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ABSTRACT: Inverted polymer solar cells (PSCs) with high
open-circuit voltages of 1.00—1.06 V are fabricated by using an
indenofluorene-containing copolymer (PIFTBT8) as an
electron donor material and [6,6]-phenyl-C71-butyric acid
methyl ester (PC;,BM) as an electron acceptor material. To
improve the photovoltaic performance, interface control of
various low-temperature processed ZnO films as cathode
buffer layers is systematically investigated for effective electron
transportation, while transition metal oxides including MoOj;,
WO;, NiO, and Cu,O are employed as anode buffer layers for
hole-extraction. Incorporation of optimized semiconducting
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metal oxide interlayers can minimize interfacial power losses, which thus affords large open-circuit voltages (V..), increased short-
circuit current densities (J,.), and fill factors (FF), eventually contributing to higher power conversion efficiencies (PCEs) as well
as better device stability. Due to the improved interfacial contacts and fine-matching energy levels, inverted PSCs with a device
configuration of ITO/ZnO/PIFTBT8:PC,;BM/MoO;/Ag exhibit a high PCE of 5.05% with a large V,_ of 1.04 V, a J,_ of 9.74
mA cm ™2, and an FF of 50.1%. For the single junction inverted PSCs with efficiencies over 5.0%, 1.04 V is the largest V,_ ever
achieved. By controlling the processing conditions of the active layer, the V,_ can further be improved to 1.05 and 1.06 V, with
PCEs of 4.70% and 4.18%, respectively. More importantly, the inverted PSCs are ascertained to maintain a PCE of 4.55% (>90%
of its initial efficiency) and a V. of 1.05 V over 180 days, demonstrating good long-term stability, which is much better than that
of the conventional devices. The results suggest that the interface engineering of metal oxide interlayers is an important strategy

to develop PSCs with good performance.
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B INTRODUCTION

Photovoltaics has been recognized as one of the most
significant advanced technologies to collect energy from the
sun for meeting the growing demand of clean and renewable
resources.”” Amongst various photovoltaic devices, organic
polymer solar cells (PSCs) have received increasing attention
over the past decade due to their salient advantages of lightness,
flexibility, cost-effective fabrication, and the possibility of large-
area solution processing or roll-to-roll manufacturing.’~®
Organic PSCs with power conversion efficiencies (PCEs)
approaching 10% have been recently achieved,”’™'® which
promises them a bright future in low-cost solar cells compared
to the currently dominant silicon-based solar cells.'® In most
PSCs, a hole transporting conjugated polymer and an electron
transporting fullerene derivative are blended together to form a
bicontinuous bulk-heterojunction (BHJ) layer with nanoscale
phase separation.'” It thus can provide a large interfacial area
between electron donor and electron acceptor phases for
efficient exciton dissociation and carrier transportation to the
electrodes.®*'® To obtain high efficiency PSCs, it is extremely
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important to have strong absorption of sunlight and effective
charge separation/transportation within the interpenetrating
networks, which can be improved by the innovation of
photovoltaic materials as well as device architectures.
Conventional PSC devices generally comprise a bottom
transparent conductive anode (i.e., indium tin oxide, ITO), a
photoactive BHJ layer, a low work-function metal cathode (e.g,
Al Ca), and the anode/cathode interface layers. However, this
device configuration suffers from poor ambient stability because
the low work-function cathode is susceptible to degradation by
moisture and oxygen. Meanwhile, the typical anode buffer layer,
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) is of an acidic nature, which results in degradation
of the device performance induced by a reaction between the
electrode and PEDOT:PSS.*>*" The instability of conventional
PSCs is now one of the main problems to be tackled before
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actual application of PSCs. One good strategy to improve the
stability of PSCs is to adopt an inverted device structure
wherein the polarity of the charge collecting electrodes is
reversed. In the inverted device configuration, modified-ITO
substrates are used as transparent cathodes to collect electrons,
and high work-function metals (e.g, Ag, Au) are usually
employed as the air-stable anodes to collect holes, thus
contributing to the improved device stability compared to
conventional PSCs.** So far, many efforts on high performance
inverted PSCs have been made, which include the optimization
of phase-separated morphologies in the BHJ layer, the
utilization of newly synthesized donor or acceptor materials,
and the selection of novel electrodes.”***™>° At the same time,
interface engineering on inverted PSCs is also quite si%niﬁcant
for improving the device efficiency and stability.26_ > With
incorporation of suitable electrode buffer layer materials as well
as an optimization in interface processing in inverted PSCs, the
highest PCE for single junction device reported to date is
9296113334

For inverted PSCs, the influence of electrical contacts at
different interfaces plays an essential role in determining device
characteristics such as open-circuit voltage (V,.), short-circuit
current density (J,.), fill factor (FF), series resistance (R,), and
shunt resistance (Ry,), as well as the final device efficiency.*> ™’
The R, is decided by the bulk conductivity of each layer as well
as the contact resistance of the interface between different
layers in the device, while the Ry, can be ascribed to the quality
of all the layers and their interfaces.*>*” A low efficiency device
often has large R; and small Ry, which are originated from loss
of charge carriers through the leakage and the carrier trapping
or recombination, from the existence of dark currents, or from
the Schottky barriers formed at the interfaces.*” Without
interface engineering, poor Ohmic contacts are always
generated at both interfaces between the BHJ layer and the
electrodes, due to the mismatch of energy levels and the
presence of interfacial defects or unfavorable dipoles.*” Bad
interfacial effects are harmful for producing a high ], and a
maximum V. in theory. Accordingly, a control over the
interfaces between the BH]J layer and the electrodes is critical.
Using electrode interface materials with good charge-trans-
porting ability for favorable Ohmic contacts at the interfaces is
required to obtain the large V,,, J,, and FF. Meanwhile, good
work-function matching of the interlayer modified cathode and
anode to the lowest unoccupied molecular orbital (LUMO) of
the acceptor and the highest occupied molecular orbital
(HOMO) of the donor, respectively, is also needed in order
to maximize the V. To achieve these goals, various
semiconducting cathode/anode interfacial films have been
developed as effective charge (electrons or holes) extracting
and transporting layers in high performance inverted
PSCg 274142

