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Inverted CdSe quantum dots (QDs):poly (3-hexylthiophene) (P3HT) organic/inorganic hybrid solar cells (OIHSCs) with the

PEDOT:PSS/Mo0; dual hole transport layers (HTLs) showed superior performance over those with a single HTL of
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PEDOT:PSS or MoOs. The enhanced electron blocking at the active layer/anode interface as well as the prevention of

leakage current accounted for the enhancement in the efficiency of the solar cells with the dual HTLs. By adopting the

inverted structure and using the dual HTLs, the resistive losses of the CdSe QDs:P3HT hybrid system at high illumination

power were effectively prevented. Further study showed the structure of dual HTLs was applicable to the solar cells with

CdSe QDs and nanorods (NRs)

Introduction

Organic/inorganic hybrid solar cells (OIHSCs) are attractive for
the photovoltaic (PV) research community as an alternative to
all-organic solar cells. OIHSCs combine the advantages of the
tunable band gap1 and facilitated charge tl'ansport2 enabled by
inorganic semiconductor quantum dots (QDs) or nanorods
(NRs) and the flexibility, light weight, and low-cost fabrication
offered by conjugated semiconducting polymers3. They
typically adopt a bulk heterojunction (BHJ) structure with the
inter-mixing of polymers as an acceptor and inorganic
semiconductors as a donor in a single active layer. Polymers
such as poly (3-hexylthiophene) (P3HT)2' 4 poly[2, 6-(4, 4-bis(2-
ethylhexyl)-4H-cyclopenta[2, 1-b:3, 4-b0]-dithiophene)-alt-4,
7-(2, 1, 3-benzothiadiazole)] (PCPDTBT)S' 6, poly[2-methoxy-5-
(2-ethylhexyloxy)-1, 4-phenylenevinylene] (MEH-PPV)7' 8, and
poly({4, 8-bis[(2-ethylhexyl)oxy]benzo[1, 2-b:4, 5-b’
]dithiophene-2, 6-diyl}{3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3, 4-b]thiophenediyl}) (PTB7)9 and
their derivatives are commonly used as the donor. The
acceptors are the inorganic semiconductors such as CdSez,
cds* 11, and PbS™® QDs or NRs. These
semiconductors offer enhanced absorption
spectrum region and generate extra excitons in addition to the
polymer part. The nanoscale phase separation creates a high
density of donor/acceptor interfaces to enable exciton
dissociation and the subsequent charge transportation in the
donor and acceptor domains®.

OIHSCs are typically fabricated with a conventional device
configuration of ITO/hole transport layer (HTL)/BHJ/Al, where
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blended with poly(thienothiophene-co-benzodithiophenes)7-F20

(PTB7-F20).

ITO acts as the bottom hole-collecting anode and a low work
function metal (e.g., Al) as the top electron-collecting cathode.
Poly(3, 4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) is used as an HTL due to its broad applicability,
ease of use, and availability4. The active layer is a mixture of
inorganic semiconductor QDs or NRs and polymers. Until now,
the highest power conversion efficiency (PCE) of 3.64 % was
achieved by using a blend of CdSe QDs and NRs as the donor
and P3HT as the acceptor with a conventional configurations.
However, OIHSCs with a conventional configuration are
unstable because indium is able to diffuse into the polymer
layer and thus degrade the performance of OIHSCs™. In
addition, prolonged exposure of conventional configuration
devices to air and moisture can cause oxidation of the top
electrode as well as degradation of the active Iayerls. Finally,
direct deposition of metal onto the active layer may lead to
either metal diffusion into the film or metal reaction with the
polymer, and thus adversely affect the semiconducting
properties of the polymerls’ v,

