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Metal films covered with ultrathin lossy dielectrics can
exhibit strong interference effects manifested as the broad
absorption of the incident light resulting in distinct surface
colors. Despite their simple bilayer structures, such surfaces
have only recently been scrutinized and applied mainly to
color printing. Here, we report the use of such surfaces for
colorimetric detection of ultrathin dielectrics. Upon depo-
sition of a nanometer-thick dielectric on the surface, the
absorption peak red shifts, changing the surface color.
The color contrast between the bare and dielectric-coated
surfaces can be detected by the naked eye. The optical re-
sponses of the surfaces are characterized for nanometer-
thick SiO,, Al, O3, and bovine serum albumin molecules.
The results suggest that strong interference surfaces can
be employed as biosensors.  © 2018 Optical Society of America

OCIS codes: (310.1620) Interference coatings; (310.6188) Spectral
properties; (280.4788) Optical sensing and sensors; (260.3910)
Metal optics.
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The interaction of light with nanostructured surfaces offers
novel phenomena that cannot be readily available in thin film
or bulk optical materials. By the clever design of these surfaces,
reflection, transmission, and absorption of the incident light
can be controlled, and negative refractive index materials
[1,2], perfect light absorbers [3,4], ultrathin monochromatic
lenses [5,6], on-chip optical components [7,8] and biosensors
[9,10] can be fabricated. In particular, the perfect absorption of
light is desired for many optoelectronics and photonic applica-
tions such as thermophotovoltaics [11,12], biosensors [13,14],
and color printing [15,16]. The common approach for design-
ing light absorption in the ultraviolet, visible, and infrared (IR)
wavelengths is based on metal/insulator/metal absorbers, also
known as plasmonic metamaterial absorbers, which consist of
a nanostructured top metal layer [4,17-19]. Alternatively, the
use of patternless multilayer thin-film-based metal/dielectric
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stacks is also possible for color printing and light absorption
applications [20]. Reflective color filters [21], tunable resonant
surfaces [22,23], and hydrogen sensors [24,25] have been dem-
onstrated using the metal/insulator/metal geometry in the vis-
ible wavelengths. Moreover, near perfect light absorption can
be achieved by replacing the top metallic layer with an ultrathin
lossy dielectric film [26]. If the lossy dielectric film is placed
a quarter-wavelength (¢ = A/4n) away from the semi-
continuous metal layer, the electric field can be enhanced on
the lossy layer, and the light absorption is maximized. Such sur-
faces have also found their way into enhanced light absorption
in the IR wavelengths for radiative cooling [27] and surface-
enhanced IR spectroscopy applications [28]. A recent study
by Kats ez al. has showed that almost perfect light absorption
can be achieved using nanometer-thick lossy dielectric films on
semi-continuous metal layers through exhibiting strong inter-
ference [29]. These surfaces offer a wide-angle spectral response
compared to metal/insulator/metal stacks due to the small
phase accumulation in the ultrathin lossy dielectric layer
(# < 4). Moreover, such surfaces exhibit almost perfect absorb-
ance at certain wavelengths, thus having distinctive surface col-
ors depending on the thickness of the lossy dielectric film.
Despite the ease of design and fabrication of such surfaces, only
a few applications, such as solar water splitting [30], color print-
ing [29,31], and optical data storage [32] have been demon-
strated so far. Here, to the best of our knowledge, as a new
application, we demonstrate the use of strong interference coat-
ings to detect ultrathin dielectric coatings by the naked eye.
The strong interference surfaces used in this Letter consist
of 20 nm thick amorphous Si (a-Si) on optically thick Al films
[Fig. 1(a)]. The surfaces are fabricated on large areas and exhibit
wide-angle and polarization-independent optical responses.
The performance of the surfaces is tested by measuring the op-
tical response of the surfaces with atop nanometer-thick lossless
dielectrics, monolayers, and bilayers of protein films.

The enhanced absorption by the strong interference surfaces
is achieved by almost perfect destructive interference of the re-
flected rays from the dielectric-air interface [y in Fig. 1(b)] and
dielectric-metal interface [r, 75, ... in Fig. 1(b)]. To visualize
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Fig. 1. (a) Refractive indices and extinction coefficients of amor-
phous silicon and aluminum used in the simulations. (b) Cross-sec-
tional illustration of the reflected light rays from a-Si/Al surface.
(c) Simulated reflection coefficients on the complex plane for
20 nm thick a-Si on Al at 4 = 526 nm. (d) Simulated reflection co-
efficients for 20 nm thick a-Si (assuming # = 0) on Al on the complex
plane at 4 = 534 nm. (¢) Measured reflection spectrum and simula-
tion results using the extinction coefficient of a-Si (lossy) and zero ex-
tinction coefficient (lossless). Inset: microscope image of the surface.

