phenyl-C71-butyric-acid methyl-ester (hereinaer called
PC71MB) as an electron acceptor with a polymer donor. They
reported a PCE of 3.48% by producing hybrid solar cells in
which poly[2,6-(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]
silole)-alt-4,7(2,1,3-benzothiadiazole)] (PSBTBT) and PbS QDs
were mixed. The electron transfer was explained by a compar-
ison of the PL analysis and the energy level difference between
the polymers and the QDs and the controlled carrier recombi-
nation through ligand exchange.

Guo22 et al. reported a PCE of 6.94%by fabricating hybrid solar
cells of poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-
thienyl-20,10,30-benzothiadiazole)] (PCDTBT) and the fullerene
derivative PC71BM with cadmium selenide (CdSe) QDs. CdSe QDs
(Eg ¼ 1.7 eV) were added to the active layer at a concentration of
1.09–6.54 wt% in 1,2-orthodichlorobenzene (ODCB). The mech-
anism of formation of the carriers, increased through the broad
absorption property of CdSe QDs, was analyzed by transient
absorption analysis. In other words, the photovoltaic perfor-
mance improvements were explained by the direct electron
transfer from the polymers to the QDs. However, carrier recom-
bination occurred by direct contact with an electrode due to the
rough morphology formed by the introduction of the QDs.

In our group, a high PCE of 8.4% has been achieved by
fabricating the hybrid solar cells with an active layer, in which
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b0]dithiophene-
2,6-diyl][3-uoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophe-
nediyl]] (PTB7),34,35 PC71BM, and indium phosphide (InP) QDs36

were mixed (hereinaer called BHJ + QDs). Unlike the results of
Guo22 et al., the role of the InP QDs was conrmed to be in the
photon energy transfer from the QDs to the polymers in the
hybrid active layer (BHJ + QDs) in accordance with the energy
level. In addition, InP QDs were distributed on the top of the
BHJ active layer that was conrmed by X-ray photoelectron
spectroscopy (XPS) depth proling and atomic force microscopy
(AFM) analyses. As a result, the morphology was controlled and
carrier recombination was reduced by introducing the electron
transport layer (ETL), which was conrmed by photo-
luminescence (PL) and space-charge-limited current (SCLC)
analyses. By means of the synergy effect of InP QDs and the PFN
interlayer, the photovoltaic properties were enhanced.

Experimental section
Materials

For the synthesis of InP QDs, indium acetate [In(ac)3, 99.9%],
n-trioctylphosphine (TOP, 90%), oleic acid (OA, 90%), and
1-octadecene (ODE, 90%) were purchased from Sigma-Aldrich
(USA). Tris(trimethylsilyl)phosphine (TMSP, 10 wt% in hexane)
was purchased from Strem. For the fabrication of hybrid solar
cells, ITO glass (sheet resistance of 15 U ,�1) was purchased
from GST materials (Korea). Poly(3,4-ethylenedioxythioph-
ene):polystyrene sulfonic acid (PEDOT:PSS) (Clevious P VP AI
4083) was purchased from Heraeus (Germany) to introduce the
This journal is © The Royal Society of Chemistry 2016
hole transporting layer (HTL). PTB7 and PC71BM used as active
materials and poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-
uorene)-alt-2,7-(9,9-dioctyluorene)] (PFN) used as the inter-
layer were purchased from 1-Material (Canada). 1,8-Diio-
dooctane (1,8-DIO), chlorobenzene (CB) and methanol were
purchased from Sigma-Aldrich (USA).

Preparation of stock solution

For indium oleate [In(OA)3] stock solution, In(ac)3 (8 mmol) and
OA (24 mmol) were placed in a 250 ml 3-neck round ask
connected with a distilling condenser which had a vacuum
adapter and a round ask. The round ask was cooled down
with liquid nitrogen. The mixture was heated to 120 �C under
vacuum below 70 mTorr for 2 h. Aer the mixture became
a transparent liquid, it was cooled down to room temperature,
followed by injection of ODE (72.4 ml). Finally the round ask
was re-lled with argon gas.

