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 A New Architecture for Transparent Electrodes: Relieving 
the Trade-Off Between Electrical Conductivity and Optical 
Transmittance 
 Transparent conducting electrodes with the combination of 
high optical transmission and good electrical conductivity are 
essential and desirable in solar energy harvesting and electric 
lighting devices including organic solar cells and light-emitting 
diodes (LEDs) as well as in their inorganic counterparts. Cur-
rently, indium tin oxide (ITO) coated glass is most often used 
because ITO has relatively high transparency to visible light 
and low sheet resistance for electrical current conduction. 
However, ITO is costly due to limited resources, is brittle, [  1  ]  
and has poor chemical compatibility with the active organic 
materials. [  2  ]  These disadvantages have motivated the search for 
other conducting electrodes with similar or better optical and 
electrical properties. In recent research efforts, carbon nano-
tube networks, unpatterned thin metal fi lms, random silver 
metal nanowire meshes, graphene fi lms, and patterned metal 
nanowire grids have been evaluated as potential replacements 
for ITO electrodes. [  3–11  ]  Although these alternative transparent 
electrode approaches do have the potential to replace ITO, they 
still suffer from the classic trade-off between the optical trans-
mittance and electrical conductivity. Thicker layers offer higher 
conductivity, but this comes at the expense of optical transmit-
tance, and vice versa. Here, we report a new architecture for 
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transparent electrodes, which leads to quasi-elimination of this 
tradeoff. This architecture consists of high-aspect-ratio metallic 
ribbons with nanoscale thickness and microscale width, spaced 
at desired periodicities and held in place by a polymer matrix to 
provide a fl at top surface for fabrication of active layers in solar 
cells or LEDs. By design, the light path is only obstructed by the 
nanoscale thickness of the ribbons, thus decoupling the con-
ductivity and transmittance properties from each other. Catrysse 
and Fan performed theoretical investigations on similar nano-
patterned metallic structures, and their simulations indicate 
that such structures have excellent optical and electrical prop-
erties for potential use as transparent conductive electrodes. [  12  ]  
Our experimental results show that the novel structure is very 
promising for such applications. 

 These structures were fabricated in a multistage process. 
First, a polyurethane (PU) grating structure with a periodicity of 
2.5  μ m was fabricated on glass substrate by two-polymer micro-
transfer molding (2-P  μ TM) [  13  ]  ( Figure    1  a). Metal fi lms, such as 
gold and silver, were thermally evaporated onto the sample. To 
ensure higher transparency, two oblique angle depositions were 
used. The sample was tilted 45 °  to the normal direction of the 
source so the PU bar itself would act as shadow mask to block 
the metal from being deposited on the bottom of the trench. 
The depositions were done by coating the left sidewall and top 
of the PU bars and then repeating from the right. Therefore, 
only the PU surface was coated with metal fi lms (Figure  1 b). 
In order to achieve even higher transmission, the metal on top 
of the PU bars was removed. We employed argon ion milling, 
a physical etching technique, to physically remove the metal by 
ion bombardment. It has been shown that argon ion milling 
is capable of etching metals such as gold and silver, and it can 
even be used to remove oxide for nanostructure fabrication. [  14  ,  15  ]  
Since the argon milling is directional, when the ion beam direc-
tion is parallel to that of PU grating, only the metal on top of 
the PU grating is removed, leaving the two metallic sidewalls 
intact (Figure  1 c). Furthermore, low angle ion milling (10 ° ) 
was chosen for controllable metal etching rate and reduction 
of the PU top surface roughness induced during the milling 
process (Figure  1 d,e). It should be noted that other ion etching 
methods, including the reactive ion etching (RIE) technique, 
are also viable for the removal of metal layers, [  16  ,  17  ]  provided the 
process is directional in order to preserve the metal on the PU 
sidewalls.  

