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also not easy to make ultrathin antirefl ec-
tive fi lms with ultralow refl ections (<1%). 

 Metamaterials provide new routes to 
construct ultrathin zero-refl ectance fi lms, 
which have many distinct advantages. 
Their electromagnetic properties can be 
custom-designed by properly engineering 
the nanostructures, and therefore they 
are no longer limited by natural mate-
rials. Conventional optical components 
rely on light propagation over distances 
much larger than the wavelength of light 
to shape wavefronts, accumulating phase 
shifts continuously during light propaga-
tion. By contrast, metasurfaces provide 
discontinuous abrupt changes in phase 

and amplitude across very short distances (much smaller than 
the wavelength of light). They are therefore far more effi cient in 
shaping and controlling the fl ow of light, [ 12 ]  enabling the devel-
opment of ultrathin zero-refl ectance fi lms with thicknesses 
only a fraction of the wavelength of light. In addition, due to 
the strong light–matter interactions, metamaterials can provide 
extreme concentration of light, which is benefi cial in many 
applications, such as enhancing the performance of solar cells 
and in molecular sensing. [ 3,13 ]  For many practical applications, 
it is desirable to develop cost-effective ways to construct zero-
refl ectance metafi lms in the visible range, which are insensitive 
to incident angle and polarization of light. 

 Zero-refl ectance metafi lms have been demonstrated in the 
terahertz (THz), [ 5 ]  gigahertz (GHz), [ 6 ]  and infrared frequency 
regimes, [ 3 ]  with periodic structures fabricated by lithographic 
methods, which are diffi cult to scale up to meet the demands 
of industrial-scale applications. Alternatively, complete absorp-
tion of light in the infrared has been theoretically demonstrated 
to be achievable with periodically patterned graphene fi lms. [ 14 ]  
Recently, Svedendahl et al. experimentally demonstrated that 
complete annihilation of optical refl ection can be achieved with 
arrays of disordered Au nanodisks on glass substrates, but this 
was realized only within a small range of incident angles near 
the critical condition. [ 4 ]  Here, we report that zero-refl ectance 
metafi lms in the visible range can be achieved with an ultrathin 
layer of metal nanoparticles, which can be simply assembled. 
We experimentally demonstrate that the refl ectivity of a very 
shiny surface, such as silicon, can be completely removed with 
a monolayer of disordered Au nanoparticles, which are fabri-
cated by low-cost self-assembly. The metafi lms can diminish 
the refl ection of light by more than 99.5% over a wide range of 
incidence (around ±40°), independent of the polarization of the 
incident light. The experimental results are in good agreement 
with simulations from an extended Maxwell–Garnett theory, 

   An ultrathin layer of metasurface that almost completely annihilates the 
refl ection of light (>99.5%) over a wide range of incident angles (>80°) 
is experimentally demonstrated. Such zero-refl ectance metafi lms exhibit 
optimal performance for plasmonic sensing, since their sensitivity to changes 
of local refractive index is far superior to fi lms of nonzero refl ectance. Since 
both main detection mechanisms tracking intensity changes and wavelength 
shifts are improved, zero-refl ectance metafi lms are optimal for localized 
surface plasmon resonance molecular sensing. Such nanostructures have 
signifi cant opportunities in many areas, including enhanced light harvesting 
as well as in developing high-performance molecular sensors for a wide range 
of chemical and biomedical applications. 

  1.     Introduction 

 Metamaterials have unusual capabilities for controlling the 
fl ow of light to an extent unattained by natural materials, the 
well-known examples of which are negative refraction and elec-
tromagnetic cloaking. [ 1,2 ]  Recently, it has been demonstrated 
that 2D planar metamaterials, so called metasurfaces, can sig-
nifi cantly reduce the refl ection of light, leading to nearly perfect 
absorption of optical energies. [ 3–6 ]  Elimination of undesired spec-
ular refl ection of light advances developments in many technolo-
gies, such as nonrefl ective lenses and displays, light harvesting 
in solar cells, photocatalysis, optical sensing, and molecular 
spectroscopy. [ 3,7–9 ]  Traditionally, antirefl ection is achieved by 
impedance matching through stratifi ed thin fi lms. [ 10,11 ]  How-
ever, this has some limitations, since in many cases it is diffi cult 
to identify exact impedance-matched natural materials, and it is 
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which indicate that loss plays a signifi cant role for realizing 
ultrathin zero-refl ectance metafi lms. 