Regarding these issues raised by adopting a conventional
structure, an inverted device configuration was developed
with a typical structure of ITO/electron transport layer
(ETL)/BHJ/HTL/Ag. In these devices, an air-stable high work
function metal (e.g., Ag or Au) is placed on top as the anode
while the bottom ITO is used as the cathode. An ETL (e.g., ZnO)
is inserted between the ITO and the active layer to selectively
extract electrons to the cathode. The presence of an ETL
greatly reduces the leakage current in the devices and
prevents the diffusion of indium into the active layer. An HTL is
inserted between the active layer and the anode to selectively
extract holes while concurrently blocking electrons, thereby
further reducing the dark (leakage) current and increasing the
open-circuit voltage (Voc) and fill factor (FF). The high work
function of PEDOT:PSS (4.8-5.2 eV) is typically used as the
HTL'®. PEDOT:PSS helps the anode to form ohmic contact with
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the BHJ active layer to improve the Vo and charge-collecting
ability of solar cells®™. However, PEDOT:PSS suffers from
several drawbacks including large electrical and
microstructural inhomogeneitieszo, poor electron blocking
propertyu, and the tendency of eroding the electrodes?.
Various transition metal oxides such as nickel oxide (Ni0)23‘ 24,
molybdenum oxide (MoO3)19’ 25, vanadium oxide (VZOS)ZG, and
tungsten oxide (WO3)27 were developed to use as an
alternative HTL to PEDOT:PSS. Among these, MoOs is one of
the most promising materials because of its nontoxic nature,
very deep-lying electronic states, and strongly n-doped
character caused by oxygen vacancies®®. Inverted devices
fabricated using MoOj; as the HTL consistently show higher PCE
than conventional devices using PEDOT:PSS as the bottom
electrode interlayerzg' 30 Despite the fact that the inverted
configuration has been extensively used in fabricating all-
organic solar cells, only a few works have been reported
regarding OIHSCs with an inverted structure. An inverted
binary OIHSC was fabricated by using CdSe NRs as the acceptor
and P3HT as the donor. CdSe NR arrays were deposited on
TiO,-coated ITO glass31. The interstitial spaces between the
nanorods were infiltrated with P3HT and the devices were
completed with a Au top electrode. The best power conversion
efficiency was achieved at 1.38% under 100 mW cm? of AM
1.5G illumination. Inverted ternary OIHSCs were developed to
improve the binary polymer solar cells. Inverted hybrid solar
cells based on pyrite FeS, nanocrystals in P3HT:PCBM were
fabricated with a structure of
ITO/ZnO/P3HT:PCBM:FeS,/PEDOT:PSS/Ag. The devices showed
enhanced photocurrent and great air-stability after aging 28
days exposed in air. Additionally, solar cells with a structure of
ITO/TiO,/PCDTBT:PCBM:CdSe QDs/Mo0O;/Ag were
constructed. By the incorporation of CdSe QDs into binary
PCDTBT:PCBM polymer solar cells, the inverted devices
showed enhancement of the Vg, short-circuit current density
(Jsc), and FF, and thus an improved PCE of 6.94%. Very
recently, a MoO;:PEDOT:PSS hybrid ink was developed by
mixing MoOj3 nanoparticles with PEDOT:PSS and deployed as
the HTL in the inverted organic solar cells with P3HT:PCBM and
PTB7:PCBM active layers. The inverted organic solar cells with
the hybrid HTL achieved comparable PCEs as those using the
thermally evaporated MoO; HTL when the thickness of MoO;
is greater than 20 nm. The solution processability along with
the less thickness dependence of device performance makes
this HTL hybrid ink more compatible with roll-to-roll printing
process™.

In this work, we fabricated inverted hybrid CdSe-polymer
solar cells with a structure of ITO/ZnO/CdSe:polymer/HTL/Ag.
Two widely used conjugated semiconducting polymers P3HT
and PTB7 were blended with CdSe QDs or QDs + NRs to form
the hybrid BHJ layers. First, three types of HTLs including two
single HTLs, PEDOT:PSS and MoO;, and a dual HTL,
PEDOT:PSS/Mo00;, were inserted between the active layer of
CdSe QDs:P3HT and the top anode. Different from the
previous work using the mixture of MoO;:PEDOT:PSS as a
hybrid ink for HTL33, we spin-coated a layer of PEDOT:PSS first
and then thermally evaporated a layer of MoO3, which serves
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as a dual HTL. The performance of the fabricated inverted
hybrid solar cells was evaluated. Hole mobility and electron
mobility were obtained by applying the space-charge-limited-
current (SCLC) method to the hole-only and electron-only
devices with the same hybrid active layer, respectively.
External (EQE) measurements were
performed in order to understand the photon absorption and

quantum efficiency

charge carrier generation processes. An improved Shockley
model using the space-charge approach was applied to fit the
dark J-V curves to obtain the shunt resistance (Rsy) and series
resistance (Rs), which were used to understand the different
performance observed in the devices using the three types of
HTLs. The enhancement in efficiency of the fabricated solar
cells was ascribed to improved electron blocking at the active
layer/anode interface as well as to prevention of leakage
current. By adopting the inverted structure and using the dual
HTLs, the resistive losses of CdSe:P3HT hybrid system at high
illumination power are effectively prevented. Further study
showed that dual HTLs were applicable to CdSe:PTB7-F20 solar
cells. An efficiency as high as 2.35% was reached by inverted
hybrid CdSe-PTB7-F20 solar cells with a
ITO/Zn0O/CdSe QDs + NRs:PTB7-F20/HTL/Ag.

structure of

Experimental
Chemicals

Cadmium oxide (CdO, 2>99.99%), selenium powder (Se,
99.99%), trioctylphosphine oxide (TOPO, 99%), oleic acid (>
99.0%), and zinc oxide nanoparticle (ZnO NP) dispersion (50
wt% in H,0 and the particle size < 100 nm determined using
dynamic light scattering (DLS)) were purchased from Sigma-
Aldrich. Trioctylphosphine (TOP, 97%) and n-
tetradecylphosphonic acid (TDPA, 97%) were obtained from
Strem Chemicals Inc. P3HT (4002-E) was purchased from Rieke
Metals, Inc. Poly(thienothiophene-co-benzodithiophenes)7-
F20 (PTB7-F20) was obtained from 1-Material, Inc. PEDOT:PSS
(Clevios P VP AIl4083) was obtained from H.C. Starck and
filtered through a 0.22 um nylon filter before use. MoO;
powder (99.9995%) was purchased from Alfa Aesar. Ag pellets
(99.99%) and ITO coated glass were obtained from R.D. Mathis
and Colorado Concept Coatings LLC, respectively.