Among the interface materials, semiconducting transition
metal oxides are attractive and promising because of their
solution processability as well as their outstanding capability to
extract/transfer carriers.””** The uses of transition metal oxides
as interfacial materials can improve the performance of inverted
PSCs owing to their merits of better stability, higher optical
transparency, and stronger charge-transporting capabilities than
those interface materials of alkali metal comg)ounds,26 organic
conducting polymers and polyelectrolytes.”>**~*>*** Zinc
oxide (ZnO) is one of the best semiconducting interface
materials, which has been extensively employed in inverted
PSCs as an electron-transporting and hole-blocking cathode
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interlayer material.'***** Most ZnO interface layer-based
PSCs ustilized the P3HT:PCBM system as the active layer.
Nonetheless, the device efficiencies of this BHJ system are
largely limited by the small V. of ~0.6 V due to the relatively
large band gap of P3HT and relatively small energetic
difference between the HOMO of P3HT and the LUMO of
PCBM. As we pointed in our recent perspective article,45 in
order to achieve a larger V. and a higher PCE, the future stable
inverted PSCs will go to the BHJ systems made by other low-
band gap polymers instead of P3HT. With ZnO cathode
interface layers, inverted PSCs based on different low-band gap
polymers blended with fullerene derivatives have recently been
demonstrated to have large V. values up to 0.8—0.9 V and high
PCEs of 4—7%.2**73% For real commercial products, stable
PSCs with V,_ approaching or exceeding 1.10 V are desirable.
Nevertheless, to the best of our knowledge, single junction
inverted PSCs with PCEs over 5% and V. up to 1.04 V have
not been achieved yet. Therefore, there is a need to
systematically investigate the interface engineering of metal
oxide interlayers for attaining high performance inverted PSCs
with an increased V. and an improved PCE, as well as good
device stability.

The motivation of this work is to realize efficient, stable
inverted PSCs with high open-circuit voltages (>1.0 V) by
interface controlling low-temperature processed sol—gel ZnO
cathode buffer layers as well as transition metal oxide anode
buffer layers such as MoO; One of indenoflurene-based
copolymers with a deep-lying HOMO energy level*® was
blended with PC,;BM for our proposed inverted BHJ PSCs.
Incorporation of energy level-matched metal oxide interfacial
layers between the BHJ layer and the electrodes can minimize
interfacial power losses, provide good interface contacts, thus
affording large Ry and small R as well as efficient charge
extraction/transportation, which are beneficial for improving
the solar cell characteristics and ambient stabilities. Under an
optimized condition, the inverted PSCs exhibit the maximum
PCE of 5.05% with a large V. of 1.04 V under the illumination
of AM 1.5 G, 100 mW cm™ More importantly, the inverted
device shows good long-term stability, where the normalized
PCE can maintain more than 90% over half a year and the high
Vi of 1.04—1.05 V is retained. The improved stability of the
inverted devices is demonstrated to be much better than that of
the corresponding PSCs with a conventional device config-
uration.

B EXPERIMENTAL SECTION

Materials. An indenofluorene-containing copolymer, PIFTBTS
(molecular weight, M,, &~ 60600; polydispersity index, PDI ~ 1.8) was
synthesized according to the previously reported method,** and
PC,,BM (99%) was purchased from Solenne BV (Netherlands). Zinc
acetate dihydrate (99.9%), 2-methoxyethanol (99.8%), and ethanol-
amine (99.5%) were purchased from Sigma-Aldrich Inc. Transition
metal oxides including MoOj; (99.9%), WO; (99.9%), NiO (99.9%),
and Cu,0 (99.5%) were purchased from Sigma-Aldrich Inc. or
Adamas-beta Ltd. and used as received. The materials and reagents
were used without purification.

Preparation and Characterization of ZnO Films. Low-
temperature solution processed ZnO films were fabricated on
patterned ITO glasses (~15 Q sq™') by a facile sol—gel method.
Firstly, the ITO glasses were cleaned by ultrasonication sequentially in
detergent, water, acetone, and isopropyl alcohol for 30 min each and
then dried at 130 °C overnight in an oven. Then the ZnO precursor
solutions with different concentrations (0.10, 0.23, 0.46, and 0.70 M in
2-methoxyethanol) were spin-coated on the top of the ITO-glasses,
which were pretreated by oxygen plasma for S min. The films were first
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annealed on a hot plate at 150 °C for 10 min. The samples were
further transferred into an oven and annealed at 200 °C for 1 h in air.
UV-vis transmission measurements of ZnO films deposited on ITO
glasses were recorded at room temperature with a Lambda3S
spectrophotometer. Atomic force microscopy (AFM) images were
obtained by a Veeco Multimode NS3A-02 Nanoscope III atomic force
microscope. X-ray diffraction (XRD) patterns were performed on a
Rigaku Miniflex II diffractometer (Cu Ka radiation, 30 kV, 15 mA).
The thicknesses of ZnO films were determined by a Bruker Dektak XT
surface profiler.

