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ABSTRACT: The emergence of technologies, such as 5G telecommunication, electric vehicles, and wearable
electronics, has prompted demand for ultrahigh-performance and cost-effective shielding materials to protect against
both the potentially harmful effects of electromagnetic interference (EMI) on human health and electronic device
operation. Here, we report hierarchical porous Cu foils via an assembly of single-crystalline, nanometer-thick, and
micrometer-long copper nanosheets and their use in EMI shielding. Layer-by-layer assembly of Cu nanosheets
enabled the formation of a hierarchically structured porous Cu film with features such as multilayer stacking; two-
dimensional networking; and a layered, sheetlike void architecture. The hierarchical-structured porous Cu foil
exhibited outstanding EMI shielding performance compared to the same thickness of dense copper and other
materials, exhibiting EMI shielding effectiveness (SE) values of 100 and 60.7 dB at thicknesses of 15 and 1.6 μm,
respectively. In addition, the EMI SE of the hierarchical porous Cu film was maintained up to 18 months under
ambient conditions at room temperature and showed negligible changes after thermal annealing at 200 °C for 1 h.
These findings suggest that Cu nanosheets and their layer-by-layer assembly are one of the promising EMI shielding
technologies for practical electronic applications.
KEYWORDS: copper nanosheet, single-crystalline, 2D metallic nanomaterials, hierarchal structure, porous foil,
electromagnetic interference shielding

Since the invention of the first electronic system at the
beginning of the 20th century, electronic equipment has
become smaller and faster.1 With the development of

mobile and telecommunication technology, electromagnetic
radiation has attracted great interest due to its harmful effects
on electronic circuitry and its potential effects on human
health.2−6 Current research and development in wearable
smart devices, 5G telecommunication, and electric vehicles
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requires effective shielding or minimization of electromagnetic
pollution.6,7

The conventional strategy to address electromagnetic
interference (EMI) relies on various materials that isolate or
separate the targets from the electromagnetic wave source
through different mechanisms, such as reflection or absorp-
tion.8−10 The interface between two electrically conductive
materials that differ considerably in impedance has been
proven effective at reflecting electromagnetic waves. Specific
materials with strong electron or magnetic poles that interact
with electromagnetic waves can reduce EMI effects by
absorption. Multiple internal reflections from a constructed
internal scattering architecture or defective points in shielding
materials are considered a third shielding mechanism.9−12

The most widely used and cost-efficient EMI shielding
materials are conductive materials, such as metal-based thin
films, foils, and meshes.1,2,9,10 Conductive filler materials and
polymer composites have been intensively studied as core
systems for EMI shielding films and packaging due to their
advantages (light weight, high performance, and easy
processability).3 Carbon-based conductive nanofillers, includ-
ing carbon nanotubes, reduced graphene oxide, and graphene,
and their thin films have been applied to EMI shielding films as
substitutes for metallic materials.13−22

Micro- or nanoarchitecturing of internal structures of the
shielding films is another approach to enhance EMI shielding
effectiveness (SE). This approach generally leads to multiple
internal reflections by maximizing the travel path of the
electromagnet (EM) in a shielding system. Microsphere
structures that are composed of hollow spherical cores and
conductive shells have been intensively studied.23−25 Those
porous films with spherical internal architectures have been
prepared by complicated extra coatings of metallic materials
(Ni, Cu, Co, Ag, or carbon-based two-dimensional (2D)
nanomaterials).26−29 Although those films exhibited enhanced
EMI SE performance compared to conventional dense metallic
films or foils, advanced architecturing of the internal structure

and material design was required to achieve an extraordinary
shielding performance with a high reliability.
In this paper, we report a porous Cu foil that is processed by

a macro-assembly of single-crystalline copper nanosheets.
Because of their structure, the large metal sheets are vertically
stacked to simultaneously create a multilayered 2D architecture
and sheetlike voids. The hierarchical-structured porous Cu foil
exhibited outstanding EMI shielding performance compared to
the same thickness of dense copper and other materials,
showing EMI SE values of 100 and 60.7 dB at thicknesses of 15
and 1.6 μm, respectively. We identify that the internal
hierarchical structure contributes to outstanding EMI shielding
performance of the porous Cu foil from scanning electron
microscopy (SEM), three-dimensional (3D) X-ray tomogra-
phy, and a finite-difference time-domain (FDTD) numerical
simulation. In addition, the EMI SE of the hierarchical porous
Cu film was maintained up to 18 months under ambient
conditions at room temperature and showed negligible changes
after thermal annealing at 200 °C for 1 h. These experimental
results set EMI SE records for the performance of both
synthetic materials with the same loading weight per unit area
and pure metal foils. Moreover, large 2D copper nanosheets
(Cu NSs) have numerous advantages, such as low cost, easy
synthesis, easy processing, light weight, thin, and mechanical
softness, that are appealing for emerging EMI SE materials.