Synthesis of InP core QDs

In(OA)3 stock solution (5 ml) and OA (0.5 mmol) were placed in
a 50 ml 3-neck round ask connected with a condenser. The
ask was repeatedly evacuated and purged with Ar gas to
provide a H2O and O2 free atmosphere. Then, the mixture was
heated to 300 �C followed by injection of TMSP (4.3 mmol) and
TOP (2 mmol) solution. The solution was kept at 300 �C for
30 min and cooled down to room temperature. To purify QDs,
they were precipitated using ethanol and acetone and nally
redispersed in chlorobenzene.

Device fabrication

For the fabrication of the hybrid solar cells, ITO glass was
scribed to the size of 25 � 25 mm. ITO glass was cleaned by
ultrasonication in the order of acetone, detergent, isopropanol
and DI water, then UVO treatment (Ahtech LTS AH 1700) was
carried out. The HTL (PEDOT:PSS) was spin coated at 4000 rpm
for 30 s aer ltering through a 0.45 mm PTFE lter and
annealed at 140 �C for 10 min. BHJ active layer solution was
fabricated with PTB7 and PC71BM at the ratio of 1 : 1.5 (25 mg
ml�1) in CB (1,8-DIO 3 vol%) with or without InP QDs (5 wt%).
The prepared BHJ active layer solution was stirred at 60 �C
overnight in a glove box. The BHJ active layer was spin coated on
the HTL aer ltering through the PTFE lter to a thickness of
70 nm. The PFN interlayer was spin coated on the BHJ active
layer at 3000 rpm for 30 s aer being ltered through the PTFE
lter. Finally, the metal electrode was fabricated by a thermal
deposition method. The devices were transferred to a high
vacuum chamber (under 1� 10�6 Torr) and the Al electrode was
thermally deposited at a rate of 5 Å s�1 to a thickness of 100 nm.
Aer that, a UV sealant was spread on the devices and exposed
to UV for 3 min to cure sealant with cover glass for
encapsulation.

Film and device characterization

Current density–voltage (J–V) characteristics and dark current
characteristics of the fabricated hybrid solar cells were
J. Mater. Chem. A, 2016, 4, 10444–10453 | 10445
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measured using a Keithley 2400 source meter unit. The light
source used was a solar simulator (Oriel, 1000 W) and the
reference cell was calibrated under AM 1.5G under 100 mW
cm�2. The external quantum efficiency (EQE) characteristics of
the hybrid solar cells were measured using a Polaronix K3100
IPCE measurement system (McScience). UV-Vis absorption and
photoluminescence characteristics were measured using Agi-
lent 8453 and Perkin Elmer LS55, respectively. The size, crys-
talline structure and energy level of InP QDs were measured by
transmission electron microscopy (TEM, JEM-2100), X-ray
diffraction (XRD, D/MAX 2500V) and ultraviolet photoelectron
spectroscopy (UPS, ESCALAB 250XI), respectively. The surface
morphology characteristics and cross-sectional depth proling
characteristics were measured by atomic force measurement
(AFM, PSIA XE-100) and X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI 5000 VersaProbe, Phi(F)). The surface potential
characteristics were measured by AFM with a Lock-in Amplier.
The surface energy and contact angle were measured by contact
angle measurement (DSA100, KRUSS).
Results and discussion

In Fig. 1, the molecular structures of the organic polymer donor
PTB7 (Fig. 1(a)), fullerene acceptor PC71BM (Fig. 1(b)) that was
used as the photoactive layer and water/alcohol soluble conju-
gated polymer poly[(9,9-bis(30-(N,N-dimethylamino)-propyl)-
2,7-uorene)-alt-2,7-(9,9-dioctyluorene)] (PFN) (Fig. 1(c)) that
used as the interlayer material are shown.