Fabrication and Measurements of ZnO Thin-Film Field-
Effect Transistors (FETs). All FET devices based on n-type ZnO
were fabricated on SiO,/Si wafers without any surface treatment. The
ZnO films were deposited on SiO,/Si by the same procedure as that
used for the ZnO films on ITO glass. Top-contact source/drain Al
electrodes of about 100 nm thickness were vapor-deposited through a
shadow mask under a vacuum of ~1x10™* Pa. The channel width (W)
and length (L) were 6.0 mm and 300 ym, respectively. All fabricated
FET devices were tested in air using an Agilent semiconductor
parameter analyzer (Agilent 415SC) with the ICS lite software for
calculating the carrier mobility of ZnO films. The mobilities are
calculated from transfer characteristic curves using the slope derived
from the square root of absolute value of the current as a function of
gate voltage between 30 and 50 V.

Fabrication and Measurements of PSCs. Inverted PSCs were
prepared on the ZnO-coated ITO glasses. At first, the ITO-glass
substrates coated with ZnO films as cathode interfacial layers were
transferred into a glove box. Then, an active layer was fabricated in the
glove box by spin-casting a blend of PIFTBT8:PC,BM in a 1:4 (by
weight) ratio on the ZnO/ITO substrates, followed by heating at 80
°C for 10 min. Then, the devices were kept at room temperature for
24 h. Finally, an anode interfacial layer of MoOj; and the electrode (Ag,
100 nm) were deposited on top of the active layer through shadow
masks by thermal evaporation under a high vacuum (~3%X10~° Pa).
For some devices, hole-injecting WO;, NiO, and Cu,O films were also
thermally evaporated and controlled as anode buffer layers to replace
the MoO; interlayer. In addition, conventional PSCs were also
fabricated so as to have a comparison with the inverted PSCs. Firstly, a
thin layer of spin-coated PEDOT:PSS (Baytron PAl 4083, ~40 nm) or
thermally-evaporated MoO; (10 nm) was covered on the ITO surface.
Then, the PEDOT:PSS/ITO glasses were dried at 130 °C for 30 min
(without this treatment for MoO/ITO-glasses). The same BHJ layer
was spin-coated on the prepared substrates by the same conditions as
that for the inverted PSCs. Then the devices were also kept at room
temperature for 24 h. Later, 10 nm of Ca (or 1 nm of LiF) and 100 nm
of Al were deposited through shadow masks by thermal evaporation
under a vacuum of ~1x107* Pa. The active area of all the inverted and
conventional devices was fixed at 6 mm? The PIFTBTS8 and PC,,BM
were dissolved in a mixture of o-dichlorobenzene and chorobenzene
(1:4 by volume) to give an overall 20 mg/mL solution. Solar cell
characterization was performed under AM 1.5 G irradiation (100 mW
cm™) from an Oriel Sol3A simulator (Newport) with a NREL-
certified silicon reference cell. After a simple encapsulation by epoxy
kits (general purpose, Sigma Aldrich) in the glove-box, the PSCs were
illuminated through their ITO sides. Current density—voltage (J—V)
curves were tested in air by a Keithley 2440 source measurement unit.
External quantum efficiency (EQE) spectra for the inverted PSCs were
measured on a Newport EQE measuring system.

B RESULTS AND DISCUSSION

Materials and Device Configuration. In this work, one of
our BHJ material systems developed by Zheng et al*® was
chosen, and different transition metal oxide semiconductors
were explored as cathode and anode interfacial layers for
efficient charge extraction/transportation. The inverted device
structure employs the ladder-type indenofluorene-containing
copolymer (PIFTBTS) as a donor material and the PC,;BM as
an acceptor material in the BHJ active layer (Figure la and b).
n-Type semiconducting ZnO films are sandwiched between the
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Figure 1. (a) Molecular structures of PIFTBT8 and PC,BM, (b) a

schematic device structure of inverted PSCs based on
PIFTBT8:PC,BM, and (c) energy levels of materials used in the
inverted PSCs with semiconducting ZnO as the cathode interfacial
layer and various transition metal oxides as the anode interfacial layers.

active layer and ITO as the cathode interface layer for electron
transportation, and various transition metal oxides (MoO;,
WO;, NiO, or Cu,0) with hole-injecting semiconductor
characteristics are inserted between the Ag and the BH]J layer
as the anode interfacial layer for hole extraction. The relevant
energy levels of all materials used in the inverted solar cells
based on PIFTBTS8:PC,;BM are shown in Figure 1lc. Although
there have been many reports on binary transition metal oxides,
few in-depth investigations are related to the influence of their
band structure, band-gap (E,), valence band maximum (VBM),
conduction band minimum (CBM), work function etc. on the
organic photovoltaic device performance.***” Here, we present
an overall study of metal oxide interfacial layers in PSCs
especially in highly efficient and stable inverted PSCs.
Corresponding discussions of the energy level orderings
associated with various inverted solar cells based on
PIFTBTS8:PC,;BM are illustrated in the following sections.
Optimization of ZnO Cathode Interfacial Layers to
Improve Device Performance. Low-temperature solution-
processed ZnO cathode interfacial layers were fabricated on
ITO-glasses by a facile sol—gel method, and the synthetic
details are described in the Experimental Section. After
annealing at 200 °C for 1 h, the precursor sols was converted
to dense ZnO films through a hydrolysis process.”**’ To
investigate the influence of ZnO interfacial layers on the
performance of the inverted solar cells based on
PIFTBTS8:PC,;BM, a series of thin ZnO films are fabricated
by controlling the concentration of ZnO precursor solutions.
By using ZnO precursors with the concentrations of 0.10, 0.23,
0.46, and 0.70 M, the corresponding film thicknesses are
determined to be approximately 7, 15, 29, and 54 nm,
respectively. The formed ZnO layer shows an increase in film
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Figure 2. Tapping-mode AFM images of the sol—gel ZnO films derived from different precursor solutions. Film surface morphology, surface profile,
3D topography image of (a) ZnO film (0.10 M precursor solution), (b) ZnO film (0.23 M precursor solution), (c) ZnO film (0.46 M precursor

solution), and (d) ZnO film (0.7 M precursor solution).

