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Organic solar cells (OSCs) were fabricated on polyethylene
terephthalate (PET) substrates wusing hybrid silver
grid/graphene films as transparent conducting electrodes and
the effect of silver grid dimensions was characterized. OSCs
fabricated using optimized grid dimensions of 200 pmx 200 p
m x 50 nm x 2 pm (length x width x height x linewidth) on
PET substrates exhibited two times the power conversion
efficiency of control devices using graphene only.

Organic solar cells (OSCs) are attractive optoelectronic devices
due to their low processing cost, large area, light weight and superior
flexibility.”™ Many flexible OSCs have been demonstrated using
flexible transparent electrodes such as metal nanowires,*® conducting

11-13,

polymers,”® carbon nanotubes (CNT)?** and graphene since the
commonly used material indium-tin oxide (ITO) is deficient in flexible
applications due to poor mechanical properties and corrosion of the
ITO by poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS).*

Among transparent conducting materials, graphene is particularly
attractive as a next generation transparent electrode due to its high
transmittance of ~97%, superior electrical conductivity, mechanical
properties and good flexibility.*s™®

for both anodes and cathodes by controlling its work function using

In addition, graphene can be used

metal nanoparticles or molecular dopants.” Many researchers have
studied graphene transparent conducting films as replacements for
ITO electrodes in optoelectronic devices. For example, Gomez de Arco
et al. reported that OSCs using graphene (as the anode) deposited by
chemical vapor deposition (CVD), which exhibited a power conversion
efficiency (PCE) of 1.18%.%° Cox et al. fabricated OSCs using single
layer graphene (SLG) as a cathode having a PCE of 0.24%." The
devices reported so far have exhibited low PCEs compared to OSCs
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using ITO electrodes, due to the high sheet resistance of graphene.
Therefore it is critical to reduce the sheet resistance of graphene in
order to realize high device performance with flexible transparent
electrodes.

Hybrid electrodes based on graphene have progressed via the use
of metal grids to improve the electrical conductivity of graphene.”***
Some reports show that graphene with metal grids has superior
optical and electrical properties as well as improved flexibility.*** To
further enhance the conductivity of the PEDOT anode in polymer
solar cells, Aernouts et al. applied a metallic Ag grid to PEDOT:PSS,
and Glatthaar et al. reported an inverted cell using a PEDOT anode

528 More recently, Tvingstedt et al.

with thermally deposited Au lines.
demonstrated the possibility of replacing ITO in OSCs using an anode
comprising PEDOT and metallic micro-Ag-grids, which were formed
using a soft-lithography metal-deposition method.” It is of particular
interest that hybrid metal grid / graphene electrodes can be easily
deposited by roll-to-roll processes such as nanoimprinting or inkjet
printing, which makes them highly amenable to large scale mass

production compared to conventional ITO films.?*3°

Our previous
report showed that multilayer graphene (MLG) with a silver grid on a
glass substrate had optical transmittance of ~85%, a sheet resistance
of 28 Q/square and yielded a PCE of 2.38%, in conjunction with a poly
3-hexylthiophene active layer, which was similar to the PCE of control
devices using ITO.

Despite the good properties of hybrid films, studies regarding the
effects of grid dimensions on the optoelectronic properties of
transparent electrodes are few. However, grid dimensions constitute a
critical parameter which must be optimized in order to achieve high
optical transmittance and low sheet resistance using hybrid films, as
the characteristics of hybrid films strongly depend on the grid
geometry and graphene thickness. When the grid linewidth is
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increased, the sheet resistance of the hybrid films is improved.
However, the transmittance is decreased due to the opacity of the
metal grid. Since the transmittance of the hybrid films depends on the
grid geometry, further studies on graphene/metal grid hybrid films are
needed to achieve high performance in optoelectronic devices.

