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ABSTRACT: Electronic devices in highly integrated and miniaturized systems demand electromagnetic interference shielding
within nanoscale dimensions. Although several ultrathin materials have been proposed, satisfying various requirements such as
ultrathin thickness, optical transparency, flexibility, and proper shielding efficiency remains a challenge. Herein, we report an
ultrahigh electromagnetic interference (EMI) SSE/t value (>106 dB cm2/g) using a conductive CuS nanosheet with thickness less
than 20 nm, which was synthesized at room temperature. We found that the EMI shielding efficiency (EMI SE) of the CuS
nanosheet exceeds that of the traditional Cu film in the nanoscale thickness, which is due to high conductivity and the presence of
internal dipole structures of the CuS nanosheet that contribute to absorption due to the damping of dipole oscillation. In addition,
the CuS nanosheet exhibited high mechanical stability (104 cycles at 3 mm bending radius) and air stability (25 °C, 1 atm), which far
exceeded the performance of the Cu nanosheet film. This remarkable performance of nanometer-thick CuS proposes an important
pathway toward designing EMI shielding materials for wearable, flexible, and next-generation electronic applications.
KEYWORDS: copper sulfide, CuS nanosheet, electromagnetic interference shielding, ultrathin thickness, dipole structures

■ INTRODUCTION

The shrinking of the dimensions of electronic devices/
components in the highly integrated system allowed electronic
devices to be miniaturized, and the densities are ever-
increasing. These devices and their components operate at
faster speeds with closely spaced electronic components with
different functions. Furthermore, the rapidly increasing
demand for wearable electronics has resulted in electronic
devices that come in close contact with the human body. Such
devices that consume/distribute electrical energy create
electromagnetic interference (EMI) and cause temporary
disturbances or permanent failure to the highly sensitive,
surrounding electronic systems by creating noise to the device
input signals, thereby deteriorating the durability and proper
functioning of the electronic equipment.1−3 This electro-
magnetic pollution needs to be properly shielded not only to
prevent malfunction in electronic components but also to
block unwanted EM radiation to the surrounding environment
and humans.4

EMI shielding materials must not only possess proper EMI
shielding efficiency (SE) but also meet various requirements

such as low-cost, lightweight, flexibility, and ultrathin thickness
to broaden their applications, especially in the field that
requires high packing density and/or flexible/wearable plat-
forms. While high EMI SE can be conventionally achieved by
employing conductive metals (e.g., Cu and Ag), maintaining
such high SE values is difficult when the materials are designed
to meet these requirements.5 For example, Cu is a low-cost and
highly conductive metal; however, for lightweight and flexible
applications, employing an ultrathin Cu film has a limitation
because it is susceptible to oxidation in air. Recently, metals6−8

and other conducting nanomaterials9,10 such as graphene11−13

and MXene14−24 were embedded into a polymer matrix for
various lightweight and flexible EMI shielding applications.
They showed high specific EMI shielding effectiveness (SSE)
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and SSE/t (SSE divided by thickness) values, which takes into
consideration the material’s density and thickness, respectively.
While they are promising in terms of achieving flexibility,
lightweight, and high EMI SE, the conductive nanomaterials
have to be embedded into a polymer matrix, which hampers
minimization of their thickness to meet various ultrathin
applications. It is therefore difficult to find ultrathin materials
that possess high shielding properties, flexibility, and trans-
parency to meet various demands in electronic and wearable
devices.
Herein, we show an ultrahigh EMI SSE/t value (>106 dB

cm2/g) using a flexible, transparent, air-stable, and ultrathin
copper sulfide (CuS) nanosheet. To guarantee both mass and
large-area production, the CuS nanosheet was prepared by a
facile synthetic process at room temperature and ambient
conditions, which enable the use of various substrates and form
factors. Compared to previously fabricated CuS EMI
shields,25−37 the synthesized CuS nanosheet in this work is
ultrathin, transparent, and large-sized continuous film consist-
ing of CuS nanograin structures, which contributed to
polarization loss associated with internal dipole structures,
leading to increased absorption of EM waves. We found that
the EMI SE of the CuS nanosheet exceeds that of conventional