RESULTS AND DISCUSSION

Copper nanosheets, that is, large-area, sheet-shaped metallic
fillers with micron-sized edge length and nanometer-scale
thicknesses, were synthesized by a simple hydrothermal
method. Their structural characteristics allow Cu nanosheets
to be used as a conductive filler for electrodes and enabled an
overlaid architecture that can cover a desired two-dimensional
substrate. Figure 1a shows SEM and electron backscattering
diffraction (EBSD) images of copper nanosheets on a
substrate. Because of their two-dimensional shape, copper
nanosheets are easily placed on the substrate individually as

Figure 1. Structural characteristics of Cu NSs and their resulting films. (a) SEM image of monolayer Cu NSs on a SiO2 substrate. (b) EBSD
analysis of single-crystalline Cu NSs showing that the basal plane of the nanosheet is (111). (c) Schematic of large-area single-crystalline Cu
NSs piled on each other to form conductive films. (d) Large porous Cu NSs film on a plastic substrate (the total size is 15.5 cm × 15.5 cm).
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monolayered sheets. The basal plane of the Cu NSs
corresponds to the (111) plane of the pure copper crystal
(clear blue, Figure 1b and Supporting Information, Figure S1).
Only 10 Cu nanosheets are needed to cover an area of 10 μm
× 10 μm (white dash box), as shown in Figure 1a. Our Cu NSs
formed single crystals that grew up to 30 μm in edge length

with a thickness of 50−80 nm.30 Because of their areas and
dimensions, these oversized nanoplates are expected to provide
good metallic filler materials for forming large-area conductive
films over certain substrates. In particular, the Cu NSs are the
widest metallic fillers with nanometer-scale thicknesses
compared to nanoparticles or nanowires.

Figure 2. Internal structure and EMI shielding performance of hierarchically structured porous Cu NSs film. (a) Cross-sectional SEM image
of a porous Cu film on polyimide substrate with a loading weight of 1.8 mg/cm2. (b) SEM images of Cu NSs films after H2/Ar mixture gas
annealing. (c) Cross-sectional TEM images of layer-by layer assembled Cu NSs after H2/Ar mixture gas annealing. (d) 3D XRM image
showing piled Cu NSs and sheetlike void (planar microcavity) structures in the middle of the porous film (Movie S1). (e) EMI SE values of
the porous Cu films at different loading weights. (f) Electrical conductivity and corresponding EMI SE of the porous Cu NSs films.
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As shown in Figure 1c, the Cu NSs initially adhered to the
substrate in a parallel fashion before connecting with
neighboring nanoplates during the spray-printing process
because of their high edge length (l)-to-thickness (t) aspect
ratio. Next, they stacked vertically and side-by-side to establish
contacts among them, which produced conductive metallic
films. We achieved large area conductive copper films (15 cm
× 15 cm) on a polyethylene terephthalate (PET) substrate
using a simple spray-printing process as shown in Figure 1d.
Interestingly, they showed a very shiny surface similar to that
of a commercial dense copper foil, which is atypical of zero- or
one-dimensional metallic fillers, such as copper nanoparticles
or nanowires. This implies that our Cu NSs are some of the
most effective metallic fillers for forming functional conductive
films.
As we mentioned above, our Cu NSs have two-dimensional

