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A B S T R A C T

Ultrasmooth single-crystalline metallic thin films provide several key advantages for the fabrication of well-
defined and high-resolution plasmonic nanostructures, particularly complex integrated nanocircuits. For this
purpose, copper is generally regarded as a poor plasmonic material compared to gold and silver because of its
notorious oxidation issues when subjected to air exposure. Here, we report on the use of large-area grain-
boundary-free copper films grown epitaxially on sapphire substrates in combination with focused ion beam
milling to pattern plasmonic nanostructures with superior quality. The copper surfaces prepared using a single-
crystalline copper sputtering target exhibit a very low roughness without any grain boundaries for varying film
thicknesses and a strong resistance to oxidation, overcoming the bottleneck in conventional copper film fabri-
cation. Surface plasmon resonance measurements show that improved dielectric constants with higher con-
ductivity and long-term stability can be achieved using the single-crystalline copper films. Plasmonic nanohole
arrays patterned from these high-quality films are found to display a stronger field enhancement compared to
those made from polycrystalline copper films, thus resulting in an enhanced extraordinary optical transmission
performance. This study suggests that our fabrication method is ideally suited for applications in copper-based
plasmonic and nanophotonic devices as well as integrated nanocircuits on a large scale.

1. Introduction

Plasmonics, which explores the confinement of electromagnetic
fields in subwavelength dimensions at metallic-dielectric surfaces, has
emerged as a new frontier of science and engineering. A variety of
fundamental and application-driven research activities based on plas-
monics spanning from attosecond nanoplasmonics [1–3], highly effi-
cient light sources [4–7] future-generation photovoltaic devices [8,9],
ultrasensitive biochemical sensors [10–14] to integrated nanophotonic
circuits [15–20] have been carried out at a breathtaking pace since the
last decade and will continue to prosper towards a bright future. Silver

and gold, being the conventional plasmonic materials, have been
widely used for applications in the range of visible and near-infrared
(NIR) frequencies because of their well-researched surface chemistry
[21,22] and relatively low optical losses [23]. Recently, aluminum has
gained considerable interest owing to its capability of supporting sur-
face plasmon resonance (SPR) in the ultraviolet region [24–26]. Com-
pared to gold, silver and aluminum, copper has received much less
attention in the plasmonic community because of its poor oxidation
resistance [27–29] and high ohmic losses [18,30]. Notorious film oxi-
dation such as Cu2O and CuO [31–33] may already be formed
throughout the film depth during the sputtering or evaporation process
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in the case of polycrystalline copper [34]. Moreover, surrounding
oxygen atoms can diffuse quickly along the grain boundaries [34],
which can cause higher oxygen incorporation into the films, thereby
resulting in further degradation of the film quality. It has been shown
that a thin oxide layer of 2–3 nm on the polycrystalline copper surface
is already sufficient to reduce the surface plasmon polariton (SPP)
propagation length by ~50% [35]. Different methods have been sug-
gested and implemented to overcome copper oxidation including en-
capsulation of copper nanoparticles in a transparent matrix [36,37],
oxide removal with glacial acetic acid [29,38], electrodeposition of
transition metal shells onto copper nanowire films [39] and passivation
layers on copper thin films [40–42]. However, some of these methods
may introduce possibly undesirable changes of optical properties due to
different materials added onto the copper surfaces, which in turn result
in a shift of plasmon resonance as well as a change of local field en-
hancement.

Furthermore, fabricating copper nanodevices via electron beam li-
thography or focused ion beam (FIB) milling has been very difficult
since polycrystalline copper films usually exhibit randomly oriented
crystal grains [34,43] and grain boundary effects [34,35,44]. Surface
roughness due to these random crystal grains and grain boundaries can
directly lead to uneven cuts and structural defects in the process of
copper device patterning [43,45]. Optical quality, i.e., the maximum
value of achievable near-field intensity enhancement and spectral peak
position of SPR, is therefore compromised as a result of imperfect na-
nostructures in terms of shape [46]. Additionally, increased scattering
and damping of the surface plasmons can occur at the crystal defects or
grain boundaries [35,47–49], which lower the efficiency of plasmon
propagation and enhancement. Nevertheless, there are several key
benefits in using copper as a constituent plasmonic material if the
aforementioned issues of surface quality are solved. Copper is in-
expensive in comparison to gold and silver because of its abundance in
the earth’s crust, allowing real-world practical applications, e.g., fu-
turistic and large-scale plasmonic integrated circuits and nanophotonics
which are compatible with industry-standard complementary metal-
oxide semiconductor (CMOS) technology. From the perspective of
plasmonics, copper’s dielectric constants are comparable to gold around
the optical wavelengths particularly in the range of 600–750 nm [50],
which makes it a good candidate to replace gold for plasmonic appli-
cations. Besides, copper has the second-best conductivity after silver
among the metals, another attractive property which has prompted its
wide usage as interconnects in CMOS and electronics. Due to these
reasons, several attempts have recently been made to integrate copper
as a plasmon-supporting material into CMOS and silicon photonics.
Remarkably efficient electro-optical coupling and low propagation loss
in the telecommunication spectral range were achieved with a careful
waveguide design [15,18,51].

