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ABSTRACT: Transporting buffer layers are important components of
polymer-based organic photovoltaic devices. In this study, we have
investigated the effects of the oxidation state in copper oxide based buffer
layer in conjunction to its role in device performance. We have shown that
variation in the oxidation state affects the band alignment and built-in
voltage of the device, therefore leading to variation in device performance.
Specifically, the fully oxidized copper oxide buffer layer has a valence band
position at 5.12 eV, much closer to the highest occupied molecular orbital
of poly(3-hexylthiophene-2,5-diyl) (P3HT) (~5.2 eV), giving a best fill
factor and efficiency at 57% and 4.06%, respectively. Lastly, we also
demonstrate significant enhancement in device stability, with power
conversion efficiency maintained at 75% of the original value even after 40
days, and propose a strategy for recovering the device performance based
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on the observed property of the oxide buffer layer.
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1. INTRODUCTION

Recent developments on organic photovoltaics (OPVs) have
shown steady signs of improvement and niche targeted
applications. OPVs have attracted high attention due to several
advantages compared to a traditional PV system such as their
ease of processing, low cost, scalability to large area fabrication,
and light weight.'™ In the last five years, the highest power
conversion efficiency (PCE) that has been reported reaches to
above 9-10%.%” This can still be further improved by
optimizing processing conditions, such as modification and/or
development of effective buffer layers that act as a bridge
between the electrodes and the active materials.*” The buffer
layers have been reported to reduce the energy loss by
improving the band alignment between the active material and
the electrode.'”"! Moreover, they are also known to act as
optical spacers and protection layers for the solar cell
devices.'>"® Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) is one of the commonly
used materials that acts as a hole transporting buffer layer
(HTL). However, its acidic nature and instability to moisture
has a negative influence on device performance and overall
device stability.'"*'> On the other hand, transition metal oxides
such as MoO,,"*™*® v,0,," NiO,*® and CuO,>"** have shown
to overcome those problems and even offer better device
performance. Although there are a lot of reports demonstrating
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the effectiveness of oxides as a buffer layer, there are still
fundamental questions regarding their influence on the device
properties. One of these questions is on the oxidation state of
these oxides and their influence on the PCE and device
stability.**

Transition metal oxides often consist of several known
oxidation states. Studies by Lee et al. have shown that the
oxidation state of the molybdenum oxide as buffer layer
strongly correlates with the device efficiency.'” Furthermore,
Kim et al. also show that a different oxidation state of CuO,
influences the gap states found near the Fermi level, which was
shown to be the origin of the hole transport path in their
organic light emitting diode (OLED) system.**

In this study, we use copper oxide as a model material to
demonstrate the effect of oxidation state on the buffer layer
properties in relation to device performance and stability.
Copper oxide (Cu,O) has two known stable oxidation states,
cupric oxide (CuO) and cuprous oxide (Cu,O). Furthermore,
Cu,O offers several advantages as transporting buffer layer in
OPV application such as being earth-abundant, nontoxic, and
low cost and having good p-type conductivity (hole transport
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Figure 1. Cu L-edge X-ray absorption spectrum of (a) CuO and Cu,O powders, (b) e-CuO and e-Cu,O films, and (c) the corresponding

normalized UV—visible absorption spectrum of the e-Cu,O films.

layer).”® Previous studies of Cu,O as transport layer have
shown that it can improve the Ohmic contact of the active
material with the metal electrode and at the same time
redistribute the light intensity to enhance photoabsorption.”!
However, the lack of control in the oxidation state of Cu,O
from the solution-based process makes it difficult to assess the
effect of oxidation state on the ultimate device performance and
stability. Similar studies have demonstrated that additional
treatments of the solution-based films are required to improve
their functionality for enhancing the device efficiency.”">%*’
Therefore, to have a better understanding of the effect of
oxidation state on the material, vacuum thermal evaporation
was chosen as a deposition method of our transporting buffer
layer. This also guarantees good film quality and interface
smoothness between the active material and the transporting
layer.

2. EXPERIMENTAL SECTION

2.1. Materials. Active materials in the photovoltaic devices were
made from poly(3-hexylthiophene-2,5-diyl) (P3HT) purchased from
Rieke metals and phenyl-Cg,-butyric acid methyl ester (PCqBM)
(99.5%) from Solenne. Zinc acetate dehydrate (99.9%), 2-methox-
yethanol (99%), and ethanolamine (99.5%) were purchased from
Sigma-Aldrich to prepare the electron-transporting layers in the
inverted solar cells. The materials of hole transporting layers,
copper(II) oxide (99.99%) and copper(I) oxide (99.99%) powders,
were purchased from Sigma-Aldrich. All of the other chemicals were
used without any further purification.

