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Room-Temperature Indium-Free Ga:ZnO/Ag/Ga:ZnO
Multilayer Electrode for Organic Solar Cell Applications
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We reported on the characteristics of an indium-free Ga-doped ZnO (GZ0O)/Ag/GZO multilayer electrode for use in bulk hetero-
junction organic solar cells. By inserting a very thin Ag layer between two GZO layers, we can fabricate a GZO-based transparent
electrode with a low sheet resistance of 6 (}/[] and a high optical transmittance of 87% at room temperature without postanneal-
ing. The power conversion efficiency (2.84%) of the organic solar cell fabricated on the GZO/Ag/GZO multilayer using neutral
poly(3.4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is much higher than that of the organic solar cell fabri-
cated on the GZO electrode (1.57%) annealed at 500°C. Indium-free GZO/Ag/GZO multilayer electrodes are expected to substi-
tute for expensive indium tin oxide (ITO) electrode and decrease the cost of organic solar cells or flexible organic solar cells due
to their comparable electrical and optical properties to those of crystalline ITO electrodes.
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Bulk heterojunction organic solar cells (OSCs) have recently at-
tracted considerable interest for use in the next generation of renew-
able energy sources due to their simple cell structure, simple pro-
cess, low cost, and possibility of continuous roll-to-roll process in
the atmosphere 2 A key merit of OSCs is their potential for low
cost and large area production based on continuous roll-to-roll
coating. 3 Therefore, it is necessary to develop low cost transparent
anode materials, which can be prepared at the lowest possible tem-
perature, to enable the low cost production of OSCs. However, most
OSCs reported so far are usually fabricated on dc or radio-frequency
sputtered crystalline indium tin oxide (ITO) electrodes prepared at a
temperature above 300°C. Considering the cost advantages of
OSCs, ITO electrodes are not suitable due to the high cost of indium
(the main component of ITO) and its limited availability. For these
reasons, indium-free transparent conducting oxide (TCO), single-
walled carbon nanotube films, and organic electrodes have been ex-
plored as potential low cost anode materials.* Recently, Ga-doped
Zn0 (GZO) electrodes have been employed as inexpensive anode
materials for organic light-emitting diodes (OLEDs) and 0SCs.”
Bhosle et al. reported that small molecule-based OSCs fabricated on
crystalline GZO electrodes showed a power conversion efficiency
(PCE) of 1. 25% which is comparable to that of ITO-based small
molecule OSCs.® Owen et al. reported that the PCE of polymer solar
cells fabricated on a crystalline GZO anode sputtered at 500°C is
0.35%, due to the small work function of the GZO electrode (4.23
eV).9 However, there have been no reports on the fabrication of
OSCs on amorphous GZO electrodes sputtered at room temperature,
which would be beneficial for the low cost production of OSCs.

In this article, we report the characteristics of an indium-free
GZ0O/Ag/GZO multilayer electrode grown by dual-target dc sputter-
ing at room temperature. Using the metallic resistivity and antire-
flection effect of the Ag layer inserted between the GZO layers with
optimized thickness, we can obtain a low sheet resistance of 6 (}/[]
and a high optical transmission of 87% matching the absorption
region of the organic active layer. We fabricated an OSC on the
GZO/Ag/GZO electrode with a higher PCE than that of the
OSCs fabricated on the GZO electrode annealed at 500°C using a
neutral  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) solution.