Cu film, which is attributed to the presence of myriad surface
dipoles of the CuS nanocrystals as well as the high
conductivity. The EMI shield made of the flexible and
transparent CuS film shows high stability (>95%) in the
EMI SE under repeated bending tests up to 104, outstanding
transmittance above 80% in the visible range, and air stability
(>70%) over a period of 8 weeks. These findings demonstrate
that the ultrathin CuS can be employed for various practical
EMI shielding applications.

■ EXPERIMENTAL SECTION
The schematic illustration of the room temperature synthesis of CuS
is shown in Figure 1a. The CuS nanosheet was synthesized by
sulfurizing a Cu film (<20 nm) using an ammonium sulfide
((NH4)2S) solution that generates H2S gas in ambient conditions.
At first, Cu reacts strongly with H2S gas by forming the Cu2S phase
(H2S + 2Cu + 1/2O2 → Cu2S + H2O). A continuous supply of H2S
gas then leads sulfur to diffuse further through sulfur vacancies and
results in the formation of the covellite CuS phase.38,39 The covellite
CuS structure belongs to the space group P63/mmc, which is a
hexagonal symmetry with 12 atoms in the unit cell (Figure 1b). It has
a sandwich structure that is built up of a layer consisting of CuS3
triangles and CuS4 tetrahedra (CuS4−CuS3−CuS4), the layer being
connected with its adjacent structure by the S−S bond to attain the

Figure 1. (a) Schematic illustration of a synthetic method of CuS nanosheet synthesis. The copper film was exposed to H2S gas under ambient
conditions. (b) Unit cell of hexagonal CuS. The red and yellow spheres are copper and sulfur atoms, respectively. (c) Optical image of the CuS
nanosheet film (20 nm) deposited on a PET film. (d) 3D AFM topography image of the CuS nanosheet deposited on a SiO2 substrate. The inset
shows a cross-sectional 2D line profile of the CuS nanosheet. (e) EMI SSE/t versus thickness for the CuS nanosheet and other EMI shielding
materials. Each symbol indicates a set of material categories as follows: Ag (gray triangle),6−8 carbon (dark-yellow circle),52−54 graphene (dark-cyan
hexagon),11−13 MXene (navy diamond),14−24 and other composites, such as NiFe, Mo2C (orange square).9,10
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continuity of the structure. The sandwiched structure can be easily
cleaved to atomically smooth terraces along the (001) basal planes.40

It is known that the cleavage with the lowest surface energy is likely to
occur at the cleavage plane 1 (Cu(2) terminations) and plane 2 (S(1)
terminations) shown in Figure 1b, which create dipolar layers
perpendicular to the plane41,42 that can contribute to enhanced EMI
shielding performance.
Copper sulfide has been frequently employed as the conductive

filler in the form of bulk powders or particles in EMI shielding
polymer composites (thickness in the range of 80 nm to 3.5
mm).25,28,29,31,32,35 Such bulk copper sulfide structures can vary
widely in composition and crystal structures and do not show
impressive EMI SE (32−45 dB in mm scale), which limits their wide
range of applications.25,28 It should be noted that in this work, we
employed a covellite CuS film that shows impressive EMI shielding
performance, while its thickness is much thinner than the CuS/
polymer composite as compared in Table S1. The CuS nanosheet,
which was prepared by a facile room temperature and ambient
condition synthesis method, can guarantee a large-area production
and enable the use of various substrates and form factors such as glass
and flexible polymer substrates. Our ultrathin CuS film (20 nm) has
high optical transmittance, as shown in the optical image in Figure 1c,
and high electrical conductivity while maintaining the ultrathin
thickness below 20 nm (the thickness was measured through AFM in
Figure 1d), which is suitable as an EMI shield for transparent, flexible,
and ultrathin applications.43

