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Transparent conducting electrodes (TCEs) are essential components in various optoelectronic devices. Nanostructured metallic thin ﬁlm is one of the promising candidates to complement
current metal oxide ﬁlms, such as ITO, where high cost rare earth
elements have been a longstanding issue. Herein, we present that
multiscale porous metal nanomesh thin ﬁlms prepared by bimodal
self-assembly of block copolymer (BCP)/homopolymer blends may
oﬀer a new opportunity for TCE. This hierarchical concurrent selfassembly consists of macrophase separation between BCP and
homopolymer as well as microphase separation of BCP, and thus
provides a straightforward spontaneous production of a highly
porous multiscale pattern over an arbitrary large area. Employing a
conventional pattern transfer process, we successfully demonstrated a multiscale highly porous metallic thin ﬁlm with reasonable optical transparency, electro-conductance, and large-area
uniformity, taking advantage of low loss light penetration through
microscale pores and signiﬁcant suppression of light reﬂection at
the nanoporous structures. This well-deﬁned controllable bimodal
self-assembly can oﬀer valuable opportunities for many diﬀerent
applications, including optoelectronics, energy harvesting, and
membranes.
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Introduction
Transparent conducting electrodes (TCEs) are widely used in
many electronic and optoelectronic devices, such as touch
screens, photovoltaics, and smart windows.1–7 Due to a longstanding concern for the limited supply of rare earth indium,1
a variety of new materials and structural designs have been
proposed to complement conventional ITO electrodes.8 To this
end, optical transparency and electro-conductance that usually
counterbalance each other must be judiciously optimized and
maximized for the desired performance. A well-known
approach is the solution-based synthesis and deposition of
metal nanowires.9,10 Without precise controllability of spatial
distribution of nanowires and their electrical junctions,
however, this approach commonly suﬀers from inhomogeneous optical transparency and electrical conductance.11,12
A typical top-down process such as photolithography may oﬀer
nanoscale regular and periodic patterned metal thin films,
rather than a random arrangement of nanowires.13–15
Nonetheless, high processing costs of nanoscale lithography,
particularly for large area metallic structures, raise a significant practical challenge.
A bottom-up approach based on block copolymer (BCP)
self-assembly now oﬀers a well-established, cost-eﬀective,
reliable and scalable nanoscale patterning methodology.16–22
Microphase separation of BCP thin films can generate selfassembled nanotemplates with sub-100 nm pattern periodicity
and large-area uniformity by means of the simple process of
BCP film deposition followed by thermal/solvent annealing.
Moreover, facile pattern transfer of the nanotemplate morphology into various functional nanomaterials based on conventional deposition or etching processes proposes valuable
opportunities for novel functional nanostructures.23–27
Recently, lots of research attention has been paid to the optoelectronic applications of BCP self-assembly due to its facile
fabrication of periodic structures with nanoscale dimensions
and defect-tolerant performances.28–31
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In this work, we present high performance metal nanomesh
electrodes with hierarchical porosity based on the bottom-up
approach of BCP self-assembly. Our strategy exploits the concurrent multiscale phase separation of BCP/homopolymer
blend films.32,33 Large molecular weight homopolymers
readily undergo macrophase separation in the blend films,
which is decoupled with the nanoscale self-assembly of the
BCP film area, and creates micrometer scale domains. After
pattern transfer into the underlying metal film, these homopolymer rich, microscale domains oﬀer a light penetration
pathway with less optical loss in the nanomesh structure.
Therefore, we successfully demonstrated a self-assembled
bimodal porosity metallic network with well-balanced transparency and electro-conductance.