Standard metallic thin films for plasmonic applications are typically
prepared using thermal evaporation or sputtering techniques, which are
polycrystalline in nature. In fact, all polycrystalline metallic films in-
herently experience the critical issues of surface quality including
smooth template-stripped metallic films [49], and thus atomically flat
single-crystalline metallic films and flakes [25,46,49] have been pro-
posed several years ago for achieving precisely patterned plasmonic
nanodevices. These reported high-definition plasmonic nanodevices are
fabricated from single-crystalline gold, silver as well as aluminum, and
so far no studies have been done on patterned single-crystalline copper
nanodevices. Here, we demonstrate the use of large-area single-crys-
talline copper thin films with high quality in combination with FIB
milling to achieve enhanced plasmonic devices. We employed a radio-
frequency sputtering technique and a single-crystalline target instead of
the more commonly used molecular beam epitaxy technique for
growing atomically flat copper thin films on lattice-matched sapphire
substrates.

2. Methods

2.1. Preparation of single-crystalline copper thin films

The single-crystalline copper thin films were grown on
10 mm × 10 mm sapphire substrates with a thickness of 500 µm by a
home-built radio-frequency sputtering machine [34]. The sputtering
target, which is critical to produce a single-crystalline structure, is a
sliced single-crystalline copper ingot. The sputtering was performed at a
working pressure of ~10-1 Pa using an argon gas while the base pres-
sure of the system was maintained at ~10-3 Pa. A film growth rate of
~0.1 nm s−1 and a deposition temperature of 150 °C were used to
achieve the optimal fabrication condition.

2.2. Preparation of polycrystalline copper thin films

For the study of SPR, approximately 69-nm-thick polycrystalline
copper thin films were deposited on 500-µm-thick sapphire substrates
with a growth rate of 0.1 nm s−1 using electron beam evaporation
(KVE-4000, Korea Vacuum Tech) at room temperature. During the
process of deposition, the pressure in the system was maintained at
~7 × 10-4 Pa. The 100-nm-thick polycrystalline copper thin films de-
posited on 500-µm-thick sapphire substrates for the extraordinary op-
tical transmission (EOT) experiments were prepared using direct-cur-
rent magnetron sputtering (SRN-110, SORONA); the sputtering system
was kept at a base pressure of ~1 × 10-5 Pa. The films were sputtered
at an argon pressure of ~0.1 Pa with a growth rate of 1.4 nm s−1.

2.3. TEM, AFM and SEM/EDS characterizations

The high-resolution analytical transmission electron microscope
(TEM) measurement was performed using a Tecnai TF30 ST (FEI)
system at an acceleration voltage of 300 kV. For TEM sample pre-
paration, a FIB (Helios, 450 F1) was used. The atomic force microscope
(AFM) images detailing the surface roughness and thickness of copper
thin films were obtained using commercial AFM systems (XE-100 and
NX10, Park Systems, Inc.). The scanned areas (10 μm × 10 μm) of the
samples were performed in non-contact mode at a scan rate of
0.5–0.7 Hz. The AFM measurements have an accuracy of± 0.2 nm.
Energy dispersive X-ray analysis (EDS) was conducted by a field emis-
sion scanning electron microscope (SEM) (SUPRA 40 VP, Carl Zeiss)
equipped with an EDS to examine the surface chemical composition of
the EOT samples. The acceleration voltages for SEM and EDS were both
set at 10 kV.

2.4. FIB milling

The nanohole arrays of the EOT experiments were fabricated on
both single-crystalline and polycrystalline copper thin films using a FIB
(Helios Nanolab G3 CX, FEI). An acceleration voltage of 30 kV and an
ion beam current of 40 pA were used for the nanohole patterning on
both thin films. The etched depth of the nanoholes was controlled by
the ion milling time.