To evaluate the EMI performance of the ultrathin CuS nanosheet,
we measured EMI transmittance and reflectance with a network

vector analyzer (NVA, Keysight/Agilent E8364B) and compared it
with other material’s specific EMI shielding effectiveness (SSE, EMI
SE/density (dB cm3g−1)) versus thickness (SSE/t, Figure 1e) as this
parameter allows fair comparison between different EMI shields that
have different thicknesses. Surprisingly, the SSE/t values for the CuS
nanosheet are much higher than those for other EMI shielding
materials, including metals, 2D materials, and inorganic composites,
and the SSE/t value of our CuS nanosheet reached up to 2.02 × 106

dB cm2 g−1. Recent studies report that MXene composites show a
superior SSE/t value of 30 830 dB cm2 g−1 with a micrometer
thickness.22 However, our CuS nanosheet has a much thinner
thickness (20 nm) with ultrahigh SSE/t. Furthermore, the CuS
nanosheet with 10 nm thickness has a higher SSE/t value than that of
the Cu film with 10 nm thickness.

■ RESULTS AND DISCUSSION

To achieve high SSE/t values, it is highly important to
precisely control and optimize the synthetic procedures and
the corresponding crystal structure as copper sulfides exist in
different phases and show different electrical properties. To
investigate the origin of such high SSE/t values of the CuS
nanosheet, we first analyzed the structure of the CuS
nanosheet by X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM). Figure 2a shows
the XRD patterns of the 10 nm CuS nanosheet for various
sulfurization times. From the XRD plots, it can be observed

Figure 2. (a) XRD patterns of the CuS nanosheet with varying sulfurization times. For comparison, the standard XRD patterns of covellite (CuS,
JCPDS No. 06-0464) and chalcocite (Cu2S, JCPDS. No. 02-1294) are exhibited. Peaks at 33° correspond to the Si (200) plane. (b) TEM images
of the copper sulfide with different sulfur supply times of (c) 10 s, (d) 20 s, and (e) 30 s. The insets show each selected-area electron diffraction
(SAED) pattern. Sufficient sulfurization time leads to the CuS phase. (f) Cu/S ratio versus sulfur supply times. As the sulfurization time is
increased, the ratio of the two atoms becomes 1:1.
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that for increased sulfurization time in the range of 10−50 s,
phase changes from Cu to the Cu2S and CuS were found. It
should be noted that in the EMI shielding application, the CuS
phase is more preferable to the Cu2S phase due to the higher
conductivity of CuS than that of Cu2S.

44 When Cu was
sulfurized for 10 s, the XRD peak corresponding to Cu was the
dominant peak, while a new peak appeared at 46° when the
sulfurization time was increased to 20 s, which corresponds to
the Cu2S (2 2 0) lattice (JCPDS No. 02-1294). As the
sulfurization time was increased further to 30 s, the peak of the
Cu2S (2 2 0) lattice at 46° vanished, and new peaks at 29 and
48°, which correspond to the CuS (1 0 2) and (1 1 0) lattices
(JCPDS No. 06-0464), respectively, were observed. Such trend
of phase transition is in accordance with the shift of Raman
spectrum measured for the CuS nanosheet with various
sulfurization times, as shown in Figure S1.45,46 The evolution
of the crystal structure saturates at the sulfurization time of 30
s, and an additional sulfurization time with sufficient sulfur
supply from H2S gas guarantees the CuS phase to be dominant
over the nanosheet film.
To further support the evolution of the crystal structure