CdSe QD synthesis and ligand exchange

CdSe QDs were synthesized by the hot injection method™.
Briefly, CdO (0.5 mmol), oleic acid (10.0 mmol), and TOPO (2.5
mmol) were mixed and heated to 280°C under N, protection.
In a separate airtight tube, 0.5 mmol of Se was dissolved in 1.5
ml of TOP to form a TOP-Se solution at 150°C. Subsequently,
1.5 ml of TOP-Se solution was swiftly injected into the three-
neck flask using a glass syringe. After the injection, the
temperature was maintained at 280°C for 2 to 30 min in order
to obtain CdSe QDs with the size from 4.0 to 7.4 nm. The
reaction was quenched by adding 5 ml toluene. CdSe QDs were
purified by washing with toluene and being precipitated in
methanol for three cycles. QDs were ligand exchanged with
pyridine overnight at 60°C. The ligand exchanged QDs were
then precipitated by adding hexane, separated by

This journal is © The Royal Society of Chemistry 20xx
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centrifugation at 6000 rpm for 2 min, and re-dispersed in 1.0
ml pyridine:chlorobenzene (1:20 vol/vol).
CdSe NRs synthesis and ligand exchange

CdSe NRs were synthesized according to the reported
protocol34 with a few modifications. Typically, CdO (0.4 mmol),
TDPA (1.1 mmol), and TOPO (10.6 mmol) were mixed and
heated to 300°C under N, protection to dissolve CdO in the
TDPA/TOPO solution. After an optically clear solution was
obtained, it was heated up to 320°C. In a separate airtight
tube, 0.5 mmol of Se was dissolved in 4.0 ml of TOP to form
the injection solution at 150°C. This solution was injected into
the reaction flask at 320°C by using a 5-ml glass syringe. After
the injection, the temperature of the reaction mixture
dropped down and was kept at 250°C for the growth. The
reaction was stopped at 30 min by removing the heating
mantle. The purification and ligand exchange procedures of
CdSe NRs were the same as those of CdSe QDs.

Device fabrication

Inverted OIHSCs were fabricated on ITO coated glass
substrates with a sheet resistance = 10 Q sq'l. The substrates
used for all devices were first cleaned by several
ultrasonication steps in soapy deionized (DI) water, DI water,
acetone, and isopropanol, each for 15 min. The cleaned
substrates were treated with oxygen plasma for 30 s prior to
depositing any films. The substrates were first spin-coated
with a 5.22 wt% ZnO NP dispersion at 3000 rpm for 30 s. After
being baked in air at 120°C for 10 min, the substrates were
transferred to a nitrogen glovebox for the spin coating of
CdSe-polymer layers. The CdSe-polymer solutions were
prepared by dissolving CdSe QDs or NRs and P3HT or PTB7-F20
in pyridine:chlorobenzene (1:20 vol/vol) to a total
concentration of 30 mg ml™. The weight ratio of CdSe QDs in
the mixture was 80 or 85 wt%. The weight ratio of QDs to NRs
was 2:1 for the devices containing the mixture of CdSe QDs +
NRs:PTB7-F20. The CdSe-polymer layers were fabricated by
spin-coating of CdSe-polymer solutions at 1000 rpm for 30 s,
followed by being baked at 150°C for 10 min. Three types of
HTLs were inserted between the active layer and the top Ag
anode. The 40 nm PEDOT:PSS layer was fabricated by spin-
coating a dilute PEDOT:PSS solution at 5000 rpm and baking at
120°C for 10 min. The 10 nm MoO; layer was fabricated by
thermal evaporation. The dual HTLs of 40 nm PEDOT:PSS/10
nm MoO; were fabricated by spin-coating a dilute PEDOT:PSS
solution and followed by thermal deposition of the MoO;
layer. Finally, a 100 nm Ag layer was thermally evaporated
through a shadow mask to make four electrodes each with an
area of 10 mm®. The background pressure was kept below 10
Torr during the deposition.

The electron-only devices were fabricated with a structure
of 100 nm AIl/85 wt% CdSe QDs:P3HT/100 nm Al. A 100 nm
thick Al layer was thermally evaporated onto a glass substrate
and then the CdSe QDs:P3HT solution was spin-coated on the
Al-covered substrate followed by the deposition of a 100 nm
thick Al layer. The area for those electron-only devices was 10

This journal is © The Royal Society of Chemistry 20xx

mm?>. Similarly, the hole-only devices were fabricated for the
measurement of hole mobility in the hybrid thin film with a
structure of ITO/40 nm PEDOT:PSS/85 wt% CdSe
QDs:P3HT/100 nm Au. A layer of 40 nm PEDOT:PSS was spin-
coated on an ITO coated glass substrate and baked at 105°C
for 20 min, followed by spin-coating of the active layer. Finally,
a 100 nm Au was deposited onto the active layer.
Characterization

UV-Vis spectra of CdSe QDs and NRs in toluene were acquired
using a Varian Cary 5000 UV-Vis-NIR spectrophotometer from
the wavelength of 450 to 750 nm. Photoluminescence (PL)
spectra of the same solutions were recorded by Perkin Elmer
LS-50B Fluorimeter with an excitation wavelength of 450 nm.
Transmission electron microscopy (TEM) images were acquired
using an FEI Tecnai G2 F20 TEM operating at an accelerating
voltage of 200 kV. The samples for TEM analysis were
prepared by drop casting a dilute solution of NCs in chloroform
onto ultrathin carbon-coated copper grids. The film thickness
was measured using an Alpha-Step 500 profilometer (KLA-
Tencor, San Jose, CA). The illuminated current density-voltage
(J-V) curves were recorded in a glove box under nitrogen
atmosphere using a Keithley 2400 source meter unit. The
measurements were performed under AM1.5 illumination
condition at an intensity of 100 mW/cmz. The light intensity
was calibrated to 100 mW/cm2 using a calibrated silicon solar
cell that had been previously standardized at the National
Renewable Energy Laboratory. The J-V curves of the hole-only
and the electron-only devices were measured using the same
set-up under dark. External quantum efficiency (EQE) spectra
were gathered in air using an Oriel Xenon lamp (450 W) with
an AM 1.5 filter, a monochromator (Oriel Cornerstone 130 1/8
m), a chopper with a frequency of 100 Hz, a lock-in amplifier
(SR830, Stanford Research Corp), and a Si-based diode
(J115711-1-Si detector) for calibration.