2.2, Preparation of the Inverted Photovoltaic Device. Prior to
usage, patterned indium tin oxide (ITO) was cleaned with detergent,
deionized water, acetone, and isopropyl alcohol by ultrasonic bath for

photovoltaic device was 0.04 cm? which was determined by the
shadow mask during electrode deposition.

2.3. Device Measurement and Thin Film Characterization.
The current density versus voltage (J—V) characteristics of devices
were measured in ambient atmosphere with and without light
illumination using simulated solar light (AM 1.5 G, 100 mW/cm?).
All of the electrical data was recorded by a Keithley 2400 sourcemeter.
The incident photon-to-current efficiency (IPCE) spectra were
conducted using a 150 W xenon lamp source with a monochromator
and light spot size of 1 mm X 1 mm, and the signal was obtained via a
lock-in amplifier.

For the characterization of the oxide films, the tapping-mode atomic
force microscopy (AFM) images were obtained by a JPK NanoWizard
II. This is to observe the surface morphologies of oxide films deposited
on top of the active material surface. Composition of e-Cu,O films was
determined by L-edge X-ray absorption spectroscopy, which was
conducted in beamline 20Al at National Synchrotron Radiation
Research Center (NSRRC) in Hsin-Chu. X-ray diffraction patterns
were obtained using Bruker D8 Advanced diffractometer with a Cu Kar
source (1 = 1.5405 A). UV—vis absorption spectrometry was
performed using a JASCO 670 spectrometer.

3. RESULTS AND DISCUSSION

3.1. Characterization of Cu,O Films. Morphological and
optical studies were conducted on the evaporated oxide films.

Scheme 1. Band Energy Configuration of OPV Using
Various Buffer Layers

10 min, then dried by N, gas and heated at 150 °C for 10 min. The
preparation of ZnO sol—gel precursor solution was described
elsewhere.'>"® The solution was spin-coated on ITO at 4000 rpm
for 40 s, then annealed on a hot plate for 10 min for 150 °C to form a

uniform ZnO film. The formulation of the active layer contains 2% of
P3HT and PC¢qBM (with weight ratio of 1:1) dissolved in
chlorobenzene and stirred in a glovebox environment for 12 h before
usage. The active layer was spin-coated on top of the ZnO film on ITO
at 1000 rpm for 45 s under ambient atmosphere, which produced
~150 nm thick film after annealing in the glovebox for 10 min at 150
°C. The different hole transport layers were deposited via thermal-
evaporated oxide film or spin-coated PEDOT:PSS on the active layer
before deposition of the top metal contact. The thermal-evaporated
copper oxide (e-Cu,O) films were obtained from direct evaporation of
CuO (denoted as e-CuO) or Cu,O (denoted as e-Cu,O) powder
under vacuum around 107 Torr. The Ag film, as metal contact
electrode, was thermally deposited to a thickness of 100 nm in vacuum
with a backpressure around 107¢ Torr. The active area of the
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X-ray diffraction patterns indicated that both films were
similarly amorphous (Figure S1, Supporting Information).
Furthermore, atomic force micrographs showed that the
surfaces of both films were smooth with root-mean-square
value of roughness around 700 pm (Figure S2, Supporting
Information). The level of smoothness of the films ensures
good contact between the anode and the photoactive layer
where hole collection is being facilitated.
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Figure 2. (a) Current density vs voltage (J—V) curves and (b) IPCE
spectra and their integrated current density of OPV devices using
different hole transporting buffer layers.

Because no significant differences were observed from the
aforementioned characterization tools, an X-ray absorption
spectroscopic (XAS) study was employed to distinguish both
groups of films. As a reference, the same technique has been
applied to both CuO and Cu,O powder samples, which indeed
showed two characteristically different spectra (Figure 1a) for
Cu L-edge, where the core electron was excited from the 2p, /,
or 2p;,, to the unoccupied 3d state. Two prominent features
corresponding to Ly (930—940 eV) and Ly edge (950—960
eV) were observed. A literature survey indicates that pure CuO
shows peaks around 932 eV for Ly; edge and 952 eV for Ly
edge, whereas pure Cu,O shows peaks around 935 eV for Ly
edge and 955 eV for Ly edge.28 From Figure 1b, the e-CuO film
has shown peaks similar to that with pure CuO while e-Cu,O
has shown peaks from both CuO and Cu,O, indicating single-
phase and mixed oxides were formed in the former and latter
processes, respectively.

