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Both beneficial matter and harmful matter widely spread in aqueous solutions. Various approaches have been
developed to identify them qualitatively and quantitatively. In particular, colorimetric sensing, relying on an
observable environment-induced color change, is a readily accessible approach to detect signals via our naked
eyes, with no need for extra optoelectronic devices. Here we propose a colorimetric sensing scheme with enhanced
performance using plasmonic metasurfaces. By judiciously selecting the structure parameters, the plasmonic
resonance can be flexibly tuned at the entire visible range. Along with a pair of polarizers to filter the polarization
states of the incident light and output reflection, a plasmonic metasurface, supporting bright colors, can serve as an
efficient colorimetric sensing substrate. As an example, a figure of merit can be obtained as high as 1175◦/RIU in the
demodulation of the hue. Significantly, the sensing capability can be designed according to the selected solvent with
a specified refractive index, which promises a target-oriented colorimetric sensing scheme. ©2019Optical Society of

America

https://doi.org/10.1364/JOSAB.36.003168

1. INTRODUCTION

Efficient identification of certain analytes in various solutions
is of great importance for both science and engineering com-
munities. Various approaches have been developed to detect
either known or unknown targets qualitatively or quantita-
tively based on different mechanisms. Among them, plasmonic
effects give rise to excellent performance at monitoring the
analyte with trace concentration in samples, which can be
attributed to the strong electromagnetic field localized around
the subwavelength structures. Any changes to the immediate
dielectric environment could affect the near-field distribution
of plasmonic resonances and thus lead to a variation of res-
onant spectrum in the far field. Therefore, the properties of
the plasmonic resonance, such as resonant wavelength, angle,
phase, etc., could be employed as a characteristic parameter
for sensing purposes [1–9]. In particular, when the resonance
occurs in the visible range, the resulting change in spectrum
will be transformed to a variation on an observable color, which
can thus be employed as an indicator for sensing purposes,

usually termed colorimetric sensing [10–13]. Many researches
are devoted to designing high-sensitivity systems using various
structures such as hyperbolic metamaterials [14], plasmonic
nanoholes [15], all-dielectric silicon-based metasurfaces [16],
coupled plasmonic cavities [17], and silver quadrumer [18]. In
comparison with other types of sensing methods, colorimetric
sensing could straightforwardly indicate the existence of the
target even quantitatively with no need for extra optoelectronic
devices [10,15], although the required resonances are confined
to occurring in visible light [10,19,20].

Usually, a specific target analyte will be diluted in an aqueous
solution for characterization [14,15,21,22]. In particular, when
the amount of analyte is trivial, only a tiny refractive index
change will be added to that of the solvent. The resulting color
change will thus be difficult to observe. Therefore, it is necessary
to design a sensing substrate with an optimized figure of merit
(FOM) for a specific aqueous solution with resonance in visible
light. Importantly, to obtain bright and vivid colors, a narrow
resonance linewidth and low background are preferable [10].
In addition, aluminum (Al) shows advantageous properties as
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plasmonic substrates, and it supports resonances covering the
entire visible range and longer shelf life when compared with
gold and silver [23].

Here we propose a plasmonic Al structure with periodic
nanoholes as a colorimetric sensing substrate. A peak-like reflec-
tion spectrum can greatly enhance the contrast of color variation
using a polarizer-analyzer configuration. Therefore, vibrant
colors ranging from blue, to green, to red can be easily observed
in a bright light environment due to the negligible reflection
background. A FOM, defined as the ratio of index-induced
color hue change over the refractive index change [10], reaches
as high as 512◦/RIU in the entire visible range. Furthermore,
a higher FOM of 1175◦/RIU is demonstrated within a small
index change. It is found that an optimized sensing performance
at a specific refractive index range (i.e., solvent) can be achieved
by tuning the geometric parameters or excitation conditions.

2. RESULTS AND DISCUSSION

As schematically shown in Fig. 1, two-dimensional (2D) peri-
odic Al rectangular hole arrays are employed as the plasmonic
colorimetric sensing substrate, which could support propa-
gating surface plasmon polaritons (SPPs). Due to their strong
localization, plasmonic fields at a metal surface could play
as an efficient effect to discriminate the optical change of its
immediate surrounding [24]. SPPs can be excited only when the
momentum matching condition is fulfilled, which is given by
[25,26](
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where εm is the permittivity of Al derived from experiment data
[27] and na is the refractive index of the immediate environ-
ment; (m, n) are integers defining the Bragg diffraction orders;
and Px and Py are the periodicities along the x and y axes,
respectively. All simulations are performed using Lumerical
FDTD solutions. Periodic boundary conditions are employed
along the x and y axes; perfectly matched layers (PMLs) are
applied along the z axis. The structure is excited by a broad-
band plane wave source ranging from 380 to 780 nm. In order
to obtain accuracy results, the mesh size is optimized after a
converging test. The polarization state ϕ1 of the incident plane
wave is fixed at 45◦. Therefore, only half of the incident energy is
employed to excite the SPP mode, and the electric field is mainly
localized around holes [28,29]. Since |εm | � n2

a , the resonance
wavelength λ(−1,0) for (−1, 0) SPP mode can be approximated,
expressed as