Results and discussion

Inorganic semiconductor QDs or NRs in OIHSCs absorb sunlight
to generate electron-hole pairs. The connected inorganic
semiconductor phase serves as a pathway to transport
electrons. The size of CdSe QDs not only affects the light
absorption but also the efficiency of electron transfer and the
mixing uniformity with polymers. It was reported that CdSe
QDs with the size of 6.5£0.5 nm blended with P3HT generated
a PCE of 1.7+0.1% for the devices with a conventional
configurationgs. Larger size CdSe QDs of 8-10 nm induced the
aggregation of QDs in the mixtures, which causes a poor
electrical contact between the active layer and the electrodes
and poor reproducibility of device performance36. CdSe QDs
with the size below 6 nm resulted in large hopping distances
among QDs in the active layer, leading to insufficient
percolation pathway for the electron transport. As a result, a
small Jsc was commonly observed in those devices®’.
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Table 1 Summary of the performance parameters of inverted hybrid CdSe QDs:P3HT solar cells under AM 1.5G 1-sun illumination. Devices were fabricated with a structure of
ITO/Zn0/85 wt% CdSe QDs:P3HT/HTL/Ag. A MoOs only, a PEDOT:PSS only, or a PEDOT:PSS/MoO; were used as the HTL. The thickness of PEDOT:PSS and MoO; are 40 and 10

nm, respectively.

HTLs Voc (V) Jsc (MAfcm®)  FF (%) PCE (%)  PCEnw (%) R, (Q) Ren (Q)
PEDOT:PSS/ 0.55+0.02 4.96+0.13 47.612.4 1.37+0.23 1.53 3.45 29705.6
MoO;
PEDOT:PSS 0.50+0.01 4.22+0.23 43.2+2.5 0.85+0.06 0.88 2.05 27005.4
MoO; 0.28+0.05 2.4540.32 31.943.3 0.2240.23 0.41 3.07 2396.9
determined from the empirical fitting equation38. These CdSe
(A) (B) QDs were used to fabricate all the devices reported in this
work.

Inverted hybrid CdSe-polymer solar cells were first made
with the active layer of CdSe QDs:P3HT and the architecture is
shown in Fig. 1B. A ZnO NP layer with a thickness of 3613 nm
was used as the ETL. An HTL was inserted between the Ag
anode and the active layer. Three types of HTL: 40 nm

{C)N‘E‘ o D g PEDOT:PSS, 10 nm MoOs3, and 40 nm PEDOT:PSS/10 nm MoOs,
s 6{HTL: : / i were investigated. The device performance is summarized in

4] PEDOT:PSS/Mo0, / 40 \_ . . P

g , / Table 1. Fig. 1C shows the typical J-V characteristics of the
-g g' I fabricated devices under 1 sun (= 100 mW/cmZ) AM1.5 G
A 4 - simulated solar illumination. For the devices containing 85 wt%
g :g CdSe QDs with the single HTL of MoOs, a Jsc of 2.45+0.32
=] i o e 2
g 02 00 02 oa e 08 250 500 600 700 800 mA/cm®, a Voc of 0.28+0.05 V and a FF of 31.9+3.3% were

Voltage (V) ‘Wavelength (nm)

Fig. 1 (A) ATEM image of CdSe QDs synthesized with the average size of 6.3 + 0.2
nm. (B) Schematic of an inverted OIHSC with CdSe QDs:P3HT as the active layer.
(C) Typical J-V characteristics of the inverted devices under 1 sun AM 1.5G solar
illumination. (D) EQE as a function of the wavelength of those inverted solar
cells. Devices were fabricated with a structure of ITO/ZnO/85 wt% CdSe
QDs:P3HT/HTL/Ag. A MoOs only, a PEDOT:PSS only, or a PEDOT:PSS/MoOs were
used as the HTL. The thickness of PEDOT:PSS and MoOs are 40 and 10 nm,
respectively.

Therefore, CdSe QDs with a size around 6-7 nm were
synthesized. The reaction time was controlled from 2 to 30
min at 280°C and the UV-Vis and PL spectra of the synthesized
CdSe QDs were measured. The first excitonic absorption peak
shifts from 604 to 654 nm as shown in the UV-Vis spectra in
Fig. S1A. The corresponding PL emission changes from 619 to
660 nm with the excitation wavelength of 450 nm (Fig. S1B).
The diameter of the synthesized CdSe QDs was estimated by
using the empirical fitting function that correlates the
diameter of CdSe QDs to the wavelength of the first excitonic
absorption peak38 and the values of 4.0, 4.3, 5.0, 6.1, and 7.4
nm were obtained. The morphology and size of the
synthesized CdSe QDs were also studied using TEM. Fig. 1A
shows a TEM image of CdSe QDs synthesized by reacting at
280°C for 5 min. The QDs are spherical particles and the
average diameter is 6.320.2 nm calculated by counting 200
particles, which is in good agreement with the value of 6.1 nm