2.5. SPR setup

The SPR sensor consists of a copper thin film deposited on a sap-
phire substrate. The sapphire substrate was attached to a NS-F 11 prism
(Edmund Optics, Inc.) using a non-drying immersion oil (MOIL-20LN,
Leica Type N). The prism is chosen such that its refractive index is si-
milar to that of the sapphire substrate. The sensor was fixed on a θ–2θ
motorized rotation stage (K10CR1/M, Thorlabs, Inc). The excitation
source is a p-polarized 632.8 nm He-Ne laser (HNL050, Thorlabs, Inc)
with an output power of 5 mW. A beam splitter was inserted in the
input optical path to transmit 10% of the laser power to the sample with
the rest being reflected onto a photodiode (DET36A/M, Thorlabs, Inc)
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for power referencing. The angle of incidence was varied at step sizes of
0.01–0.1° by rotating the stage which was connected to a stepper motor
driver. The angle-dependent reflectance from the prism with the copper
film was measured by a power meter (PM200 with photodiode sensor
S120C, Thorlabs, Inc.). This SPR setup is shown in Fig. S1 in
Supplementary Information. The error of the absolute angle measure-
ment is< 0.02° given by the calibration of the reference angle based on
the back-reflection of the laser beam from the prism. In addition, the
SPR angle measurement of our setup has an accuracy of± 0.004°
(standard deviation) by considering the precision and repeatability of
the rotation stage. The accuracy of the SPR reflectance amplitude
measurement is estimated to be±0.01% (standard deviation) which is
determined from a three-day measurement at the reflectance dip
without long-term drift. This standard deviation has taken into account
the systematic drifts (stray light, dust on the sample and drift of the
detectors) and statistical noise (laser power noise and electronic noise
in the detectors).

2.6. EOT setup

Linearly polarized light from a 75 MHz broadband Ti:sapphire
femtosecond oscillator laser (Venteon Pulse: One, Laser Quantum)
centered at a wavelength of 788 nm was employed for illuminating the
nanohole samples. The laser beam with an average power of 30 mW
was focused to a spot size of ~60 μm at normal incidence angle onto the
center of 90 μm × 90 μm nanohole arrays. Each sample was mounted
on a 3-axis translation stage for accurate alignment of the beam fo-
cusing. The transmitted laser beam after the sample was detected by an
optical spectrum analyzer (AQ-6315E, Ando) via a fiber optic. The
experiments were performed under ambient conditions. The setup is
illustrated in Fig. S2 in Supplementary Information.

2.7. Theoretical modeling of SPR

A simple SPR system consisting of three layers (prism, metal and air)
based on the Kretschmann configuration is assumed in our modeling.
For convenience of calculation, the prism is replaced by a sapphire
substrate since they have almost the same refractive index at an ex-
citation wavelength of 632.8 nm. A sapphire substrate, a copper film
and air are abbreviated as s, c and a, respectively. The SPR is excited by
totally reflected p-polarized light at the copper-air interface when the
wave vector kx of the incident light in the plane of the surface matches
the wave vector k0 of the SPP at the interface. The SPR can be analyzed
by evaluating the reflectance R of the light following the three-layer
Fresnel equation [52]:
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where rsc and rca are the reflectance amplitudes for sapphire-copper and
copper-air interfaces, respectively; kjz and εj are the wave-vector com-
ponent perpendicular to the interface and the complex dielectric con-
stant in medium j, respectively; d is the thickness of the copper film, ω
and c are the angular frequency and speed of light, respectively; ns is the
refractive index of the sapphire; and θ is the angle of incidence of the
light. The thickness d and complex dielectric function of copper εc are

optimized by a fitting algorithm for finding the best fit with the mea-
surements in order to determine the effective optical constants and film
thickness.

2.8. Theoretical modeling of EOT

A finite-difference time-domain (FDTD) method from Lumerical
Solutions was employed to simulate the plasmonic near-field intensity
distributions and transmitted spectra of the copper nanohole arrays on
sapphire substrates used in the experiments. Three geometries with a
copper film thickness of 100 nm, a hole diameter of 150 nm and dif-
ferent periodicities (550 nm, 600 nm and 650 nm) are modeled. A 2-
nm-thick CuO layer on top of the copper nanohole arrays is considered
to mimic the native oxidation formed on the copper film due to air
exposure in the experiments. Periodic boundary conditions were ap-
plied to replicate a single unit cell of the nanohole array. A non-uniform
mesh size was used with a highest accuracy of 0.5 nm. A plane wave
source of a Gaussian profile having the same spectral width
(600–1100 nm) as the broadband laser used in the experiments was
used. The dielectric constants of copper are based on the handbook of
CRC [53], while the dielectric constants of sapphire and CuO layer are
taken from the handbook of E.D. Palik [54].