Results and discussion
Fig. 1a briefly presents the fabrication process for hierarchical
self-assembled nanostructures via bimodal phase separation.
For the formation of microscale domains, homopolymers were
blended with BCPs. In this work, poly(styrene-b-methyl methacrylate) (PS-b-PMMA) BCPs were used and the homopolymers
were selected among various molecular weight PSs and
PMMAs. A blend film was spin-coated on surface energy neutralized substrate for the perpendicular orientation of PS-bPMMA self-assembled nanodomains.34,35 Afterwards, the thin
film was solvent-annealed under tetrahydrofuran (THF) vapor
for 1–2 hours.36 The PMMA part was selectively etched out by
diluted acetic acid or reactive ion etching (RIE). Metal deposition was performed on the remaining PS bimodal nanoporous template by thermal evaporation and a lift-oﬀ process,
resulting in a hierarchical metallic nanostructure with intermittent large vacancy. It is noteworthy that all residual organic
polymers are easily removable by conventional oxygen RIE and
sonication in organic solvents after pattern transfer.
For a generalized understanding of bimodal self-assembly
behavior, diverse combinations of BCPs and homopolymers
were tested as shown in Fig. 1. Solvent annealing of pristine
BCPs without homopolymer was preliminarily performed following previous works.36 As confirmed in the SEM images of
Fig. 1b–d, the perpendicularly oriented BCP nanostructures
with lamellar, PMMA cylinder, or PS cylinder morphology were
well-formed by the solvent annealing process without dewetting from bottom substrate, largely owing to the controlled
surface energy treatment by neutral brush treatment (Fig. S1,
ESI†). Notably, the cylindrical nanostructure consisting of PS
cylinders and PMMA matrix with ∼75 nm thickness was successfully formed over a large area by THF solvent annealing
(Fig. 1d & Fig. S2, ESI†). Such a film with well-ordered PS cylinder nanostructures and with an aspect ratio above 2 has been
reported as diﬃcult to achieve.37 This diﬃculty stems from the
lower diﬀusion coeﬃcient of PMMA (DPMMA, 150 °C ∼ 10−14
m2 s−1) than PS (DPS, 150 °C ∼ 10−10 m2 s−1).38,39 Within the
relatively stiﬀ matrix of PMMA, BCP chains are hard to diﬀuse
for the eﬀective annihilation of structural defects in self-
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assembled morphology, such as dislocations and disclinations. However, a solvent swollen state imposed by solvent
annealing can greatly suppress the activation energy for
polymer diﬀusion compared to a thermal annealing state.36
The eﬀectiveness of solvent annealing was also noticeable in
the self-assembled morphology of PMMA cylinder-forming
BCP films (Fig. 1c & Fig. S3, ESI†). In contrast to the thermally
annealed nanopatterns, the defect density could be dramatically reduced.
Fig. 1e–g presents the bimodal phase separated morphologies of blend films of BCPs and homopolymers with
high molecular weights, including lamellar PS-b-PMMA & PS
homopolymer blends, PMMA cylinder-forming PS-b-PMMA &
PMMA homopolymer blends, and PS cylinder-forming PS-bPMMA & PS homopolymer blends. While BCP self-assembly
nanopatterns are well-ordered over larger areas, homopolymers
are segregated within the continuous BCP film matrices after
solvent annealing. Thus, the continuity of periodic BCP selfassembled nanopatterns is locally broken, and the microscale
domain consisting of a homopolymer can oﬀer macroscopic
voids after the following pattern transfer into metallic nanomeshes. These assembled morphologies, induced by solvent
annealing, show quite a contrast with the results of thermallyannealed blend systems, where macroscale phase separation
of BCP and homopolymer is less distinctive showing a rather
kinetically trapped morphology (Fig. 2a–d). This clear morphological contrast can be explained in terms of segregation
strength χN of PS-b-PMMA and homopolymer (χ: Flory–
Huggins interaction parameter, N: degree of polymerization).
At room temperature, the χ of PS-b-PMMA is 0.0429, according
to χ = 0.028 + 3.9/T.40 Through thermal annealing, this χ can
be reduced to 0.0350 at 280 °C. Meanwhile, the eﬀective χ of a
swollen state by solvent vapor treatment can be further
decreased to 0.0159, considering that the swelling ratio of our
annealing condition is approximately 2.59 (χeﬀ = χ/swelling
ratio). Thus, solvent annealing enhances the inter-diﬀusion of
the polymer chains for eﬀective morphological evolution and
results in a less kinetic eﬀect. In particular, this eﬀect might
be dramatically exhibited in the blends with homopolymers of
relatively high molecular weights as the high degree of
polymerization sharply increases segregation strength. For
example, χN of BCP (221 kg mol−1)/PS homopolymer (230
kg mol−1) at room temperature is roughly 190.7, which can be
reduced to ∼71.5 by solvent annealing. This is distinct to the
χN of ∼158.1 during thermal annealing at 280 °C.
Considering the previous theoretical and experimental
works for bulk BCP/homopolymer blend systems,41–43 it was
anticipated that these concurrent bimodal macro- and microphase separation behaviors of BCPs and homopolymers
should be strongly dependent on the relative molecular
weights of BCPs and homopolymers (Fig. 1a and 2e–h ). When
homopolymers with small molecular weights are blended with
BCPs, macrophase separation was not observed. Instead, the
period of lamellar morphology increased from 66.7 to 78.3 nm
(∼17.4%), which is nearly consistent with the additionally
mixed PS homopolymer volumetric content (∼18.9 vol%)
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Fig. 1 (a) Schematic illustration of a bimodal phase separated BCP nanostructure. SEM images of self-assembled (b) lamellae PS-b-PMMA, (c)
PMMA cylinder-forming PS-b-PMMA, and (d) PS cylinder-forming PS-b-PMMA. Homopolymer incorporated bimodal self-assembly of (e) lamellae
PS-b-PMMA and PS homopolymer, (f ) PMMA cylinder-forming PS-b-PMMA and PMMA homopolymer and (g) PS cylinder-forming PS-b-PMMA and
PS homopolymer.