thickness with the increasing precursor concentration. X-ray
diffraction (XRD) measurements were carried out to analyze
the crystallinity of the ZnO layers. No characteristic
crystallization of these ZnO films is observed except for the
ITO-glass background (Figure S1, shown in the Supporting
Information), demonstrating the amorphous nature of the ZnO
film layers. This result is in agreement with previous reports of
amorphous ZnO films prepared by a sol—gel method with low
temperature aneallling.zg’48

The film morphology, surface profile, and three-dimensional
(3D) topography of the ZnO films were investigated by AFM.
As displayed in Figure 2, uniform ZnO films composed of small
nanocolloids are observed, where the grain size generally
increases with the increasing precursor concentration. This
behavior may be contributed to the fact that the precursor
solution of a higher concentration contains a larger amount of
solutes, thus increasing the probability of solutes clustering
together to form larger grains.*”*° The root mean square
(RMS) roughness values are 2.39, 2.03, 5.98, and 10.71 nm for
ZnO films derived from 0.10, 0.23, 0.46, and 0.70 M precursor
solutions, respectively. In spite of the distinct ZnO grains
similar to those of the ITO surface (see Figure S2 in the
Supporting Information), it is evident that the sol—gel ZnO
deposition with lower concentration precursor solutions (0.1
and 0.23 M) smooths out the ITO surface by reducing the
RMS roughness from 2.87 nm for the bare ITO to less than 2.4
nm for the ZnO-modified ITO. Conversely, the higher
concentration precursor solutions (0.46 and 0.70 M) can lead
to coarse ZnO films with a higher RMS roughness. The results
are also confirmed by the surface profiles and 3D surface
topography images of the different ZnO films (Figure 2).
Obviously, these ZnO films with nanoscale grains provide a
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large surface area and thus can be used as efficient cathode
buffer layers in the inverted PSCs for forming good electric
contacts with the BHJ layer and thus improving charge
collections.

Optical transmission spectra of bare ITO-glass and the ITO-
glass substrates covered by sol—gel ZnO with different
precursor solutions are shown in Figure 3. All four ITO/ZnO
substrates show good optical transparency of over 80% average
transmittance with little deviation from the bare ITO-glass.
This observation suggests that the sol—gel deposition of ZnO
layers on ITO cathode is not detrimental to subsequent light
harvesting. Thereby, using these ZnO-modified ITO glass as
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Figure 3. Optical transmission spectra of various sol—gel ZnO films
fabricated on ITO-glass derived from different precursor solutions.
The ITO-glass is included as a reference.
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transparent cathodes could allow the maximum photon flux to
reach the BH]J layer for photocurrent generation. Additionally,
the film transmittance of ZnO is influenced by the precursor
solutions because there is a small shift towards long wavelength
with the increasing precursor concentrations. The trans-
mittance in the range of 500—700 nm decreases with the
increasing concentrations, which will affect the light harvesting
of the BH]J layer, as well as the resulting device performance.

To get additional insights into these low-temperature
processed ZnO films, their electron transporting properties
are also investigated. The carrier mobilities were examined by
the current—voltage characteristics of FET's fabricated by using
ZnO as the semiconducting layer. On the basis of the transfer
characteristics of the FETs (shown in Figure S3, Supporting
Information), the electron mobilities in air were calculated to
be 1.3 X 107%,0.53 X 107, 3.4 X 1075, and 2.6 X 1075 cm* V!
s7! for ZnO film based devices fabricated from various
precursor concentrations at 0.10, 0.23, 0.46, and 0.70 M,
respectively. Although the electron-transporting properties of
these low-temperature processed ZnO layers are not as good as
those of crystalline ZnO films made by high temperature
annealing, such electron mobilities are comparable to those of
most organic materials used as electron-transporting
layers.”®**>! Therefore, these ZnO films can serve as effective
interlayers between the active layer and ITO cathode in PSCs
for electron extraction and transportation. Importantly, the low-
temperature processing can be potentially used for fabricating
PSCs on flexible plastic substrates, which cannot withstand a
high-temperature treatment. Therefore, we prepared ZnO thin-
films by thermally-annealing at 200 °C. In addition, it is found
that the mobility of ZnO FETs increases with decreasing
concentrations of the precursor solutions although there are no
obvious difference in XRD results (no crystallization, see Figure
S1 in the Supporting Information). The mobility difference of
these ZnO films is caused by the ZnO film thickness and
morphology. Certainly, the mobility, transmittance and
morphology differences of these ZnO films will affect the
photovoltaic performance of the resulting inverted PSCs based
on them.

To fabricate the inverted PSC devices (Figure 1b), a blend of
PIFTBTS8 and PC,;BM in mixed solvent without any additives
was spin-coated in a glove box onto the fabricated ZnO/ITO
cathode substrates. After the BHJ film was annealed, the MoO,
anode buffer layer and the Ag anode were deposited. Current
density—voltage (J—V) characteristics of the inverted PSCs
incorporating sol—gel ZnO films derived from different
precursor solutions are shown in Figure 4a. The photovoltaic
parameters including PCE, V., ], FF, R, and Ry are
summarized in Table 1. It can be clearly seen that the device
performance of the inverted PSCs is enhanced significantly by
using ZnO cathode interfacial layers. The inverted device
without ZnO (0 M precursor solution) as a control only
produces a low PCE of 0.51% with a low V. of 0.22 V, a ] of
7.61 mA cm™, and an FF of 30.6%. After incorporating ZnO
cathode interfacial layers, all of the photovoltaic parameters of
inverted PSCs are remarkably improved, where the best PCE of
ZnO cathode buffer layer based-devices is improved to 5.05%,
with a large V. of 1.04 V, a J,. of 9.74 mA cm ™, and an FF of
50.1% (Figure 4a). This can be attributed to the fine-matching
energy levels and the formation of good Ohmic contacts
between the BHJ layer and the ITO cathode when using the
ZnO bufler layer. It has been known that the CBM and VBM of
ZnO (with a wide band gap of ~3.3 eV) are about —4.4 and
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Figure 4. (a) J—V characteristics under AM 1.5 G irradiation (100
mW cm™2) and (b) EQE spectra of the inverted PIFTBT8:PC, BM
PSCs with various ZnO cathode interface layers derived from different
precursor solutions.