the destructive interference of the reflected rays, the reflection
coefficients are plotted on the complex plane at the wavelength
at which the minimum reflectance is observed. For 20 nm thick
a-Sion Al all of the reflection coefficients are complex owing to
the complex refractive indices of a-Si and Al [Fig. 1(c)]. For a
complete destructive interference, the vector sum of all the re-
flection coefficients (r,) must be zero. For the studied case, 7, is
very small (-0.096 - 0.1137), resulting in a small reflectance
(|7,]*> = 0.022) at the given wavelength. As an exercise, the re-
flection coefficients are calculated assuming a zero extinction
coefficient for a-Si. In this case, the destructive interference
is still present, but weaker, resulting in a larger total reflectance
[Fig. 1(d)]. Note that 7y is a real number owing to the real
refractive indices of air and the dielectric. The total reflection
coefficient can analytically be calculated as

gt rpe?
=)
1 + 7’0712522ﬂ

7 (1)
where 8 is the complex phase accumulation in the light trav-
eling in the a-Si layer, and 7}, is the reflection coefficient for the
a-Si-metal interface that is calculated as (7, - ,)/(n, + 1)
for the normal incidence, where 7, and 7, are the complex re-
fractive indices of a-Si and metal, respectively. As a result, a thin
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lossy dielectric layer is required on a metal mirror to achieve
strong absorbance (strong interference effects) around a certain
wavelength and to create distinct surface colors [Fig. 1(e)].
Equation (1) shows that 8, hence 7,, changes with increasing
a-Si thickness, determining the reflection spectrum and the sur-
face color. The measured reflectance spectrum shows almost
perfect absorbance (99.5%) at 4 = 505 nm, resulting in a sur-
face color containing mainly red [Fig. 1(e)]. The small discrep-
ancy between the simulated and measured reflection spectra is
attributed to the surface roughness of the Al films that is esti-
mated as 2 nm from atomic force microscopy measurements.
The surfaces are imaged under a microscope with 5x magnifi-
cation as they are illuminated by a halogen lamp to keep the
illumination condition consistent for all the surfaces.

Recently, various strong interference coatings have been
demonstrated using lossy dielectrics such as a-Si [33], Ge [34],
Ge,Sb,Tes [35], and VO, [36]. Although Ge is used as the
dielectric layer for the color printing applications, it suffers
from degradation in ionic solutions; hence, it is not suitable
for bio-sensing applications. In this Letter, we have used
a-Si and Al to fabricate strong interference coatings due to
the abundance and complementary metal—oxide—semiconduc-
tor (CMOS) compatibility of both materials. Moreover, a-Si/Al
surfaces provide enhanced color contrast when coated with ul-
trathin dielectrics compared to the alternatives such as a-Si/Ag.
The surfaces are fabricated using thermal evaporation. The op-
tical properties of the materials are extracted using variable-
angle spectroscopic ellipsometry (J. A. Woollam V-Vase).
The refractive indices and extinction coefficients of Al and
a-Si are shown in Fig. 1(a), where Drude-Lorentz and
Tauc—Lorentz models are used for Al and a-Si, respectively.
The thickness of the a-Si layer is chosen to achieve an absorp-
tion peak (minimum reflectance) in the middle of the visible
wavelength range (~530 nm) [Fig. 1(e)]. Figures 2(a) and 2(b)
show that the reflection spectra are undisturbed up to extreme
angles of incidence for both s- and p-polarization. Angle- and
polarization-independent reflection spectra have been reported
previously for other strong interference surfaces and are attrib-
uted to small phase accumulation in the reflected light for any
angle of incidence owing to ultrathin coating layers. Such an
omnidirectional optical response is especially preferred for
the application proposed here as any light source, polarization,
and viewing angle is acceptable.

For a thin lossless dielectric layer on top of a strong inter-
ference surface, the total reflection coefficient can be calculated
as follows:

(b) Reflectance
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Fig. 2. Measured reflection spectra for (a) s- and (b) p-polarization
and varying angles of incidence.
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where 7, is the reflection coefficient for the air-dielectric inter-
face, 7,_si/a1 is the reflection coefficient from the strong inter-
ference surface that is r, in Eq. (1), and g is the phase
accumulation in the light traveling in the dielectric layer.
Since § = 2an t/A, where n, and ¢ are the refractive index
and the thickness of the dielectric layer, 7, in Eq. (2), hence,
the reflectance spectrum, is altered changing the surface color
for varying dielectric thicknesses. The wide-angle performance
of the bare strong interference surfaces is undisturbed after
coating nanometer-thick lossless dielectrics.