In addition to XAS measurements, visible absorption spectra
were also obtained for both films. As shown in Figure Ic, the
normalized absorption spectrum from e-CuO film clearly
indicates a single absorption edge, which translates to an optical
band gap of 1.76 eV. In contrast, e-Cu,O film has shown two
absorption edges, which translates to an optical band gap of
1.50 eV and an additional one at 2.58 eV. The former band gap
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Figure 3. Photoelectron spectra in air of (a) e-CuO film and (b) e-
Cu,O film on top of the bulk heterojunction (BHJ) layer.
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Figure 4. Mott—Schottky plot of the OPVs using different oxide buffer
layers.

value can be attributed to the CuO phase and the latter to the
Cu,O phase.”

3.2. Device Performance. Inverse structure (Scheme 1)
organic solar cell was fabricated to gauge the potential of the
copper oxide films as a hole transporting buffer layer. The
current density versus voltage (J—V) curves (Figure 2a) show
that the e-CuO containing device offers a better device
performance compared to PEDOT:PSS and e-Cu,O containing
devices. From Table 1, the different solar cell metrics indicated
that the e-CuO containing device performs better than its
traditional PEDOT:PSS based counterpart; especially the
increase in its fill factor is most significant. One of the

Table 1. Solar Cell Device Metrics of OPVs Using Different Hole Transporting Buffer Layers under AM 1.5 G and 100 mW/cm”

Light Intensity

device V. (V) Joe (mA/cm?)
PEDOT:PSS 0.61 + 0.0 1027 + 0.06
e-CuO 0.63 + 0.1 10.98 + 0.32
e-Cu,0 0.50 + 0.1 8.96 + 0.16

efficiency
FF (%) avg best Rs (Q)
49.9 + 0.2 3.12 + 0.08 3.29 322 + 23
57.1 £2.4 391 £ 0.10 4.06 122 + 10
558 +£ 0.5 2.41 + 0.06 2.52 142 + 12
dx.doi.org/10.1021/am5064469 | ACS Appl. Mater. Interfaces 2014, 6, 22445—22450
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Figure S. Solar cell device metrics ((a) V,,,

Day

(b) Ji (c) fill factor (FF), and (d) efficiency) measured in a span of 40 days.

(a)

0.60 - \v/
v
~ 0.554
b v
8 \
> v v
0.504 v
"
0.45 - T T T T T T T T
0 5 10 15 20 25 30 35 40

Day

(b)

after 40 days

Intensity (a.u.)

as cast

920 925 930 935 940 945 950 955 960
Photon Energy (eV)

Figure 6. (a) Time-dependent V,. of OPV device using e-Cu,O film
and the corresponding (b) Cu L edge XAS of the as-cast film and the
one after 40 days.

reasons—smoothness of the e-CuO films—creates better
interface with the metal contact, resulting in an enhanced fill
factor with the decrease in series resistance. In contrast, the e-
Cu,O containing device has shown the lowest efliciency among
the three, which is mainly due to the much reduced short
circuit current and lower open circuit voltage, while maintaining
a fill factor similar to that of its e-CuO counterpart. The
difference in photocurrent can be explained through the IPCE
spectra. The IPCE spectra (Figure 2b) of the e-Cu,O
containing devices show a strong resemblance to the absorption
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Figure 7. J-V curves of e-CuO containing devices under different
conditions.

spectra of the active materials with maximum value at the range
of 450—550 nm. Notice that the e-CuO device had the highest
IPCE value with larger responses than the e-Cu,O device in the
region of 400—450 nm and 600—650 nm. The integration of
the IPCE spectra with AM 1.5 solar spectrum (Figure 2b) gives
a current density of each device that is in good agreement with
the one measured using the solar simulator.

Meanwhile, the differences in the open circuit voltage can be
explained by the mismatch of band position of e-Cu,O films
with the energy levels of the active materials and the current
collector (anode). As revealed from the photoelectron spectra
(Figure 3), the valence band positions of e-Cu,O and e-CuO
films are at 4.74 and S5.12 eV, respectively. Energy-level
alignment illustrated in Scheme 1 shows that the valence band
of e-CuO film is closer to the highest occupied molecular
orbital (HOMO) of P3HT (~5.2 eV). This implies that holes
can easily transport to the Ag anode without any significant
losses, therefore leading to better device performance. In
contrast, the valence band of e-Cu,O film is slightly lower than
the band edge of the Ag anode and far from the HOMO of the
active material. Therefore, the transport pathway of the carriers
is impeded from the active material to the current collector,

dx.doi.org/10.1021/am5064469 | ACS Appl. Mater. Interfaces 2014, 6, 22445—22450
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resulting in significant losses due to the larger barrier to
overcome before passing through.