—7.7 eV, respectively.”®** As shown in Figure 1c, the CBM of
ZnO is very close to the energy level of the LUMO of PC, BM
(~—4.3 eV), thus electrons can be efficiently extracted by ZnO
interlayers from the BHJ layer and transported to the ITO
cathode through an energetically favorable pathway without a
significant loss in energy. Meanwhile, the use of ZnO buffer
layers circumvents the direct contact between the active layer
and the cathode, and otherwise high densities of carrier traps or
unfavorable interface dipoles may hinder an efficient charge
collection. Using ZnO interlayers for good Ohmic contacts will
maximize the V. because the reduction of built-in potential
cause an increment in dark current and carrier recombination.*”
This result is also demonstrated by the corresponding J—V
curves in the dark (Figure S4, see the Supporting Information).
By contrast, without the use of ZnO cathode interface layer, the
BH]J layer directly contacts the cathode and could not form
good Ohmic contacts because the work function of ITO
(~—4.7 eV) is much deeper than the LUMO level of PC,;BM.
It brings a large energy barriers formed at the interfaces thus to
reduce the V in a great extent and produces a high contact
resistance.’*>* Furthermore, without the action of ZnO
cathode buffer layer, the device cannot effectively extract
electrons and block holes, finally leading to a much worse
device performance with an extremely small Ry, of 0.05 kQ cm?
and a large R, of 19.7 Q cm? compared to devices with ZnO
cathode buffer layers.

The performance variation in the devices with various ZnO
cathode interfacial layers derived from different precursor
solutions is not significant in the terms of the V. (ranging from
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Table 1. Device Characteristics of the Inverted PIFTBT8:PC,;BM PSCs with Various ZnO Cathode Interfacial Layers
Fabricated from Different Precursor Solutions

inverted PSC device

without ZnO layer

ZnO layer (0.10 M)
ZnO layer (0.23 M)
ZnO layer (0.46 M)
ZnO layer (0.70 M)

Voe (V)
0.22 (0.19 + 0.03)
1.03 (1.03 + 0.02)
1.04 (1.03 + 0.01)
1.04 (1.02 + 0.02)
1.02 (1.00 + 0.02)

Jie (mA cm™2)
7.61 (7.31 + 0.30)
9.61 (9.61 + 0.17)
9.74 (9.70 + 0.05)
9.49 (9.33 % 0.16)
9.30 (9.13 + 0.24)

FF (%)
30.61 (29.06 + 1.55)
46.54 (4621 + 0.57)
50.11 (49.18 + 0.93)
45.92 (45.74 + 0.66)
46.22 (44.89 + 1.33)

PCE (%)

best (average®) Ry, (kQ cm?) R, (Q cm?)
0.51 (0.41) 0.05 (0.04 + 0.02) 19.7 (194 + 0.8)
4.60 (4.50) 0.44 (0.38 + 0.06) 16.0 (16.1 + 1.8)
5.05 (4.91) 0.48 (0.47 = 0.01) 14.4 (144 + 0.5)
4.51 (4.36) 0.40 (0.40 + 0.03) 16.7 (19.0 + 2.3)
4.38 (4.10) 0.42 (0.40 + 0.02) 18.0 (22.1 + 4.1)

“Average PCEs were based on eight devices. The Ry, and R, were calculated by the inverse of the slope of the corresponding J—V curves under

illumination at V' = 0 and ] = 0, respectively.

1.02—1.04 V). This is suggested by the similar Ry, values
ranging from 0.40 to 0.48 kQ cm?® (Table 1). However,
prominent difference in J. and FF be clearly observed when
using different ZnO cathode interfacial layers. The difference in
these two parameters is determined by a balance on the optical
transmittance and the possible optical spacer effects® and the
electron mobility, as well as the morphology of ZnO films. On
the whole, ZnO cathode buffer layers prepared from lower
concentration sols (0.10 and 0.23 M) lead to both a larger J,.
and FF of the PSCs due to their higher electron mobilities,
higher optical transparency and better surface morphology
compared to those of ZnO buffer layers made by higher
concentration sols (0.46 and 0.70 M) (Figures 2—4, and Figure
S3 in the Supporting Information). The relatively large R,, small
Ry, and high dark-currents are found for the devices with ZnO
buffer layer fabricated from high concentration precursor
solutions (0.46 and 0.70 M) (Table 1 and Supporting
Information Figure S4), indicating a serious carrier recombi-
nation at the ZnO/BH]J interfaces. The large surface roughness
of these ZnO buffer layers would also make the devices with
thin BHJ layer susceptible to shorts and hence results in
relatively small Ry, and FF>"** On the contrary, the ZnO
interface layers fabricated from lower concentration sols (0.10
and 0.23 M) not only reduce the R, of devices owing to the
good electron transfer of thinner ZnO film but also enhance the
charge collection resulted from their improved morphology
(smaller surface roughness and better film quality).”® As a
result, the inverted PSCs based on ZnO cathode buffer layer
with 0.10, 0.23, 0.46, and 0.70 M precursor solutions exhibit
maximum PCEs of 4.60%, 5.05%, 4.51%, and 4.38%,
respectively, as well as the corresponding average efficiencies
of 4.50%, 4.91%, 4.36%, and 4.10%, respectively. In particular,
the 0.23 M precursor processed ZnO cathode interface layer
produces the best performance in all of the devices, and it is a
good candidate for high performance inverted PSCs due to its
good balance in electron-mobility, transparency, and surface
morphology.