The sensing performance of the strong interference surfaces
is further characterized by depositing lossless dielectric films,
namely SiO, and Al,Oj, with varying thicknesses (5-20 nm).
Such dielectric films have refractive indices similar to those of
protein films and, thus, can be used to characterize the surface
sensitivities of optical bio-sensors. The thicknesses and refrac-
tive indices of the deposited films are characterized by variable-
angle spectroscopic ellipsometry measurements. SiO, films are
deposited using e-beam evaporation where Al,Oj films are de-
posited using atomic layer deposition. The absorption peak red
shifts for increasing SiO, and Al,Oj5 thicknesses [Figs. 3(a) and
3(b)]. The corresponding color shift is visible in the optical
microscope images [Figs. 3(c) and 3(d)]. The analysis of the
red-green-blue (RGB) components of the photographs taken
under a halogen lamp shows that the blue channel intensity
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Fig. 3. (a) Measurement results for nanometer-thick SiO, and
Al O3 films on 20 nm a-Si on Al (a), (b) Reflection spectra for in-
creasing SiO, and Al,Oj thicknesses. (c), (d) Photographs of the sur-
faces under microscope illuminated by a halogen lamp. SiO, and
Al,Oj3 thicknesses are shown on the images. The scale bar in (c) rep-
resents 1 mm. (e), (f) Corresponding RGB values of the surfaces for
increasing SiO, and Al,Oj thicknesses.
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increases with increasing SiO, and Al,Oj thicknesses, while
the green and red channel intensities are almost constant
[Figs. 3(e) and 3(f)]. The change in the blue channel intensity
is attributed to the red shift in the absorption peak, where the
blue portion (400—450 nm) of the reflection spectrum increases
with the SiO, and Al,Oj thicknesses. The shift in the absorp-
tion peak is greater for Al,O3 owing to its larger refractive in-
dex. For instance, for the surface coated with 15 nm thick
Al O3, the overall shift is 40 nm which is larger than the
25 nm shift observed for 15 nm thick SiO,. As a result, the
change in the surface color is more enhanced for Al,Oj; coating
compared to SiO, coating with the same thickness.

After verifying the color changes due to nanometer-thick
dielectric layers, we utilized the same surfaces as colorimetric
detection of protein monolayer and bilayer films. Colorimetric
biosensor surfaces have been demonstrated recently using
plasmonic nanostructured surfaces [37—40]. In these studies,
different refractive index liquids, monolayer protein films,
and antibody-antigen interactions have been detected as color
or intensity change. In another study, the colorimetric detection
of nucleic acids has been demonstrated using SiN,. on Si inter-
ference coatings [41]. Here, the bio-sensing performance of the
surfaces is tested with monolayer and bilayer bovine serum al-
bumin (BSA) protein molecules. BSA molecules are commonly
employed for bio-sensing studies owing to their high affinity for
a variety of surfaces such as oxides [42,43]. BSA monolayers are
achieved by physical adsorption on the surfaces. Bilayers are
achieved after treating the BSA-coated surfaces with dextrane
[Fig. 4(a)]. The absorption peak red shifts by ~8 nm for mono-
layer BSA and by ~18 nm for dextrane and another layer of
BSA [Fig. 4(b)]. The strong shifts in the reflection spectrum
result in noticeable surface color changes [Figs. 4(c) and 4(d)].

It is worth noting that no change in the optical response is
observed for the surfaces that are exposed to the citrate solution
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Fig. 4. Protein binding experiments. (a) Illustration of monolayer
and bilayer BSA formation on the sensor surface. (b) Measured reflec-
tion spectra of surfaces without monolayer and bilayer protein mole-
cules. Photographs of the surfaces (c) taken under a microscope with
5x magnification illuminated with a halogen lamp and (d) taken under
ambient light. The scale bar in (c) represents 1 mm.
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without BSA. Thus, it is concluded that the results summarized
in Fig. 4 are due to BSA adsorption on the surfaces, and not due
to any other physical or chemical changes on the surfaces.
Monolayer BSA formation on the a-Si is also confirmed via
IR absorption spectroscopy using 15 nm a-Si-coated field-
enhancement surfaces based on 0.9 pm thick CaF, on Al
Such surfaces have previously applied for enhanced IR absorp-
tion spectroscopy of monolayers of BSA on CaF, surfaces [28].
The CaF, surface is covered with a thin a-Si layer to verify the
affinity of BSA molecules to the a-Si film.

In summary, we demonstrate a colorimetric sensor platform
based on strong interference effects using 20 nm thick a-Si on
optically thick Al films. The bare surfaces appear in a color con-
taining mostly red. Small changes on the a-Si surface such as the
deposition of nanometer-thick dielectric layers cause the ab-
sorption peak to red shift, increase the blue portion of the re-
flection spectrum, and change the surface colors. The surfaces
exhibit similar color changes when coated with monolayer and
bilayer BSA molecules, thus allowing the detection of these
layers by the naked eye. The strong interference surfaces consist
of patternless thin metal and lossy dielectric layers and, hence,
are low in cost and easy to fabricate on large areas. Such surfaces
have the potential for bio-sensing applications.
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