4| J. Name., 2012, 00, 1-3

obtained, which leads to an overall PCE of 0.22+0.23%. Using
PEDOT:PSS as the single HTL greatly improved the Js¢, V¢, and
FF of the devices to the values of 4.22+0.23 mA/cmZ,
0.5010.01 V, and 43.2+2.5%, respectively, leading to an overall
PCE of 0.85%£0.06%. The device performance was further
improved by the deposition of 10 nm MoOj; on top of the spin-
coated PEDOT:PSS. A PCE as high as 1.374£0.23% was achieved
because of the further increase in Js¢c, Voc, and FF. This PCE of
the inverted hybrid BHJ solar cells with the dual HTLs is
comparable to the PCE of the conventional hybrid solar cells
containing the active layer of P3HT and CdSe QDs, where the
QDs were also ligand exchanged with pyridine37‘ 3 The devices
with the active layers containing 80 wt% of CdSe QDs exhibited
a worse performance than those with 85 wt% of CdSe QDs and
the same HTL as shown in Table S1 and Fig. S2. The inferior
performance of the devices with a lower weight ratio of CdSe
QDs in the active layer is ascribed to the increased hopping
distances between the QDs in the active layer, thereby forming
insufficient percolation pathways for electron transport4°‘ a
The effect of different HTLs on the performance of devices
with 80 wt% CdSe QDs follows the same trend as those with 85
wt% CdSe QDs. The PCEs of these devices are 0.18+0.19%,
0.74+0.01%, and 0.94+0.18% with MoO;, PEDOT:PSS, and
PEDOT:PSS/Mo00O; as the HTL, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 The energy band diagrams of the materials used in the inverted hybrid
CdSe QDs:P3HT solar cells. The energies (in eV) are all referenced from the
vacuum level.

EQE measurements of devices with 85 wt% CdSe QDs in
the BHJ layer and PEDOT:PSS, MoOs;, or PEDOT:PSS/MoO; as
the HTL were performed in order to understand the photon
absorption and charge carrier generation processes. As can be
seen from Fig. 1D, the EQE curves correlate well with the
absorption of P3HT since most of the photo-generated charge
carriers are created in P3HT. By comparing the absorption
spectrum of 6.1 nm CdSe QDs (Fig. S1A) with the EQE spectrum
(Fig. 1D), one can clearly see that the shoulder around 650 nm
is due to the photon-generated charge carriers from CdSe QDs.
By integrating the area underneath the EQE curves from the
wavelength of 330 to 800 nm, the Js¢'s were determined to be
2.41, 4.15, and 4.83 mA/t:m2 for the devices with MoO;,
PEDOT:PSS, or PEDOT:PSS/Mo0O; as the HTL. The calculated
Js¢’s concord very well with those determined from the J-V
measurements (Table 1).

In order to understand the effect of different HTLs on the
device performance, we first compared the energy levels of
the materials used to fabricate the devices. The energy band
diagram of the materials involved in the inverted hybrid
devices is displayed in Fig. 2. The band gap of the 6.1 nm CdSe
QDs is estimated to be 1.8 eV from the first absorption onset
of the UV-Vis spectrum“. The conduction and valence band
edges (Ecg and Eyg) are derived to be -4.4 and -6.2 eV,
respectively, by considering the quantum confinement
effect™. The Ecg of M0O; (-2.3 eV) is higher than that of the 6.1
nm CdSe QDs (-4.4 eV) and the lowest unoccupied molecular
orbital (LUMO) of P3HT (-3.2 eV). Thus, the introduction of a
MoO; layer prevents the transfer of electrons from the active
layer to the anode. Meanwhile, the lower E,z of MoO; (-5.3
eV) compared to the highest occupied molecular orbital
(HOMO) of P3HT (-5.1 eV) creates a small barrier for hole
extraction. For PEDOT:PSS, a slightly higher work function of
-5.2 eV could be beneficial for the hole extraction but it does
not have the ability to block electrons.

Surface roughness of the active layer and the coverage of
the HTL could also play roles. We noticed that the surfaces of
the hybrid active layers are quite rough from the atomic force
microscopy (AFM) topographic images (Fig. S3). It is likely that
the surface of the active layer cannot be fully covered by the
deposition of a 10 nm MoO; layer, which could create direct
contact points between the active layer and the anode. In
contrast, the spin-coated 40 nm PEDOT:PSS layer alleviates

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (A) and (B) Schematics of a hole-only and an electron-only device,
respectively. (C) and (D) The dark J-V characteristics of a hole-only and an
electron-only device, respectively. The solid lines are fit to the SCLC regions usin%
Eq. 1. The active layers in hole-only and electron-only devices are composed o
85 wt% of CdSe QDs and P3HT.

these defects and reduces the shorts between the active layer
and the anode. Therefore, devices with the dual HTLs
containing PEDOT:PSS and MoO; show the best device
performance.