  Figure    2  a,b show scanning electron microscopy (SEM) 
images of the PU grating structure on a 200- μ m-thick glass 
substrate at both high and low magnifi cations. The PU grating 
mbH & Co. KGaA, Weinheim 2469wileyonlinelibrary.com
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    Figure  1 .     Schematics of the fabrication process. a) PU one-layer grating by 2-P  μ TM on glass 
substrate, b) angle depositions of metal fi lms on PU grating, and c) directional low-angle argon 
ion milling to remove the metal from the top. The argon ion milling step is shown separately in 
perspective views d) before and e) after the metal top surface is removed.  
was uniformly patterned in one direction and the surface of the 
PU bars was smooth. The grating structure had a periodicity of 
2.5  μ m, and the PU bar height and width were both  ≈ 1.2  μ m. 
The profi le of the PU bars was isosceles-trapezoidal and had a 
base angle of  ≈ 80 ° . Typical samples had an area of 4  ×  4 mm 2 , 
although larger samples have been made. As the SEM images 
(Figure  2 c,d) show, the metal on top of the PU was completely 
stripped off, and the PU top surface was slightly etched with 
some roughness. Because the mechanical integrity of PU bars 
is not altered during the milling process, the metal layers on 
0 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com

    Figure  2 .     SEM images of a one-layer PU grating structure with 2.5- μ m periodicity by 2-P  μ TM at 
a) high magnifi cation and b) low magnifi cation and of the argon ion milled sample with 40-nm 
gold sidewalls at c) high magnifi cation and d) low magnifi cation.  
both PU sidewalls stay intact without defect 
or breakage. The height and thickness of 
the metal sidewalls were 1.2  μ m and 40 nm, 
respectively. This gives a very high (30:1) 
aspect ratio for the metallic fi lms. Since 
metal was deposited on both sidewalls, the 
periodicity of the gold nanowire patterns was 
reduced by half to  ≈ 1.2–1.3  μ m. A structure 
with periods larger than optical wavelength is 
useful to improve optical properties (higher 
transmission and reduced diffraction), and 
the polarization effect does not take place in 
the visible wavelength range. Further details 
of the fabrication processes are given in the 
Experimental Section.  

 Two different metals, Au and Ag, were 
evaporated on separate one-layer PU grating 
samples by angle depositions, and the samples 
were subsequently argon ion milled to demon-
strate that various metals can be deposited on 
the side walls using this fabrication method. 

 As the SEM images show (Figure  2 c,d), 

the metallic structures leave most of the substrate area avail-
able for transmission of light, except for the nanoscale cross 
section that the thickness of the metallic sidewalls occupies. 
To characterize the light transmission behavior, we performed 
optical transmission measurements on the structures after the 
ion milling step. Due to the diffracting nature of the grating 
structure, an integrating sphere was used to collect the dif-
fused light and to measure the total transmission through the 
sample. For comparison, the transmission of a standard com-
mercially available ITO-coated glass was also measured. All the 
samples were measured with air as the refer-
ence. The ITO-coated glass had a peak trans-
mission of 88% at around 600 nm and an 
average transmission of 82% over the entire 
optical wavelength range (400–800 nm). For 
a PU grating structure on glass without any 
metal, the total transmission spectrum was 
fl at and was  ≈ 86%. The transmission of a PU 
thin fi lm on glass was similar to glass at 92%. 
The reduced transmission of the PU grating 
was due to the additional diffractive refl ec-
tion from the grating. For the ion milled pat-
terned structures with metallic sidewalls, 
gold and silver showed similar transmission 
spectra. For gold, the peak total transmission 
was 84% at around 650 nm and the average 
total transmission was 80%. For silver, 
the peak transmission was 83% at around 
650 nm and the average was  ≈ 78%. For two 
sidewalls of 40-nm-thick metal over the 
perio dicity of 2.5  μ m, the reduction in trans-
mission due to the metals is theoretically 
about 3%. Therefore, with the metallic side-
walls, the measured transmission dropped 
by an additional 6–8%. The additional reduc-
tion in transmission may be caused by some 
PU top-surface roughness, which results 
heim Adv. Mater. 2011, 23, 2469–2473
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    Figure  3 .     Total transmission of ITO-coated glass and 1-layer 2.5- μ m-
period PU grating structures on glass with 40-nm gold and silver side-
walls after argon ion milling.  
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    Figure  4 .     a) Schematics for sample inversion and organic active layer 
depositions and b) current density versus voltage characteristics of 
organic solar cells with the gold structure as the transparent electrode. 
The inset shows the inverted sample without active layers.  
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in diffused scattering backwards. Nevertheless, the polariza-
tion effect was not severe since the periodicity of the samples 
was 2.5  μ m, which shows great polarization contrast in the 
infrared wavelength regime. The inset in  Figure    3   shows an 
ion-milled sample with 40-nm gold sidewalls. The area of the 
sample was 4  ×  4 mm 2 , and two metal contacts with 3-mm sep-
aration were deposited at two ends of the sample for electrical 
characterization.  