Both top and bottom GZO electrodes, 40 nm thick, were depos-
ited on a glass substrate by tilted dual-target dc magnetron sputter-
ing at room temperature. At a constant dc power of 100 W, an Ar
flow rate of 15 sccm, and a working pressure of 3 mTorr, a 40 nm
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thick bottom GZO layer was sputtered with a 3 in. GZO target (3 wt
% Ga,0s3-doped ZnO) at room temperature without substrate heat-
ing. After the sputtering of the bottom GZO layer, Ag layers with
various thicknesses were sputtered on the bottom GZO layer at a
constant dc power of 20 W, an Ar flow rate of 15 sccm, and a
working pressure of 3 mTorr using a metallic Ag target. Subse-
quently, a 40 nm thick top GZO layer was deposited on the thin Ag
layer under identical conditions to those used for the bottom GZO
layer. For comparison, we prepared the as-grown and GZO elec-
trodes annealed at 500°C with 500 nm thicknesses. Bulk heterojunc-
tion OSCs were prepared on both GZO/Ag/GZO and single GZO
electrodes. After conventional electrode cleaning, the widely used
PEDOT:PSS (CLEVIOS P VP AI 4083, H. C. Starck) and neutral
PEDOT:PSS (Orgacon neutral pH, Agfa Gevaert NV) were spin
coated on the GZO/Ag/GZO and ~20 nmthick single GZO elec-
trodes, followed by drying at 120°C for 10 min in air using a hot
plate. A blend solution of 25 mg of poly(3-hexylthiophere) (P3HT,
Rieke Metals) and 25 mg of 1-(3-methoxycarbonyl)-propyl-1-
phenyl-(6,6) C61 (PCBM, Nano-C) in 1 mL of 1,2-dichlorobenzene
was spin coated on top of the respective PEDOT:PSS layers in a N,
atmosphere. Then, a solvent-annealing treatment was performed by
keeping the active films inside a covered glass jar for 2 h directly
after spin coating, followed by additional thermal annealing at
110°C for 10 min, forming the ~230 nm thick active layer. Finally,
Ca(20 nm)/Al(100 nm) layers were deposited on the P3HT:PCBM
active layer as a cathode using a thermal evaporator system with a
metal shadow mask. The photocurrent density—voltage (J-V) curves
were measured using a Keithley 4200 source measurement unit in a
N,-filled glove box.

Table I compares the sheet resistance, resistivity, and transmit-
tance of the as-grown GZO, GZO annealed at 500°C, and GZO/Ag/
GZO electrodes. The as-grown GZO electrode shows a high sheet
resistance of 1012 Q/[J and a resistivity of 1.4 X 1072 Q cm.

Table 1. Comparison of electrical and optical properties of as-
grown GZO (amorphous), GZO annealed at 500°C (crystalline),
and GZO/Ag/GZ0O (amorphous) multilayer electrodes prepared
at room temperature.

Sheet Transmittance
resistance Resistivity at 550 nm
(Q/0) (Q cm) (%)
As-grown GZO 1012 5.1 X 1072 78.1
GZO annealed at 500°C 24 1.4 X 1073 94.5
GZO/Ag (12 nm)/GZO 6 5.53 X 107 87.2

Downloaded 25 Apr 2010 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



H310

70 110°

Sheet resistance [ohm/sq.]
Resistivity [ohm-cm]

Ag thickness [nm]

Figure 1. (Color online) The sheet resistance and resistivity of a GZO(40
nm)/Ag/GZ0O(40 nm) multilayer as a function of Ag thickness, which was
continuously sputtered at room temperature.

However, the resistivity of the GZO film that was rapidly thermal
annealed at 500°C decreased by 1 order of magnitude due to the
increase in the carrier concentration caused by the substitution of
Ga’* ions into the Zn sites in the ZnO lattice.'” The optical trans-
mittance of the GZO film annealed at 500°C (94.5%) is much higher
than that of the as-grown GZO film (78.1%). The optimized GZO/
Ag/GZO electrode showed a very low resistivity and high transmit-
tance, even though it was prepared at room temperature without an
additional annealing process. The dependence of the electrical and
optical properties on the Ag thickness is shown in Fig. 1. Although
the as-grown GZO electrode showed a fairly high sheet resistance
and resistivity at room temperature, the insertion of the Ag layer
resulted in a significant reduction in the sheet resistance and resis-
tivity. Above a 12 nm Ag thickness, the GZO/Ag/GZO electrode
shows a very low sheet resistance (5-6 /[J) and resistivity
(~107> Q cm), which are both much lower than those of the crys-
talline ITO electrode.

