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ABSTRACT: A low-work-function, indium tin oxide (ITO)-free transparent cathode having a tin oxide (SnOyx)/Ag/SnOy/
bismuth oxide (Bi,O;) (SASB) structure is developed without using annealing treatment. This represents the first time that
Bi,O; has been introduced to lower the work function of transparent electrodes. The SASB transparent cathode exhibits excellent
photoelectric properties with a maximum transmittance of ~88%, a low sheet resistance of ~9.0 Q-sq”’, and a suitable work
function of 4.22 eV that matches the lowest unoccupied molecular orbital level of the acceptor for exacting electrons efficiently.
The power conversion efficiency of the polymer solar cell with the SASB electrode is 6.21%, which is comparable to that of ITO-
based devices. The results indicate that SASB is a good alternative to ITO as transparent cathodes in optoelectronic devices.
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B INTRODUCTION reports have suggested alternatives to ITO, such as conducting
9,10 11-13 1416 ;

Polymer solar cells (PSCs) attract considerable interest as poly €IS, 17_2c0arbon nanqtube?s, 2122 graphene, metallic

nanowires, and metallic grids.” " However, many of these

renewable energy sources that exhibit unique properties, such
as their lightweight, low cost, flexibility, and suitability for large-
area processing.1 The power conversion efficiency (PCE) of
PSCs based on single-layer, polymer—fullerene bulk-hetero-
junction solar cells has recently reached over 10%.”~* The two
electrodes, anode, and cathode have a considerable effect on the
performance of the PSCs. One of the electrodes is required to

have high transparency for light transmission and absorption by Sune -
the active layer. Among the various transparent electrodes, polystyrene sulfonic acid (PEDOT:PSS) is the commonly used

indium tin oxide (ITO) electrodes are most commonly used for anode buffer layer inAPSCs, but its hygr9§copic and acidic
PSCs.’~® The other electrode is required to have high naturg has' a StrOI_lg impact on the stability of tbe PSCs,
reflectivity so that light can be reflected and absorbed for a r‘esultzznzgs in_ considerable .perforrnance degradazlgon over
second time. Metals such as Al and Ag are usually used to form tu_ne.zs’ Stable mzest 319 oxides, such as MoOs = WO,

this electrode.”® Moreover, both electrodes should have proper NiO,™ and V,05, " have recently been reported as

alternative materials exhibit drawbacks such as large sheet
. 13,14 . 17,18,23 .
resistance or high surface roughness, which reduce
the fill factor (FF) and PCE of the PSC devices. Further, the
work functions of these electrodes do not match with the active
layers, and hence, insertion of additional interfacial materials is
required for transporting and extracting electrons and holes

efficiently. For the anode, poly(3,4-ethylene dioxythiophene)—

work functions to match the energy levels of the charge carriers alternatives to PEDOTZ’ESS at t.he ?%node for hole collecting.
for efficient extraction of the electrons and holes. This enables For the cathode, ZnO™" and TiOx™ are commonly used as
good ohmic contacts and a maximum builtin potential. cathode buffer layers in PSCs. Devices based on these oxide
However, these electrodes exhibit certain drawbacks that interface layers require annealing treatment and are affected by
must be addressed before further development of low-cost,
efficient, and stable PSCs. Received: May 24, 2015

Commonly used ITO is not suitable for PSCs because of its Accepted: September 1, 2015
brittleness, high-temperature processing, and high cost. Several Published: September 1, 2015
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a “light-soaking” problem. They exhibit an anomalous
current density and voltage (J—V) curve with an S-shape,
resulting in an extremely low FF. However, as the light
irradiation is prolonged, the S-shape curve disappears and the
device parameters regain their expected values. Therefore, there
is a pressing need for an ITO-free transparent cathode with
good optoelectrical properties and low work function, as well as
low cost and low-temperature processing.

The theory of induced transmission indicates that the
transmittance of a metal film depends not only on its own
optical constants but also on the admittances of the
surrounding structures.”> According to this theory, the
transmittance can be enhanced through suitable design of an
antireflection coating (dielectric layer) on either side of the
metal film. Recently, transparent electrodes with dielectric—
metal—dielectric (DMD) structures have attracted considerable
interest because of their good optical and electrical proper-
ties."”** ™%’ The optical and electrical properties and the work
function of the DMD electrodes can be controlled through
selection of the dielectric and metal materials.”*~** In this
paper, a novel transparent cathode with a tin oxide (SnOy)/
Ag/SnOx/bismuth oxide (Bi,O;) (SASB) structure is pro-
posed. For the first time, Bi,Oj; is employed as a modified layer
in the DMD structure, which lowers the work function of the
SAS cathode. The SASB transparent cathode exhibits excellent
electrical and optical properties and a suitable work function
matched with the lowest unoccupied molecular orbital
(LUMO) level of the acceptor. Thus, the device performance
is comparable to that of devices based on interfacial modified
ITO electrodes.