Fig. 1(d) shows a schematic image of the inorganic donor InP
QDs. Additionally, Fig. 1(e) shows a schematic diagram of the
cells fabricated using the conventional structure (ITO/
PEDOT:PSS/active layer/PFN/Al). Device 1 is a bulk-hetero-
junction structure ([PTB7 + PC71BM], BHJ). In contrast, Device 2
Fig. 1 Chemical structure of (a) PTB7, (b) PC71BM, (c) PFN, (d) InP QDs a

10446 | J. Mater. Chem. A, 2016, 4, 10444–10453
is a bulk-heterojunction structure ([PTB7 + InP QDs + PC71BM],
BHJ + QDs) into which the InP QDs were introduced. Devices 3
and 4 were fabricated as structures in which the PFN interlayer
was introduced into Device 1 and Device 2 as the ETL.

The UV-Vis absorption spectra of PTB7 and InP QDs and the
photoluminescence spectra of InP QDs are shown in Fig. 2(a).
PTB7 is well known to show amaximum absorption peak at lmax

¼ 680 nm. However, the absorption peak onset of the InP QDs
was found at l ¼ 660 nm and they have a bandgap energy of
1.70 eV. The wide band gap of the InP QDs indicates broad
wavelength absorption (especially short wavelength absorp-
tion). In the UV-Vis absorption spectra, the InP QDs mainly
absorb short wavelength light and relatively little long wave-
length light.

In particular, the InP QDs show strong emission character-
istics at lmax ¼ 650 nm in the PL spectra, which is consistent
with the absorption property (l ¼ 500–700 nm) of PTB7. This
means that InP QDs fully perform the role of a donor in trans-
ferring extra photon energy to PTB7 in the hybrid active layer
(BHJ + QDs). The ultraviolet photoelectron spectroscopy (UPS)
characteristics of InP QDs are shown in Fig. S1.† The valence
band energy is determined to be the difference between the
high and low kinetic energy cut-offs.37,38

EHOMO ¼ hn � (Ecut-off � Eonset) (1)

The valence band level is 6.06 eV, as determined by eqn (1),
and the conduction band level calculated by the bandgap energy
(Eg ¼ 1.7 eV) is 4.34 eV.

The X-ray diffraction (XRD) pattern and transmission elec-
tron microscopy (TEM) image of the InP QDs are shown in
Fig. 2(b). The three main peaks were measured to be 26.3�,
43.6�, and 51.6�, respectively, and these values correspond to
nd (e) schematic image of BHJ + QD hybrid solar cell device structure.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) UV-Vis absorption spectra of PTB7, InP QDs, PC71BM and photoluminescence spectra of InP QDs, (b) X-ray diffraction (XRD) pattern
and transmission electron microscopy (TEM) image of InP QDs and (c) energy band diagram of hybrid solar cells.
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the (100), (220), and (311) planes of the InP QDs (the Interna-
tional Centre for Diffraction Data (ICDD) Powder Diffraction
File (PDF), PDF#. 03-065-5740, zinc blend structure).39,40 From
Fig. 2(b), the average particle size of the InP QDs was found to
be 4.3 nm, and they showed high crystallinity.

The highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), valence band and
conduction band of the component materials used in the
devices and the energy band diagrams are shown in Fig. 2(c).9 At
this time, the conduction band of the InP QDs was slightly lower
than the LUMO of PC71BM. This indicates that unlike PTB7, it is
difficult for InP QDs to directly transfer electrons to PC71BM.
This result is consistent with the performance of the fabricated
devices in which the InP QDs and PC71BM were mixed in the
active layer. As shown in Fig. S2 and Table S1,† the device
performance of the hybrid active layer (InP QDs + PC71BM)
showed a very low PCE value under 0.02%.