 To characterize the electrical conductivity, two-wire electrical 
measurements were performed to measure the resistance of 
the argon-ion-milled, high-aspect-ratio metallic structures. The 
resistance of the 2.5- μ m structure with 40-nm gold sidewalls 
was measured to be 7.3 Ω. The resistance of the 2.5- μ m struc-
ture with 40-nm silver sidewalls was measured to be 2.4 Ω. A 
typical ITO-coated glass has a sheet resistance around 10 Ω �  − 1 . 
For comparison, the resistance of a ITO- coated glass slab with 
a width of 4 mm (the same as our sample width) was measured 
with two parallel metal contacts deposited and also separated by 
about 3 mm on the slab. The measured resistance is about 7 Ω, 
which is close to that obtained by  R   =   R  sq  L / W   =  7.5 Ω, where  R  
is the measured resistance of the sample,  R   sq  is the resistance 
per square,  W  is the width of the sample, and  L  is the distance 
of the two metal contacts deposited at two ends of the sample. 
Therefore, the resistance of the patterned gold structure after 
argon ion milling is equivalent to that of ITO-coated glass, and 
the resistance of patterned silver structure is three times less 
than that of ITO-coated glass. To calculate the sheet resistance 
of our structure, we used  R  sq   =   R ( W / L ). From the equation, we 
found the sheet resistance of patterned metallic structures with 
gold and silver were 9.7 Ω �  − 1  and 3.2 Ω �  − 1 , respectively. Both 
values are less than the ITO sheet resistance typically used for 
organic LEDs and solar cells. Catrysse and Fan established a 
method for calculating the sheet resistance of nanopatterned 
metallic structures. [  12  ]  Specifi cally for a 1D metallic grating 
structure, the sheet resistance can be calculated by  R  sq   =  (  ρ  / h )
( a / w ), where   ρ   is the bulk resistivity of metal,  h  is the height, 
 a  is the periodicity, and  w  is the width. The bulk resistivities 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 2469–2473
of gold and silver are 2.20  ×  10  − 8   Ω  m and 1.59  ×  10  − 8   Ω  m, 
respectively. [  18  ]  The calculated values of sheet resistance from 
the equation are 0.57  Ω  �  − 1  and 0.41  Ω  �  − 1  for gold and silver 
structure, respectively. The theoretical sheet resistances of our 
structures are more than tenfold lower than the measured 
ones. The fi rst probable cause is that there is some breakage 
in the polymer template (disconnected PU bars) such that the 
metal sidewalls on such PU bars are not continuous and do not 
fully contribute to the electrical conduction. The second reason 
is the presence of nanograins formed during the metal thin-
fi lm deposition, which have signifi cantly higher resistivities 
than the bulk. [  19  ]  The grain boundary effect could be reduced 
by annealing the gold in ultrahigh vacuum and at high tem-
perature to form larger and fewer grains. [  20  ,  21  ]  The much lower 
sheet resistance of the silver sample could be because silver 
does not experience as severe of a nanograin effect as gold. 