3. Results and discussion

3.1. Structural properties of single-crystalline copper films

The single-crystalline copper thin films were grown epitaxially on
10 mm × 10 mm sapphire substrates by sputtering at a base pressure of
~10-3 Pa using an argon gas at 150 °C and at a growth rate of
~0.1 nm s−1. Note that such a relatively high base pressure and low
growth rate would usually result in uncontrolled oxidation of the metal
surfaces during the deposition process. Despite this unfavorable con-
dition, high-quality and oxidation-free copper thin films along the (111)
direction with varying thickness can be easily achieved owing to the
high chemical stability of the sputtered atoms from the single-crystal-
line target [34]. As depicted in Fig. 1(a), a perfectly regular and uni-
form lattice of the copper thin film is seen on top of the sapphire sub-
strate in the TEM image. No crystal defects are seen in the image,
inferring the high-purity and nearly perfect crystalline structure of the
copper thin films. The single-crystallinity of the thin films was verified
by selected-area electron diffraction using complementary electron
backscatter diffraction in the TEM; Cu(111) was successfully grown in
situ on the Al2O3 (0001) surface (see inset in Fig. 1(a)). The surface
quality and morphology of the single-crystalline copper thin films were
examined using an AFM. For comparison, we also deposited poly-
crystalline copper thin films on 10 mm × 10 mm sapphire substrates
via evaporation or sputtering. Fig. 1(b) and (c) show the representative
AFM scanned areas of 10 μm × 10 μm of both film surfaces with a film
thickness of ~50 nm. The surface of the single-crystalline copper film
appears to be flat, continuous without any grains and grain boundaries
whereas there are numerous randomly oriented grains (ranging in size
from 30 to 100 nm) seen on the surface of the polycrystalline copper
film. The root mean square (RMS) surface roughness values within the
scanned area for the single- and polycrystalline copper films are 0.6 nm
and 2.5 nm, respectively. In summary, we could achieve a very low
RMS surface roughness in the range of ~0.2–0.6 nm for a single-crys-
talline copper film with a thickness of ~20–500 nm, a significant im-
provement of reduced surface roughness by approximately 15–46 times
compared to a previously reported result [34]. The surface roughness
values of our single-crystalline copper films are comparable to the va-
lues obtained in other works, i.e., < 1 nm for single-crystalline gold
flakes [46], 0.82 nm and 1.30 nm for single-crystalline silver films with
different thicknesses [49], and 0.3 nm for single-crystalline aluminum
films [25] (Table S1, Supplementary Information). In contrast, the
conventional evaporation or sputtering technique produces
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polycrystalline copper films with much higher RMS surface roughness
values for different thicknesses (Fig. 1d). Remarkably, a RMS surface
roughness lower than 0.2 nm is attainable for all single-crystalline
copper film thicknesses under stringently-controlled conditions. Such
superior surface quality independent of film thickness is of key im-
portance for multidisciplinary applications which require different
thicknesses. High-precision copper nanostructures with ultrasmooth
surfaces are subsequently patterned by FIB milling. Fig. 1(e) and (f)
show a comparison of nanofabrication quality via SEM imaging be-
tween using the single-crystalline and polycrystalline copper films, re-
spectively. The nanoholes have a diameter of 150 nm and a periodicity
of 550 nm, milled by FIB into a 100-nm-thick copper film on a 500-μm-
thick sapphire substrate. Very fine structural features without any de-
fects can easily be reproduced over a large area on the single-crystalline
film whereas irregular edges of holes and unmilled holes are found on
the polycrystalline film. It is well understood that the imperfect and
imprecise nanostructures fabricated from polycrystalline films are
caused by the presence of surface roughness, which consists of random
grains and grain boundaries. This accounts for the fact that the etch rate
differs for different grains [43] hence leading to unequal milling depths
of the patterned areas. It should be noted that the FIB patterning quality
is unavoidably reduced a little but not significantly when the fabrica-
tion area becomes very large (i.e., 90 µm × 90 µm periodic square
arrays of ~ 17000 nanoholes in total).

3.2. SPR sensing of single-crystalline copper thin films

In order to demonstrate the improved optical properties of our
single-crystalline copper films over polycrystalline copper films, we
performed two plasmonic experiments, SPR and EOT using both types
of films. In the SPR experiment, we applied the Kretschmann config-
uration [55–57] in angular interrogation mode under ambient condi-
tions to excite SPP on the metal-dielectric interface (Fig. S1,
Supplementary Information). SPR is a highly sensitive optical tool to
measure a change in local refractive index of the medium by utilizing
the enhanced electric field on the metal surface. This technique there-
fore finds use in a wide range of applications notably in chemical and
biological sensing [56,58]. When the light beam propagates through
the prism and encounters the interface between the copper thin film
and air, an evanescent wave is formed and excites the SPP efficiently if
the phase matching condition between the light wave and the surface
plasmon is met. This condition is found by tuning the angle of incidence
θ at the copper-air interface until a sharp minimum is seen in the re-
flected light. The measured reflectance of the copper film as a function
of the angle of incidence θ is plotted as a response curve of the SPR
sensor (Fig. 2(a)). The SPR measurements of single-crystalline and
polycrystalline copper thin film samples were started about two weeks
after the film fabrication. The measured thicknesses of the single-crys-
talline and polycrystalline copper films were (52.0 ± 0.5) nm and
(68.7 ± 4.0) nm, respectively; both films were coated on 500-μm-thick
sapphire substrates. Note that the reflectance losses at each interface
were taken into account in the measured response curves by con-
sidering the Fresnel equations. In addition, power drift of the He-Ne
laser used for excitation was corrected by referencing the measured
reflected power to the input power during the entire measurements.
The response curves of both copper sensors were analytically calculated
using the Kretschmann configuration along with a three-layer Fresnel
model to quantitatively determine the effective optical constants and
thickness of the copper films (Fig. 2(a)). In our setup, the critical angle
for total internal reflection is 34.5° as defined by the refractive index of
sapphire. The theoretically fitted dielectric function and thickness are