features and resulted in layer-by-layer stacking when they
formed a film on a substrate. The internal structure of the film
was evaluated by cross-sectional SEM image as shown in
Figure 2a. Unlike other conventional thin films or metallic foils,
the resulting films had a distinct internal hierarchical structure
reminiscent of the geological strata of the Earth. This
hierarchical structure presented sheetlike voids (vacant
space) between nanosheets, consistent with a random stacking
of individual Cu NSs. The void thicknesses measured from
tens of nanometers to a few microns. The stacked Cu NSs
appeared electrically connected and formed vertical and lateral
plane-to-plane contacts with each other.30 However, because
the Cu NSs were completely covered by a very thin native
copper oxide phase (Cu2O) on the basal plane of the Cu NSs
during the preparation process, the ultrathin Cu oxide layer
acted as a contact barrier (both electrical and mechanical)
between the layer-by layer stacked Cu NSs (see Figures S1−S3
in the Supporting Information). Therefore, it required a post
annealing process to enhance the electrical contact between Cu
NSs that have an oxide phase on the basal plane. In the SEM
analysis, we observed a partial melting of Cu NSs at the surface
of the film implying a physical connection between the Cu NSs
after annealing at 250 °C as shown in Figure 2b (see Figure S4
in the Supporting Information). As a result of annealing, the
sheet resistance of Cu NSs film was decreased from 10.07 to
0.059 Ω/□ (see Table S1 in the Supporting Information). For
further investigation of the interface interaction between the
Cu NSs, we did a high-resolution cross-sectional TEM analysis
of the Cu NSs after the annealing process. We clearly observed
a physical merging at the interfacial region of Cu NSs,
exhibiting the formation of partial junctions between the basal
plane of the Cu NSs as shown in Figure 2c (see Figure S5 in
the Supporting Information). The junctions become a good
conduction path for the current flow between the Cu NSs,
reducing the sheet resistance of the Cu NSs film after the
annealing process. To verify the internal structure and porosity
of the hierarchically structured porous Cu film, we performed
nondestructive, high-resolution, three-dimensional X-ray mi-
croscope (3D XRM) analyses (Figure 2d). As expected, the
porous Cu film kept their hierarchical layer-by-layer structure,
exhibiting both piled Cu nanosheets and planar microcavities.
The prepared porous Cu film consisted of ∼25%−34% Cu
NSs, which resulted in 75%−66% porosity and 2.3−3.0 g/cm3

film density. These values are in good agreement with the film
density calculated using nanosheet loading weights per unit
area and the measured film thicknesses.

Considering EMI shielding mechanisms, the hierarchical
structures of porous Cu films are expected to strongly affect the
EMI shielding capability. Previous studies on EMI shielding
materials9−12 have suggested that the electrical conductivity
and internal structure of the shielding film are critical factors
for controlling the reflection and absorption of incident
electromagnetic waves, respectively. Generally, high electrical
conductivity materials, such as metallic films, exhibit high EMI
shielding values, because their surface strongly reflects
electromagnetic waves.21 The specific internal architecture of
the shielding materials is expected to significantly enhance the
SE value by increasing the reflection path of the electro-
magnetic waves, which dissipates their energy within the film.1

Consequently, using single-crystalline copper nanosheets and
their multilayered architecture is one of the best strategies to
achieve extremely high-efficiency EMI SE. To determine the
effectiveness of the hierarchically structured porous Cu film as
an EMI barrier, 12 kinds of porous Cu films were prepared on
a plastic substrate with different loading weights of Cu NSs at
unit areas from 0.1 to 13.3 mg/cm2. We evaluated the EMI SE
performance of the resulting film exposed to X-band (8.2−12.4
GHz) and Ku-band frequency ranges (12.4−18 GHz) (see
Figure 2e and Figure S6 in the Supporting Information). The
samples did not show substantial frequency-dependent EMI SE
at the same loading weight (Figure S7 in the Supporting
Information). The strong correlation between electrical
conductivity and the EMI SE dictates the necessity of
formation of a conductive path between each pair of
nanosheets. Unlike other metallic filler materials such as
nanoparticle or nanowires, Cu NSs are structurally two-
dimensional and overlaid to create a so-called electrical plane
contact after a thermal annealing process as shown in Figure
2c.
In the early stage of formation of the film, the Cu NSs

gradually started to fill the substrate without any conducting
paths between them. Therefore, on the one hand, a loading
weight of 0.08 mg/cm2 did not produce any meaningful EMI
SE, exhibiting ∼0 dB of EMI SE. On the other hand, higher Cu
NSs loadings increased the chance of forming layer-by-layer
structure in the as-deposited film. The EMI SE of the Cu NSs
followed a trend that was proportional to the loading weight
(Figure 2f). Increasing this loading weight dramatically
enhanced the EMI SE (Figure 2e,f), which reached a maximum
of 100 dB at a loading weight of 3.0 mg/cm2, corresponding to
a film thickness of ∼15 μm. This value, which is the highest
EMI SE in this study, implies that the Cu NSs film blocks up to
99.999 999 99% of incident electromagnetic waves. Because of
the lower density of the Cu NSs films than that of a dense Cu
film or foil, the electrical conductivity of the porous Cu films
was much lower than that of conventional copper. It did not
show any dependency of the electrical conductivity against the
loading weight of Cu NSs, exhibiting an average value of
33 635 S/cm. The highest electronic conductivity (44 444 S/
cm) was achieved at a loading weight of 1.0 mg/cm2 with the
thickness of 4.5 μm, as shown in Figure 2f (see Figure S8 and
Table S2 in the Supporting Information). Although the
electrical conductivity of the Cu NSs film was relatively
lower than that of a dense Cu film or foil, it exhibited
outstanding EMI SE. The enhanced EMI SE of our Cu NSs
films seems to be originated from the internal structure of the
porous films. Note that five samples with loading weights
exceeding 3.0 mg/cm2 achieved saturated EMI SE values of
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only 105 dB because of limitations in the dynamic measure-
ment range of the network analyzer.
To further investigate the high EMI SE values of the

