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Zhiyuan He *a and Jianjun Wang *ac

Flexible transparent conductors as a replacement for indium tin oxide (ITO) have been urgently pursued due

to the inherent drawbacks of ITO films. Here, we report the fabrication of flexible transparent copper

meshes with recrystallized ice-crystal templates. Completely different to conventional approaches, this

novel method needs neither the fabrication of mesh patterns via micro/nanofabrication technologies nor

the deposition of copper through evaporation or sputtering. The linewidth and mesh size of the

prepared copper meshes can be regulated, as the ice recrystallization process is controllable. Therefore,

the formed copper meshes have tailorable conductivity and transparency, which are critical for

optoelectronic devices. Remarkably, the electrical performance of the copper meshes is maintained

even after storing for 60 days in ambient conditions or bending for 1000 cycles. This strategy is modular

and can also be employed to prepare other metal meshes, such as silver meshes, offering versatile

substitutes for ITO in electronic devices.
Introduction

Flexible transparent conductors play an irreplaceable role in
electronic devices, including organic light-emitting diodes
(OLEDs),1 touch screen displays (TSPs),2 sensors,3 and thin-lm
solar cells.4 Indium tin oxide (ITO) lm is the most commonly
used transparent conductor, because it offers relatively low
sheet resistance with high transparency.5,6 However, alterna-
tives to ITO lm in electronic devices are urgently sought aer
due to several drawbacks of ITO lms. On the one hand, ITO is
not suitable for roll-to-roll fabrication processes, nor can it be
used in exible devices because of its brittleness.7 On the other
hand, ITO lm is expensive, as indium is a rare element and ITO
lm must be deposited in a low-throughput, inefficient, vapor-
phase coating process.8,9

In recent years, a rich variety of materials have been inves-
tigated for their feasibility to be used as exible transparent
conductors such as metal mesh,10–12 metal nanowire
networks,13–15 graphene,16,17 carbon nanotubes,18–20 conducting
polymers,21,22 and hybrid materials.23–25 Among them, metal
mesh has been shown to be themost promising one, because its
electrical conductivity and transparency can be adjusted within
ute of Chemistry, Chinese Academy of
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tion (ESI) available. See DOI:

01
a wide range by tailoring the mesh thickness, line spacing, and
linewidth.26,27 The most commonly used materials for fabri-
cating metal meshes are copper and silver, due to their high
bulk conductivity.28,29 The conductivity of bulk copper is almost
the same as that of bulk silver, but copper is 100 times less
expensive and 1000 times more abundant than silver; therefore,
copper mesh could be an ideal alternative to ITO lm.30 As such,
intensive research has been carried out to fabricate copper
meshes, e.g., copper meshes produced via nanoimprint lithog-
raphy,31 photolithography,30 ablation by nanosecond laser pul-
ses,6 and with smart masks.27,32 However, most of these
methods require lithographic or sputtering processes, which
belong to reductive manufacturing and oen require the use of
relatively expensive instruments. Therefore, it still remains
a challenge to fabricate copper meshes with controllable line
spacings and linewidths at a low cost.

In this work, copper meshes on polyethylene terephthalate
(PET) substrates were constructed via electroless plating with
recrystallized ice-crystal templates. The linewidth andmesh size
of the copper meshes could be regulated through adjusting the
distance between ice grains and the size of ice grains, respec-
tively. Consequently, the transparency and conductivity of the
copper meshes on PET lms can be tuned, which is critical for
optoelectronic devices. The as-prepared exible transparent
copper meshes on PET lms exhibit a number of advantages
that meet the requirements for replacing commercial ITO lm
as exible transparent conductors: (1) the copper meshes on
PET lms possess low sheet resistance (15.4 U sq�1) and high
transparency (81.7% at 550 nm), which is comparable to ITO
lm; (2) this novel approach needs neither the fabrication of
This journal is © The Royal Society of Chemistry 2020
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mesh patterns via micro/nanofabrication technologies nor the
deposition of copper through evaporation or sputtering, which
all require expensive instruments; (3) the conductivity of the
copper meshes is maintained, even aer storing for 60 days
under ambient conditions or bending for 1000 cycles.
Experimental section
Materials