External quantum efficiency (EQE) spectra of these inverted
PSCs based on various ZnO cathode interfacial layers derived
from different precursor solutions are shown in Figure 4b. It
can be seen that the inverted devices using ZnO cathode
interfacial layers display high EQEs across the visible region,
suggesting the efficient photon-to-electron conversion pro-
cesses. The inverted PSCs fabricated with lower concentration
ZnO precursor sols (0.10 and 0.23 M) show larger EQE values
of exceeding 70%, and the devices made by higher
concentration ZnO precursor sols (0.46 and 0.70 M) exhibit
medium EQE values of 65—70%. Whereas the PSCs without a
ZnO cathode buffer layer have the lowest EQE value (~46%).
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The EQE values are consistent with the trend of J,. measured in
the corresponding PSC devices.

Moreover, a higher V. or ], for the inverted PSCs can be
obtained by fine tuning the BH]J layer based on the optimized
device configuration of ITO/Zn0(0.23 M)/BH]J layer/MoO,/
Ag. We adjusted the BHJ layer thickness from 86 to 66 nm by
varying spin rates from 800 to 1200 rpm. Figure S provides [-V

4 —=—800 rpm (V,_=1.06 V, PCE =4.18%)
N2 —e— 1000 rpm (V,, =1.05 V, PCE =4.70%)
g 0 —+— 1200 rpm (V,,_=1.02V, PCE =4.97%)
<
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e
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T
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Figure S. J—V curves of the inverted ITO/Zn0(0.23 M)/
PIFTBT8:PC,;BM/Mo0O;/Ag devices with different BH] Ilayers
prepared by different spin speeds.

curves of these inverted PSCs fabricated by different spin rates.
When the spin speed changes from 1100 to 1000 rpm (a BHJ
layer thickness from 71 to 75 nm), the V,_ increases from 1.04
to 1.05 V with a comparable PCE of 4.70%. A further improved
V. as high as 1.06 V with a PCE of 4.18% is obtained by using
a lower spin rate (800 rpm). In contrast, a thinner BH]J layer
made by increasing the spin rate to 1200 rpm, produces a
higher J,. exceeding 10 mA cm™? and retains a PCE of 4.97%
and a V. of 1.02 V. Notably, these large V. values (1.02—1.06
V) with high PCEs (4.2—5.1%) for the inverted PSCs are better
than those of reported regular PSCs.**>* We realize that the fill
factors of these inverted devices are still not high (most of them
are <50%), and the photocurrents in reverse bias exhibit a mild
field-dependence due to the field dependent exciton dissocia-
tion rate, and thus reducing FFs.*® Incorporation of solvent
additives such as 1,8-diiodooctane or 1-chloronaphthalene for
the BHJ layer processing can be further used to modulate the
phase-separation morphology and to improve the BHJ film
quality as well as its connections with the electrodes, thus
increasing the FF.'>35 Therefore, there should be good chances
to further optimize the device performance by fine-tuning the
fabrication conditions, by introducing suitable solvent additives,
or by carefully engineering every layer within devices to
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minimize the R, and dark-current while enlarge the Ry
throughout the inverted PSCs.

Optimization of Different Metal Oxide Anode Inter-
facial Layers such as MoO; to Improve Device Perform-
ance. Apart from the impact of the ZnO cathode buffer layer,
the MoOj; anode interfacial layer also plays a significant role in
determining the photovoltaic performance of the inverted
PSCs. We fabricated a series of inverted devices based on the
ZnO cathode interlayer (with a 0.23 M precursor solution) and
the anode buffer layer of thermally-deposited MoO; films with
different thicknesses. Figure 6 compares the dependence of V,
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Figure 6. Photovoltaic parameters of the inverted solar cells based on
PIFTBT8:PC,,BM are plotted as functions of the thickness of MoO,
anode interfacial layer: (a) V,. (M) and ], (O) versus MoOjy layer
thickness and (b) PCE (#) and FF (A) versus MoO; layer thickness.

Jo FF, and PCE of inverted PSCs on MoOj thickness. It can be
seen that, the device performance largely depends on the
variation of MoQ; layer thickness. When the thickness of
MoO; layer is varied between 10 nm and 20 nm, all devices
exhibit a high V,_in the range of 1.02—1.04 V and a comparable
FF of ~50%. However, with reducing the thickness of MoOj,
layer to 5 nm, the V. and the FF drop to 1.00 V and 41.9%,
respectively. By contrast, an increase of the MoO; layer
thickness to 25 nm leads to a higher V. (1.04 V) and a larger
FF (~51%). As to the J,, conversely, it decreases gradually with
the increasing MoO; thickness (Figure 6a), which demon-
strates that the MoO; anode buffer layer affects the hole-
extraction and transportation. For example, the highest J. of
9.81 mA cm™ is obtained at the condition of 5 nm MoO;,
while the lowest . of 8.35 mA cm™ for the 25 nm MoOs. It is
noted that the PCEs are directly determined by J,, V., and FF,
and a balance among them will afford the best PCE. As a result,
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the highest PCE of 4.95% (with a 4.85% average efficiency) of
this type of inverted PSCs are finally obtained with a 10 nm of
MoO; interlayer (Figure 6b). Other inverted devices with S, 15,
20, and 25 nm MoOj; anode interfacial layer exhibit PCEs of
4.11%, 4.72%, 4.50%, and 4.41%, respectively, as well as the
average efliciencies of 4.03%, 4.64%, 4.46%, and 4.21%,
respectively. To further understand the reasons for the variation
in V,, J, and FF as well as PCE caused by the thickness of
MoO; anode interlayer, the R; and Ry, associated with the
device parameters are summarized in Supporting Information
Table S1. We can see that the R, increases from 13.7 Q cm? to
14.0, 14.3, 15.2, and 17.2 Q cm? with the increase of the MoO,
thickness from S to 10, 15, 20, and 25 nm, respectively. This is
in good agreement with the trends of J. values, thus echoing
the photocurrent changes in devices with MoO; anode
interfacial layers of different thicknesses. Despite the fact that
the smallest R; is achieved for the devices with S nm MoO;,
nonetheless, the corresponding Ry, is only 0.30 kQ cm?® which
hinders the creation of a large V_ as well as a high FF due to
the poor film quality of this ultrathin MoO; layer and the
negative effects as an optical spacer for devices,**’ finally
leading to the lowest PCE of 4.11%. By contrast, the device
with a thicker MoO; film (10 nm) produces a much higher Ry,
of 0.47 kQ cm? thus giving rise to increased V. as well as FF,
and finally, an improved PCE of 4.95%. To further increase the
thickness of MoOj layer to 15—25 nm, the Ry, can maintain a
high level of 0.45—0.49 kQ cm” which contributes to higher
values in V,, FF, and PCEs compared to the device with 5 nm
MoO; layer. However, the PCEs of devices are lower than the
device with 10 nm MoO;, mainly due to their low J. values
induced by large R,