hierarchically structured porous Cu films, we studied the
relationship between EMI SE and the internal film architecture
as a function of loading weight of the Cu NSs on the substrate
(Figure 3). In addition, we carefully analyzed the contribution
of the shielding mechanisms to the total shielding effectiveness
(SET) of our porous Cu films for different internal
architectures.
The EMI SE value strongly depends on the electrical

conductivity, thickness, and internal structure of the blocking
materials.31 The Cu NSs films were formed using a different
process from metallic foils or deposited thin films. We found
that the Cu NSs did not completely cover the substrate surface
at loading weights lower than 0.1 mg/cm2 but were partially
connected or stacked with each other to form isolated Cu NS
islands on the substrate. As a result, we did not identify any
electrical conductivity or EMI SE in the film. When the loading
weight of the Cu NSs exceeded a certain value (e.g., 0.1 mg/

cm2) (Figure 3b(a′)), more physical connections were
observed between neighboring nanosheets, and the sprayed
films started to show electrically conductive characteristics.
The films exhibited an electrical conduction (Rs) of ∼90 Ω/□
and a measurable EMI SE (SET ≈ 25 dB) at 0.1 mg/cm2

(Figure 3a(a′)). On the one hand, they did not fully cover the
substrate, implying that the film was still in the percolation-
governed regime (red area, Figure 3a) for EMI shielding. On
the other hand, the film obtained at a loading weight of 0.17
mg/cm2 was completely covered by many Cu NSs and began
to form a multilayered internal architecture (Figure 3b(b′)).
As loading weight increased above 0.17 mg/cm2, the films
showed better EMI shielding capability, with an SET value of
49.6 dB. The absorption mechanism (SEA = 36.1 dB)
contributed to EMI shielding to a greater extent than its
reflection counterpart (SER = 13.5 dB). In the higher loading
weight regime, the multilayered internal structure was
expanded by covering each Cu NS. These contributions were
proportional to the loading weight of the Cu NSs (Figure
3b(c′, d′)). This loading-weight dependence clearly demon-

Figure 3. Influence of the internal hierarchical structure of porous Cu films on EMI SE performance. (a) Top-view and cross-sectional SEM
images of the porous Cu films with different loading weights of 0.1 (a′), 0.17 (b′), 0.9 (c′), and 1.8 (d′) mg/cm2. (b) Contribution of
absorption (SEA) and reflection (SER) mechanisms on the total EMI SE of porous Cu films. (c) Schematics of the hierarchical porous Cu film
and potential EMI shielding mechanism. The incident electromagnetic waves (red arrows) are partly reflected (blue dashed arrows) or
absorbed by the porous Cu film surface (white arrows). The absorbed waves (white arrows) meet the multilayered, large-area, single-
crystalline 2D Cu NSs in the internal multiple reflection region. In this region, they experience multiple reflections (white arrows) between
Cu NSs and lose their energy (thin white arrow) before being extinguished in the Cu NS shielding barrier.
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strated that the internal structure governs the EMI SE (SET) of
the Cu NSs. Interestingly, the calculated SER values of the films
were independent of the loading weight and ranged between
10 and 14 dB for loading weights spanning from 0.1 to 13.3
mg/cm2. This result implies that the internal structure of the
films is strongly related to the absorption mechanism. In
addition, the hierarchically structured porous Cu film had a
critical boundary condition that depends on the loading weight
(∼0.15 mg/cm2) between the percolation- (red) and
architecture-governed regimes (green area, Figure 3a). On
the one hand, in the percolation-governed regime, which
involves both reflection and absorption mechanisms, the SEA/
SER ratio was ∼1.4 (Figure 3a(a′)). On the other hand, the
absorption mechanism became predominant in the architec-
ture-governed regime (over 0.17 mg/cm2 of Cu NSs), resulting
in increased SEA/SER ratio to ∼7.5.
These unexpectedly high EMI SE values (∼100 dB at a

loading weight of 3.0 mg/cm2 corresponding to a film
thickness of 15 μm) seem to originate from the structural