CuSO4$5H2O, Na2EDTA, 2,20-bipyridyl, K4Fe(CN)6, B(N(CH3)2)3
(DMAB), HOCCOOH, NaOH, NaF, NaBr, NaI, H2SO4, toluene,
acetone, and 3-aminopropyltrimethoxysilane (APTES) were all
purchased from Sigma-Aldrich. Polyethylene terephthalate
(PET) lm was obtained from Nano Top Ltd.
Fabrication of copper meshes on PET lms

The original electroless copper plating solution comprises
copper sulfate (28 g L�1) as a copper ion source, Na2EDTA (44 g
L�1) as a complexing agent, 2,20-bipyridyl (0.01 g L�1) as
a stabilizer, potassium ferrocyanide (0.01 g L�1) as an addition
agent, glyoxylic acid (9.2 g L�1) as a reducing agent, and
deionized water as the remainder. We diluted the original
plating solution to different concentrations, and the pH of the
plating solution was adjusted to 12.5–13 with sodium
hydroxide. PET substrates were treated with oxygen plasma for
10 min, then immersed into a 5 mM APTES solution for
30 min.33 To remove solvent residue and unreacted silane
molecules, the as-prepared PET substrates were consecutively
ultrasonically cleaned in toluene, acetone, deionized water, and
dried with owing nitrogen. The fabrication of the copper
Fig. 1 (a) Schematic illustration for the preparation of copper meshes on
crystals formed just after splat-freezing, and a large number of tiny ice cry
annealing at �3 �C for 1 hour and much larger ice crystals can be observe

This journal is © The Royal Society of Chemistry 2020
meshes is shown schematically in Fig. 1a. It involves ve steps:
(I) a droplet of plating solution was dripped from 1 meter in the
air onto a supercooled PET lm (�80 �C, modied with APTES)
to obtain a uniform thin ice lm consisting of a large number of
tiny ice crystals. Upon contacting with the PET lm, the droplet
spread rst on the PET lm and then froze spontaneously. As
the surface temperature of the PET lm was far below the
homogeneous ice nucleation temperature, ice nucleation
occurred spontaneously, forming a large number of tiny ice
crystals. (II) The quenched plating solution was annealed at
a relatively higher temperatures for 1 hour, and the temperature
was kept constant during the whole annealing and reaction
process. During the annealing process, the grain size of large ice
crystals increased, while small ice crystals disappeared
(Fig. S1, ESI†). As a result, the plating solution became trapped
and concentrated between ice grains. (III) A droplet of dimethyl
ammonium borane (DMAB) solution (5 g L�1) was dripped onto
a supercooled cover glass slide (�80 �C) to form a large number
of tiny ice crystals. (IV) The as-prepared cover glass slide with an
ice lm of DMAB was ipped and placed atop the annealed ice
lm on the PET surface to react for a period of time. During this
process, the quenched DMAB solution was annealed; thus, the
DMAB solution became concentrated between ice grains, so
that the DMAB diffused into the plating solution and became
concentrated between the ice grains on the PET surface. The
electroless copper plating between the ice crystals could be
initiated once the DMAB had diffused into the plating solution,
due to the strong reduction of DMAB.33–35 (V) The ice template
was removed by washing with ethanol, and the copper meshes
were le on the PET substrates. The statistical method followed
our reported work.38 The samples with copper meshes were
a PET substrate. (b) Polarized optical microscopy (POM) image of ice
stals can be observed. (c) POM image of recrystallized ice crystals after
d. (d) POM image of the copper mesh after removing the ice template.

RSC Adv., 2020, 10, 9894–9901 | 9895
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imaged randomly. For every sample, ve experimental runs
were performed. To plot each gure, the size of the largest 10
meshes was measured using Nano-Measure 1.2, and these 50
data points were chosen to calculate the mean size of the copper
meshes.

Characterization

The morphology of the copper meshes was characterized using
optical microscopy (Nikon eclipse LV 100ND) and scanning
electron microscopy (SEM, JEOL JSM-7500). The thickness of
the copper meshes was measured by atomic force microscopy
(AFM). The X-ray diffraction (XRD) spectra were obtained on an
Empyrean-2 diffractometer. The sheet resistance (RS) was
measured using a four-point probe (ST2558B-F03) measure-
ment, and the transparency of the conductive lms was char-
acterized using a UV-vis spectrophotometer (UV-9000). The
mechanical properties of the copper meshes were measured via
a bending test system.