Bl RESULTS AND DISCUSSION

For transparent DMD electrodes, the electrical properties
mainly depend on the middle metal layer, and the trans-
mittance can be enhanced by adjusting the thicknesses of the
two dielectric layers. In general, to realize a highly conductive
film, the metal layer should be at least 10 nm thick, which can
provide a continuous conducting path.”’ Therefore, in this
work, an 11-nm-thick Ag layer was introduced as the metal
layer to ensure low sheet resistance. The optical transmittance
of the SAS transparent electrode was optimized by changing the
thicknesses of the two SnOx layers. A maximum average
transmittance of 78.37% was achieved using two 30-nm-thick
SnOyx layers as the two dielectric layers (Supporting
Information Figure S1). The reference transmittance spectra
of Ag and SnOyx/Ag (Supporting Information Figure S2)
further confirmed that the transmittance of the Ag film could be
increased by optimizing the thicknesses of the two SnOy
dielectric layers. Moreover, the electrical characteristics of the
SAS electrode with different thicknesses of SnOy layers are
investigated by Hall measurements (Supporting Information
Figure S3). The SAS electrode exhibited a sheet resistance of
9.0 Q-sq_l, which is lower than that of most commercial ITO
electrodes.”* According to previous studies, SnOy has a work
function of ~4.7 €V,* which does not match with the LUMO
level of the acceptor in PSCs. Therefore, to meet the
requirement that PSC cathodes have a low work function, a
less well-known metal oxide Bi,O; with low work function™
was introduced in the SAS structure to form a SASB structure
transparent electrode. This electrode exhibits a highest
occupied molecular orbital (HOMO) level of 525 eV
(Supporting Information Figure S4) and a band gap of 3.27
eV (Supporting Information Figure SS). Figure 1 shows the
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Figure 1. Transmittance spectra of ITO and SASB electrodes.
Photographs of the ITO and SASB electrodes are shown in the insets.

transmittance spectra of SASB and ITO electrodes. The Bi,O;
layer is only several nanometers thick and, hence, has little
effect on the transmittance and morphology of the electrode
(Supporting Information Figures S6 and S7). Thus, the SASB
electrode exhibits a maximum transmittance of 88%, similar to
that of the SAS electrode. The average transmittance of the
SASB electrode over the wavelength range of 400—700 nm
corresponding to the absorption of the active layer of PSCs is
81.53%, while the average transmittance of ITO in the same
wavelength range is 87.37%.

The impact of Bi,O; on the characteristics of the SASB
electrode, including its optical and electrical properties, has
been studied in detail. Figure 2 shows the electrical and optical
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Figure 2. (a) Carrier density (black) and Hall mobility (blue), (b)
sheet resistance (black) and average transmittance (blue), and (c)
work function of the SASB electrodes as a function of different
thicknesses of Bi,Os.

characteristics, including the carrier concentration, Hall
mobility, sheet resistance, average transmittance, and work
function of the SASB electrodes as a function of the Bi,O,
thicknesses of 0, 0.3, 0.5, 1, 3, and 5 nm. The carrier density,
Hall mobility, sheet resistance, and average transmittance of the
SASB electrode remain virtually unchanged as the thickness of
Bi,O; increases from 0 to S nm (Figure 2a and b). As shown in
Figure 2c, the work function of the SAS electrode (Bi,O,
thickness = 0 nm) measured by a Kelvin probe system is 4.72
eV. With increasing thickness of Bi,Oj;, the work function of the
SASB is reduced and reaches a relatively constant value of
~4.22 eV when the thickness of Bi,O; is 1 nm.