λ(−1,0) ≈ na (1+ sin θi )Px . (2)

When the environment is vacuum (na = 1), there is a resonance
dip occurring at 419 nm, which arises from the diffraction
of (−1, 0) order. To characterize the sensing performance,
the immediate environment is then set to be aqueous with a
refractive index ranging from 1.33 to 1.47. As the refractive
index of the environment increases to 1.33, i.e., a distilled

Fig. 1. Schematic of the proposed colorimetric sensing design and
polarizer-analyzer configuration for controlling the polarization states
of input light and output signal. The physical parameters, i.e., the
length L , width W , height H of the nanohole, the periodicities along
the x axis Px and y axis Py , and the incident angle θi , are also defined.

water environment, the reflection dip shifts to 550 nm.
Sensitivity S, defined as 1λ/1na , of 397 nm/RIU can be
obtained. According to Eq. (2), the sensitivity can be expressed
as S = (1+ sinθi ) Px . When ϑi = 20◦, the calculated sensi-
tivity is 402 nm/RIU, which matches well with the simulation
result. According to Eq. (1), the periodicity Px is limited at
visible range to generate a color, so the corresponding sensitivity
is moderate, in comparison with those with a periodicity of
∼ 1000 nm. However, to characterize the colorimetric sensing
performance, we will focus on the hue variation in color space,
and the FOM is defined in demodulation of the hue later.

Further increasing na leads to a redshift of the resonance
wavelength. We then calculate the colors supported by the
reflection spectra as shown in the upper part of Fig. 2(a). The
calculated colors are also employed to colorize the correspond-
ing spectra. This scheme is also applied to the colors of other
reflection spectra. It is obvious that the resulting colors maintain
a whitish color, which are thus incapable of discriminating
such a big index change via colors. A similar scenario takes place
when Px increases to 380 nm as shown in the upper part of
Fig. 2(b).

However, the reflection line shape will be changed distinctly
when an analyzer is inserted with an orientation angle ϕ2, i.e.,
another linear polarizer, to select the polarization state of the
specular reflection [25,26]. In particular, when the analyzer is
oriented orthogonally (ϕ2 = 135◦) to the incident polarization,
the line shape of the reflection spectra transforms from dips
into peaks with a negligible background [25,26]. Meanwhile,
the narrow full width at half-maximum (FWHM) is reserved
with a considerable reflectivity at the resonance as shown in
the lower part in Fig. 2(a). The resonance remains at 419 nm
when na = 1. The maintained FWHM and resonance wave-
length verifies the same origin of the resonance mode [25,26].
Remarkably, the generated color mutates from whitish to pur-
ple, as labeled in lower part of Fig. 2(a). Here, the reflected
spectrum can be given as [25,26]
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where E0 is the incident field and ω0 represents the resonance
frequency; a and b are the amplitude of direct reflection and
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Fig. 2. Dependence of specular reflectivity on the reflective index of the immediate environment for (a) Px = 300 nm and (b) Px = 380 nm.
Right column shows the polarizer-analyzer configuration used in calculation. In the right column, the purple arrow represents the polarization state
of the incident light, and the red arrow indicates that only part specular reflection polarized along ϕ2 = 135◦ is collected. The colors of each reflection
spectra are calculated using their corresponding spectra. Here H = 100 nm, W = 150 nm, and L = Px/2. Py = 200 nm for all the simulations.
The incident angle is θi = 20◦ and the polarization angle of incident light isϕ1 = 45◦.

SPP, respectively; δ denotes the phase difference between
the SPP and reflection field; and 0tot is the total decay rate.
The Jones matrix for the analyzer is [1,−1; −1, 1]/2 [30].
The corresponding reflection spectra can be expressed as
R45◦−135◦ = |b0rab/4((ω−ω0)+ i0tot)|, indicating that the
reflection spectrum only contains a Lorentzian-type resonance
without background. Hence, the dip of reflectance will convert
to a peak through cross-polarization configuration. As a result,
vivid colors can be observed under the 45◦–135◦ configurations.
Therefore, ϕ2 is chosen to be 135◦ for colorimetric sensing
[25,26]. As na increases to 1.33, the resonance peak shifts to
550 nm, and a yellow-green color is generated accordingly. As
the index increases further, vibrant yellow-red colors are gen-
erated. Naturally, the index-dependent color changes can be
potentially used for colorimetric sensing application.