In this work, we have studied the effect of silver grid size on the
properties of transparent anodes using polyethylene terephthalate
(PET) substrates and investigated their application in photovoltaic
devices. To in order to optimize the properties of the transparent
anodes, optical transmittance and sheet resistance were measured
using UV-Vis and 4-point probe measurements, respectively. Flexible
OSCs were fabricated using a bulk heterojunction (BHJ) architecture
consisting of poly(3-hexylthiophere):[6,6]-phenyl C,. butyric acid
methyl ester (P3HT:PC,,BM) as the active
characteristics were correlated to the metal grid sizes.

layer and device

Silver grids were formed on PET substrates using a conventional
photolithography process and lift-off method. The silver grids were
5o-nm thick and were deposited onto positive photoresist patterned
PET substrates by thermal evaporation. Graphene layers were grown
foil by deposition (CVD)
polymethylmethacrylate (PMMA, 950K PMMA C4) was spin coated

on copper chemical vapour and
onto the graphene/Cu foil as a supporting layer. After etching the Cu
foil using a Ni etchant, graphene was transferred onto Ag grid/PET
substrates. The SLG hybrid films with silver grids were then
completed by removing the PMMA using acetone. Field emission
scanning electron microscopy (FESEM) (LEO SUPRA 55, Carl Zeiss)
was used to characterize the structure of the hybrid films (not shown
UV/Vis
spectrometer (V-570, JASCO) and sheet resistance was measured

here). Optical transmittance was measured using a
using the 4-point probe method.

Conventional OSCs were fabricated using hybrid transparent
SLG/Ag grid films, as shown Fig. 1(a). A detailed schematic of the

device structure is illustrated in Fig. 1(b). Before making the devices,
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FIG 1. (a) Schematic diagram of OSCs using hybrid transparent anodes. (b)
Illustration of the device structure with Ag grids under SLG films.
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the SLG/Ag grid surfaces were treated under UV-ozone for 5 min to
modify the surface energy. PEDOT:PSS from Heraeus which has 10 ~
100 S/cm conductivity was then spin coated (as a hole transport layer)
onto the SLG/Ag grid films and annealed at 140 °C for 10 minutes,
resulting in a film thickness of ~40 nm. Organic active layers
comprising P3HT:PC,,.BM were then deposited; a blend solution (1:1)
of P3HT and PC,,.BM in dichlorobenzene was spin coated and
annealed at 60 °C for 30 min. The resulting thickness of P3HT:PC,.BM
layer was 100 nm. Next, an ultra-thin (> 5 nm) conjugated
polyelectrolyte (CPE) layer was deposited as an electron extraction

layer. The CPE poly[9,9-bis[6’-(N,N,N-
trimethylammonium)hexyl]fluorene-altco-1,4-phenylene] tetrakis
(imidazoly) borate (PFN'BIm,)** was deposited onto the