The low work function of the SASB electrode matches well
with the LUMO level of the acceptor. Figure 3 shows the
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Figure 3. Energy level alignment of the materials used in PSCs.

energy level alignment of the PSC materials used in this work.
For the anode of the inverted solar cell, the commonly used
anode MoO;/Al with a work function of —5.49 eV was used for
extracting holes from the donor of poly[4,8-bis(2-ethylhexyl
thiophene-S-yl)benzo[ 1,2-b:4,5-b"]dithiophene-2,6-diyl]-alt-[2-
(2’-thylhexanoyl)thieno[3,4-b]thio-phen-4,6-diyl] (PBDTTT-
C-T). For the cathode, ITO was used for comparison purposes.
The work function of the SASB electrode (—4.22 eV) is lower
than that of the ITO electrode (—4.7 eV) and is similar to that
of a ZnO-modified ITO electrode (—4.17 eV), which is close to
the LUMO level of the acceptor material of [6,6]-phenyl C71-
butyric acid methyl ester (PC,,BM). This indicates good ohmic
contact and increased built-in potential for maximizing the
open-circuit voltage (Vo c).

To evaluate the photoelectric properties of the transparent
SASB electrode, PSCs based on conjugated polymer PBDTTT-
C-T and fullerene derivative PC,\BM were prepared on SASB
electrodes. Parts a and b of Figure 4 show the J-V
characteristics of SASB-based PSCs with different thicknesses
of Bi,O; under illumination and in the dark, respectively. These
parameters are summarized in detail in Table 1. SASB1—SASBS
represent SASB electrodes with Bi,O; thicknesses of 0.3, 0.5, 1,
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Figure 4. J—V characteristics of PSCs with different Bi,O; thicknesses
under (a) illumination of AM1.5 G and 100 mW/cm? and (b) in the
dark.

3, and 5 nm, respectively. As can be seen from Table 1, the Vi,
short-circuit current density (Jsc), FF, and PCE increased as
Bi,O; thickness increased from 0.3 to 0.5 nm, and they
exhibited maximum values for a Bi,O; thickness of 1 nm. This
is attributed to the decreased work function of the SASB
electrode, which enhances the built-in potential of the PSC and
results in a higher Voc” This is also confirmed by the
following equation:

I (1)

where T is the temperature, kg is the Boltzmann constant, J is
the reverse saturation current density, and n is the ideality
factor. J, is extracted by fitting the dark J-V data®"*
(Supporting Information Figure S8), as listed in Table I.
SASB3 shows the lowest J, of 1.74 X 1077 mA-cm™?, which is
~4 orders of magnitude lower than that of the SASB1 device.
Therefore, according to the above equation, the largest V¢
should appear in the device with 1-nm-thick Bi,O;. Moreover,
the modified ohmic contact between the SASB electrode and
the active layer results in a reduced series resistance (Rg) from
19.15 Q-cm”* at 0.3 nm to 5.54 Q-cm? at 1 nm and an increased
sheet resistance (Ry,) from 0.96 MQ-cm? at 0.3 nm to 3.51
MQ-cm? at 1 nm. However, on further increasing the Bi,O,
thickness, all device parameters noticeably deteriorate, indicat-
ing that the transporting and extracting of electrons are
hindered by a thick Bi,Oj layer.” Therefore, an optimized PCE
of 6.21%, with a V¢ of 0.75 V, Jc of 13.66 mA-cm™2, and FF
of 0.61 was realized using a 1-nm-thick Bi,O; layer in an SASB-
based device.

To confirm the role of Bi,O; in lowering the work function
of the electrode, PSC devices based on different Bi,O;-modified
ITO electrodes were studied for comparison (Supporting
Information Figure S9 and Table S1). The comparison
provides a similar conclusion that the device based on an
ITO electrode with a 1-nm-thick Bi,O; layer exhibits an
optimized PCE of 6.54%, with a V¢ of 0.75 V, Jc of 14.97
mA-cm™%, and FF of 0.58. A reference device with the
commonly used ITO/ZnO cathode was also fabricated, and it
exhibits a PCE of 6.58% with a Vo of 0.75 V, Jsc of 14.89 mA-
cm™2, and FF of 0.59. The J—V characteristics of the optimized
devices based on SASB, ITO/Bi,05, and ITO/ZnO electrodes
are summarized in Figure Sa, and the device parameters are
listed in Table 1. Owing to the lower transmittance of SASB in
the short-wavelength range (Figure 1), PSCs based on SASB
electrodes exhibit a smaller Jo- and, thus, a smaller PCE
compared with devices based on ITO/Bi,O; and ITO/ZnO
electrodes. This result was confirmed by the external quantum
efficiency (EQE) spectra (Figure Sb) and the Jsc values
calculated from the EQE spectra (Table 1) of the devices based
on different cathodes. The competitive performance of the
SASB device indicates that SASB can replace ITO as
transparent cathodes in optoelectronic devices.