The current density–voltage (J–V) characteristics (Fig. 3(a))
and external quantum efficiency (EQE) characteristics (Fig. 3(b))
of conventional structure (ITO/PEDOT:PSS/active layer/PFN/Al)
devices under 1 sun AM 1.5G irradiation at 93 mW cm�2 are
shown in Fig. 3, and these results are summarized in Table 1.

As shown in Table 1, Device 1 using only Al electrodes on the
BHJ active layer gave a PCE of 4.9% (Jsc ¼ 13.2 mA cm�2, Voc ¼
0.575 V, FF ¼ 60.0%). The PCE of Device 2 for which InP QDs
were introduced into the active layer of Device 1 was 6.4% (Jsc ¼
13.9 mA cm�2, Voc ¼ 0.676 V, FF ¼ 62.5%). The PCE of Device 3
for which the PFN interlayer was introduced into Device 1 was
This journal is © The Royal Society of Chemistry 2016
7.6% (Jsc¼ 13.6 mA cm�2, Voc¼ 0.717 V, FF¼ 72.2%). There was
a larger increase in Jsc for Device 2 (Jsc ¼ 13.2 mA cm�2 / 13.9
mA cm�2), in which the InP QDs were introduced into the active
layer, than for Device 3 (Jsc ¼ 13.2 mA cm�2 / 13.6 mA cm�2),
in which the PFN interlayer was introduced between the active
layer and the Al cathode.

Rotello41 et al. and Guo42 et al. have reported that the emis-
sion energy of QDs can be transferred to the polymers in
a composite structure using zinc selenide (ZnSe) QDs and
carbon (C) QDs, respectively. As shown in Fig. 2(a), the increase
in Jsc was due to the enhancement of the photon energy through
energy transfer caused by the overlap of the emission (lmax ¼
650 nm) band of InP QDs and the absorption band of PTB7.

The increase in Jsc due to the introduction of InP QDs in this
study is the result of Förster resonance energy transfer (FRET) of
the InP QD emission to PTB7. FRET is a photo-physical process
in which energy is transferred from an energy donormolecule to
an acceptor molecule, and the phenomenon occurs due to the
overlapping of the emission spectrum of the energy donor
molecule and the absorption spectrum of the energy acceptor
molecule.43 In other words, InP QDs transferred extra photon
energy to PTB7, and this energy transfer improved the photo-
voltaic property.

Meanwhile, Voc showed a slightly higher increase for Device 3
(Voc ¼ 0.575 V / 0.717 V), in which the PFN interlayer was
introduced, than for Device 2 (Voc ¼ 0.575 V / 0.676 V), in
which the QDs were introduced into the active layer. Wu44 et al.
have reported that a higher surface potential leads to higher Voc
J. Mater. Chem. A, 2016, 4, 10444–10453 | 10447
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Table 1 Photovoltaic performances of BHJ + InP QDs hybrid solar
cells

Device structure Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

Device 1 (BHJ/Al) 13.2 0.575 60.0 4.9a

Device 2 (BHJ + QDs/Al) 13.9 0.676 62.5 6.4a

Device 3 (BHJ/PFN/Al) 13.6 0.717 72.2 7.6a

Device 4 (BHJ + QDs/PFN/Al) 14.5 0.737 72.5 8.4a

a The average values and deviations were obtained from ten devices.

Fig. 3 Performance optimization of BHJ + InPQD hybrid solar cells: (a) current–density versus voltage (J–V) characteristics of conventional BHJ
+ InP QD hybrid solar cells under AM 1.5G illumination with an irradiation intensity of 93mW cm�2, (b) EQE spectra of BHJ + InP QDs hybrid solar
cells.
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in terms of the built-in potential in conventional structure solar
cells. As shown in Fig. S3,† the surface potential of the devices
was 15.501 mV/1.598 mV (mean, Rq of (a) BHJ) and 30.484
mV/2.180 mV (mean, Rq of (d) BHJ + QDs/PFN interlayer). As
a result, the higher surface potential leads to the enhancement
of Voc.

