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be effectively tuned by changing the size 
and shape of the employed components, 
or the refractive index of the surrounding 
medium. Optical resonances of metallic or 
dielectric nanostructures and their inter-
ference in the organized arrangement or 
amorphous ensemble allow bright struc-
tural colors,[4–13] which can be actively con-
trolled by mechanical deformation,[14,15] 
transient liquid crystals,[16–18] and electro- 
or thermochromic polymers.[19–21] In addi-
tion, a structural color is semipermanent 
unless its internal structure is destroyed 
or disrupted, while a pigment-based 
color suffers from photodegradation and 
oxidation in a real environment. These 
advantages of structural colors have been 
employed in various applications in the 
visible and near-infrared wavelength 
regions, including color pixels,[2,6–8] 
filters,[22–25] photodetectors,[26] filterless 

image sensors,[27] and sensitive biodetectors.[13]

Resonant reflection of ultraviolet (UV) light has been 
demonstrated using 3D photonic crystals[28] and multilayer 
structures.[29] Aluminum is one of the most promising mate-
rials to support plasmonic resonances not only in the visible 
region but also in the near-UV region. Structural color genera-
tion in the visible wavelength based on aluminum nanostruc-
tures has been reported.[6–10,30,31] However, a thin resonant 
reflection film employing plasmonic aluminum nanostruc-
tures, the center wavelength of which can be tuned over the 
full near-UV wavelength region, and its applications to UV 
structural color generation and image printing have not yet 
been reported. Optical resonances in the UV regime have been 
conventionally applied to enhance photocatalysis,[32] photoelec-
tron emission,[33] and photoluminescence.[34,35] UV structural 
color materials are expected to be highly useful not only for 
the typical applications of UV optical resonances, but also for 
other further applications including colorization of UV images, 
anticounterfeiting,[36] visible-blind image sensing,[37] and dense 
color multiplexing.[38] We also note that aluminum-based 
structural colors can be seamlessly used as ultrathin filters to 
improve current devices for UV detection and imaging.[22,23,26]

In this work, we demonstrated bright reflective near-UV 
structural color generation based on the plasmonic resonance 
of an aluminum nanodisk array. Aluminum, of which the inter-
band transition exists at a wavelength of ≈800 nm, exhibits lower 
material loss[39] and better performance in the UV wavelength 
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Surface Plasmon Resonance

Structural color generation based on the resonant reflection or 
transmission of optical nanostructures has been widely investi-
gated as an excellent alternative to conventional pigment-based 
color generation.[1–3] Typically, pigments produce a color with 
a fixed spectrum determined by their inherent light absorp-
tion characteristics. On the other hand, structural color can 
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range than noble metals.[40–42] In addition, aluminum is com-
patible with the complementary metal–oxide–semiconductor 
(CMOS) process and suitable for mass production.[30,31,43] By 
controlling the geometry of the aluminum nanodisk array, the 
generated UV structural color was efficiently tuned over the full 
near-UV range. We finally demonstrated UV structural color 
pixels, check-patterned images, and an anticounterfeit image 
showing distinct responses to UV and visible illumination. The 
numerical simulation using the finite-difference time-domain 
(FDTD) method successfully reproduced the properties of the 
generated near-UV structural color, including the center wave-
length, reflectance, and spectral width.

Bright structural color generation requires resonant reflec-
tion or transmission. Periodically arranged metal nanodisks 
support a narrow and strong optical resonance in reflection, 
due to coupling between the grating diffraction of the array 
and the plasmonic resonance of the individual nanodisk.[44,45] 
By controlling its resonance wavelength, the aluminum nano-
disk array selectively reflects UV light but transmits visible 
light, as illustrated in Figure 1a. In optical microscope images 
(insets of Figure 1a), the fabricated aluminum nanodisk array, 
the resonance wavelength of which is ≈328 nm, is clearly 
observed under UV illumination (326 ± 12.5 nm), but is nearly 

indistinguishable from the bare substrate under visible illumi-
nation (halogen tungsten lamp). Here, the diameter and thick-
ness of the nanodisk are 72 and 35 nm, respectively, and the 
period of the square lattice array is 190 nm. The numerical sim-
ulation results in Figure 1b indicate that, at the UV wavelength 
of 326 nm, the strongly reflected light interferes with the inci-
dent light and forms a standing wave pattern along the vertical 
direction. Plasmonic resonance highly concentrates the electric 
field of the incident UV light with an intensity enhancement of 
≈71.6 at the maximum. On the other hand, visible incident light 
with a wavelength of 420 nm does not interact significantly with 
the aluminum nanodisk array, and the reflection of the array dif-
fers little from that of the bare substrate (Figure 1c).