 To realize an organic or inorganic solar cell or LED on the 
transparent electrode platform, it is necessary to fi ll the open 
trenches with a transparent material to provide a fl at area for the 
active layer deposition. We achieved this as shown in  Figure 4   . 
2471bH & Co. KGaA, Weinheim wileyonlinelibrary.com



2472

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N
 We fi rst made the PU grating on a water-soluble sacrifi cial layer 

coated glass substrate. After metal deposition and argon ion 
milling, a small droplet of the PU prepolymer was placed on 
the sample to fi ll in the trenches of the grating structure. The 
PU prepolymer also served to glue a second glass substrate 
onto the sample. After the PU fi lling was ultraviolet cured and 
solidifi ed, the sample was submerged in distilled water to dis-
solve the sacrifi cial layer and the original glass substrate was 
detached. Upon the separation of the original glass substrate, 
the bottom part of the structure was exposed and the sample 
was inverted. The inverted structure had an average total dif-
fused transmission of  ≈ 82–83%. This is because the fi lling of 
PU in the air gaps reduces diffraction from the grating struc-
ture; in addition, a smoother PU bottom surface is exposed. 
The resistance of the inverted structure was about 30  Ω . The 
fact that the inverted sample had higher resistance than before 
inversion was probably due to overfi lling of PU at the two ends 
of the sample, which would block the connections of the metal 
contacts to some of the metallic sidewalls during two-wire elec-
trical measurements. As a proof-of-concept for applicability of 
the transparent electrodes, we fabricated a bulk heterojunction 
polythiophene:fullerene-based solar cell on the inverted struc-
tures. The current density versus voltage characteristics of the 
cell were then measured under illumination. The device suc-
cessfully showed photovoltaic characteristics. However the per-
formance was slightly inferior to typical ITO-electrode-based 
solar cells (usually short-circuit current is  ≈ 8–10 mA cm  − 2 ). 
Since the conductivity and transmittance of the transparent 
electrode was comparable to ITO, we believe that the per-
formance of the solar cell is not similar to ITO-based devices 
because in some regions the top exposed regions of the gold 
sidewalls were partially covered by PU due to imperfect mate-
rial processing prior to poly(3,4-ethylenedioxythiophene) doped 
with poly(styrenesulfonate) (PEDOT:PSS) deposition. SEM 
images in Figure  4 b (inset) show evidence of such imperfec-
tions. Some contribution to poorer performance can also be 
ascribed to resistive losses due to horizontal transport of holes 
through the PEDOT:PSS layer, before they are collected by 
metal nanoribbons. However, this issue can be easily resolved 
by using highly conducting formulations of PEDOT:PSS, such 
as PH500. It has been shown that PH500 is able to effi ciently 
transport holes over distances greater than 100 micrometers. [  22  ]  
The image shows that some metallic ribbons were embedded 
inside the polymer, and they were not exposed at the top. As a 
result, they may not have been in contact with PEDOT:PSS for 
charge transfer. However, this issue can be resolved by slightly 
etching the unnecessary polymer covering the metal electrode 
edges. In addition, the fi eld enhancement at the interfacial con-
tact between active layers and the electrodes may be a more 
vital issue than the optical improvement of the electrodes for 
achieving better performance effi ciency of the device.  

 For applications such as solid-state lighting and smart win-
dows, we have successfully made the structure with a larger 
sample area (5  ×  5 cm 2 ), keeping the other dimensions the 
same. Additional PU prepolymer was used to fi ll the air chan-
nels between the metal sidewalls to reduce the diffraction 
effect from the grating pattern, and another glass substrate was 
bonded on top of the structure with the additional PU to form 
an encapsulated structure. It is likely that most applications 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
would require such encapsulation to protect the structure. It is 
demonstrated that, with the open trenches fi lled, the structure 
does not suffer a reduction in optical transmission even at very 
high incident angles ( > 70 ° ), and the diffraction is at an insignif-
icant minimum. High transmission at steep incident angles is 
attributed to the higher refractive index of PU ( n   ≈  1.5), which 
replaces the low-index air gap as well as the PU overlayer. 
The application of additional PU for encapsulation effectively 
removes the original PU grating structure, which was the pri-
mary cause for the diffraction effect, resulting in thin vertically
standing high-aspect-ratio metal bars with a periodicity of 
 ≈ 1.2–1.3  μ m. Furthermore, at the air/PU interface, if the inci-
dent angle of light is 60 ° , it is reduced to about 35 °  by refraction 
thereby guiding the light through the structure (see Supporting 
Information). The transmission of the encapsulated structures 
can be further improved by the adoption of various antirefl ec-
tion treatments at the encapsulation/air interface. 