Results and discussion

Fig. 1b shows a large number of tiny ice crystals that formed just
aer splat-freezing. Ice crystals grew obviously larger aer
annealing at �3 �C for 1 hour, as shown in Fig. 1c. Fig. 1d
reveals the interconnected copper mesh aer removing the ice
template. For comparison, we repeated the fabrication of
Fig. 2 The evolution of the thickness of the coppermesheswith reaction
2.8 g L�1. (a–c) The copper meshes obtained from the electroless coppe
diffraction spectra of PET films with and without copper meshes (the in
height of the copper meshes with reaction time at different reaction tem

9896 | RSC Adv., 2020, 10, 9894–9901
copper meshes without the annealing step, which resulted in
blurred copper meshes (Fig. S2a, ESI†). This phenomenon can
be reconciled by considering that the reaction is initiated before
the stable ice grains are apparent, as the ice crystals experience
an initial growth and then level off aer 60 min (Fig. S1, ESI†). It
is noted that the annealing of ice crystals is an essential process.

Fig. 2a–c show the copper meshes obtained from the elec-
troless copper plating at �3 �C for 25, 120 and 240 min, which
become more obvious with the increase of the reaction time.
The X-ray diffraction (XRD) pattern presented in Fig. 2d shows
the characteristic diffraction peaks of the PET lm with copper
meshes, displaying the PET diffraction peak as well as the
diffraction features of the (111), (200), and (220) planes of the
copper crystal. The insets of Fig. 2d and S3 (ESI)† reveal that the
copper meshes consist of copper nanoparticles and the diam-
eter of these nanoparticles is about a few tens of nanometers.
Atomic force microscopy (AFM) was employed to monitor the
evolution of the thickness of the copper meshes with reaction
time and reaction temperature, as shown in Fig. 2e and S4
(ESI).† Note that both the rate of thickness growth and the nal
thickness follow the sequence of�7 �C <�5 �C <�3 �C <�1 �C,
i.e., the rate of the reaction and the thickness increase with
temperature, which is in agreement with the conventional
electroless deposition of copper.36

We further studied the effects of the plating bath concen-
tration and the reaction temperature on the fabricated copper
time and reaction temperature. The concentration of the plating bath is
r plating at �3 �C for (a) 25 min, (b) 120 min, and (c) 240 min. (d) X-ray
set shows the SEM image of copper nanoparticles). (e) The change in
peratures.

This journal is © The Royal Society of Chemistry 2020
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meshes. The linewidth of copper meshes increased with the
concentration of the plating solution, as shown in Fig. 3a–c.
Fig. 3d reveals that the linewidth of the copper meshes could be
tuned from 10.3 � 0.6 mm to 27.1 � 0.7 mm as the plating bath
concentration was varied from 2.8 g L�1 to 8.4 g L�1 (here and
aer, the concentration of the plating bath is represented by the
concentration of CuSO4$5H2O). In addition, the linewidth of the
copper meshes could also be controlled by changing the reac-
tion temperature. When the reaction temperature was increased
from�7 �C to �1 �C, the linewidth increased from 8.9 � 0.4 mm
to 10.9 � 0.3 mm (Fig. 3e). This observation can be explained by
considering that the distance between ice grains increases with
temperature as well as the concentration of the plating solution
(Fig. S5, ESI†). However, when the reaction temperature or the
concentration of the plating solution was too low, the copper
meshes became un-interconnected (Fig. S2b, ESI†). On the
contrary, blurred copper meshes (Fig. S2c, ESI†) were obtained
if the reaction temperature or the concentration of the plating
solution was too high, as detailed in Fig. 3f.