To characterize UV structural color generation, we meas-
ured the reflectance spectra of the aluminum nanodisk arrays. 
Figure 2a shows scanning electron microscope (SEM) images 
of the fabricated square lattice arrays of aluminum nanodisks 
on the quartz substrate. Aluminum nanodisk arrays (thickness: 
≈35 nm) were fabricated using conventional electron beam 
lithography (EBL) followed by thermal evaporation and lift-off 
processes. While the filling factor, defined as the ratio of the 
physical area of the nanodisk to the unit cell area, was fixed at 
≈11%, we changed the diameter of the nanodisk and the period  
of the square lattice from ≈74 to ≈94 nm and from 
≈190 to ≈260 nm, respectively. The incident UV light from the 
deuterium lamp illuminates the nanodisk array through a UV 
objective lens (× 40; numerical aperture, NA: 0.5) and a linear 
polarizer. The illuminating area has a circular shape with a 
radius of ≈30 µm, sufficient for uniform coverage of the entire 
nanodisk array (size: 20 × 20 µm2).

Figure 2b shows that as the scale of the nanodisk array 
increases, the resonance wavelength (λres) gradually increases 
from ≈323 to ≈400 nm (≈328 to ≈404 nm) for x-polarized 
(y-polarized) incidence. The slight difference between x- and 
y-polarizations is due to fabrication imperfections of the square 
lattice array. Over the near-UV range, we achieved high reflec-
tance values of ≈30.8% (≈31.3%) for x-polarized (y-polarized) 
incidence on average at resonance, despite the low filling ratio. 
In the off-resonance region, the reflectance is ≈5%, which cor-
responds to that of the quartz substrate. The resonant behavior 
with a narrow linewidth, of which the average full width at half 
maximum (FWHM) is ≈0.174λres (≈0.170λres) for x-polarized 
(y-polarized) incidence, enables UV structural color genera-
tion. We note that the peak reflectance and FWHM of the UV 
resonance are compatible with those of visible structural colors 
in previous reports.[1,4] The distinct resonance in the reflection 
spectrum originates from collective plasmonic oscillation due 
to the near-field coupling of the nanodisks.[44–46]

To understand the resonant UV structural color generation, 
we calculated the reflectance spectra under the normally inci-
dent planewave using the FDTD method employing the peri-
odic boundary condition (Figure 2c). The diameter of the Al 
nanodisk and the period of the square lattice are identical to 
those of the experiments. In the FDTD simulation, we used the  
Drude model to fit the experimental permittivity of Al in the 
spectral range from 250 to 450 nm[39] (Table S1, Supporting 
Information). The refractive index of the quartz substrate is 
fixed to 1.56. The simulation reproduces the resonance wave-
length and its shift in the experiment depending on the scale 

Adv. Optical Mater. 2018, 6, 1800231

Figure 1.  a) Schematic diagram of reflecting near-ultraviolet (UV) struc-
tural color generated by the aluminum nanodisk array. The collective 
plasmonic oscillation of the aluminum nanodisks selectively and strongly 
reflects UV light but transmits visible light. The insets show measured 
bright-field microscope images of an aluminum nanodisk array, of which 
the center wavelength of resonance is ≈328 nm, under near-UV (326 ± 
12.5 nm) and visible (tungsten-halogen lamp) illuminations. Scale bar, 
10 µm. b,c) Calculated electric field intensity distributions (log-scale) of 
the aluminum nanodisk array and the quartz substrate under 326 and 
420 nm wavelength incidences, respectively. The field intensity is normal-
ized to that of the incident light. Scale bar, 100 nm.
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of the nanodisk array. We note that the absorption spectrum 
shows a similar behavior as the reflectance spectrum and the 
transmittance exhibits an opposite behavior to the reflectance 
and absorption (Figure S1, Supporting Information). The trans-
mittance becomes higher than 80% at off resonance, which 
shows that the aluminum nanodisk array can also be useful to 
generate complementary, transmissive structural color with a 
high contrast ratio.