Figure 2a shows the variation of the optical transmittance of the
GZO/Ag/GZO electrode with Ag thickness. The optical transmit-
tance of the GZO/Ag/GZO electrode at a wavelength of 400-600
nm increased remarkably with increasing Ag thickness. This could
be attributed to the Ag layer reflecting light in the IR range and the
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Figure 2. (Color online) (a) Optical transmittance of GZO/Ag/GZO elec-
trode as a function of Ag thickness. (b) Absorption wavelength region of
P3HT:PCBM active layer. (c) Figure of merit value of GZO/Ag/GZO elec-
trode calculated from sheet resistance (Ry,) and optical transmittance (7) at a
wavelength of 550 nm as a function of Ag thickness.
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Figure 3. (Color online) (a) X-ray diffraction plots of GZO annealed at
500°C, as-grown GZO, and optimized GZO/Ag (12 nm)/GZO multilayer
electrode. (b) AES depth profile of optimized GZO/Ag(12 nm)/GZO elec-
trode showing the stable interface between Ag and GZO layers.

GZO suppressing the reflection from a Ag layer in the visible
range. At a 12 nm Ag thickness, the highest transmittance of
87.2% at a wavelength of 550 nm was observed. However, further
increasing the Ag thickness above 12 nm resulted in a decrease in
the transmittance, especially in the high wavelength region above
600 nm. Considering the absorption wavelength of the organic ac-
tive layer (P3BHT:PCBM) in Fig. 2b, it was thought that the low
optical transmittance of the GZO/Ag/GZO electrode in the high
wavelength region would not affect the performance of the OSCs.
To determine the optimized Ag thickness in the GZO/Ag/GZO elec-
trode, we calculated the figure of merit value (¢prc = T'%/Ry,) using
the transmittance (7)) at a wavelength of 550 nm and sheet resistance
(Rg), as shown in Fig. 2c.' The maximum drc value (41.4
X 107 Q") of the GZO/Ag/GZO electrode was obtained at a 12
nm Ag thickness (7' = 0.87% and Ry, = 6 Q/0J).

Figure 3a shows the X-ray diffraction plots obtained from the
as-grown GZO, GZO annealed at 500°C, and GZO/Ag/GZO elec-
trodes. The optimized GZO/Ag/GZO electrode shows broad peaks at
~34.02 and ~38.10°, corresponding to the amorphous GZO and Ag
layer, respectively, due to the room-temperature sputtering process.
However, the GZO film annealed at 500°C shows a strong (002)
peak at 34.44° indicating that the annealed GZO films are textured
with the ¢ axis perpendicular to the glass substrate. In general, it is
difficult to use an as-grown GZO film with an amorphous structure
as an electrode in OLEDs organic photovoltaics (OPVs), due to the
high resistivity of the inactivated GZO film. However, the GZO/Ag/
GZO electrode could be directly employed in OPVs or flexible
OPVs without a postannealing process, even though the top and
bottom GZO layers have an amorphous structure. Figure 3b shows
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Figure 4. (Color online) (a) Current density (J)-voltage (V) characteristics
of bulk heterojunction OSCs fabricated on a GZO/Ag/GZO multilayer elec-
trode using conventional PEDOT:PSS with the inset showing the schematic
OSC structure and picture of the etching of the GZO electrode by the
PEDOT:PSS droplet. (b) Comparison of J-V characteristics of OSCs fabri-
cated on a GZO/Ag/GZO electrode and annealed GZO single layer using
neutral PEDOT:PSS.

the Auger electron spectroscopy (AES) depth profile of the opti-
mized GZO/Ag/GZO electrode. It was shown that the individual
bottom GZO, Ag, and top GZO layers were well defined without
any interfacial layers due to the continuous sputtering process at
room temperature. There is no evidence of an interfacial reaction
between the Ag and GZO layers due to the stability of the GZO
layer at room temperature. Considering the formation enthalpy of
Zn0O (—350.4 kJ/mol) and Ga,053 (—1089.1 kJ/mol), the dissocia-
tion of GZO by the formation of a A %O (=31.1 kJ/mol) layer
cannot easily occur at room temperature.