When Px = 380 nm, the resonance shifts to a longer
wavelength, and some high-order SPP modes are involved.
Nevertheless, the colors for the 45◦-specular configuration
remain whitish in different immediate environments, like
the presented colors of the spectra shown in the upper part of
Fig. 2(b). In sharp contrast, green-red-purple colors are observed
for the 45◦–135◦ configuration as shown in the lower part of
Fig. 2(b). Although the magnitude of reflectivity decreases due
to the lower excitation efficiency of SPP modes, the brightness of
the expected color for visualization is still acceptable in contrast
to a dark background as long as the power of the incident light
is large enough. It is notable that higher-order SPP modes will
be excited at ∼ 400 nm for a larger refraction index, which
contributes to the final colors via a mixture between the purple
and the red.

As described in Eq. (1), the periodicity of the grating struc-
tures greatly affects the resonance spectrum position. Therefore,
varying periodicity will alter the reflection spectrum or intro-
duce new SPP modes in the visible range, which will result
in a variation of the presented colors. We thus investigate the
influence of Px on the generated colors by calculating specular
reflection under the 45◦–135◦ configuration. The color is cal-
culated as na increases from 1.33 to 1.47, corresponding to the
index range of the general aqueous solution environment. The
colors are plotted in Fig. 3 for Px ranging from 260 to 400 nm.
The colors shown in the first column on the left are calculated

Fig. 3. Refractive index-dependent colors calculated for Px increas-
ing from 260 to 400 nm when θi = 20◦. The right insets are the
progression of hue in a cylindrical cross section of the perceptually
uniform LChab color space for (bottom) Px = 300 nm and (top)
Px = 380 nm, respectively. The open circles are associated colors
encompassed by the black-dashed rectangular in the color map on the
left.

when na = 1. As Px increases, the color evolves from purple
to green due to the redshift of resonance wavelength. When
Px = 260 nm, green is presented when a solvent is attached. In
contrast, yellow and red gradually come out as Px increases.

When Px = 380 nm, the color variation can be discerned
when the refractive index ranges from 1.33 to 1.39, as shown by
the colors in the second row encompassed by the black-dashed
box in Fig. 3. It is observed that the overall excited efficiency of
the (−1, 0) mode gradually decreases with the increased na ,
and the contribution from the (1, 0) mode is elevated in color
rendering. As the index increases from 1.41 to 1.47, the (−1, 0)
mode shifts to a longer wavelength. The presented colors remain
indistinguishable purples as shown in the second row in Fig. 3.
Such a scenario starts even at a smaller index na = 1.35 when
Px = 400 nm.

To quantitatively characterize the sensing performance of the
proposed structure, the color parameters are converted from the
Commission Internationale de l’Eclairage (CIE) map to LChab

space numerically [26]. The LChab intuitively reflects the eye
response to color changes that are uniform for any point in the
cylindrical coordinates. Here the hue value is plotted along the
angular direction in LChab space. In particular, the colors for
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Fig. 4. (a) Dependence of hue of the presented color on the refractive index. (b) Dependence of FOM on the periodicity at two refractive index
ranges. Here θi = 20◦.

Px = 300 and 380 nm are presented in the right insets of Fig. 3,
where open circles and black arrow indicate the corresponding
colors in the LChab map and the direction of increasing index,
respectively.