Fig. 1. Basic characterization of single-crystalline and polycrystalline copper
(Cu) thin films on sapphire substrates. (a) High-resolution TEM image of a Cu/
A12O3 sample with high crystallinity. Inset: electron backscatter diffraction
pattern taken at the interface area between the copper film and the sapphire
substrate. Representative AFM images showing the surface topography of (b)
single-crystalline and (c) polycrystalline copper thin films. (d) Comparison of
RMS surface roughness values for both films with varying film thicknesses.
Representative SEM images of nanoholes with a diameter of 150 nm and a
periodicity of 550 nm fabricated on (e) single-crystalline and (f) polycrystalline
copper thin films using FIB milling before the experiments were performed.

Fig. 2. Copper (Cu) SPR sensors and their long-term stability and performance.
(a) SPR response curves for p-polarized laser light with a wavelength of
λ = 632.8 nm. Theoretical fits (solid lines) to experimental data (dots) for both
single-crystalline and polycrystalline copper thin films. (b) Measured SPR re-
flectance and angle changes at the resonance dip for both types of copper films.
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εc = −11.72 + i0.71 and d = 51.8 nm (single-crystalline copper film)
and εc = −10.28 + i0.82 and d = 70.5 nm (polycrystalline copper
film) at 632.8 nm, respectively. Here, the effective thickness is the total
thickness of the copper film and a thin native oxide layer [28] naturally
grown on the copper film due to exposure to air. For the single-crys-
talline copper film, the calculated effective thickness (51.8 nm) agrees
well with the measured thickness (52.0 nm). On the other hand, the
discrepancy between the effective (70.5 nm) and measured (68.7 nm)
thickness of the polycrystalline copper film might arise from severe
oxidation on the film surface. The growth of an oxide layer is not self-
limiting but can permeate into the grain boundaries and expand by
consuming the polycrystalline copper film, rendering the entire film
partially oxidized in the worst case. The simple theoretical model used
in this work assumes a homogeneous metal film with an effective di-
electric function and thickness and thus cannot account for intra-layer
gradients of chemical composition. Explicit consideration of the oxide
layer and composition gradient in a multilayer Fresnel model should
more accurately reproduce the SPR response of severely oxidized
copper films. However, this would require precise composition analysis
of the oxide layer (e.g., by TEM after sectioning [59]), which is beyond
the scope of this work. Nevertheless, our model is useful to extract
trends of optical constants, which are attributed to changes in physical
and chemical properties. As the film thickness increases from 52.0 nm
to 68.7 nm, the SPR signal becomes weaker as predicted in the calcu-
lation (Fig. S3, Supplementary Information). However, the SPR dip does
not shift to a smaller angle with an increased thickness as expected in
Fig. S3. Instead, the SPR angle θres increases from 36.4° to 36.6° when
the film thickness increases from 52.0 nm to 68.7 nm (Fig. 2(a)). The
positive angle shift observed in the polycrystalline copper sensor is an
indication of oxidation formed on the film surface as evidenced by si-
milar observations reported before for other metal-deposited SPR sen-
sors [60,61].

To further compare the robustness of both single-crystalline and
polycrystalline copper films, the long-term stability of both SPR sensors
under ambient conditions was monitored. The experimental results
displaying the changes of the SPR dip reflectance and resonance angle
over 16 days are shown in Fig. 2(b). These SPR changes are strongly
dependent on the optical constants of the metallic film, such as the real
ε' and imaginary ε'' parts of the complex dielectric function, besides the
film thickness. The SPR dip reflectance values for both films increase at
about the same rate for the first 5 days; however, the dip reflectance of
the polycrystalline film rises much faster than that of the single-crys-
talline film afterwards. Furthermore, the dip reflectance change of the
single-crystalline film slows down and only fluctuates slightly over time
after the 5th day. The increase of dip reflectance (or decrease of the SPR
signal) as a function of time indicates the plasmon coupling is reduced
due to film degradation. In the meantime, the SPR angles for both films
increase monotonically at about the same rate until the 2nd day and the
angle change later escalates in the case of the polycrystalline film while
it maintains the same rate for the single-crystalline film. On a short time
scale of several minutes, both SPR sensors are very stable for real-time
measurements as the changes of dip reflectance and angle are within or
below the instrument errors of the system (0.01% and 0.004° for re-
flectance and angle, respectively, Fig. S4, Supplementary Information).
As mentioned earlier, the changes of SPR properties reflect the evolu-
tion of the real part ε' and imaginary part ε'' of the complex dielectric
function ε' + iε'' of a metal film subjected to air exposure. ε' + iε'' ac-
counts for reflection and absorption of light in the metal. An analysis
detailing the changes of the real and imaginary parts of the dielectric
constants for both films over 16 days is shown in Fig. S5 in
Supplementary Information. The effective dielectric constants of the
single-crystalline and polycrystalline copper films change from
−11.72 + i0.71 and −10.28 + i0.82 to −11.22 + i0.68 and
−9.63 + i0.79, respectively, after 16 days. As illustrated in Fig. S5, it
can be seen that ε' and ε'' of the polycrystalline film experience a bigger
change than those of single-crystalline copper in the same period of