P3HT:PC,.BM surface from a dilute solution in methanol by spin
coating at 2000 rpm for 4o s. Finally, Al (7onm) cathodes were
thermally evaporated through a shadow mask defining an active area
of 0.09 cm®. Devices were characterized under ambient conditions
using simulated AM1.5G irradiation (100 mW/cm?), which was
calibrated with a standard silicon photodiode. Reported device
characteristics represent the average of 10 devices. Standard
deviations for PCEs were found to be less than 0.3%.
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FIG 2. (a) Energy band diagram of OSCs with hybrid transparent anodes. (b)
Sheet resistance and transmittance versus shaded area. Shaded area was
calculated; 200 x 2 x 50 to 796 um?, 200 x 5 x 50 to 1975 pm?, and 200 x 10 x 50
to 3900 pmz. The inset is a schematic of the shaded area used in this study.
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Figure 2(a) shows an energy band diagram of the OSCs. The work
functions of Ag grid and SLG are 4.7 and 4.3 eV, respectively; where
the work function of SLG was obtained by ultraviolet photoelectron
spectroscopy.’ The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) levels of PEDOT:PSS,
P3HT, PC,,BM, and CPE were taken from the literature.”* The CPE
layer functioned as an electron extraction layer via the formation of an
interfacial dipole.** According to the energy band diagram, the hybrid
SLG films exhibit similar work functions, which are comparable to the
work function of conventional ITO anodes.* Figure 2(b) shows the
optical transmittance and sheet resistances of SLG and SLG/Ag for
various grid sizes. SLG films show an average transparency of g7% at
550 nm; the transmittance is fairly constant across the visible
spectrum regardless of wavelength.*® However, SLG films exhibit a
relatively high sheet resistance of 650 Q/sq. The high sheet resistance
of the SLG films is a disadvantage for their applications in
optoelectronic devices. The hybrid conductive SLG/Ag grid films
exhibit a fairly constant transparency of 85 ~ 92% over a wide spectral
range between 500 and 850 nm, while the sheet resistance of SLG/Ag
grid films decreases dramatically to 14 ~ 56 Q/sq using Ag grids. In the
previous study, the average surface roughness obtained from the
dimensions of the grids was approximately 2.47 nm, since haziness is
generally related to the rough films.* Thus, we can expect good haze
properties and minimal light scattering due to the carefully controlled
dimensions of mesh and the small surface coverage of Ag.
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FIG 3. J-V characteristics of P3HT:PC7;BM devices using ITO anodes as control
devices (black), PET/SLG anodes (red) and PET/various Ag grid size/SLG anodes
(blue, orange and purple) (a) under illumination and (b) dark.
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Table 1. Performance of BHJ devices with ITO substrates and graphene
substrates as a function of Ag grid size

Tsc Voc FF  PCE PCE Rgy Rs

(mA/em?®) (V) (%) (Best) (average) (kQ) (Q)

ITO 101 0.60 624 3.8 3.6 935 41.0
SLG 92 058 380 20 1.8 11332982
200x2x50 109 058 608 3.9 3.8 555 273
200x5%x50 103 060 579 3.6 33 409.8 294
200x10x50 99 060 574 34 3.1 507.6 267

Figure 3 shows the current density—voltage (J-V) characteristics of
P3HT:PC,.BM solar cells using Ag grids with dimensions (length x
width x height x linewidth) including 200 pm x 200 pum x 50 nm x 2
MM, 200 UM X 200 UM X 50 NM X 5 pmM and 200 M X 200 pM X 50 NM x
10 um sizes. Two types of control devices based on ITO and PET/SLG
substrates were also prepared. Table 1 summarizes the performance
of different devices. The first control device using an ITO substrate
exhibited a short circuit current (Js¢) of 10.1 mA/cm? open circuit
voltage (Voc) of 0.60 V and fill factor (FF) of 62.4%, resulting in a PCE
of 3.8%.
performance of devices using PET/graphene substrates was inferior to