 In summary, we have fabricated novel, patterned nanoscale 
metallic structures for use as transparent electrodes by a com-
bination of two-polymer microtransfer molding, oblique metal 
deposition, and argon ion milling techniques. Such structures 
have high optical transparency, in the range of 80% for visible 
light, and low electrical resistance. Different metallic mate-
rials were deposited to show the feasibility of such a process to 
accommodate the requirements for various device applications. 
A working proof-of-principle organic solar cell device was fab-
ricated. Furthermore, such transparent electrodes can be fab-
ricated in large area and have important applications in smart 
windows and solid state lighting, and roll-to-roll processing can 
be realized for such structures in the foreseeable future.  

 Experimental Section 
  Thin Metallic Coating on the PU Gratings by Oblique Angle Depositions:  

After the PU gratings were made, a thin layer of metal ( ≈ 40nm), such 
as gold or silver, was deposited onto each PU bar by electron beam 
(e-beam) thermal evaporation. Since metal deposition at the normal 
incidence coated not only the PU bars but also the exposed substrate 
surface in between each PU bar, a stationary sample holder with a 
tilted angle (45 ° ) was used so that the metal was only deposited on the 
sidewalls and the top of PU bars. This was important to maximize the 
optical transparency of the structure. The deposition rate for the metals 
was maintained at 0.1 nm s  − 1  to ensure homogeneous metal coating. 
The e-beam evaporator pressure was maintained at 10  − 6  Torr during 
deposition. The metal thickness was chosen to be  ≈ 40 nm so that the 
sidewalls had narrow line widths to maximize the optical transmission 
of visible light. 

  Top Metallic Layer Removal Using the Argon Ion Milling Technique:  To 
further improve the optical transparency of the structure, the metal layer 
on top of the PU bars was removed by argon ion milling (Gatan dual 
mill, model 600) at 3 kV and 1 mA at 2.8  ×  10  − 4  Torr. First, the sample 
was positioned on the sample holder with the ion beam direction 
aligned parallel to that of the grating so that the metal sidewalls 
were not affected by the argon ions. The ion beam was also at a low 
incoming angle (10 ° ) so the ion beam etched the metal top surface at 
a controllable rate and the ion beam covered a larger area. The milling 
time varied between 5 and 10 min depending on the materials and the 
top metal layer thickness. The PU top could be slightly etched by the 
argon ions as well. 

  Transparent Electrode Characterization and Organic Solar Cell 
Fabrication:  The optical transmission of the samples was measured 
with a 3 inch labsphere integrating sphere with an Ocean Optics S2000 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2469–2473
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spectrometer. The electrical resistance was measured with a Fluke 8840A 
multimeter. For device fabrication, a conducting fi lm of PEDOT:PSS 
(Clevios P VP Al 4083) was spin coated at 3000 rpm for 60 s on a 
standing Au grating substrate, followed by annealing at 60  ° C for 5 min. 
The poly(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid methylester 
(P3HT:PCBM) blend solution (17 mg mL  − 1  in dichlorobenzene) was spin-
coated at 600 rpm for 30 s. An Al (200 nm) electrode (area  =  3.14 mm 2 ) 
was deposited by thermal evaporation on top of the active layer. Current 
density–voltage ( I – V ) measurements were done using a ELH Quartzline 
lamp with the intensity calibrated using a standard Si photodiode.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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