time. On the whole, the single-crystalline copper film exhibits dielectric
constants with a larger negative ε' and a smaller ε'' than the poly-
crystalline copper film. A larger negative ε' implies a higher con-
ductivity in a metal, by which a stronger excitation of collective oscil-
lations of free charges can be induced by an external electromagnetic
field due to the abundance of free conduction-band electrons. Mean-
while, a smaller ε'' indicates less absorption and therefore a lower en-
ergy loss of the SPPs propagating in the metallic film [62]. In addition,
small damping of SPR is achieved if |ε'| » ε'' [28]. The single-crystalline
copper SPR sensor exhibits a greater sensitivity since its |ε'/ε''| ratio is
16.51, which is higher than that of the polycrystalline copper sensor,
|ε'/ε''| = 12.54. After 16 days, the single-crystalline copper sensor has a
negligible change of its sensitivity (|ε'/ε''| = 16.50) whereas it has
decreased in the case of the polycrystalline copper sensor (|ε'/ε''| =
12.19). It has been demonstrated that oxide layers can contribute in
broadening the SPR response curves [28,60]. Over the measurement
period of 16 days, the full width at half maximum (FWHM) of the SPR
dip increases from 0.64° to 0.67° (4.7% broadening) for the single-
crystalline copper and from 0.54° to 0.59° (9.3% broadening) for the
polycrystalline copper, respectively. This finding clearly reveals that
the polycrystalline copper film is significantly more susceptible to
surface contamination and oxidation in the ambient environment than
the single-crystalline film. Consequently, these natural processes lead to
increased surface roughness which can degrade the surface quality,
manifesting in the change of the dielectric constants of the film. We
found that the thickness of oxide layers on our single-crystalline copper
films is usually self-limiting to a quasi-equilibrium value of 2 nm on top
of the film surfaces, and more importantly, the oxygen does not pene-
trate into the films due to the absence of grain boundaries, unlike in the
case of polycrystalline copper films. We also noticed that the high
surface quality of a single-crystalline copper film is preserved after
6 months in contrast to a polycrystalline copper film where its RMS
surface roughness has increased by ~200% after only 1 month of sto-
rage in ambient conditions (Fig. S6, Supplementary Information).
Hence, the single-crystalline copper sensor proves to be much more
stable and durable besides exhibiting a better SPR sensitivity perfor-
mance compared to the polycrystalline copper sensor.

3.3. EOT through single-crystalline copper nanohole arrays

The exceptionally good surface quality of single-crystalline copper
films enables us to fabricate reproducible subwavelength hole arrays
that exhibit ultrasmooth surfaces and high-definition patterns for EOT
experiments. A 100-nm-thick single-crystalline copper film on a 500-
µm-thick sapphire substrate was perforated by a series of
90 μm× 90 μm periodic square arrays of circular holes with a diameter
of 150 nm and periods of 550 nm, 600 nm and 650 nm using a FIB. For
comparison, another set of sample with the same design parameters was
also fabricated on a 100-nm-thick polycrystalline copper thin film de-
posited on a 500-µm-thick sapphire substrate. The samples were illu-
minated with linearly polarized light with a central wavelength of
788 nm from a broadband Ti:sapphire oscillator, providing a wave-
length range of 600–1100 nm which is essential for investigating the
optical transmission spectra through the EOT samples (Fig. S2,
Supplementary Information). The geometrical parameters (hole dia-
meter, periodicity of the structure and copper film thickness) of the
nanohole arrays are chosen such that the plasmon resonance is within
our laser excitation wavelength range. The parameters are determined
numerically by means of FDTD simulations. It has been shown that
surface plasmon excitation of the nanohole array is primarily re-
sponsible for the light transmission through the holes with efficiencies
larger than unity when normalized to the area of the holes [63,64]. The
EOT mechanism can be briefly described as follows: Incoming photons
are converted to SPPs on one side of the metal film, the SPPs propagate
through the holes by tunneling, and then the SPPs scatter strongly at the
hole edges and are reverted to photons on the other side of the film
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[65]. Fig. 3(a) and (b) depict the simulated intensity distributions
around a nanohole in the periodic nanohole arrays by FDTD; the en-
hanced intensities are induced by the excitation of surface electro-
magnetic modes. Fig. 3(c) compares the simulated and measured zero-
order transmission spectra through the nanohole arrays with varying
periods (550 nm, 600 nm and 650 nm) at normal incidence. Note that
the absolute transmission in the experiments is obtained by dividing the
transmitted spectrum by the reference spectrum without the sample. A
2-nm-thick native oxide layer on top of the copper film is considered in
the calculations. Overall, the simulated transmissions are higher than
the experimentally observed transmitted intensities because the FDTD
calculation does not take into account scattering losses which occur at
the holes. Moreover, some variations in the hole diameter throughout
the samples can be a contributing factor to the lower transmissions [65]
observed in the experiments. In addition, the discrepancies in ampli-
tude and minor deviations between the simulated and measured spectra
can be attributed to the focusing condition in the experiments. This is
because the EOT spectral features are strongly associated with the angle