from Cu to CuS, the HRTEM measurements were performed
for the CuS nanosheet with increasing sulfur supply time.
Figure 2b shows the TEM image of the 10 nm CuS nanosheet,
which is sulfurized for 30 s (30 s-CuS, hereafter), having a
planar surface and small grains. The HRTEM analysis was
further performed for the CuS nanosheet with different
sulfurization times. Figure 2c−f shows the HRTEM images
of the CuS nanosheets sulfurized for 10, 20, and 30 s,
respectively, and the inset images are the SAED patterns
extracted from each TEM image. The TEM image of the 10 s-
CuS nanosheet shows that the Cu2S phase is dominant over
the entire nanosheet. It can be seen that the spacing is 0.28 nm,
corresponding to the (2 0 0) d-spacing of the Cu2S phase
(Figure 2c). Figure 2d shows the TEM image of the 20 s-CuS
nanosheet, where the phase Cu2S to CuS coexist in the film.

The TEM image of 30 s-CuS (Figure 2e) has the CuS phase,
and then the d-spacing of 0.157 nm corresponds to the (1 0 2)
lattice and that of 0.19 nm corresponds to the (1 1 0) lattice of
covellite. Therefore, it shows that as the sulfurization time is
increased, the Cu changes to Cu2S, at first, and gradually
changes to the CuS phase, implying that the optimization of
sulfurization time is necessary for achieving the CuS crystal
structure. To further understand the crystal phase and the
elemental composition upon the sulfurization time, we
measured energy-dispersive spectrometry (EDS), as shown in
Figure 2f, which shows the copper-to-sulfur ratio under
different sulfur supplies. As shown in the graph, the S/Cu
ratio changes from 0.5 for the 10 s-CuS nanosheet to nearly 1
for the 30 s-CuS nanosheet, which corresponds to the CuS
phase. The results measured through EDS analysis are in
accordance with the phase transition observed through XRD,
Raman, and HRTEM measurements.
Having confirmed the optimization of the CuS crystal

structure upon sulfurization, we focus on the nature of EMI
shielding performance in the CuS nanosheet. To explore the
EMI shielding properties of the CuS nanosheet, we compared
the EMI shielding effectiveness of the Cu film with that of the
20 nm CuS nanosheets, which are treated with various
sulfurization times, as shown in Figure 3a. The 10 s-CuS
nanosheet, which corresponds to the Cu2S phase in XRD
patterns, shows a SET of 2 dB at 8.2 GHz. The EMI SE of the
CuS nanosheet gradually increased from 2 to 10 dB as the
sulfurization time increased from 10 to 50 s. It is noteworthy to
mention that the EMI SE of the CuS nanosheet with a
sulfurization time of 30 s or above is higher than that of the Cu
film. The pure Cu film has an intrinsic CuO layer upon the air
exposure of the film (Figure S2). The intrinsic CuO layer
formation is a disadvantage for the EMI SE of Cu films because
the CuO has a much higher resistivity than the pure Cu film.
As a result, the CuS nanosheet shows higher EMI SE than the
Cu film at the same nanoscale thickness. Furthermore, it was

Figure 3. (a) EMI SE of the CuS under different sulfur supply times. (b) Total EMI SE (SET) and its absorption (SEA) and reflection (SER) at 8.2
GHz. (c) Sheet resistance versus sulfur supply time. Low sheet resistance (29 Ω/□) was measured for the CuS nanosheet with a sulfurization time
of 30 s or more. (d) Schematic illustration of the EM wave absorption mechanism. When an incident electric field interacts with dipoles present in
the material, dipoles align themselves with respect to the electric field, leading to a damped oscillation.57
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found that our CuS nanosheet shows similar EMI SE values at
high and low frequencies and maintains excellent EMI
shielding efficiency over the broad frequency range (500
MHz to 15 GHz).47

To gain fundamental insight into the nature of EMI
shielding performance of the CuS nanosheet, we measured
the S-parameter of the CuS nanosheet with different
sulfurization times (we define as Cu2S, Cu2S/CuS, and CuS
nanosheets for convenience), and the EMI SET, SER, and SEA
values at the 8.2 GHz were plotted, as shown in Figure 3b (also
see the Supplementary Note 1). The total EMI SE (SET),
consisting of reflection efficiency (SER), multiple reflection
efficiency (SEMR), and absorption efficiency (SEA), can be
described as follows