Besides the MoOj; anode buffer layers, other semiconducting
transition metal oxides such as WO;, NiO, and Cu,O are also
investigated in this work as hole-extracting anode interfacial
layers to fabricate inverted solar cells. Figure 7 shows the -V
characteristics measured under illumination and in the dark for
the inverted devices with different metal oxide anode interfacial
layers. And, Table 2 summaries the corresponding photovoltaic
parameters for these inverted PSCs. In the case of using bare
Ag anode without any buffer layers, the inverted devices do not
exhibit any diode characteristics. This is not surprising because
there are very poor electric contacts and a large Schottky barrier
forms between Ag (work-function ~ —4.6 eV) and PIFTBTS
(HOMO ~ -5.5 eV), which is unfavorable for hole
collection.** When using thermally-deposited p-type NiO as
an anode buffer layer, an optimized device exhibits a diode
characteristic and produces a PCE of 0.81% with a low V. of
0.32V, a J, of 6.12 mA cm™, and an FF of 40.76%. This low
PCE is mainly induced by the low V,, which is also
demonstrated by its low Ry, (~0.15 kQ cm?) and the large
dark-current.’” By employing vacuum-deposited Cu,O as an
anode buffer layer, the inverted device shows an increased Ry,
of 0.23 kQ cm” and thus obtains a higher V. of 0.46 V and a
better PCE of 1.18%. In the case of using WO; as anode
interfacial layers, devices with enhanced performance are
obtained. The optimized device exhibits a 2.50% PCE with a
V,.of 0.65V, a ], of 8.80 mA cm™> and an FF of 43.7%, which
are much better than those of the devices with NiO and Cu,O
anode buffer layers. In addition, the descending order of dark-
currents for the devices with NiO, Cu,O, WO; and MoO,
layers is mainly due to the built-in voltage shifting and the
leakage current suppression by using different metal oxide
anode interfacial layers besides their differences in electrical
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Figure 7. J—V curves of inverted PIFTBT8:PC,BM PSCs with

different metal oxide anode interfacial layers: (a) under AM 1.5 G
illumination (100 mW cm™2) and (b) in the dark.

characteristics of the device interfaces.®® The results demon-
strate the important role of anode buffer layers in determining
the performance of the inverted PSCs.

The different performance of these inverted PSCs using
various metal oxide anode interfacial layers may be ascribed to
their differences in the energy levels, as well as their energy-
matching conditions or interfacial contacts with the BH]J
materials and the metallic anode. It has been reported that the
VBM and the CBM of the MoOj; film are ~—5.3 and —2.3 eV,
respectively.” As displayed in Figure lc, because the VBM of
MoO; is well matched with the HOMO level of the PIFTBTS8
(~—5.5 eV), thus the effective extraction and transportation of
holes to Ag anode through the MoOQ; interlayer is expected.
Compared to MoQOj;, the VBM value of the NiO anode
interlayer (~—S5.0 eV) is much higher than the HOMO of
PIFTBS,%’G0 which indicates the existence of a large energy
gap. It thus causes poor electric contacts and forms large energy
barriers, leading to a low photocurrent and a reduced built-in
potential as well as a consequently low PCE. These results are

also reflected by the high R, low Ry, and large dark-currents for
the inverted devices with the NiO anode buffer layer. In the
case of Cu,O, its VBM value (~—5.2 €V) is larger than the
VBM of NiO; nevertheless, the higher CBM of Cu,0 (~—3.1
eV) is relatively close to the LUMO of PIFTBT8 (—3.5 eV),
possibly resulting in a bad electron blocking.®® Thus, the
corresponding devices did not show a good device performance
similar to that of the devices with the NiO interlayer. By
contrast, the device with WO; buffer layer, although its VBM
value (—S5.1 eV) is not very close to the HOMO of PIFTBTS,
the smallest CBM (—1.6 eV) in these metal oxide layers is
much higher than the LUMOs of PIFTBT8 and PC,,BM.*
This provides a way to efficiently block electrons from the
active layer, thus contributing to higher J,. and V,_ than those of
the devices with Cu,O and NiO anode interlayers, giving an
encouraging PCE of 2.5%. Accordingly, choosing well energy-
matching anode buffer layers between active materials and
electrodes, as well as the nature of contacts at the interfaces is
one of the most effective strategies to improve the performance
of the inverted PSCs.