of incidence of the incoming light [63,66] onto the sample.
It is well-known that the spectral peak position of the maximum

transmission is related to the period of the nanohole arrays [63]. In our
results, when the period increases from 550 nm to 650 nm, the peak
positions are red-shifted accordingly, as shown in Fig. 3(c). These
transmission peaks are attributed to the resonant features of localized
surface plasmons and propagating SPPs in the holes and are dependent
on the periodicity of the nanohole array, the specific order of the
plasmon modes, and the dielectric function of the metal and its inter-
faces [67,68]. For period p = 650 nm, the minima in the experimental
transmission curves at around 650 nm and 820 nm correspond to non-
resonant Wood’s anomalies [67] at the air and sapphire interfaces, re-
spectively (see Fig. 3(c)). Wood’s anomaly usually occurs in a dif-
fractive array when the emerged beam is tangent to the array. Given by
the period of the nanohole array, the minimum of the Wood’s anomaly
at the sapphire interface shifts correspondingly from 820 nm (for
p = 650) to 770 nm and 710 nm (for p = 600 nm and p = 550 nm,
respectively). The asymmetric line-shape of the transmission peaks is
known as the Fano profile [69], marked by a rapid change of intensity
when the Wood’s anomaly is close to or interferes with the plasmon
resonance. The Fano-like phenomenon in metallic nanohole arrays is
most often observed when the hole size is small compared with the
resonant wavelength and the metal film is thin [68], which is the case
in our experiment. Aside from these discrepancies in amplitude and
shape, the simulated spectra match reasonably well to the measured
spectral features with respect to the spectral peak positions in the case
of single-crystalline copper nanohole arrays for periods of 550 nm,
600 nm and 650 nm. It is to be noted that the transmission signals of the
main peaks are lower by a factor of 2 in the polycrystalline nanohole
arrays compared to the single-crystalline nanohole arrays for all per-
iods. Besides that, the transmission peaks of the polycrystalline copper
nanohole arrays appear to be less sharp and somewhat differently
shaped in comparison to those of the single-crystalline copper nanohole
arrays. In other words, the single-crystalline copper samples exhibit
stronger and sharper plasmonic resonances, in fairly good agreement
with the theoretical predictions. The observation of polycrystalline
copper nanoholes with poorer transmission features, can well be due to
structural imperfection of the nanoholes where not all unit cells are
exactly identical, which is a common issue in polycrystalline metal
films. Furthermore, increased SPP loss (e.g., reduced SPP propagation
length) as a result of surface roughness in polycrystalline films can ef-
fectively degrade the EOT transmission [70].

3.4. SEM/EDX after experiments

Both single-crystalline and polycrystalline copper nanohole array
samples were investigated for potential laser-induced contamination
and oxidation after performing the EOT experiments. The sample sur-
faces were characterized and analyzed with a SEM equipped with EDS
to obtain information about the surface morphology and chemical
composition at specific locations within the region of interest (ROI).
Fig. 4(a) and (b) show the SEM images of the single-crystalline and
polycrystalline nanohole arrays, respectively, with a periodicity of
650 nm. The EDS spectra (Fig. 4(c–e)) were recorded for three ROIs
shown in Fig. 4(a) and (b) and their corresponding atomic compositions
and weight distributions are summarized in Table 1. No laser ablation
on the surfaces is found since the laser peak intensity illuminated on the
samples is ~2 × 109 W cm−2 (or a laser fluence of ~4 × 10-5 J cm−2),
which is far below the laser damage threshold of metallic thin films
[71]. However, several dark spots are visible on the surface of the
polycrystalline sample which are mainly caused by adventitious carbon
contamination originated from the adsorption of hydrocarbons, CO2 or
CO [72] in the ambient atmosphere. As shown in Table 1 and Fig. 4(b),
the carbon concentration in terms of atomic percentage and weight
percentage in ROI 3 (dark spot) is relatively higher than that in ROI 2
(without dark spot), confirming the aforementioned observation. At the