The transport properties of electrons and holes in the
active layer significantly affect the performance of the
fabricated solar cells. In an efficient solar cell, high electron
and hole mobility is preferred because this means charge
carriers can be transported to the respective electrodes
quickly, which suppresses current losses via recombination.
The hole-only and electron-only devices were constructed in
order to obtain the electron and hole mobility in the active
layer. The structures of ITO/PEDOT:PSS/85 wt% CdSe
QDs:P3HT/Au (Fig. 3A) and Al/85 wt% CdSe QDs:P3HT/AI (Fig.
3B) were adopted for the hole-only and electron-only devices,
respectively. The work functions of Au and Al are -5.2 and -4.3
eV, respectively. The mobility can be obtained by fitting the
part of the dark J-V curve under high forward bias, the so-
called space-charge-limited-current (SCLC) regime, where the
built-in voltage created by space-charge becomes significant at
high electric fields. The J-V curves of the hole-only and
electron-only devices were measured in the dark (Fig. 3C and
3D). The SCLC regimes were fitted to Mott-Gurney’s Law
including the Frenkel effect (Eq. 1)44

_9 Ve 0.898
J = 3 HEE, B exp( 7L \/V—) (1)

where J is the current density, V the applied voltage, L the
active layer thickness, p the mobility, & the relative
permittivity, €, the permittivity of free space, and B the field-
activation factor. The fitted lines are displayed in Fig. 3C and
3D and the fitting parameters are listed in Table S2. Hole
mobility was determined to be 1.8 x 10° cmz(V-s)'l, which
concords very well with the reported value of 2.6 x 10°
cmZ(V-s)'1 45 Electron mobility was determined to be 1.1 x 107
cmZ(V-s)'l, which is higher than the literature values that are
in the range of 10™ to 10° cmZ(V-s)'1 36,96 A higher electron
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mobility indicates shorter interparticle separation47 and thus
more percolation pathways are created in the film for electron
transport. This could result from the high CdSe QD loading (85
wt%) in the active layer.
We also calculated the series resistance (R;) and shunt
resistance (Ry,) to quantitatively understand the effect of
different HTLs on the device performance. The J-V curves of
the fabricated devices were measured in the dark and fitted to
calculate R, and Rg,. Because the difference in electron
mobility (1.1 x 1073 cmZ(V-s)'l) and hole mobility (1.8 x 10°
mZ(V-s)'l) exceeds two orders of magnitude, photocurrent
reaches the fundamental space-charge limit*:. An improved
Shockley model using the space-charge approach (Egs. S1-S3)
was used to fit the dark J-V curves following the same
numerical methods by W. U. Hyunh et. al.®. Typical semilog
scale dark J-V plots of these solar cells are displayed in Fig. 4.
The dark current at forward bias can be divided into three
regions based on the voltage at the inflection points of the
dark J-V curves (Fig. 4)50. The J-V characteristics at regions I
and Il are primarily determined by Ry, and R., respectively,
and that at region II is governed by diode parameters of the
saturation current (Jy) and the ideality factor (n) that are in the
improved Shockley model using the space-charge approach49
The fitting parameters (n and Jy) are summarized in Table S3.

100
N
£ 10 L
E 1 et ot
£ e, e
Z 01 ot 2’ .
g 1 ' o ! m
8 0.014 ShTL
g PEDOT:PSS/Mo0,
£ 1E-3 PEDOT:PSS
O MoO,
1E-4+— T T T T T

04 -02 00 02 04 0.6
Voltage (V)

Fig. 4 Typical semilog scale J-V plots of inverted CdSe QDs:P3HT solar cells in the
dark. The solid lines are fit to the regions of high forward bias using qus S1-S3.
Devices were fabricated with a structure of ITO/ZnO/85 wt% CdSe
QDs:P3HT/HTL/Ag. A MoO; only, a PEDOT:PSS only, or a PEDOT: PSS/MOO; were
used as tf;e HTLs. The thickness of PEDOT:PSS and MoO; are 40 and 10 nm,
respectively

The calculated Ry, and R of the corresponding devices are
listed in Table 1. Devices with MoO; as the HTL present the
smallest Ry, among three types of HTLs. A small Ry, is often the
result of pinholes present in the active layer or connected
pathways between two electrodes’” or the imperfect coverage
of an HTL. Because all the devices were fabricated using the
same active layer under the same conditions, the difference in
Rs, should be predominately caused by the different HTLs.
Imperfect coverage of MoO; could cause the small Ry, which
induces the current leaking through the circuit, and thus
resulting in high dark current as shown in Fig. 4. In addition,
devices with small Ry, exhibit the characteristics of a small
rectification and a steep slope under reverse bias in the
illuminated J-V curves (Fig. 1C). Thus, poor performance was
observed in the devices with MoO; as the HTL. Using
PEDOT:PSS as the HTL, the Ry, of the devices was increased by
about one order of magnitude. Comparing to the devices with
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MoO; as the HTL, the devices using PEDOT:PSS as the HTL
show lower dark current (Fig. 4). The lower dark current leads
to the devices with higher V¢ by using MoOj; as the HTL (Table
1) according to the relationship that Voc is proportional to
logarithmic ratio of photocurrent to dark current (Eq. 56)52
Moreover, the illuminated J-V becomes more flat under
reverse bias and the rectification is increased (Fig. 1C). All
these indicate the PEDOT:PSS layer could provide better
coverage to the active layer and improve the leakage and
recombination. Further improvement of Ry, was realized by
evaporating a 10 nm layer of MoO; on the devices pre-coated
with a 40 nm layer of PEDOT:PSS (Table 1). Devices with the
dual HTL show a higher R, (3.45 Q) than those with PEDOT:PSS
(2.05 Q) as the HTL. The R, includes the bulk and the contact
resistance”>. The slight increase in the R, of devices with a dual
HTL is due to an increase in the contact resistance by the
insertion of a MoOj; layer between PEDOT:PSS and Ag because
all the other parts of the devices are the same. As mentioned
before, the introduction of a MoOj; layer prevents the transfer
of electrons from the active layer to the anode and reduces
the chance of charge recombination. Devices with the dual HTL
show a lower dark current (Fig. 4) and larger V¢ (Table 1) than
those with PEDOT:PSS as the HTL. Thus, a flat illuminated J-V
curve under reverse bias and a large rectification are observed
(Fig. 1C). By adopting a dual HTL, both the R, and Ry, are
increased. An improvement in the R, contributes to the
enhancement in performance of the fabricated devices with a
dual HTL since a dual HTL can best prevent leakage current and
recombination in the devices. As a result, the devices with a
dual HTL exhibit the best performance among the devices
using the same weight ratio of CdSe QDs but different HTLs.
Photon induced charge carrier generation strongly depends
on the intensity of the incidence light. Device parameters such
as Jsc, Voo, FF, and PCE were measured with a light intensity
from 42 to 100 mW/cm2 using the device with 85 wt% CdSe
QDs in the BHJ layer and PEDOT:PSS/ MoO; as the HTL. The
dependence of Vo and FF on light intensity is shown in Fig. 5A
and the relationship of Jsc and PCE with light intensity is
displayed in Fig. 5B. V¢ increases linearly with the increase of
the logarithmic light intensity while FF decreases slightly.
When the V¢ equals the applied voltage, the internal
electrical field within the devices is reduced to zero. The field