specificity of porous Cu film. This is attributed to the single
crystallinity of the nanosheets, which allows homogeneous
electrical conductivity, and their 2D geometry, which leads to
the formation of electrical plane contacts and the internal
hierarchical structure. Figure 3c shows schematics of the
porous Cu film and its internal hierarchical structure. In
general, electromagnetic waves are reflected at an interface
between materials with a large difference in impedance. A
similar phenomenon can occur at the surface of single-
crystalline Cu nanosheets that simultaneously display physical
and electrical plane contacts. Because of the repeated stacking
of the Cu NSs, the porous Cu films exhibited similar micro/
nanostructured surfaces and internal hierarchical structures
regardless of loading weight, unlike conventional dense copper
foils or thin films, which have very smooth surfaces and
homogeneously dense internal film structures. The internal
hierarchical structure, which is the main feature of our porous
Cu films, controls EMI SE. Consequently, the contribution of
surface reflection appeared limited and resulted in saturated

Figure 4. FDTD simulation of the effects of multilayered architecture on EMI SET, SEA, and SER. (a) Schematics of the multistacked Cu
layers. (b) Calculated EMI SE values of the multilayered EMI shielding model at different loading weights. The contribution of the
absorption mechanism to SET is considerable at high loading weights, implying the effectiveness of the multilayered architecture on EMI
shielding. (c) Calculated EMI SE values of the multilayered structure at a loading weight of 1.0 mg/cm2 for frequencies ranging from 8.0 to
18.0 GHz.
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EMI SER values. The interaction of incident electromagnetic
waves with a laminated internal structure strongly affected the
ultimate shielding performance of our porous Cu film. In
contrast with existing solution-processable, conductive metal-
based EMI shielding materials, our single-crystalline Cu NSs
retained their hierarchical structure and formed an effective
conductive path by electrical plane contacts that facilitated
electron mobility throughout the films. These structural

features gave rise to very long travel paths for incident
electromagnetic waves, which consequently lose their energy
by scattering between the Cu NSs; they are ultimately
eliminated in the porous Cu film by transforming into
heat.13,19,32 These phenomena are responsible for multiple
electromagnetic reflections or resonances between individual
Cu NSs, resulting in an extremely strong absorption
mechanism contribution to EMI shielding and the high SET

Figure 5. Reliability of the hierarchical porous Cu NSs film and performance comparisons of shielding materials. (a) Long-term stability of
EMI SE and sheet resistance of the Cu NSs film. (b) Durability of the Cu NSs film with a loading weight of Cu NSs of ∼1.0 mg/cm2 at
various ambient annealing conditions. (c) EMI SE and sheet resistance of Cu NSs film with a loading weight of Cu NSs of ∼1.0 mg/cm2 at
repeated bending cycles. (d) Typical stress−strain curves of the free-standing Cu NSs films with thickness of 110 μm. (e) EMI SE
performance of 5 μm thick, free-standing, porous Cu NSs film (5 cm × 5 cm). (f) EMI SE values of reported materials as a function of film
thickness (Table S4 for more information). The black dashed line above 100 dB is a limitation of the dynamic range of the network analyzer.
The red dotted line is an extrapolation of the expected EMI SE of the hierarchical porous Cu NSs films.
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value of the porous Cu NSs films (Figure 3b). On the one
hand, the contribution of SEA at a hierarchical structure on
EMI SET is expected to increase from 34 to 70 dB after the
loading weight is increased from 0.1 to 1.0 mg/cm2. On the
other hand, the effect of the SER on EMI SET was independent
of loading weight changes.
To verify the validity of the hierarchical structure on the

EMI SE, we performed additional FDTD numerical simu-
lations as shown in Figure 4. Because the Cu NSs were
substantially thinner (a few microns) than the RF wavelengths
of interest (a few millimeters), the simulation domain needed
to be meshed (discretized) into a number of points.
Consequently, the simulation was performed in the 2D
domain, instead of 3D, so that it could be completed within
a reasonable amount of time. The 2D domain consisted of a
radio frequency (RF) source (gray, 8−18 GHz), shielding
structure (orange), and two detectors (red) at reflection and
transmission sides, which were all assumed to be infinitely long
in the horizontal direction (Figure 4a). The source generated
RF planar waves that traveled perpendicular to the shielding
structure (along the magenta arrow) and were linearly
polarized in the direction parallel to the shielding structure
(blue arrow). Because the 2D simulation assumed that the
objects designed in the 2D plane extended infinitely into the
screen, rotation of polarization around the wave propagation
did not change the simulation results. This is also the case for
randomly polarized waves. Once the RF wave emerged from
the source and interacted with the shielding structure, a
portion of the input power was absorbed by the shielding
material, while the rest was either reflected or transmitted,
which was measured by two detectors.
The 3D XRM analysis of our experimentally fabricated