(Fig. 2e, i and Fig. S4, ESI†). This result is principally driven by
the considerable entropy advantage obtainable from mixing
with low molecular weight polymer chains. Once the molecular
weight of homopolymer approaches or exceeds that of BCP,
weak entropy gain for the high molecular weight polymer
mixing is dominated by an enthalpic driving force for phase
separation and results in the de-mixing of homopolymers
from BCPs, causing a macrophase separation (Fig. 2f–h).44 In
this case, a lamellar period maintains the original length
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scales of pristine BCP films irrespective of blending ratio with
homopolymers (Fig. 2i–k).42
In this work, bimodal macro- and micro-phase self-assembly of the blends of asymmetric PS cylinder-forming PS-bPMMA and PS homopolymers (Mn: 400 kg mol−1) was intensively explored for hierarchical porous nanostructure formation targeting TCE applications. As anticipated, morphological evolution of the blend film was highly dependent on
the blend ratio of BCPs and homopolymers (Fig. S5, ESI†).

This journal is © The Royal Society of Chemistry 2018

View Article Online

Published on 24 November 2017. Downloaded on 8/21/2018 9:06:43 AM.

Nanoscale

Communication

Fig. 2 SEM images of thermal (a–d) and solvent (e–h) annealed blending ﬁlm of PS-b-PMMA (105 kg mol−1-b-106 kg mol−1) and PS homopolymer
[(a, e) 50 kg mol−1, (b, f ) 230 kg mol−1, (c, g) 400 kg mol−1 and (d, h) 900 kg mol−1]. SEM images and graphitic analysis of PS-b-PMMA and PS homopolymer depending on blending ratio [(i) 10 : 0, ( j) 8.5 : 1.5, and (k) 7 : 3] (the numbers refer to the weight ratio of PS-b-PMMA:PS homopolymer).

Along with an increase of homopolymer content, the macrophase-separated homopolymer domains become larger, while
the self-assembled nanodomains preserve the original domain
size in the neighboring BCP area.44 Up to a homopolymer
blending ratio of 30%, the decoupled homopolymer domains
are enclosed by a BCP nanopatterned area. Interestingly, the
homopolymer domain tends to direct the hexagonal ordering
of cylindrical self-assembled nanodomains in the neighboring
BCP area, which is more prominent for larger homopolymer
domains.
Eﬀective pattern transfer of the obtained bimodal BCP
nanostructures into functional materials, herein, firstly Au
metal, was successfully achieved by conventional thermal evaporation and lift-oﬀ process, showing surface roughness of
∼5 nm (Fig. 3 and Fig. S6 ESI†). The resultant morphology of
the Au pattern exactly replicated the shape of the hierarchical
self-assembled template pattern. Based on the SEM images in
Fig. 3a–d, the total porosity including nanopores and macropores of each metallic film was obtained, which was confirmed
to be in an almost linear relationship (slope: ∼1.03) with