In particular, FF showed a higher increase for Device 3 (FF ¼
60% / 72.2%), in which the PFN interlayer was introduced,
than for Device 2 (FF ¼ 60% / 62.5%), in which the QDs were
introduced into the active layer. Kim45 et al. have reported that
higher carrier recombination usually leads to lower FF. As
shown in Fig. S4,† Devices 3 and 4 showed high FF because of
low leakage current in the reverse bias region. This means the
PFN interlayer retards carrier recombination. In other words, Jsc
was improved by FRET; the extra photon energy was transferred
from the InP QDs to PTB7, and the PFN interlayer caused the
potential change of the surface and reduced the carrier
recombination so that Voc and FF were improved.44,46

The PCE of Device 4, in which both InP QDs and the PFN
interlayer were introduced to Device 1, was 8.4% (Jsc ¼ 14.5 mA
cm�2, Voc ¼ 0.737 V, FF ¼ 72.5%). This corresponds to an
approximately 71.4% increase compared to Device 1. The Voc
and FF were slightly increased compared to Devices 2 and 3, in
which InP QDs and PFN interlayer were introduced, respec-
tively. However, the Jsc was signicantly increased (13.6 mA
cm�2 / 14.5 mA cm�2). This is the due to the synergistic effect
of introducing InP QDs and PFN interlayer.
10448 | J. Mater. Chem. A, 2016, 4, 10444–10453
In other words, the Jsc was improved by FRET; the extra
photon energy was transferred from the InP QDs to PTB7, and
the PFN interlayer caused the potential change of the surface
and reduced the carrier recombination so that the Voc and FF
improved.44,46 Otherwise, the device performance showed the
best results when 5 wt% InP QDs were added as shown in Fig. S5
and Table S2.†

In the EQE characteristics shown in Fig. 3(b), each Device
2–4 showed an increased area compared to Device 1. The Jsc can
be calculated through the measurement of EQE, which can be
dened as the amount of carriers generated from the active
layer against the amount of photons supplied externally.47–50

The calculated Jsc of Device 1 (BHJ/Al), Device 2 (BHJ + QDs/Al),
Device 3 (BHJ/PFN/Al) and Device 4 (BHJ + QDs/PFN/Al) were
13.79, 14.24, 13.91, and 14.85 mA cm�2, respectively. This is
consistent with the Jsc increase shown in Table 1.

Fig. 4(a) shows the UV-Vis absorption spectra of the PTB7
layer and PTB7 and InP QDs (5 wt%) mixed layer with or without
the PFN interlayer. The UV-Vis absorption spectra of the PTB7 +
InP QDs layer showed an absorption peak (lmax ¼ 630, 680 nm)
similar to the absorption spectra of the PTB7 layer, but the
absorption intensity was increased in all areas. As shown in
Fig. 2(a), this result is consistent with the effect of energy
transfer by the overlapping of the emission of InP QDs and the
absorption of PTB7. However, the introduction of the PFN
interlayer on the PTB7 + InP QDs layer showed a slightly
increased absorption property between 350 and 400 nm.51,52

These results provide an understanding that the increased PCE
was caused by the improvement in Jsc, and this is the synergy
effect of the InP QDs and the PFN interlayer shown in Table 1.

Fig. 4(b) shows the UV-Vis absorption spectra under the
condition that PC71BM was added to the active layer under the
same conditions as Fig. 4(a). The absorption spectra of the
samples were similar to those depicted in Fig. 4(a). However, the
absorption peak under l ¼ 650 nm increased due to the
absorption of PC71BM (depicted in Fig. 2(a)).

As shown in Table 1 and Fig. 3, this is consistent with the
result indicating that the Jsc was signicantly improved in the
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Optical properties. UV-Vis absorption spectra of (a) PTB7, PTB7 + InP QDs and PTB7 + InP QDs with and without the PFN interlayer, (b)
BHJ, BHJ + InP QDs and BHJ + InP QDs with and without the PFN interlayer, (c) PL spectra of the BHJ active layer and BHJ + InP QDs hybrid
active layer with and without the PFN interlayer.