Compared with the experimental results, the calculated 
resonances have higher peak reflectance values and narrower 
FWHMs and exhibit asymmetric line shapes due to the Fano-
like interference between the Rayleigh–Wood anomaly mode 
and plasmonic resonance.[47–49] This is because, in the experi-
ments, the incident (reflected) light was focused (collected) 
with a divergence angle of ±30° corresponding to the NA of 
the objective lens. Plasmonic resonance and the Rayleigh–
Wood anomaly of the aluminum nanodisk array are sensitive 
to the angle of incidence and reflected radiation (Figure S2, 
Supporting Information). The focusing and collection of light 

with a divergence angle broaden and blur 
the narrow, asymmetric line shape of the 
reflection resonance. In addition, fabrica-
tion errors in the diameters and positions 
of the aluminum disks can cause inhomo-
geneous broadening of the resonance spec-
trum. We also examined the effects of extra 
damping of the nanostructured aluminum 
with a larger collision frequency than that of 
the bulk aluminum. The larger the damping 
causes a lower reflectance and slightly 
shorter center wavelength, but the shape of 
the reflectance spectrum does not change 
much (Figure S3, Supporting Information). 
We note that the thin native oxide layer on 
the surface of aluminum may degrade the 
performance of plasmonic aluminum nano-
structures in the UV wavelength range.[41] 
We calculated the effects of the thin alu-
minum oxide layer on the reflectance spec-
trum. The thin surface oxide layer lowers 
the peak reflectance but does not change the 
shape of the resonant reflectance spectrum 
much (Figure S4, Supporting Information). 
It has been reported that a transparent UV-
curable organic–inorganic hybrid material 
coating will protect not only from severe oxi-
dation but also from mechanical damage or 
greasy contamination.[43] To avoid further sig-
nificant oxidation, we kept the samples in a 
vacuum chamber except during the measure-
ment. To examine the long-term stability of 
the aluminum nanodisk array, we measured 
the same aluminum nanodisk arrays again 
one and a half years later than the measure-
ment in Figure 2b. We have kept the samples 
in ambient condition after the first measure-
ment. We successfully confirmed that the 
reflectance spectra of the first and second 
measurements are almost same despite such 

a long period (Figure S5, Supporting Information).
Calculating angle- and polarization-dependent reflectance 

spectrum of an aluminum nanodisk array under oblique inci-
dent planewave, we examine the effects of the Rayleigh–Wood 
anomalies on the structural color generation (Figure 3). We 
employed the Bloch boundary condition in the FDTD simula-
tion and calculated the power ratio between the reflected light 
to air and the incident light. The angle of incidence varies from 
0° to 45° with a step of 5°. The nanodisk array with a period 
of 230 nm shows both of the Rayleigh–Wood anomalies in the 
quartz substrate (n = 1.56) and air (n = 1) in the near-UV region. 
As the incident angle increases, the Rayleigh–Wood anomaly 
condition shifts to longer wavelengths and causes a significant 
effect on the structural color characteristics. The abnormal res-
onances indicated by the black arrows in Figure 3 are due to 
the anticrossing coupling between the plasmonic resonance of 
the aluminum nanodisk and the Rayleigh–Wood anomalies.[50] 
At an incident angle smaller than 20°, the reflectance spectra 
for both P- and S-polarization show similar behavior, but 
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Figure 2.  a) Scanning electron microscope (SEM) images of the fabricated aluminum nanodisk 
arrays. Scale bar, 100 nm. The thickness of a nanodisk is ≈35 nm, by atomic force microscopy 
measurements. b) Measured reflectance spectra of the aluminum nanodisk arrays in Figure 2a. 
The diameter of the nanodisk, D, and the period of the square lattice array, P, change with 
fixing of the filling ratio of the disk to the unit cell. c) Calculated reflectance spectra under 
normally incident near-UV light. The dashed vertical lines indicate the spectral positions of the 
Rayleigh–Wood anomaly. The simulation grid size is 2 nm.
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approaching Brewster’s angle (57.3°), the oblique incidence 
provides a background off-resonance reflectance for P-polariza-
tion much weaker than that for S-polarization. Practical applica-
tion of structural colors requires insensitive dependence on the 
incident angle and polarization. It has been reported that intro-
duction of randomness to the periodic structure[4] and hybridi-
zation of two different plasmonic modes[43] can improve the 
angle- and polarization-dependent performance of structural 
colors based on nano-optical resonances.