B CONCLUSION

We have developed a low-work-function, ITO-free, transparent
SASB cathode, in which Bi,O; was introduced to lower the
work function of the transparent electrode. The SASB electrode
shows excellent optical and electrical properties without
annealing treatment, including a maximum transmittance of
88% and a low sheet resistance of ~9.0 Q-sq~’, as well as a low
work function of 4.22 eV, which is suitable for extraction of
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Table 1. Performance of PSCs Based on Different Substrates

device Voc [V] Jsc [mA-cm™] FF PCE [%] Ry [Q-cm?] Ry, [MQ-cm?] Jeqe [mA-cm™] Jo [mA-cm™]
SASB1 0.63 13.24 0.33 2.75 19.15 0.96 13.20 321 x 1073
SASB2 0.73 13.38 0.56 5.52 7.42 1.49 13.32 1.46 x 107°
SASB3 0.75 13.66 0.61 6.21 5.54 3.51 13.65 1.74 X 1077
SASB4 0.72 12.83 0.38 3.49 26.96 1.94 12.77 222 x 107
SASBS 0.70 11.55 0.34 2.71 46.58 143 11.24 3.36 x 107°
ITO/Bi,0; (1 nm) 075 1497 0.58 6.54 6.06 221 14.96
ITO/ZnO 0.75 14.89 0.59 6.58 6.65 193 14.84
0 room temperature. An active layer consisting of a blend of the low-
(a) SASB3 bandgap conjugated polymer PBDTTT-C-T (Solarmer) and PC,,BM
:ITO/ZnO (American Dye) was spin-coated onto the substrates from
-51 —«ITO/Bi203 dichlorobenzene in a glovebox. A small amount (3% in volume

Current Density (mA/cml)
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70 (b)
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- ITO/Bi203
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Figure S. (a) J—V characteristics and (b) EQE spectra of the PSCs
based on different electrodes.

electrons from the cathode of PSCs. The effect of Bi,O,
thickness on the photoelectric properties of the SASB
electrodes has also been investigated. The PCE of the inverted
PSC based on the SASB electrode is 6.21%, which is
comparable to that of ITO-based devices. This result indicates
that SASB is a good alternative to ITO as transparent cathodes
in optoelectronic devices.

B EXPERIMENTAL METHODS

SASB Electrode Fabrication and Characterization. The SASB
films were deposited on a precleaned polished glass substrate by
electron beam evaporation at room temperature. The thickness of the
SnOy layers was varied between 20 and SO nm, while the silver layer
thickness was fixed at 11 nm. The evaporation rate of SnOx and Ag
was 0.3—0.4 nm-s™' and 0.7—1.0 nm-s™" in vacuum at pressures lower
than 2.0 X 107 Pa. The sheet resistance was measured using the four-
probe method. The carrier concentration and Hall mobility of the
SASB films were determined using a HMS-3000 Hall effect
measurement system with an applied magnetic field of 0.55 T. The
surface work function of the SASB films was measured using a KP
Technology Ambient Kelvin probe system package. The film
thicknesses were calibrated using an Ambios XP-1 surface profiler.
The transmittance spectra of the SASB samples were recorded using a
Shimadzu UV-3101PC spectrophotometer. The atomic force micros-
copy (AFM) measurement was performed on a Shimadzu SPM-9700.
All measurements of the optoelectrical properties were performed at
room temperature.

PSC Fabrication and Characterization. SnOx (30 nm), Ag (11
nm), SnOy (30 nm), and Bi,O; (different thicknesses) were deposited
sequentially by electron beam evaporation through a shadow mask at

19963

ratio) of a high-boiling-point additive 1,8-diiodooctane (DIO, Sigma-
Aldrich) was used in order to optimize the morphology. Finally, MoO5
(8 nm) and Al (100 nm) were thermally deposited at a pressure of ~4
X 107* Pa. The J—V characteristics of the PSCs were measured using a
computer-controlled Keithley 2611 source meter under AM 1.5G
illumination from a calibrated solar simulator with an irradiation
intensity of 100 mW-cm™% EQE measurements were performed with a
lock-in amplifier at a chopping frequency of 20 Hz under illumination
by monochromatic light from a xenon lamp.
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