A B
[CVRY} 60 ® ., 27
n=22 e
55 5.1 1.9
0.55 - g‘ -(%
S | pemti,, mz Ea 10 2
8 2
22050 s 19 07 3
0.4
0.45 40 1.0
35 55 110 35 55 110

Light Intensity (mW/cm?) Light Intensity (mW/em?)

Fig. 5 (A) Voc and FF as a function of logarithmic scaled light intensity. A fit of
Voc and logarithmic light intensity to the simple Shockley equation is shown.
Ideality factor‘Jn) is determined to be 2.2. (B) Jsc and PCE as a function of light
intensity in a double logarithmic scale A fit of Jsc and light intensity (J to the
relationship of JscxI® with a = 1.43 is shown. Devices were fabricated with a
structure of ITO/Zn0O/85 wt% CdSe QDs:P3HT/ PEDOT:PSS/MoOs/Ag. The
thickness of PEDOT:PSS and MoOj; are 40 and 10 nm, respectively.
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dependence of the photocurrent becomes insignificant. A
simple Shockley model was used to fit the linear relationship
between Voc and logarithmic power (Eq. S6). The ideality
factor (n) was determined to be 2.2, which is greater than 2.0.
The value of n = 2.62 (Table S3) was obtained using the
Shockley fits in the dark, displayed in Fig. 4. An ideality factor
equal to 2.0 means the recombination of charge carriers is
fully trap—assisted‘w’ = A higher ideality factor observed, which
is normal in CdSe:P3HT hybrid solar cellsSI, could be explained
by the surface states of CdSe QDs at the p-n junction between
P3HT and CdSe™®. In conventional CdSe:P3HT hybrid solar cells,
a decrease in FF from about 45 to 38 V at high intensity from
~40 to 110 mW/cm2 was observed49, which is a detrimental for
solar cells working under high intensity such as with a solar
concentrator. Only a slight decrease in FF from about 50 to 48
with the increase of the light intensity in the same range was
observed in the inverted solar cells with a dual HTL (Fig. 5A).
This indicates the resistive losses of the CdSe QDs:P3HT hybrid
system at high illumination power are effectively prevented by
adopting the structure of the inverted configuration and the
dual HTL. As can be seen in Fig. 5B, Jsc and PCE increase
linearly with increasing light intensity in a double logarithmic
scale. Jsc is linear with illuminated light intensity, indicating
there is no substantial space charge buildup by increasing the
light intensity. Furthermore, a linear fit of the Jsc plot yields a
scaling exponent a = 1.43, according to the power-law
relationship of Jgc « Pl‘fght, where Py, is the light power (or
intensity). The larger than unit value could be due to the small
range of light intensity. Nonetheless, this means the charge
carrier losses are dominated by monomolecular recombination
via defects in the active Iayer57' 8 Bimolecular recombination
of electrons and holes, which reflected by a = 0.5 in the light
intensity dependence of photocurrent, was not observed even
at high light intensities in the inverted hybrid CdSe-polymer
solar cells adopting PEDOT:PSS/MoO; as dual HTLs. An
increase of Vg, Jsc and slight decrease of FF result in the
increase of PCE under increased light intensity.

PTB7-F20 is a fluorinated thieno[3, 4-b]thiophene
copolymersg. The thienothiophene unit with and without F was
mixed with a ratio of 2:8 in PTB7-F20. The conduction and
valence band edges (Ecg and Eyg) of PTB7-F20 are -3.26 and -

Substrate Substrate

J cdsengrs

) Polymer

Fig. 6 Schematic illustration of the morphology dependence of (A) CdSe QDs +
CdSe NRs:PTB7-F20 film and (B) CdSe QDs + CdSe NRs:P3HT film on the
substrate coated with ZnO layer. The percolation pathwaxs were marked as
white Ilines in the illustrations. Electrons were collected by the cathode through
aZnO layer.