hierarchically structured porous Cu film yielded a volume
fraction of ∼33.3% for copper. Thus, the FDTD simulation
was performed at the ideal layer-by-layer structure (stack of 50
nm thick Cu thin film with a 100 nm thick airgap spacing in
between), and the electric conductivity of each Cu-nanosheet
was set to be 6 × 107 S/m, which is the identical value of pure
Cu. The number of layers, which is directly proportional to the
thickness of the structure, was converted to the loading weight
using the thickness−loading weight relation obtained in Figure
4b.
The FDTD simulation estimated SET, SER, and SEA values

using Equations 1, (2), and (3) (see the Supporting
Information) and the measured reflectance and transmittance
for different loading weights.
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First, the simulation was used to analyze the EMI shielding of
Cu NSs with a loading weight of 1.0 mg/cm2, and the result is
shown in Figure 4c in the frequency domain. The obtained SE
spectra were nearly linear in a wide frequency range of 8−18
GHz, confirming that the mean value of the entire frequency

range could be used for further comparison of the SE values
estimated for different loading weights. Figure 4b shows that
further stacking of Cu NSs increased the overall shielding
effectiveness (SET), and most of this enhancement originates
from the increased absorption (SEA), while the reflection
(SER) of the thicker structure remained almost the same. The
highly enhanced absorption-related SE in the multilayered
structure was mainly attributed to multireflection, where the
incoming RF signal was captured inside the volume and
increased the propagation path of the trapped wave bouncing
back and forth (while experiencing absorption). Multi-
reflection, which provides different phase shifts for different
propagation paths throughout the shield, causes the original
planar wavefront to lose its phase coherence, and this phase
mismatching behaves like another absorption mechanism.
There is some variation between the calculated EMI SE values
and the experimental results using Cu NSs films, but both
results show very similar EMI shielding behavior, indicating
improved shielding with respect to layer-by-layer structure
formation. It seems to be due to the difference between the
boundary conditions (structure and conductivity) of the
calculation and the experimental results. The boundary
conditions of the calculations (perfect periodic structure and
high electrical conductivity) are ideal compared to real Cu NSs
films with randomly staked structures and low electrical
conductivity. Therefore, we believe that the FDTD calculation
is valid to account for the contribution of layer-by-layer
assembly of metal sheets to the improved EMI shielding
efficiency.1,22,35 This implies that our porous Cu films are
appealing substitutes for conventional metallic EMI shielding
films, such as Al or Cu foil.
For further practical EMI shielding applications, we

performed reliability tests of the hierarchically structured
porous Cu NSs film (such as long-term, temperature, bending,
and mechanical strength tests) without a protecting layer over
the film. We carefully prepared a porous Cu film with a loading
weight of 0.362 mg/cm2 on a polyimide (PI) substrate and
monitored its sheet resistance and EMI SE with respect to time
at room temperature, as shown in Figure 5a. The pristine,
porous Cu film clearly showed a pure copper color and ∼0.15
Ω/□ and ∼60 dB sheet resistance and EMI SE, respectively.
The stability of the porous Cu film was maintained for four
months under ambient conditions without any additional
protecting layers, exhibiting negligible changes in both sheet
resistance and EMI SE performance. As mentioned above, our
porous Cu film was organized by layer-by-layer stacking of
individual single-crystalline copper nanosheets with a (111)
basal plane. It is known that the (111) surface of copper is
likely to form hexagonal structures with adsorbed oxygen, and
that structure acts as the initial layer of Cu2O, which is
considered a good template layer for further growth of thicker
layers.33 In addition, it seems that the initial Cu2O layer on the
basal plane of the Cu nanosheet effectively reduced the
oxidation rate, because the Cu2O crystal reduced the path for
mass transportation.34 Similarly, we clearly observed very thin
(less than 5 nm thick) and dense Cu2O layer on the basal
plane(111) of the Cu NSs from both a phase image of EBSD
and a cross-sectional TEM analysis (see Figures S1 and S3 in
the Supporting Information). The Cu2O layer on the Cu NSs
may enable the possibility of an extraordinary stability of the
porous Cu NSs film against further oxidation under ambient
condition. Thus, even though the sample was stored under
ambient conditions for almost 24 months, we observed little
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degradation of the shielding properties compared to the
pristine state except for a minor change in color (brown) and
an increase in sheet resistance up to 0.2 Ω/□. This means that
the porous Cu film retained its hierarchical structure and
conductive core in the Cu nanosheets. The unexpected
stability of our porous Cu film may be due to the structural
properties of the single-crystalline copper nanosheet. We also
investigated the durability of the porous Cu film with a loading
weight of Cu NSs of ∼1.0 mg/cm2 at various annealing
conditions, as shown in Figure 5b. The sheet resistance of the
film increased in a manner proportional to temperature,
indicative of surface oxidation of the single-crystalline Cu NSs
with a change in color from pink (pristine porous Cu film) to
brown. Nevertheless, the EMI SE performance was well-
maintained, exhibiting almost 80 dB without any degradation
after a 200 °C annealing under atmosphere for 1 h.
To verify the flexibility and electrical stability of the porous