= + + ≈ +SE (dB) SE SE SE SE SEtotal R A MR R A (1)

= − −SE (dB) 10 log(1 S )R 11
2

(2)

= − [ − ]SE (dB) 10log S /(1 S )A 21
2

11
2

(3)

In accordance with Figure 3a, the total EMI SE at a constant
frequency of 8.2 GHz increases as the Cu to S ratio becomes
1:1, as shown in Figure 3b. It is also found that SEA increases
substantially from 0.8 to 7.6 dB, while the change of SER is
relatively less significant as the crystal structure of the
nanosheet evolves from Cu2S to CuS. Furthermore, it can be
seen that the contribution of absorption to the total EMI SE is
significantly larger than that of reflection. In the CuS
nanosheet, the SET, SEA, and SER are found to be 9.8, 7.6,
and 2.2 dB, respectively.
To further support the nature of the EMI shielding

performance, a sheet resistance of the CuS nanosheet was
measured with varying sulfurization times, as shown in Figure
3c. EMI shielding materials with low sheet resistance (i.e., high
electrical conductivity, Figure S3) are typically needed to gain
high EMI SE values. EMI SE can be expressed as follows

i
k
jjjjj

y
{
zzzzz

σ σ= + +
f

t fSE 50 10 log 1.7
(4)

where σ is the electrical conductivity, f is the frequency, and t is
the thickness of shielding material. In this regard, EMI SE
shows a strong dependence on the electrical conductivity of
the shielding material. A low sheet resistance in the CuS
nanosheet was observed when the sulfurization time exceeded
30 s. The sheet resistance decreased from 1500 to 29 Ω/□, as
the sulfurization time increased. Note that the resistance of the
CuS nanosheet is similar to that of a commercial ITO film
(10−30 Ω/□). Such low sheet resistance of the CuS
nanosheet can be attributed to the stoichiometric balance of
Cu and S atoms in Cu2−xS, which affects the electrical
properties of p-type conducting Cu2−xS.

48,49 Therefore, the
electrical properties can be enhanced by increasing the Cu/S
ratio.
Such high EMI SE, even 20 nm thickness, can be attributed

to enhanced dipole polarization loss due to the nanometer-
sized grains and inherent dipole layers in the cleaved surfaces
of CuS, as shown in Figure 3d. It has been theoretically
predicted that surfaces with Cu and S terminations (depicted
in Figure 1b) have the lowest surface energy, and due to the
different terminations of the surface and different electro-
negativities of Cu and S atoms, the cleaved surfaces favor the
formation of local surface dipole layers, which are depicted in
Figure 3d.41,42 Due to the small grain sizes of the CuS
nanosheet, the polarization loss from surface dipole layers is
greatly enhanced and contributes to increased absorption
efficiency, which in turn improves the overall shielding
performance (see Supplementary Note 2 for further explan-
ations). Furthermore, CuS has a lower carrier concentration
(∼3 × 1021 cm−3) than noble metals, which renders the
Coulomb screening to be relatively reduced.50 As a result, CuS
has much faster electron−phonon scattering rates compared to
conventional metals such as Au and Ag. The fast electron−
phonon scattering associated with local carrier relaxation

Figure 4. (a) EMI SE versus CuS thickness. (b) Mechanical stability test that monitors the EMI SE of bending radius and sheet resistance as
bending cycles up to 104 at a 3 mm bending radius (secondary axis). (c) Cu and CuS nanosheet stability tests performed under room temperature
conditions. (d) UV−vis transmittance spectra of the Cu film and the CuS nanosheet.
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contributes to EM energy being more easily transformed into
thermal energy or other forms of energy.51