Figure 4 shows the photocurrent density—voltage (J-V) curves
obtained under 100 mW/cm? illumination with an air mass (AM)
1.5 G condition of the OSCs fabricated on the annealed GZO and
GZO/Ag/GZO electrodes. The OSCs fabricated on the GZO/Ag/
GZO electrode using a conventional PEDOT:PSS layer (VP Al
4083) showed very poor performance with a fill factor (FF) of 0.23
and a PCE of 0.38% due to the severe reaction between GZO and
conventional PEDOT:PSS. The J-V characteristics of the OSCs fab-
ricated on the GZO electrode annealed at 500°C could not be mea-
sured due to the complete etching of the single GZO layer by
PEDOT:PSS. The inset of Fig. 4a shows that the droplet of conven-
tional PEDOT:PSS on the single GZO or GZO/Ag/GZO electrodes
led to the removal of the GZO layer. Because the ZnO film was
easily etched in the acidic solution, the PEDOT:PSS with pH in the

range of 1-2 could remove the GZO electrode.' Thus, we exchanged
the PEDOT:PSS solution with a neutral PEDOT:PSS solution to
avoid the wet etching of the GZO electrode. Figure 4b shows the
J-V curve of the OSC fabricated on the annealed GZO and GZO/
Ag/GZO electrodes using a neutral PEDOT:PSS solution. The OSCs
fabricated on the GZO/Ag/GZO electrode grown on glass showed
an open-circuit voltage (Voc) of 0.54 V, a short-circuit current (Jgc)
of 9.86 mA cm™2, an FF of 0.53, and a calculated PCE of
Nam 15 = 2.84%. However, the OSC fabricated on the annealed
GZO layer showed a Ve of 0.52 'V, a Jgc of 8.00 mA cm™2, an FF
of 0.39, and a PCE of man 15 = 1.57%. Until now, there have been
no reports on the fabrication of polymer solar cells with efficiency
above 2% using an indium-free amorphous GZO-based electrode.
Owen et al. suggested that polymer solar cells fabricated on GZO
electrodes sputtered at a substrate temperature of 500°C have a very
low PCE of 0.35%, which is much lower than that of the OSCs
fabricated on GZO/Ag/GZO electrodes.’ By further optimization of
the PEDOT;PSS coating conditions and surface treatment of the
GZO electrode, the performance of the OSCs fabricated on the
GZO/Ag/GZO multilayer electrode might be improved. Although
the GZO/Ag/GZO multilayer electrode possesses expensive Ga and
Ag elements, the GZO/Ag/GZO multilayer electrode could be ex-
pected to be a low cost and indium-free TCO electrode substitute for
the conventional ITO electrode because the amount of Ga (3 wt %
Ga,03-doped ZnO) and Ag (~12 nm) elements in the GZO/Ag/
GZO multilayer is fairly small.

In summary, we propose an indium-free and low cost GZO/Ag/
GZO multilayer electrode grown by dual-target sputtering at room
temperature as a viable alternative to ITO electrodes for the low cost
production of OSCs or flexible OSCs. By making use of the low
resistivity and antireflection effect of the inserted 12 nm thick Ag
layer, we obtained a GZO/Ag/GZO electrode with a very low sheet
resistance of 6 ()/[] and a high transmittance of 87%, although all
of the layers were fabricated at room temperature, unlike those in a
crystalline ITO electrode. The J-V performance of the OSCs fabri-
cated on the indium-free GZO/Ag/GZO electrode indicates that the
GZO/Ag/GZO electrode is a promising low cost and room-
temperature-processed TCO electrode that can be used as a substi-
tute for the high cost ITO electrode in OSCs and flexible OSCs.
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