Cu NSs film, the EMI SE and sheet resistance of the films were
monitored for up to 5000 bending cycles, as shown in Figure
5c.36−38 The loading weight of Cu NSs was fixed at 1.0 mg/
cm2 on the PI (4 cm × 2 cm), and the deposited area was 3 cm
× 2 cm. The sheet resistance and EMI SE of the Cu NSs film
was 0.0126 Ω/□ and 77.75 dB, respectively. The Cu NSs films
maintains well their sheet resistance and EMI SE value after
5000 cycles of bending (bending radius ≈ 2.75 mm), which
indicates the robustness and excellent flexibility of our Cu NSs
films against a repeated bending condition. In particular, we
found negligible differences in the morphology of the Cu NSs
film without any significant delamination or deformation in
both pristine and a bending test of 5000 cycles (see Figures S9
and S10 and Table S3 in the Supporting Information). To
investigate the mechanical property of Cu NSs film as shown in
Figure 5d, we introduced the mechanical exfoliating method to
prepare free-standing porous Cu NSs film. Compared to other
metal thin films composed of zero- or one-dimensional metal
nanocrystals, our porous Cu film has a distinct hierarchical
structure based on a layer-by-layer assembly of Cu NSs,
resulting in planar contact. Because the forming gas-annealing
process allows better physical planar contact between Cu NSs
(Figure 2b,c) by merging at the interface between each Cu NS,
the Cu NSs film maintained its free-standing film shape during
and after the exfoliation process. The sample dimensions of the
free-standing Cu NSs film for testing was the length, width,
and thickness of 20 mm, 1 mm, and 110 μm, respectively.
From the stress−strain curves as shown in Figure 5d, the
tensile strength was 0.12 ± 0.06 and 2.24 ± 0.8 MPa, and the
elastic modulus was 74.5 ± 19.8 and 634.7 ± 164.6 MPa for
250 and 280 °C annealing, respectively. As we discussed above,
we found a physical coalescence at the interfacial region of the
Cu NSs, indicating a formation of partial junctions between the
basal plane of the Cu NSs. If partial junctions are formed in the
interfacial region of Cu NS after annealing, the number of
mechanical contacts increases, which can improve the
mechanical strength of the Cu NSs film. We expect more
physical merging at the interfacial region of Cu NSs formed at
a higher annealing temperature. Therefore, the free-standing
Cu NSs film with a higher annealing temperature showed
superior mechanical properties than that of a lower condition.
However, the mechanical properties of our free-standing Cu
NSs film was much lower than that of conventional dense
copper foil due to its porous structure with layer-by-layer
assembly. We also measured the EMI SE performance on the
prepared free-standing porous Cu NSs film with resulting size

and thickness of 5 cm × 5 cm and ∼5 μm, respectively. The
free-standing porous Cu NSs film looked like a commercially
available high-density copper foil with a very glossy surface as
shown in Figure 5e. It also showed excellent EMI SE
performance with an average 65 dB in the X-band frequency
range. This outstanding EMI shielding performance can be
achieved at thicknesses of the 10 μm commercialized copper
foil, which demonstrates the efficiency of our hierarchically
structured porous Cu NSs film (see Figure S11 in the
Supporting Information).
On the basis of the above experimental results, porous Cu

NSs films with hierarchical internal structures are expected to
be one of the most lightweight and cost-efficient solution-
processable shielding materials. A literature survey of the
shielding effectiveness of several known materials (MXene,
CNT, graphene, Cu or Al foils, etc.) revealed that our porous
Cu NSs films are the best EMI shielding materials currently
(Figure 5f). In particular, the films displayed the best EMI SE
(closed red triangle) over the assessed thickness range (∼15
μm), even relative to other thicker materials. The extrapolation
(red dotted line) suggests that porous Cu NSs films thicker
than 15 μm can outperform existing thicker films (Figure 5f).
They also showed an extremely high specific EMI SE value
(SSE/t = 292 000 dB·cm2/g at 1.6 μm thick) compared to
conventional high-performance materials and emerging atomi-
cally thin 2D materials, such as graphene, graphene oxide, and
MXene (Figure S12 and Table S4 in the Supporting
Information), at practically applicable thickness ranges.
These results suggest that hierarchically structured porous
Cu NSs films are promising candidates for potential use in
common commercial and extremely high-level EMI shielding
applications.