Table 2 Photoluminescence quenching rate of the BHJ + InP QDs
hybrid active layer

Condition
PL quenching
rate (%)

PTB7 / BHJ 65.0
PTB7 + PFN / BHJ + PFN 70.3
PTB7 + InP QDs / BHJ + InP QDs 67.9
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case where InP QDs (Jsc ¼ 13.2 mA cm�2 / 13.9 mA cm�2) or
both InP QDs and a PFN interlayer (Jsc ¼ 13.2 m A cm�2 / 14.5
mA cm�2) were introduced. InP QDs greatly contributed to the
improvement of Jsc through an increase in absorption in the
hybrid active layer (BHJ + QDs), and the PFN interlayer
contributed to the improvement in FF through a decrease in
carrier recombination.

As shown in Fig. 4(c), the cases where InP QDs were intro-
duced into PTB7 showed higher PL intensity rather than those
without InP QDs. Therefore, this property resulted from exci-
tons that were formed by carriers which was increased by InP
QDs through energy transfer. This result is consistent with the
high Jsc of Device 4 shown in Table 1. Similarly, the increased PL
characteristics compared to PTB7 are due to the increased
amount of excitons generated by the improved absorption.53

However, BHJ and the hybrid active layer (BHJ + QDs) where
PC71BM was added to PTB7 and PTB7 + InP QDs active layer
showed a low PL intensity. This is because the excited and
separated electrons were accepted by PC71BM. There were
obvious variations in PL intensity among the blends of
PTB7:PC71BM with or without the PFN interlayer (only small
variations in PTB7:PC71BM with or without InP QDs). This
means that InP QDs contributed to enhancing the absorbance
property through energy transfer and the PFN interlayer
contributed to reducing carrier recombination through carrier
transfer.
This journal is © The Royal Society of Chemistry 2016
As shown in Table 2, the PL quenching rate was the highest
(73.2%) in the hybrid active layer (BHJ + QDs) in which InP QDs
were added into the BHJ active layer and the PFN interlayer was
introduced. Vandewal54 et al. have described PL quenching as
the separation of excitons at the donor–acceptor interface aer
the generation of carriers in the photoactive layer and transfer
of the carriers to an external circuit. In other words, a high PL
quenching rate contributes to an increase of Jsc via the quick
movement of carriers from the BHJ active layer to an external
circuit. This is consistent with the result that Device 4, shown in
Table 1, had the highest efficiency. In other words, as shown in
Fig. 2(c) and 3(a), this is a result of increase in the formation of
carriers due to the energy transfer because the emission (lmax ¼
650 nm) of the InP QDs overlapped with the absorption of PTB7.
In addition, the PFN interlayer increased the FF and improved
the PCE by reducing the recombination of the carriers.
PTB7 + InP QDs + PFN / BHJ + InP QDs + PFN 73.2

J. Mater. Chem. A, 2016, 4, 10444–10453 | 10449
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Fig. 5 AFM image of (a) BHJ active layer (reference), (b) BHJ + InPQDs
hybrid active layer and (c) BHJ + InP QDs hybrid active layer with the
PFN interlayer.
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Electron and hole mobility results by the SCLC method are
shown in Fig. S6.† The current density (J) and voltage (V) were
measured using an electron-only device (ITO/ZnO/active
layer/PFN/Al) and a hole-only device (ITO/PEDOT:PSS/active
layer/MoO3/Ag). Mobility (m) was calculated by applying the
measured values to the Mott–Gurney space-charge-limited
current formula, eqn (2):55,56

J ¼ (9/8)m303r(V
2/L3) (2)

where m: charge carrier mobility, 30: free-space permittivity, 3r:
dielectric constant of the semiconductor, V: applied voltage, L:
thickness of the semiconductor layer.