Metal meshes have attracted signicant attention as ex-
ible transparent conductors, owing to their high conductivi-
ties and transmittances. The most commonly-used process of
Fig. 3 Adjusting the linewidth of copper meshes by varying the concen
obtained from the plating bath with concentrations of (a) 2.8 g L�1, (b) 5.6
the plating bath (the reaction temperature is �3 �C). (e) The linewidth inc
bath is 2.8 g L�1). (f) The chart reveals the optimal conditions for manufa

This journal is © The Royal Society of Chemistry 2020
manufacturing metal meshes depends on micro/
nanofabrication technologies, including photolithography
and nanoimprint lithography.30,31 Recently, Grigoropoulos
and co-workers6 produced transparent copper meshes using
a new laser direct writing approach incorporating simulta-
neous patterning, and no structural deformation or damage
of the exible polymer substrate was observed. Furthermore,
several novel templates have been researched, which can
produce large-scale metal mesh at relatively low cost. Ma and
co-workers27 developed an approach to prepare copper mesh
electrodes by the breath-gure templating method, in which
the optimal and electrical properties of the resulting copper
mesh can be tuned by varying the relative humidity. Leu and
co-workers32 reported a scalable, facile microsphere-based
approach to fabricate metal meshes on rigid quartz and
PET substrates. Kempa and co-workers37 developed a new
method based on a “cracked” gel lm for making metallic
networks, and the electrodes are also easy to pattern.
However, it still remains a challenge to fabricate metal
meshes with controllable line spacing and linewidth at a low
cost. In our work, the mesh size of the copper meshes can
be adjusted by employing ion-specic effects on ice
tration of the plating bath and temperature. (a–c) The copper meshes
g L�1, (c) 8.4 g L�1. (d) The linewidth increases with the concentration of
reases with the reaction temperature (the concentration of the plating
cturing copper meshes.

RSC Adv., 2020, 10, 9894–9901 | 9897
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recrystallization, i.e., varying the type of added ions or ionic
concentration in the plating bath.38 Fig. 4a–c show the copper
meshes obtained with the addition of NaF, NaBr and NaI
(their concentration in the plating solution is 0.2 g L�1)
respectively. The corresponding mesh sizes are 41.3� 4.6 mm,
213.8 � 17.9 mm and 281.8 � 18.6 mm, respectively, following
the exact same trend as the ion-specic effects on the size of
recrystallized ice grains (Fig. S6, ESI†). Moreover, the mesh
size of copper meshes can be further tuned by changing the
ionic concentration in the plating solution. As compared in
Fig. 4a, d and e, the mesh size of the copper meshes decreases
from 208.2 � 17.1 to 41.3 � 4.6 mm as the concentration of
NaF in the plating solution increases from 0.0 to 0.2 g L�1.
However, the effects of changing the concentration of NaBr or
NaI in the plating solution is not obvious, as displayed
in Fig. 4f. This strategy is modular and can also be employed
to prepare other metal meshes, and silver meshes with
various sizes were produced based on the same strategy
(Fig. S7, ESI†).

We investigated the effects of the mesh size and linewidth on
the sheet resistance and transparency, as shown in Fig. 5a and b,
and the transparency spectra of copper meshes with different
mean mesh sizes are shown in Fig. S8 (ESI).† The transparency
(T) and the sheet resistance (RS) of metal mesh can be calculated
Fig. 4 Adjusting themesh size of coppermeshes by changing the type of
meshes obtained from the plating bath with the addition of (a) 0.2 g L�1

obtained from the plating bath with the addition of (d) 0.002 g L�1 NaF, (e
or NaI in the plating solution. The temperature is �3 �C, and the concen

9898 | RSC Adv., 2020, 10, 9894–9901
using eqn (1) and (2), wherew is the linewidth, p is the pore size, t
is the thickness of the mesh, and r is the resistivity of the metal.39

T ¼ ðp� wÞ2
p2

(1)

RS ¼ r� p

w� t
(2)

The data of sheet resistance against the mesh size in Fig. 5a
were tted as follows: RS ¼ 0.147p. The electrical resistivity of
the copper meshes was calculated to be r ¼ 2.12 � 10�7 U m,
which is about ten times higher than that of bulk copper
(r ¼ 1.75 � 10�8 U m), possibly due to the increased electron
transfer barrier between copper nanoparticles.40 An average RS

decrease of 30% was observed aer annealing at 100 �C under
vacuum (Fig. 5d), which can be attributed to the reduced
contact resistance between copper nanoparticles.33 The quality
of a transparent electrode could also be described in the form of
a gure-of-merit (FoM ¼ sdc/sopc), which can be calculated
using eqn (3), where sdc and sopc represent direct current
conductivity and optical conductivity, respectively.41