This journal is © The Royal Society of Chemistry 2018

homopolymer content up to a homopolymer composition of
7 : 3 (Fig. 3e). This simple linear relationship enables a precise
controllability of porosity over a broad range. Notably, above
8 : 2 weight ratio, the total porous area (macroporous area +
nanoporous area) reaches 60% of the entire film area, while
sustaining a superior network connectivity over the entire film
area. It is noteworthy that the pristine lamellar BCP nanotemplates with the genuine ∼50% porosity is considerable for the
transparent electrode as it has relatively higher porosity than
cylindrical ones with ∼33% porosity. Unfortunately, the nanopatterns obtained from randomly oriented fingerprint lamellar
BCP generally show poor network connectivity for a long distance over a micrometer scale (Fig. S7, ESI†).45–47
Despite the random spatial distribution of macroscopic
domains, large area uniformity and connectivity of the hierarchical self-assembled structure is noticeable, which is largely
owing to the relatively narrow size distribution of homopolymer domains.12,48 It is also a considerable factor for high performance optoelectronic devices, as well as well-balanced conductance and transparency, as it may oﬀer uniform injection
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Fig. 3 SEM images of hierarchical porous Au nanostructure pattern-transferred from bimodal self-assembled nanotemplate [(a) 10 : 0, (b) 9 : 1, (c)
8 : 2 and (d) 7 : 3]. (e) Porosity analysis of (a–d). (f ) The average distance from the insulating center point to metallic collector, which was analyzed
based on average radius of pores.

or extraction of charge carriers from underlaid or overlaid
active semiconductor layers.49–53 The average radius of homopolymer domains at each blend composition is plotted in
Fig. 3f. It can be interpreted that conductive pathway is
confirmed to exist within ∼250, ∼400, and ∼700 nm from an
arbitrary insulating point for 9 : 1, 8 : 2, and 7 : 3 blends,
respectively, in average. It is noteworthy that, according to the
desired applications, the average spacing between conductive
pathways could be more precisely tuned by processing parameters, such as solvent annealing time or solvent vapor
pressure.33 This clearly contrasts to the conventional metal
grid electrodes that generally consist of alternative grids and
spaces with regular pattern periods predetermined by lithographic mask structure, which typically belongs to several tens
of micrometer scale.
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Optoelectronic properties of hierarchical metallic nanostructures were characterized, as shown in Fig. 4. Fig. 4a presents a bare eye observation of metal nanostructures. The hierarchical porous samples made from bimodal self-assembled
nanotemplates showed high levels of optical transparency
largely owing to the reduced coverage of metallic film in the
macrophase-separated PS homopolymer area. It is well-known
that visible light is strongly reflected at a metal surface and the
rest of the propagating portion undergoes an exponential
decay of intensity in metallic volume. The metallic films fabricated from pristine BCP film without homopolymer showed a
weak reddish color. Quantitatively, the transmittance of simple
nanoporous metallic film obtained from pristine BCP
decreases to 65.8% at 400 nm due to an interband transition
of Au. This contrasts to bimodal porous films prepared from
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Fig. 4 (a) Photographic image and (b) transmittance of hierarchical porous transparent electrode from bimodal phase separated BCP thin ﬁlm. (c)
Schematic illustration of transmittance enhancement by bimodal porosity. (d) Plot of sheet resistance and transmittance at 550 nm. (e) Measured
temperature of bimodal transparent electrode as a function of heating time and (f ) infrared camera image at each input voltage.