@ CdSe QDs

Ordered polymer domains

This journal is © The Royal Society of Chemistry 20xx

5.07 eV, respectively. PTB7 forms small domains in a BHJ solar
cell (Fig. 6A), which facilitate the separation of electron and
hole. In contrast, P3HT crystalizes in large highly crystalline
polymer domains (Fig. 6B). Carriers are more likely to be
trapped and recombine if no adjacent crystalline is available
for them to hop to. PTB7-F20 thin films possess a hole mobility
of 9.0 x 107 t:mZ(Vos)"1 59, which is much larger than that of
P3HT (1.8 x 10° cmZ(V-s)'l). A combination of CdSe QDs and
CdSe NRs as the acceptor provides an efficient network for
electron transports’ 60, By adopting PTB7-F20 as the donor and
CdSe QDs and CdSe NRs as the acceptor, the charge
recombination is expected to be suppressed due to the
efficient transport of both the electrons and holes. CdSe NRs
with the aspect ratio of 1:10.5 (Fig. 7A) were synthesized by
reacting at 250°C for 30 min. The UV-Vis and PL spectra of the
synthesized CdSe NRs with the reaction time from 1 to 30 min
were shown in Fig. S4A and B in the Support Information,
respectively. The first excitonic absorption peak shifts from
524 to 613 nm by reacting at 250°C from 1 to 30 min. The
corresponding PL emission shifts to longer wavelength by
prolonged reaction time. Devices were fabricated in an
inverted structure of ITO/ZnO/CdSe QDs or CdSe QDs +
NRs:PTB7-F20/PEDOT:PSS/Mo0;/Ag. Typical J-V characteristics
of devices were recorded and displayed in Fig. 7B. For the
device containing 85 wt% CdSe QDs with the dual HTL, a Jsc of
3.940.2 mA/cm?, a Vg of 0.68+0.01 V and a FF of 51.5+2.2%
were observed, which led to a PCE of 1.38+0.21%. Devices
fabricated using PTB7-F20 as the donor consistently show
higher Voc and FF (Table 2) than those fabricated using P3HT
(Table 1). This may be ascribed to the enhanced intramolecular
charge separation and reduced charge recombination enabled
by PTB7-F20. The device performance is improved by using a
combination of CdSe QDs and CdSe NRs. The Vo and FF were
lightly increased to 0.70+0.02 V and 52.9+1.1%, respectively. A
dramatic increase in the Jsc from 3.9+0.2 to 5.5+0.3 mA/cm?
led to an overall PCE of 2.03+0.33%. Higher Js¢'s and better
PCEs in devices based on a combination of QDs + NRs were
also observed by other groupss’ % The increase in the
observed Jsc could be explained by the facile electron
transport enabled by the percolation pathway network formed
by interconnecting the parallel-aligned NRs with QDs.

i B "
(A) ( )  Acceptors:
. CdSe QDs

{ CdSe QDs+NRs

Donors:
PTB7-F20

Skdbhbomaax

—

Current Density (mA/cm?)

02 00 02 04 06 08
Voltage (V)

Fig. 7 (A) The TEM image of CdSe NRs synthesized with the aspect ratio of 1:10.5.

(B) Typical J-V characteristics of the inverted CdSe:PTB7-F20 solar cells under AM

1.5G 1 sun illumination. Devices were fabricated with a structure of ITO/Zn0O/85

wt% CdSe:PTB7-F20/PEDOT:PSS/Mo00s/Ag. CdSe QDs or a CdSe QDs + CdSe NRs

g\\;lveight ratio = 2:1) were used as the acceptors. The thickness of PEDOT:PSS and
003 are 40 and 10 nm, respectively.
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Table 2 Summary of the performance parameters of inverted CdSe:PTB7-F20 solar cells under AM 1.5G 1 sun illumination. Devices were fabricated with a structure of
ITO/Zn0/85 wt% CdSe:PTB7-F20/ PEDOT:PSS/Mo0;/Ag. CdSe QDs or a CdSe QDs + CdSe NRs (weight ratio = 2:1) were used as the acceptors. The thickness of PEDOT:PSS

and MoOj; are 40 and 10 nm, respectively.

Acceptor Voc (V) Jsc (MA/cm?) FF (%) PCE (%) PCE hax (%)
CdSe QDs 0.68%+0.01 3.94+0.2 51.51+2.2 1.38£0.21 1.59
CdSe QDs+NRs 0.700.02 5.5+0.3 52.9+1.1 2.03+0.33 2.35
4 B. J. Richardson, L. Zhu and Q. Yu, Sol. Energy Mater. Sol. Cells,
2013, 116, 252.
Conclusions 5 K. F. Jeltsch, M. Schadel, J. B. Bonekamp, P. Niyamakom, F.

In summary, inverted hybrid CdSe-polymer solar cells with a
dual HTL of PEDOT:PSS/Mo0O; showed better performance
than those with a single HTL of PEDOT:PSS or MoO;. More
complete surface coverage provided by the PEDOT:PSS layer
plus the enhanced electron blocking provided by the MoO;
layer account for the improved device performance enabled by
such a dual HTL. Study on the relationship of Vg, Jsc, FF, and
PCE as a function of light intensity indicated that the resistive
losses of the CdSe QDs:P3HT hybrid system at high illumination
power were effectively prevented by adopting the inverted
structure and using the dual HTL. Further study showed that
the dual HTL is applicable to hybrid CdSe:PTB7-F20 solar cells.
An efficiency as high as 2.35% was reached by inverted hybrid
CdSe:PTB7-F20 solar cells with a structure of ITO/ZnO/CdSe
QDs + NRs:PTB7-F20/ PEDOT:PSS/Mo05/Ag. The concept of a
dual HTL could be applied to other organic and hybrid solar cell
systems in order to achieve high device performance.
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