Accordingly, a FOM is defined as |1H/1na | to characterize
the colorimetric sensing performance, where1H and1na are
the variation of hue value and the refractive index, respectively.
As shown in Fig. 4(a), the dependence of hue on the refractive
index is plotted for Px ranging from 260 to 400 nm. For small
periodicities, the hue value decreases linearly as na increases
from 1.33 to 1.47, which indicates that the color evolves from
green to red gradually as shown in the bottom right inset in
Fig. 3. The linearity can be attributed to the sole excitation of
the (−1, 0) mode in the entire visible band, which is consis-
tent with the reflection spectrum in Fig. 2(a). However, when
Px > 340 nm, it is obvious that the linear dependence of hue
variation on na is broken due to the appearance of the other SPP
modes. Above all, when Px > 360 nm, a two-stage decrease
trend is observed. The corresponding FOM is extracted as
shown in the histogram in Fig. 4(b). When Px ≤ 320 nm,
both the green and blue histogram pillars share the same FOM.
When Px > 320 nm, the green pillars represent the FOM for
a small index range, and the blue ones represent the FOM for
large index range. The FOM is stable for Px < 320 nm and
reaches 512◦/RIU at Px = 300 nm, which surpasses the FOM
of 212.7◦/RIU supported by localized surface plasmon reso-
nances (LSPRs) [10]. In contrast, the FOM for large periodicity
grows rapidly for the refractive index ranging from 1.33 to
1.39, which corresponds to common solutions such as water
[31], ethanol [32], or other aqueous solutions [33]. When
Px = 380 nm, the FOM reaches 1175◦/RIU. Moreover, when
the Px continues to increase to 400 nm, the introduced multiple
modes, including (−2, 0), (1, 0), and (−1, 0), lead to more
complex color changes, which induces the largest FOM—as
high as 1684◦/RIU for an index restricted from 1.33 to 1.37. For
na > 1.37, the (−1, 0)mode gradually extends into the infrared
range, and thus the colors remain almost the same. Therefore, in
a more common aqueous environment with the index ranging
from 1.33 to 1.37, the proposed plasmonic colorimetric sensing
substrate shows a superior performance in the reddish region.

The properties of SPP modes are also affected by the incident
angle. The reflection spectra at different incident angles are
shown in Figs. 5(a) and 5(c) when na = 1.33. We thus calculate
the dependence of FOM on the incident angle as shown in

Fig. 5. Dependence of specular reflectivity on the incident angle for
(a) Px = 300 nm and (c) Px = 380 nm, na = 1.33. Dependence of
FOM on the incident angle for (b) Px = 300 nm, na = 1.33− 1.47
and (d) Px = 380 nm, na = 1.33− 1.39.

Fig. 5. As the incident angle varies from 10◦ to 30◦ at intervals
of 5◦, the FOM initially increases and reaches the maximum
at 20◦, and then it decreases. For small angles, multiple SPP
modes coexist and contribute to the finally presented colors. As
incident angle increases, for example, the (1, 0) mode blueshifts,
while the (−1, 0) mode redshifts. Consequently, the reflection
spectrum is gradually dominated by the (−1, 0) mode since
other modes shift out of the visible range as shown in Fig. 5(a).
The color evolves from blue to green, yellow and red regions.
The FOM thus increases as the angles increases and reaches its
maximum of 512◦/RIU when θi = 20◦. As the incident angle
increases further, the presented colors gently locate in the range
of yellow-reddish-purple, which has less variation in the LChab

color space. When the angle θi = 20◦, anticipated color changes
are less pronounced than the case at θi = 20◦ for human eyes.
Corresponding redshifted colors thus lead to a smaller FOM.

As Px increases to 380 nm, a sharp change can be obtained
by varying the incident angle. The appearance of the (1, 0) SPP
mode at the short wavelength range has great impact on the
color rendering. Other angle-dependent high-order modes will
also participate in color generation. Meanwhile, the wavelength
spacing between the (−1, 0) and other SPP modes at θi = 20◦
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is larger than the counterparts at another incident angles, which
produces a higher FOM, as shown in Figs. 5(c) and 5(d). As
the incident angle further inclines, the resonance peaks of the
(1, 0) and (−1, 0) modes keep shifting to shorter and longer
wavelengths, and even shift beyond the range of visible light.
Hence, an appropriate angle θi of the larger FOM ranging from
1.33 to 1.39 should be set at 20◦. In addition, reasonable devia-
tion of the both incident angle and the polarizer angles has little
influence on the sensing performance of the system.

3. CONCLUSION

To conclude, we proposed a reflection-type colorimetric sensing
substrate using plasmonic Al nanohole arrays. By inserting a
polarizer-analyzer pair, vibrant colors can be generated covering
from blue, to green, to red under the 45◦–135◦ configuration.
Significantly, the obvious color changes can be flexibly realized
by controlling the period Px and incident angle θi . It is found
that the colorimetric FOM can reach 512o/RIU for a refractive
index ranging from 1.33 to 1.47, while an even higher FOM
can reach 1175o/RIU for a special index range, five-fold higher
than previous works, in the demodulation of the hue [10]. In
addition, it can readily satisfy the requirements for miniaturi-
zation and integration with other instruments. Furthermore,
the proposed colorimetric sensing substrate can be fabricated
using focused ion beam (FIB) [34] or electron beam lithography
(EBL) [10,19,35]. We thus believe that the proposed colorimet-
ric sensing substrate holds great promise to be applied in rapid
identification of analytes in aqueous solutions.
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