CONCLUSIONS
Large-area, two-dimensional, single-crystalline Cu NSs were
proposed as conductive fillers for EMI shielding applications.
Because of its structure, the hierarchical porous Cu NSs film
exhibited a particularly high EMI SE performance over a wide
range of thicknesses, outperforming any known synthetic
materials. The internal layer-by-layer stacking of Cu NSs and
their interactions with incident electromagnetic waves are
responsible for the strong absorption of this radiation. The
exceptional EMI shielding efficiency and cost-effectiveness of
the porous Cu films will make them essential components of
commercial products as next-generation shielding barriers. We
believe that our research represents an important practical
approach for using metallic 2D nanocrystals. These large-area
2D metallic nanocrystals will serve as conductive fillers for
enhancing performance in a wide range of electronics
applications.

EXPERIMENTAL SECTION
Preparation of Porous Cu NSs Film. The Cu NSs were

synthesized by a conventional hydrothermal method.30 Copper(II)
chloride dihydrate (CuCl2·2H2O, 99+%), hexadecylamine (HDA,
98%), glucose (99.5+%), and iodine (I2, 99.8+%) were purchased
from Sigma-Aldrich. The polyimide film (thickness: 75 μm) was
purchased from MINSUNG EIM. To prepare a hierarchical porous
Cu film, Cu NSs were carefully mixed in chloroform at a
concentration of 1 mg/mL. The mixture solutions were spray-painted
onto a polyimide substrate (2.5 cm × 2.5 cm) using a commercially
available hand-held air bush (Harder & Steenbeck). The prepared Cu
NSs film were dried on a hot plate at 70 °C for 5 min. The samples
were annealed at 250 °C for 1 h in a tube furnace under a flowing
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forming gas (5:95 H2/Ar gas mixture). The free-standing Cu NSs film
was prepared in the same manner as the porous Cu NSs film. The
free-standing film was carefully exfoliated from the silicon oxide
substrate. For comparison, copper thin films were evaporated on the
polyimide films at a deposition rate of 1.0 Å/s using a thermal
evaporator under a pressure of 2 × 10−7 Torr.
Characterization of Porous Cu NSs Film. The morphology of

the hierarchical porous Cu NSs film was determined by field emission
scanning electron microscopy (FESEM) (Nova, FEI, and SU70,
HITACHI). Cross-sectional SEM imaging and EBSD analyses were
performed by focused ion beam scanning electron microscopy (Helios
NanoLab 650, FEI company). Cross-sectional TEM imaging analyses
were performed by using Cs-Corrected Scanning Transmission
Electron Micros (JEM-ARM200F, JEOL).
Nondestructive 3D structural analysis was performed using a 3D X-

ray Tomography Microscope System (Xradia Ultra, Zeiss). The sheet
resistance of the Cu NS film was measured using a four-point probe
resistance measurement system (FPP RS-8 and Arms-600, Dasol
ENG). The EMI SE measurements for X-band (8−12 GHz) and Ku-
band (12−18 GHz) ranges were performed using WR-90 and WR-62
coaxial-type rectangular waveguide fixtures (Agilent Technologies,
X281A and P281B Coaxial Waveguide Adapter), respectively, with
two kinds of two-port network analyzers (Agilent/HP 8720C 50
MHz−20 GHz and E5071C 300 kHz−20 GHz). The incident power
of the electromagnetic wave was 1 mW, which was set as 0 dBm. The
samples were carefully and tightly fixed with screws to avoid undesired
leakage of electromagnetic waves. The WR-90 (8.2 to 12.4 GHz) and
WR-62 (12.4 to 18 GHz) test fixtures required samples with inner
dimensions of 22.86 mm (W) × 10.19 mm (H) and 15.80 mm (W) ×
7.90 mm (H), respectively. The bending test was performed by a
homemade bending machine. The mechanical property of the free-
standing Cu NSs film was evaluated using a FAVIMAT+ machine
(Textechno).
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