Despite the advantages of flexible substrates, the

devices using ITO substrates. The difference in PCEs for devices using
ITO and PET/SLG substrates can be attributed to SLG having a lower
work function (4.3 eV) than ITO (4.7 eV), causing a mismatch with the
valence band energy of PEDOT:PSS (5.2 eV); this results in an energy
barrier for hole transfer from the PEDOT:PSS layer to the graphene
electrode. Additionally, PET/SLG substrates have a much larger sheet
resistance than ITO. Similar to the ITO substrate, devices using
PET/Ag grid/SLG substrates yielded PCEs in range of 3.4 ~ 3.9%, with
an optimal performance of 3.9% including a Jsc of 10.9 mA/cm?, Voc of
0.58 V and FF of 60.8%, when the 200 pm x 200 pm x 50 NM X 2 pm
Ag grid size was used. Notably, the FF was increased from 55% to 61%
upon incorporation of the Ag grid. The Voc remained almost
unchanged, while Jsc and FF values increased (9.2 mA/cm® to 10.9
mA/cm® and 38% to 61%, respectively). The PCE increased from 2.0%
to 3.9%; an enhancement of about go%. This large change in
performance via the introduction of Ag grid is attributed to low sheet
resistance and an increase in work function. The sheet resistance of
SLG anode decreased by more than an order of magnitude from 650
Q/sq, to 22 ~ 55 Qfsq upon incorporation of Ag grids. The J-V
characteristics of the devices measured in the dark are shown in Fig
3(b). In the regime from -1 to o V, the leakage current of SLG device
(red line) and 200 pm x 200 pmx 50 nm x 2 pum (blue line) are not
greatly changed compared to the ITO devices (black line). However,
the presence of 200 pm x 200 pm x 50 nm x 5 um (orange line) and
200 pmM x 200 pm x 50 nm x 10 pm (purple line) Ag grids reduced
leakage current and increased shunt resistance (Rsy) (93.5, 409.8, and
507.6 KQ for ITO, 200 pm x 200 pm x 50 NM x 5 pym , and 200 pm x
200 pm x 50 nm x 10 pm Ag grid, respectively). In the regime fromo V
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to 0.7 V, the curves of ITO and SLG devices are almost identical to
those of hybrid Ag grid/SLG devices, which is consistent with the
constant Voc observed for all devices. For the case of V > 0.7 V, the
series resistance (Rs) of the SLG was 298.2 Q, and the devices with
various size Ag grid exhibited Rs values of 27.3 Q for 200 um x 200 pm
X 50 NM x 2 pum, 29.4 Q for 200 pm x 200 pm x 50 nmM x 5 pm and 26.7
Q for 200 pm x 200 pm x 50 nm x 10 pum, respectively. Thus, the
performance of devices incorporating Ag grid was improved via
increased Rsy and decreased Rs.
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FIG 4. Current density and power conversion efficiency versus transmittance.
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Figure 4 shows the current density and PCE versus transmittance
of substrates for different shaded area. The photovoltaic performance
is strongly correlated to the transmittance of the substrates. The grid
spacing of 200 um x 200 pmyields an open area 0.040 mm?; using Ag
line widths of 2 um, 5 um and 10 pum results in shaded areas of 796 u
m?, 1975 um® and 3900 um®in eachgrid cell, respectively, which are
able to transmit light. The transmittance of device with 796 pm?®
shaded area was 92.83 %, and decreased with increasing shaded area.
This decrease in transmittance closely tracked with a decrease in Jsc.
The high transmittance of our composite electrodes explains the high
PCE compared to the reference ITO-based solar cells, since more light
is transmitted to the absorber layer, more charge carries are
generated and extracted. We suggest that the strategy presented
here constitutes a useful approach to improving the performance of
OSCs based on graphene transparent electrodes.

Conclusions

Hybrid transparent conducting films were fabricated using
graphene synthesized by CVD coupled with Ag grids deposited via a
transfer process. The SLG films show a high sheet resistance (650
Q/sq) and a high optical transmittance (97% at 550 nm), while the
hybrid Ag/SLG films exhibited reduced sheet resistances (14 ~ 56
Q/sq) and optical transmittance (85 ~ 92%). The hybrid transparent
SLG films were employed as anodes in P3HT:PC,.BM solar cell,
yielding a Jsc of 9.2 mAjcm?, Voc of 0.58 V, FF of 38.0%, and a PCE of
OSCs using SLG/Ag grid
performance compared to devices with only SLG films. A 91 %

2.0%. anodes exhibited enhanced

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

improvement in PCE compared to devices using SLG films alone was
observed. These results demonstrate that hybrid SLG/Ag grid films
are a suitable transparent electrode for use in optoelectronic
applications and constitute a promising route to improve the
performance of OSCs based on graphene electrodes, for large area
and low-cost solar cell manufacture.
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Organic solar cells were fabricated on polyethylene terephthalate (PET) substrates using hybrid
silver grid/graphene films as transparent conducting electrodes and the effect of silver grid

dimensions was characterized.
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