Solar Cell Device Stability. Besides high efficiency, long-
term device stability is also a particularly important property for
organic solar cells. Therefore, there is a need to examine the
stability of these inverted PSCs. Incorporation of semi-
conducting metal oxide interlayers into PSCs with inverted
device configurations has been proven as an efficient strategy to
enhance the device stability and lifetime. The device stability of
the inverted PSCs with various ZnO cathode interfacial layers
derived from different precursor solutions as a function of
storage time under ambient conditions is shown in Figure 8. All
the inverted PSCs with ZnO cathode interfacial layers exhibit
good device stability, and their PCEs can maintain at
approximately >90% of their original values even after storage
in air for 180 days. Both V. and FF over this long period
remain relatively constant with slightly decreased J, leading to
normalized PCEs with a small degradation. Thus, the best
inverted device still exhibit good photovoltaic performance with
a high PCE of 4.55%, a large V. of 1.05 V, a J of 9.08 mA
cm™?, and an FF of 47.8% after 180 days. The corresponding
Ry, and R, values (0.45 kQ cm?® and 19.8 Q cm?, respectively)
are comparable to the initial values, which reconfirm the device
stability. In contrast, the inverted PSC without ZnO interlayer
shows relatively poor stability. Its PCE value decayed to less
than 70% of its initial efficiency after air exposure for only 20
days and further decayed to 35% after the storage in air for 180
days. Compared to inverted PSCs with/without ZnO
interlayers, the regular PSC device with the anode of
PEDOT:PSS-modified ITO and the LiF/Al cathode exhibited
a more than 50% decrease in PCE after storage for 20 days, and
a more than 70% decrease in PCE after 35 days. Similarly, other
conventional PSCs using MoOj;-modified ITO as the anode
and LiF/Al (or Ca/Al) as the cathode also showed a serious

Table 2. Device Characteristics of the Inverted PIFTBT8:PC,;BM PSCs with Different Transition Metal Oxide Anode

Interlayers
inverted PSC device V.. (V) Joc (mA cm™)
10 nm WO, 0.65 8.80
10 nm NiO 0.32 6.12
10 nm Cu,O 0.46 6.45
control device (MoO;) 1.03 10.10

PCE (%)

FF (%) best (average) Ry, (kQ cm?) R, (Q cm?)
4371 2.50 (2.37) 021 21.0
4076 0.81 (0.68) 0.15 189
40.16 1.18 (1.01) 023 272
45.50 474 (4.64) 038 159
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Figure 8. Device performance of the inverted and conventional PIFTBT8:PC, BM based solar cells stored for 180 days in air under ambient

conditions: (a) normalized PCE, (b) V,,, (c) J,, and (d) FF.

degradation in photovoltaic performance (Figure SS, in the
Supporting Information), illustrating an inferior device
reliability to that of the inverted PSCs. Accordingly, the use
of ZnO films as the cathode interfacial layers in inverted solar
cells yields a significant improvement in long-term device
stability, which is much better than that of the inverted PSCs
without ZnO as well as that of various conventional devices.
We also explored the stability of the inverted PSCs with
different metal oxide anode interfacial layers. As shown in
Figure S6 (see the Supporting Information), all the photo-
voltaic parameters of the inverted devices are stable with
negligible degradation. The normalized PCEs can remain over
90% after storage in air for two months.

The inverted PSCs using transition metal oxide cathode/
anode interfacial layers demonstrate much better device
stability than that of the conventional PSCs. The improved
stability is attributed to the use of both the transition metal
oxide interfacial layers and the Ag electrode. The incorporation
of transition metal oxides on both sides of the active layer
prevents the diffusion of moisture and oxygen into the BH]J
layer, thereby enhancing the device stability. In addition, the
high-work function Ag anode is stable in air which can serve as
a protective cover to improve the stability of devices. By
contrast, the conventional PSCs undergo serious degradation
owing to the high reactivity of low work-function Al or Ca
cathode with moisture and oxygen, and the acidic nature of
PEDOT:PSS interlayer which will react with ITO.**">* The
improved long-term lifetime of these inverted PSCs opens a
promising way to fabricate PSC products with comparable
stability to that of the currently dominant solar cells. It is
expected that the device stability and lifetime could be further
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improved by the use of some more advanced encapsulation
technologies for organic solar cells.

B CONCLUSIONS

In summary, we fabricated and demonstrated a series of
inverted BHJ solar cells with high V. of 1.00—1.06 V based on
a PIFTBTS8:PC,BM blend and transition metal oxide based
cathode/anode interlayers. Interface control of low-temperature
solution processed ZnO films as cathode interfacial layers and
various metal oxide thin-films as anode buffer layers provides
effective charge extraction and transportation, leading to the
efficient inverted PSCs with excellent device stability.
Incorporation of optimized metal oxide interlayers can reduce
interfacial power losses thus affords improved device perform-
ance. As a result of improved interface contacts and fine-
matching energy levels in an optimized interface condition, a
high PCE of 5.05% with a large V. up to 1.04 V, a J,. of 9.74
mA cm 2, and an FF of 50.1% was achieved. To the best of our
knowledge, this is the first example of single junction inverted
PSC over 5% PCE with a V. approaching 1.05 V. Additionally,
the highest PCE of the inverted PSCs remains >90% of its
initial value (a PCE of 4.55% with a V. of 1.05 V) over 6
months, demonstrating good long-term stability when
compared to the conventional PSCs. Our results highlight the
important role of metal oxide cathode/anode interface layers in
determining the device photovoltaic parameters such as V,, J,,
FF, R, Ry, as well as PCE and stability. The results also
demonstrate that the interface engineering of metal oxide
interlayers is a significant and promising strategy to develop
efficient and stable PSCs with a high V..
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