To further understand the role of the oxide in the organic
solar cell, capacitance—voltage (C—V) measurements were
performed. Using Mott—Schottky analysis (Figure 4), the built-
in voltage of the devices can be evaluated, by finding the x-
intercept of the linear regime from the Mott—Schottky plot.
The values obtained are 0.55 V for e-CuO and 0.42 V for e-
Cu,O. The difference between the two values corresponds also
to the difference between the V. of both devices containing the
respective oxide material. The upward shift of the built-in
voltage of ~130 mV for the e-CuO containing device indicates
a more efficient separation of the photogenerated carriers,
which is reflected in a higher photo current density. In addition,
higher built-in potential also indicates a larger depletion region
at the interface, thus suppressing exciton recombination.*

3.3. Lifetime Study of Oxide Containing Devices. In
addition to the benefits in electrical pathways, the transporting
buffer layer is also reported to improve stability of the solar cell
device. By monitoring the efficiency of the unsealed device and
the corresponding solar cell metrics over the span of >1000 h
(>40 days), we have observed that the oxide containing devices
show superior stability improvement over the standard
PEDOT:PSS containing device. Figure S shows the degradation
trend of the devices by plotting the different solar cell metrics
as a function of time elapsed.

After S days of testing, we observed that the PEDOT:PSS
device was unstable. The corresponding V,. dropped to 15%
and the J. dropped to ~70%, while FF dropped to 50% of the
original. This corresponds to a dramatic decrease of the PCE to
~5% of the original. Previous studies have indicated that the
stability issue of the PEDOT:PSS containing device is due to
the shift in work function of PEDOT:PSS, whose property is
affected by the water content."

In contrast, the lifetime study for the e-Cu,O containing
devices indicates substantially improved stability, as their PCE
only dropped to 75% of the original value even after 40 days of
testing. However, the trends of the solar cell metrics for the
devices using the two different types of bufter layers showed
some differences. The e-CuO containing device has maintained
its V. and J,. values in the span of >40 days; however, its FF
value dropped to 75% of the original, which corresponds to the
drop in the PCE value. On the other hand, the e-Cu,O
containing device follows a peculiar trend of decreasing in the
PCE value to lower than its e-CuO counterpart in 20 days and
increasing back to about the same level after 40 days. This is
due to the increase in the V,_ value from 0.5 to 0.6 V (Figure
6a). The improvement can be attributed to the transformation
of the Cu,O phase present in e-Cu,O to the CuO phase. Figure
6b shows the L-edge XAS spectra of e-CuO, film as cast and
after 40 days. As mentioned previously, the significant
reduction of peak intensity at 935 and 955 eV indicates the
decrease of the Cu,O phase, and the corresponding increase in
the intensity at 932 and 952 eV indicates the increase in the
CuO phase.

For the oxide containing devices, the decrease of the PCE
can be attributed to the decrease in FF. The J—V curve (Figure
7) of the e-CuO containing device after 40 days show a typical
S-shape curve, which indicates incorrect dipole formation at the
interface causing accumulation of charges, thus impeding the
transport path way.>' Because diffusion of water into the oxide
barrier is more difficult than in the PEDOT:PSS, we can
maintain the band position of the oxide in the device structure

unlike in the latter material. The stable V. and ] values in the
oxide containing device indicate an intact active material
without significant degradation. This suggests that accumu-
lation of the water and/or oxygen molecules occurs at the
interface of the oxide layer and the metal electrode. If this is the
case, removing the accumulation of unwanted molecules at the
interface can revert back the decrease in FF. Figure 7 shows
that, by putting the device in vacuum (1072 Torr) for 2 days, an
increase in FF is observed. This demonstrates that we can
further develop our process by improving the stability of the
device.

4. CONCLUSION

In conclusion, we have demonstrated the use of Cu,O as an
effective hole transporting buffer layer by improving the device
performance as well as its stability. A PCE of 4.06% was
achieved using a P3HT:PC4BM based solar cell with device
degradation of only 25% after 40 days. Furthermore, from our
various analyses, we have also shown that it is important for the
oxide material to have a correct band alignment with the active
material and the metal electrode. In addition, a fully oxidized
state of the material is also desirable to ensure its stability and at
the same time maintain the corresponding device performance.
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