8 : 2 and 7 : 3 blends, which show an optical transmittance
above 73%, 80% over the entire visible range and 80.7%,
85.7% at 550 nm, respectively (Fig. 4b). Notably, the electrical
resistances of bimodal porous films (33.4 Ω □−1 for 8 : 2
blends & 41.6 Ω □−1 for 7 : 3 blends) are not significantly lower
than that of simple nanoporous one obtained from pristine
BCP template (20.8 Ω □−1).
These results are even more remarkable when compared to
the results for nonporous film and micrometer scale patterned
thin film with a porosity of 34.9% (no nanoscale pattern) fabricated from macrophase-separated homopolymer blend films

This journal is © The Royal Society of Chemistry 2018

of PS and PMMA (blending ratio 7 : 3) (Fig. S8, ESI†). In those
cases, the electrical resistance maintains a similar order of
magnitude with those of nanopatterned films (13.7 Ω □−1 and
26.9 Ω □−1), but the optical transparency is significantly lower
to be 61.1% and 73.5% at 550 nm, respectively. In particular,
the transmittance results in a long wavelength regime confirm
the optical eﬀect from nanoscale patterning. When nanoporous film from pristine BCP and micrometer scale patterned
film having similar porosities (32.5% & 34.9%) are compared,
the diﬀerence of optical transmittance in the short wavelength
regime below ∼500 nm is not significant due to the intrinsic
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absorption determined by the total amount of metallic
material. In the long wavelength regime, by contrast, transmittance of nanoporous film was dramatically enhanced compared to micrometer scale patterned film; for example, by
28.1% at 700 nm, due to the significant suppression of light
reflection induced by the tens of nanometer scale nanoporous
structure. This nanonetwork, much smaller than visible wavelength, can be regarded as diluted metal film with weakened
intrinsic metallic properties according to homogenization
theory,30 and thus the light reflection from this nanoporous
film could be significantly suppressed. To this nanoporous
film, additionally formed microscale pores further improve the
optical transparency in the short wavelength regime. These
two distinctive mechanisms for the enhancement of optical
transmittance are schematically illustrated in Fig. 4c. Based on
this optical principle, Ag with relatively low optical loss in the
visible range was utilized to form a bimodal porous transparent electrode. As shown in Fig. 4a inset and 4b, a high transparency of 90.1% at 550 nm was realized for 7 : 3 blends,
showing the electrical resistance of 39.0 Ω □−1. For comparison with other materials, the absorption coeﬃcient of our selfassembled transparent electrode is evaluated with regard to
practical and eﬀective thickness, respectively (Table S1, ESI†)
and it is confirmed that the bimodal porosity significantly
lowers the absorption coeﬃcient.54
Fig. 4d compares the optoelectronic properties of TCEs with
diﬀerent patterned morphologies. The desirable eﬀect from
hierarchical porosity was confirmed again by preventing the
strong reflection at a metal surface a well as the exponential
decay of light intensity in a highly glossy metal. It is evident
how to judiciously design the porous structure of metallic film
for a high level of optical transparency well-balanced with high
electrical conductance. Our bimodal self-assembled transparent conductor attains competitive optoelectronic properties
along with evenly distributed, highly dense conducting pathways in random orientation, which evidently contrasts to previous reports for metal grid-type TCEs (Table S2, ESI†).14,15
These macroscopic and nanoscale pores could synergistically
contribute overall to decrease the optical loss, particularly
intrinsic absorption of material in the short wavelength
regime and suppress light reflection from the metal surface in
the long wavelength regime, respectively. It is noteworthy that
while only a simple single elemental metal nanomesh is
demonstrated in this work as a model system, metallic alloys
or other topological modification such as layered, core–shell
structures would be applicable for a broad range of functionalities such as work function tunability, antireflection for high
transmittance, and enhanced conductance from this bimodal
phase separated template.
As an immediate application of our bimodal transparent
electrode, a transparent Joule heater was tested. Constant DC
voltage was applied between the two side ends of the electrodes. The Au electrode with an optical transparency of 80.7%
(550 nm) and electric resistance of 33.4 Ω □−1 showed a rapid
response of temperature increase, reaching the 55 and 82 °C
within 1 min and showing steady-state temperatures of 61 and
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93 °C, at the applied input voltages of 7 and 10 V, respectively
(Fig. 4e and f ). Considering conductance of our transparent
electrode, the response time and steady-state temperature,
which are highly related with power dissipation, are quite
reasonable compared with reports of Kim et al.55 where Ag
nanowire films with ∼10 Ω □−1 and 50 Ω □−1 could reach
70 °C at an input voltage of 5 V and 12 V within ∼100 seconds
and of Kang et al.56 where doped graphene with ∼43 Ω □−1
could reach 100 °C at an input voltage of 12 V within 100
seconds. It is noteworthy that the well-distributed metallic conductive pathways replicated from bimodal self-assembled templates might contribute to uniform, large area heating. This
reliable heating behavior of our hierarchical metal conductor
would be useful for anti-fog, anti-icing, and so on.55–58