Figure 4 shows the measured bright-field microscope images 
of the aluminum nanodisk arrays under various UV illumina-
tions through different bandpass filters, of which the center 
wavelength/FWHM values are 326/25, 340/25, 365/25, 380/10, 
400/25, and 420/20 nm, respectively (Figure S6, Supporting 

Information). Here, we determined the reflectance of the array 
by a relative comparison with that of the bare quartz substrate. 
The resonant characteristics produce structural colors sensi-
tive to the spectral window of the bandpass filter, and tunable 
over the full near-UV region while keeping the brightness to 
≈35% around the resonance wavelength. Thus, the eight near-
UV structural color arrays were successfully distinguished from 
each other. It is also worth noting that the filling factor of ≈11% 
is sufficient to generate uniform reflection over the entire 
nanodisk array as the period of the array is smaller than the 
Abbe limit.

Finite-sized arrays of aluminum nanodisks can act as struc-
tural color pixels to print UV images. Figure 5a shows SEM 
images of two arrays, of which the period and nanodisk diam-
eter (P, D) are 190 and 62 nm, and 250 and 86 nm, respectively. 
As shown in Figure 5b, the two nanodisk arrays have different 
resonance wavelengths of ≈317 and ≈387 nm, but almost the 
same peak reflectance values of ≈21.1% and ≈20.7%. Due to 
their smaller filling factors of ≈8%, the aluminum nanodisk 
arrays in Figure 5 exhibit lower reflectance values than the 
arrays in Figure 2. When demonstrating a structural color pixel 
using the finite-sized array, it should be noted that the bright-
ness of the array depends on its size.[51] Figure 5c shows simu-
lated reflection spectra of the finite-sized arrays with different 
numbers of nanodisks (3 × 3, 5 × 5, and 11 × 11 nanodisk 
arrays) and the infinite array.

We calculated an effective reflectance, defined by the inte-
grated flux ratio between the incident and reflected light. The 
fluxes of the incident and reflected light are integrated over the 
area of the finite-sized array, which is determined by the area 
of the unit cell times the number of unit cells. As the size of 
the array increases, the brightness increases, the spectral width 
becomes narrower and, finally, the reflective spectrum gradu-
ally approaches that of the infinite array. This is because the 
near-field coupling with neighboring nanodisks enables the 
aluminum nanodisk to reflect the incident light to air to a 
greater degree than the uncoupled single nanodisk.[1] On the 
other hand, the nanodisk array exhibits a lower transmittance 
than the single nanodisk, as the scattered field by the coupled 
nanodisks interferes destructively with the incident field in the 
substrate (Figure S7, Supporting Information). At the edge of 
the array, a relatively small number of nanodisks interact, and 
the near-field coupling becomes weak; the smaller the array, the 
lower the reflectance due to the edge effect. However, the arrays 
with 5 × 5 nanodisks, of which the physical sizes are only in 
the order of 1 × 1 µm2, are sufficient to demonstrate bright UV 
structural color pixels.

We demonstrate two-tone check pattern images using two 
UV structural color pixels. Figure 5d shows bright-field reflec-
tive microscope images of four check patterns with different 
pixel sizes under bandpass filtered near-UV illumination. As 
the center wavelength of the near-UV illumination changes, 
the bright and dark areas reverse at a wavelength of 350 nm. 
The pixel sizes of the check patterns are 10.0, 5.0, 2.5, and 
1.0 µm on a side, respectively. The pixels with a size of 2.5 µm 
not only support an ultrahigh resolution of ≈10 000 pixels per 
inch (PPI), but also generate a clear checkered-patterned near-
UV image without undesired color mixing between pixels. We 
note that the typical industry standard for excellent printing 
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Figure 3.  Calculated reflectance spectra depending on the angle of inci-
dence for P- (left) and S-polarization (right). The angle of incidence varies 
from 0° to 45°. We examine the array of which the nanodisk diameter 
and period are 90 and 230 nm, respectively. The red and blue dotted 
lines indicate the conditions of the Rayleigh–Wood anomaly in the sub-
strate (n = 1.56) and air (n = 1), respectively. The black arrow indicates 
the abnormal resonance due to the anticrossing coupling between the 
plasmonic resonance of the aluminum nanodisk and the Rayleigh–Wood 
anomalies. The simulation grid size is 2 nm.
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quality is >300 PPI. As predicted by the FDTD simulations 
(Figure 5c), the smaller the pixel size, the lower the contrast 
between the bright and dark areas. However, although the con-
trast becomes low, the smallest pixel with a size of 1 µm also 

produces a distinct two-tone check pattern and exhibits distinct 
reversal of the bright and dark areas.