As shown in Table 3, the electron mobilities of devices with
the hybrid active layer (BHJ + QDs) and the BHJ active layer were
calculated to be 3.10 � 10�3 cm2 V�1 s�1 and 2.13 � 10�3 cm2

V�1 s�1, respectively. In addition, the hole mobilities were
calculated to be 2.20 � 10�3 cm2 V�1 s�1 and 1.39 � 10�3 cm2

V�1 s�1. The carrier mobility of the device with the hybrid active
layer (BHJ + QDs) increased 1.5–1.58 times over that of the
device with the BHJ active layer.

In other words, this is consistent with the results given in
Fig. 4, which shows that addition of InP QDs increased the
carriers in the active layer by means of photon energy transfer
from the QDs to the polymers. Additionally, this is a result of the
PFN interlayer effectively retarding carrier recombination, which
is consistent with the high efficiency of Device 4 shown in Table 1.

The AFM morphology characteristics of the BHJ (Fig. 5(a))
active layer and the hybrid active layer (BHJ + QDs) (Fig. 5(b)) are
shown in Fig. 5. Fig. 5(c) shows the morphology when the PFN
interlayer is introduced into the hybrid active layer shown in
Fig. 5(b). As shown in Fig. 5(a), the BHJ active layer formed
a very uniform morphology with a root mean square (RMS)
roughness of 1.36 nm. In Fig. 5(b), the hybrid active layer (BHJ +
QDs) shows the morphology of a protruding probe with an RMS
roughness of 1.63 nm.

In Device 2, FF slightly increased compared to the largely
increased Jsc and Voc with rough morphology. In the top of the
hybrid active layer, QDs act as recombination centers because of
the direct contact of the hybrid active layer with the electrode.

However, in Fig. 5(c), the introduction of the PFN interlayer
resulted in a smooth morphology again with an RMS roughness
of 1.53 nm. In Device 3, FF largely increased with uniform
morphology compared to that in Device 2. This large increase
caused by retarding the carrier recombination of the PFN
interlayer is shown in Fig. S4.† This is a result of the PFN
Table 3 Electron mobility and hole mobility of the active layer
determined using the electron-only devices ITO/ZnO/PTB7 + PC71BM
+ InP QDs/Al and hole only devices ITO/PEDOT:PSS/PTB7 + PC71BM +
InP QDs/MoO3/Ag along with the use of the space charge current
equation in the calculation

Conditions me [cm
2 V�1 s�1] mh [cm2 V�1 s�1]

PTB7 + PC71BM 2.13 � 10�3 1.39 �10�3

PTB7 + PC71BM + InP QDs 3.10 � 10�3 2.20 � 10�3

10450 | J. Mater. Chem. A, 2016, 4, 10444–10453
interlayer passivating the surface of the hybrid active layer (BHJ +
QDs) on which the InP QDs are distributed. This indicates good
interfacial adhesion between the active layer and the cathode,
and it ts well with the results that PCE was improved by the
increase in the Jsc and FF in Device 4 shown in Table 1.

Fig. 6 shows the XPS depth proling characteristics of the
device (ITO/PEDOT:PSS/active layer), with the BHJ (Fig. 6(a)) and
hybrid active layer (BHJ + QDs) (Fig. 6(b)). The measurement was
conducted from 0 min (top of the active layer) to 90 min (bottom
of the active layer) at a rate of 1 nmmin�1. Themeasured velocity
was consistent with the thickness of the device (ca. 70–80 nm).
Carbon (C) and sulfur (S) concentrations are a signal by existence
of PTB7 and PC71BM. As shown in Fig. 6(a), the C concentration
rapidly decreased, but the indium (In) concentration sharply
increased aer 70 min. This is a result of reaching the surface of
the ITO in 75 min (ca. 75 nm) by sputtering from the top of the
active layer into the bottom of the active layer (ITO surface). In
this case, the increase of S concentration aer the 70 nm portion
was a result of reaching the PEDOT:PSS layer.