Fig. 3. Numerically simulated and experimental results of EOT samples.
Exemplary simulated near-field intensity distributions of a copper (Cu) nano-
hole array sample (a) at the interface between air and copper and (b) from the
side view at a resonant wavelength of 694 nm. The model geometry consists of
a 100-nm-thick copper film with a hole diameter of 150 nm and a nanohole
periodicity of 650 nm on a sapphire (Al2O3) substrate. The light polarization is
parallel to the x-axis. The color bar shows the electric field intensity |E|2. (c)
Simulated and measured EOT spectra for three copper nanohole arrays with a
film thickness of 100 nm, a hole diameter of 150 nm and varying periodicities,
p = 550 nm, 600 nm and 650 nm. The dotted blue lines denote the simulated
spectral transmissions while the solid black lines and solid red lines denote the
transmission measurements of single-crystalline copper and polycrystalline
copper samples, respectively. The simulated spectral transmissions are reduced
by a factor of 2 for a better comparison with the lower experimental trans-
mission values.
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same time, carbon is also found on the single-crystalline copper surface.
We conjecture that a uniform and thin adventitious carbon layer should
form on the single-crystalline copper surface and remain in a normal
state while carbon clustering can preferentially occur at the grain
boundaries on the polycrystalline copper film. As a result, adventitious
carbon contaminants appearing as dark spots are formed in the latter
and continue to build up with increasing air exposure time. Heat gen-
erated from the laser illumination during the experiment should have
exacerbated the surface contamination because this can weaken the
nucleation sites, e.g., the grain boundaries or defects in the poly-
crystalline copper sample. In contrast, the single-crystalline copper film
is usually more resistant to heat as it can withstand a high temperature
of around 100–200 °C. Aluminum is detected in both copper films be-
cause the electron beam penetrated through the films and reached the
sapphire substrates to exite the electrons within the aluminum com-
pound. However, its amount is found to be higher in the polycrystalline
copper sample in comparison to the single-crystalline sample. This is
because the former exhibits a porous surface due to grain boundaries
therefore the beam could penetrate deeper into the sapphire. In addi-
tion, a slightly higher oxygen amount is detected in the polycrystalline
sample compared to the single-crystalline sample (see Table 1). It is
presumed that the oxygen found in the polycrystalline sample origi-
nates from the oxide layer on top of the copper surface, the grain
boundaries around the whole film and the sapphire. This is corrobo-
rated by a lower copper concentration in the polycrystalline film in
comparison with the single-crystalline film.

4. Conclusions

We have demonstrated that epitaxially-grown copper films over
large areas on sapphire substrates using a single-crystalline target are
advantageous for plasmonic applications. Our single-crystalline copper
films are shown to exhibit ultrasmooth surfaces which are less prone to
oxidation and contamination in comparison to conventional poly-
crystalline copper films. In the SPR experiment, the single-crystalline
copper film exhibits considerably improved dielectric constants with
higher conductivity and lower absorption as well as greater durability
compared to the polycrystalline copper film. Additionally, sharper EOT
peaks along with stronger plasmonic resonances are observed in the
single-crystalline copper nanohole arrays compared with the nanohole
arrays fabricated from the polycrystalline copper film. This is attributed
to reduced propagation loss of SPPs in the nanoholes due to their well-
defined and smooth features. Our findings open an alternative pathway
to the practical use of single-crystalline copper films in active and more
complex plasmonic and nanophotonic devices as well as functional
integrated nanocircuits in the industry.
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Fig. 4. SEM/EDS analysis of single-crystalline and polycrystalline copper na-
nohole samples after the EOT experiments. SEM images of (a) single-crystalline
and (b) polycrystalline nanohole arrays with a periodicity of 650 nm used in the
experiments before. The EDX spectra recorded at ROIs 1, 2 and 3 are shown in
(c), (d) and (e), respectively. Elemental compositions of carbon (C), oxygen (O),
copper (Cu) and aluminum (Al) are present in both films, see text for details.

Table 1
Atomic composition percentage (At%) and weight percentage (Wt%) of three
ROIs (1, 2 and 3) from the single-crystalline and polycrystalline copper nano-
hole arrays shown in Fig. 4.

Element 1a [At%] 2b [At%] 3b [At%] 1a [Wt%] 2b [Wt%] 3b [Wt%]

C 3.69 2.75 6.66 1.11 0.89 2.17
O 24.59 27.44 24.86 9.87 11.80 10.79
Cu 44.10 37.36 37.19 70.31 63.78 64.13
Al 27.62 32.45 31.29 18.70 23.53 22.91

a Single-crystalline copper nanohole arrays
b Polycrystalline copper nanohole arrays
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