Conclusions
In summary, we demonstrated bimodal macro- and microphase separated BCP thin films for hierarchical porous metal
nanomesh TCEs. Homopolymers with high molecular weights
were blended with BCPs and the macrophase separation of
homopolymers decoupled from nanoscale microphase separation BCP was confirmed under solvent annealing conditions.
Along with nanoscale porosity from BCP, the homopolymer
rich regions could be utilized as large vacancies for enhanced
visible light penetration upon the subsequent pattern transfer
into metallic thin films. Using this strategy, the hierarchical
porous TCEs with reasonable optoelectronic properties was
realized with highly dense conductive pathways, which could
be applied as a uniform transparent heater. Motivated from
this work, we expect many diﬀerent homopolymers with interesting functionalities could be similarly incorporated in BCP
self-assembly, where novel functional nanostructures might be
achievable for a wide range of applications including optoelectronics, energy conversion device, and membrane.

Experimental
Formation of bimodal phase separated BCP nanotemplate
For the perpendicular orientation of BCP, the surface energy of
substrate was modified with a PS-r-PMMA random copolymer
brush with hydroxyl functional groups.59 In detail, the PS-rPMMA brush solution (solvent: toluene) with 1 wt% was spincast on UV ozone-treated substrate over 20 min, and then for
the covalent bonding between the functional group of substrate and PS-r-PMMA brush, the thermal annealing at 150 °C
was performed over 1 hour in vacuum. Then, after the
unreacted brush molecules were thoroughly washed with
toluene, a blending solution of PS-b-PMMA and homopolymer
(PS or PMMA) in toluene with a proper weight ratio was spincast and THF solvent annealing was performed for bimodal
self-assembly. The molecular weight of PS-b-PMMA was properly
selected for desired morphologies among 105 kg mol−1-b106 kg mol−1, 140 kg mol−1-b-65 kg mol−1, 62 kg mol−1-b-143
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kg mol−1, and so on. Similarly, the PS or PMMA homopolymer
was selected among 50 kg mol−1, 230 kg mol−1, 400 kg mol−1,
and 900 kg mol−1. The chamber for solvent annealing was a
hand-made, cylinder-type with dimensions of 15 cm radius and
12 cm height. The added amount of THF was roughly 1 mL and
solvent annealing time was controlled in the range of
1–2 hours.
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Pattern transfer into metallic nanostructure
To fabricate the electric-conducting film, the pattern transfer
process of polymeric BCP nanotemplate into metallic component
was performed using conventional deposition and lift-oﬀ. At
first, the PMMA domain in PS-b-PMMA nanotemplate was selectively etched out through reactive ion etching (RIE) or acetic acid
& water treatment. The O2/Ar plasma was used for dry etching of
RIE and wet etching of diluted acetic acid solution & water treatment was performed during 10 min at each step. To avoid the
pattern collapse, the RIE process was preferred to lamellar- and
PS cylinder-forming BCP. After complete etching of PMMA,
thermal evaporation of gold proceeded to form the hierarchical
porous metallic network. The deposition rate was roughly
0.5 nm s−1 and the height of deposited material was 15–20 nm.
Measurements
Nanoscale morphologies from diverse bimodal self-assembled
nanotemplates were measured by scanning electron
microscopy (SEM) (Hitachi S-4800). For the image analysis of
SEM, freely available software ImageJ was utilized. For the
optical property measurement, commercially available ultraviolet-vis spectroscopy (UV-2600, SHIMADZU) was used. The
electric resistance was measured by 4-point probe sheet resistance measuring system (CMT-SR2000N, Advanced Instrument
Technology).
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