However, Fig. 6(b) shows that an increase in the C concen-
tration and a decrease in the In concentration occurred in
5 min. In addition, there was a similar trend, as shown in
Fig. 6(a), aer 60 min. This is a result of reaching the surface of
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 XPS depth profiling image of (a) BHJ active layer (reference), (b) BHJ + QDs hybrid active layer.
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the ITO in 65 min (ca. 65 nm), and most of the InP QDs are
distributed on top of the active layer. This result is consistent
with QDs being distributed on the top of the active layer
mentioned above with the AFM characteristics in Fig. 5.

Generally, lower surface energy materials segregate into the
air/lm interface, while higher surface energy materials segre-
gate into the lm/electrode interface.57 InP QDs were distrib-
uted on the top of the hybrid active layer because of the lower
surface energy rather than PTB7 or PC71BM as shown in Fig. 6
and S7.† By means of this distribution, surface characteristics
changed dramatically when the PFN interlayer was introduced
onto the hybrid active layer.

Based on these results, as shown in Scheme 1, the InP QDs
were distributed on the surface of the BHJ active layer, and
directly came into contact with the electrode. Thus, the InP QDs
could act as carrier recombination centers. However, the rough
morphology and PCE could be improved through passivation by
introducing a PFN interlayer.58
Scheme 1 Schematic image of organic–inorganic hybrid solar cells cons
and charge transfer.

This journal is © The Royal Society of Chemistry 2016
In our study, InP QDs increased the absorbance property as
shown in Fig. 4. The PFN interlayer covered InP QDs distributed
on the top of the hybrid active layer. The morphology changed
more uniformly and the surface potential increased as shown in
Fig. 5 and S3.† The PFN interlayer increased PL quenching
characteristics and retarded carrier recombination as shown in
Fig. 4(c) and S4.† Thus, Device 4 showed the best performance
with the synergy effect of InP QDs and the PFN interlayer.

As a result, we revealed energy transfer through the structure
of organic–inorganic hybrid solar cells in which InP QDs were
introduced into the BHJ active layer (PTB7 + PC71BM) and the
energy diagram is shown in Scheme 1. Fabricated (BHJ + QDs)
hybrid solar cells showed a structure similar to the ternary
structure in terms of the energy band diagram.59,60 However,
unlike a ternary structure, InP QDs did not play a role in directly
transferring electrons to the PC71BM in our hybrid solar cells.
Because it is difficult for electrons to be transferred from the InP
QDs to the PC71BM due to the conduction band level being
isting of PTB7, PC71BM, InP QDs and PFN interlayer with energy transfer

J. Mater. Chem. A, 2016, 4, 10444–10453 | 10451
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lower than that of PC71BM (LUMO level in the case of PC71BM),
BHJ solar cells composed of the (InP QDs + PC71BM) active layer
showed low efficiency (Fig. S2 and Table S1†). InP QDs were
distributed on the surface of the active layer aer forming a thin
lm (Fig. 5 and 6). The photon energy coming through the
anode was largely absorbed by the PTB7, and the generated
carriers. Additionally, extra photon energy was transferred to
the PTB7 through the emission (lmax ¼ 650 nm) of the InP QDs.

Conclusions

In this study, organic–inorganic hybrid solar cells in which 5
wt% InP QDs were added into the BHJ active layer (PTB7 +
PC71BM) were successfully produced. It was veried that InP
QDs were distributed on the surface of the active layer aer
forming thin lms. The photon energy coming through the
anode was largely absorbed by PTB7, and the generated carriers
and InP QDs increased the overall photocurrent by transferring
the extra photon energy to PTB7. The carrier recombination was
reduced by the introduction of the PFN interlayer. A device was
successfully fabricated that indicated a maximum PCE of 8.4%
due to the increase of Jsc and FF by the synergy effect of InP QDs
and the PFN interlayer.
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