sdc

sopc

¼ 188:5

Rsheet

�
T550 nm

�1=2 � 1
� (3)
added ions or ionic concentration in the plating bath. (a–c) The copper
NaF, (b) 0.2 g L�1 NaBr, (c) 0.2 g L�1 NaI. (d and e) The copper meshes
) 0 g L�1 NaF. (f) The effects of changing the concentration of NaF, NaBr
tration of the plating solution is 2.8 g L�1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) The change of sheet resistance and transparency at 550 nm wavelength with mesh size (linewidth is 10.3 mm, thickness is 140 nm). (b)
The evolution of sheet resistance and transparency at 550 nm wavelength with linewidth (mesh size is 208 mm, thickness is 140 nm). (c) T values
as a function of 1/RS sheet with FoM values for various materials: (1) AgCu alloy mesh,44 (2) graphene/Ag grids,45 (3) polymeric acid doped CNTs,46

(4) (RGO)/Au grids,47 (5) modified PEDOT:PSS,48 (6) copper mesh made by nanosecond laser pulse ablation,6 (7) AgNWs,49 (8) PEDOT:PSS/Ag
mesh,50 (9) this work. (d) The change of sheet resistance after annealing at 100 �C under vacuum for 30 min. (e) Sheet resistance variation (R/R0)
versus the number of cycles of repeated bending to a radius of 3 mm. (f) Oxidation stability of the copper meshes under ambient conditions (the
inset shows the digital photo image of a PET film with large area of copper meshes made by impinging the droplet side-by-side).
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The FoM values of the coper meshes with different mesh sizes
and linewidths are shown in Fig. S9 (ESI).† The FoM reaches
a maximum of about 115 when the mesh size is 120 mm and the
linewidth is 10.3 mm. Fig. 5c presents the comparison of the
FoM value of the prepared copper mesh (red star) with other
materials. It reveals that the FoM value of the prepared copper
mesh is comparable to that of copper mesh made by nano-
second laser pulse ablation (black square),6 which reaches 110
(calculated by eqn (3)) when the sheet resistance is 17.48 U sq�1

and the transparency is 83% by optimizing the areal density.
Fig. 5e presents the sheet resistance variation (R/R0) versus

the number of cycles for repeated compressive bending to
a radius of 3 mm, which signies the mechanical reliability of
the copper meshes. Furthermore, oxidation stability tests under
ambient conditions indicated no signicant increase in the
sheet resistance within 2 months (Fig. 5f). In our case, only the
uppermost surface of the copper meshes is oxidized and the
copper oxide layer acts as a protecting layer to prevent the oxi-
dization of the internal copper.42 This is why the sheet resis-
tance rst increases a little and then remains stable. It is noted
that RS increased at a faster rate aer 36 days, possibly due to
the oxidization of the internal copper as time increases. More-
over, it took about 1000minutes for the resistance to increase by
an order of magnitude at 100 �C (Fig. S10, ESI†). This
is remarkable compared to the reported value of a copper
network without a protective coating by Jiang et al., which has
a thickness of 100–150 nm.30 We further used the tape-test to
investigate the adhesive strength between the copper mesh and
the PET substrate, and found that RS of the copper mesh
This journal is © The Royal Society of Chemistry 2020
increased by 16 times aer repeating the tape-tests 10 times
(Fig. S11, ESI†). The thermal oxidation stability and adhesion
strength may be further increased via many strategies, such as
introducing an ionogel layer,30 and incorporation with
PEDOT:PSS.43 Fig. S12† shows a digital photo of the copper
mesh made from impinging one droplet of plating solution,
and a much larger area of copper mesh was obtained by
impinging the droplet side-by-side as demonstrated in Fig. 5f.
Conclusions

In summary, we reported a new strategy for the fabrication of
exible transparent copper meshes by combining the electro-
less plating approach with recrystallized ice-crystal templates.
This new approach requires neither the fabrication of mesh
patterns via micro/nanofabrication technologies nor the depo-
sition of copper through evaporation or sputtering. The elec-
trical properties of the copper meshes can be easily adjusted by
varying the concentration of the plating bath, and the type of
added ions or ionic concentration in the plating bath, allowing
for various combinations of sheet resistance and transparency
to meet the needs of different devices. We demonstrated that
the electrical performance of the copper meshes is maintained
even aer storing in ambient conditions for 60 days or bending
for 1000 cycles.
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