The results presented clearly demonstrate the benefits of the
crystal structure and morphology of the CuS nanosheet in
realizing the ultrathin EMI shield. We now consider the
feasibility of the CuS nanosheet in achieving practical, flexible,
and transparent EMI shields. We, first, simply increased the
thickness of the nanosheet to improve the EMI SE, as the
thickness plays a crucial role in increasing the EMI SE of any
material. We measured the EMI SE and sheet resistance of the
CuS nanosheet with various film thicknesses, as shown in
Figures 4a and S4, respectively. The EMI SE increased from
8.0 to 27.1 dB, as the film thickness increased from 10 to 160
nm. The highest EMI SE value of 27 was achieved when the
film thickness increased to 160 nm, which is enough to block
99.8% of incident radiation with the CuS nanosheet. It should
be noted that the CuS thickness shown in this work (10−160
nm) is much thinner than the thickness of previously reported
composites (generally in the range of 1 μm to 2
mm).6−11,14−24,52−54

Because of the fast-growing wearable electronics field, the
demand for an ultrathin and flexible EMI shielding film has
recently increased dramatically. On the other hand, conductive
metals are limited by their easy-corrosive and nonflexible
characteristics, which are incompatible with the specifications
of next-generation wearable electronics. Therefore, we
investigated the mechanical stability and air stability of our
flexible CuS nanosheet. For this, the changes in the EMI SE
and sheet resistance were monitored in terms of the number of
bending cycles and days. Figure 4b shows the mechanical
stability test using our bending machine, and EMI SE and
sheet resistance were measured after the multiple bending test.
Upon 104 bending cycles, EMI SE was generated with only a
slight variation in the magnitude (less than 5%). Furthermore,
after multiple bending cycles, the sheet resistance was found to
exhibit less than 10% degradation in the CuS nanosheet. In
addition to the mechanical stability of the CuS nanosheet, the
sheet resistance of the CuS film remained 74% of its original
value over a period of 8 weeks when stored under ambient
conditions with less than 50% humidity, as shown in Figure 4c.
The surface of the CuS nanosheet can be slowly oxidized to
CuSO4 under ambient conditions (Figure S5).55 By contrast,
the EMI SE and sheet resistance of the 10 nm of Cu decreased
and increased rapidly, respectively, as shown in Figures 4c and
S6. After 4 weeks, the EMI SE value of Cu decreased by 25% of
its original value due to the conversion of Cu into CuO (Figure
S2).56 These results suggest that the CuS has the strong merit
for air stability compared to metals (e.g., copper) when their
thicknesses are reduced to a nanometer range.
For their transparent EMI shielding applications, we

measured the UV−vis transmittance spectra of CuS 20 nm
nanosheets, which were measured in the visible to the infrared
region (450−2500 nm), as shown in Figure 4d. It can be seen
that the transmittance of the CuS nanosheet at 550 nm is
above 80% and is clearly comparable to that of the 10 nm of
copper. We also plotted transmittance versus SSE/t to
compare the outstanding optical and EMI shielding properties
with other EMI shielding materials, as shown in Figure S7.
Based on this result, the CuS nanosheet is an appealing
candidate for the EMI shield in transparent electronic devices.

■ CONCLUSIONS
To conclude, we have shown the outstanding EMI perform-
ance of ultrathin (<20 nm), highly conducting CuS nano-
sheets, which were synthesized simply by sulfurizing copper
films at room temperature. We found that the reported EMI
SSE/t values are the highest of any known shielding materials.
We attribute such high performance to the evolution of the Cu
film to a nano-sized covellite CuS structure with inherent
dipole layers. Moreover, we showed that the CuS nanosheet
has excellent mechanical properties, transparency, and air
stability, which are important for their use in flexible and
transparent electronic applications. Furthermore, this very thin
shielding material is especially important for devices that need
to be miniaturized. This study gives a new possibility for the
CuS nanosheet in EMI shielding applications.
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