As a unique application of the bright near-UV image 
printing, we demonstrated an anticounterfeit image of the 

Adv. Optical Mater. 2018, 6, 1800231

Figure 4.  Bright-field microscope images of the aluminum nanodisk arrays under the different illuminations through 326/25, 340/25, 365/25, 380/10, 
400/25, and 420/20 nm bandpass filters. The bandpass filters were used to mimic the role of the visual cell in the near-UV range. Scale bar, 10 µm.

Figure 5.  a) SEM images of two different aluminum nanodisk arrays, A (left) and B (right) with a diameter and period of 62 and 190 nm, and 86 and 
250 nm, respectively. Scale bar denotes 200 nm. b) Measured reflectance spectra of the two arrays, the areas of which are identical to 10 × 10 µm2. 
c) Calculated effective reflectance spectra of the two arrays depending on the pixel size. We simulated the finite-sized arrays containing 3 × 3, 5 × 5, 
and 11 × 11 nanodisks, as well as the infinite array. The simulation grid size is 4 nm. d) Bright-field microscope images of the check pattern consisting 
of two nanodisk arrays under near-UV illumination through 300/25, 313/25, 326/25, 340/25, 365/25, 380/10, 400/25, and 420/20 nm bandpass filters. 
Here, L is the size of the pixel on a given side. Scale bar, 5 µm.
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KAIST logo with a size of 40 × 40 µm2 (Figure 6). The bright-
field microscope images under different near-UV illuminations 
in Figure 6a show the distinct behaviors of the background and 
logo, which consist of different near-UV structural colors. The 
logo and background areas were filled by the aluminum nano-
disk arrays, as shown in Figure 5a. The printed logo changes 
from an embossed image to an engraved image as the wave-
length of the UV illumination increases. Above all, the image 
of the logo is clearly distinguished under near-UV illumina-
tion (313 ± 12.5 nm) but is hardly distinguishable under visible 
illumination (halogen tungsten lamp), as shown in Figure 6b. 
Compared with conventional fluorescence-based anticounter-
feit image printing,[52] this UV structural color-based anticoun-
terfeit image is permanent, and easy to create and detect. 
Moreover, the combination of the near-UV structural colors 
with different reflectance spectra provides a more complex and 
powerful anticounterfeiting method.

In summary, we demonstrated reflecting structural colors in 
the near-UV wavelength range using aluminum nanodisk arrays. 
The collective and distinct resonance of plasmonic aluminum 
nanodisks in the array generates bright near-UV structural colors, 
of which the center wavelength can be easily tuned depending on 
the diameter of the nanodisk and period of the array. The strong 
resonance phenomenon enables a high reflectance of more than 
30%, even at a low filling ratio of ≈11%. The FDTD simulations 
successively reproduced the resonant reflection spectrum and 
its size-dependent behavior. Employing the aluminum nanodisk 
array as a structural color pixel, we printed high-resolution UV 
images of over 10 000 PPI and demonstrated an anticounterfeit 
image, which behaves completely different under near-UV and 
visible illumination. We expect that the near-UV structural color 

medium will be highly useful for various applications, including 
ultrathin CMOS-compatible filters for UV detection and 
imaging, visible-blind image sensing, dense color multiplexing, 
and power-efficient photocatalysis.

Experimental Section
Fabrication: The aluminum nanodisk arrays were fabricated using 

typical EBL, followed by thermal evaporation and lift-off processes. A 
poly(methyl methacrylate) (PMMA) positive electron beam resist layer 
was spin-coated on the quartz substrate. A conductive polymer (Espacer 
300Z, Showa Denko) layer, additionally coated on the PMMA layer, 
reduces the charging effect during the EBL process. The EBL patterns 
were developed by 1:3 methyl isobutyl ketone:isopropyl alcohol solution 
for 40 s at 25 °C. A 35 nm thick thermally evaporated aluminum layer 
was deposited with a rate of 0.5 Å s−1, and a lift-off process with a 
solvent stripper (Remover PG) at 80 °C was followed.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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