 We further demonstrate that such zero-refl ectance metafi lms 
are optimal plasmonic sensors. Metal nanoparticles and nano-
structures are at the heart of a suite of technologies for molec-
ular sensing. Optical properties of metal nanoparticles and 
nanostructures are explicitly dependent on the refractive index 
of surrounding medium. When molecules are adsorbed on 
metal nanoparticles, it invokes a change of the local refractive 
index and causes a shift in the optical spectra of nanoparticles, 
due to the localized surface plasmon resonance (LSPR). [ 15 ]  This 
has been extensively exploited for molecular sensing in a wide 
range of chemical and biomedical applications, such as for the 
detection of proteins, pollutants, explosives, and pesticides. [ 15–17 ]  
Commonly there are two main detecting mechanisms for LSPR 
sensors. One operates at a single laser wavelength and meas-
ures the intensity changes of the refl ected beam upon the 
adsorption of analyte molecules. Another detection mechanism 
measures the shift in spectral position of the plasmon reso-
nance. Usually the main features (dips in refl ection or peaks 
in scattering) of the optical spectra of metal nanoparticles will 
red shift to a longer wavelength when molecules are attached 
onto nanoparticles. Both detection schemes are widely imple-
mented in LSPR sensing, with reported detection sensitivity 
ranging from nanomoles to attomoles. [ 18–20 ]  It is of great impor-
tance to identify the plasmonic nanostructures that can pro-
duce optimal sensing performance. Here, we demonstrate that 
zero-refl ectance metafi lms are optimal plasmonic sensors with 
regard to both detection schemes. In both cases, their sensitivi-
ties to changes of the local refractive index of the surrounding 
medium are far superior to those of nonzero refl ectance fi lms. 
The results can be exploited for designing high-performance 
LSPR sensors for a wide range of applications.  

  2.     Results and Discussion 

 The metafi lms comprise a monolayer of spherical gold 
nanoparticles on silicon substrates. The Au nanoparticles (nom-
inal diameter 150 nm, BBI Solutions) are assembled on silicon 
substrates with the aid of a monolayer of “glue” molecules: 
(3-aminopropyl)triethoxysilane (APTES) ( Figure    1  ). First, silicon 
substrates are functionalized with a self-assembled monolayer of 
APTES molecules (details in the Experimental Section), and the 
substrates are then immersed in Au nanoparticle solutions for 
a time. Au nanoparticles attach to the Si substrate through the 
amino bonds of the APTES molecule (Figure  1 a). Residual nano-
particles not binding are fl ushed away by rinsing the substrate 
in deionized water, resulting in a monolayer of nanoparticles 
sparsely distributed on the Si substrate. An example electron 
image (scanning electron microscopy (SEM)) shown in Figure  1 b, 
clearly indicates the monodisperse distribution of nanoparticles. 
The density of nanoparticles can be controlled by the incubation 
time of the Si substrate in the nanoparticle solution. A range of 
samples of various nanoparticle densities are fabricated (SEM 
images see Figure S1, Supporting Information), with typical 
incubation times ranging from a few to 24 h.  

 Single crystal Si substrates are highly refl ective, with 
 R  = 34% in the visible range. A monolayer of Au nanoparticles 

signifi cantly tunes this refl ectivity.  Figure    2   shows the meas-
ured refl ection spectra of such nanoparticle/Si metafi lms across 
a variety of nanoparticle densities. Starting from low nanopar-
ticle density, the metafi lm has a high refl ectivity close to that of 
the Si substrate but modulated by plasmonic resonance effects 
which manifest as a distinct refl ection dip around 550 nm. 
When the nanoparticle density increases, the dip becomes 
increasingly deeper until it reaches almost zero refl ectance at 
a density of about 22 ± 2% surface coverage of nanoparticles. 
The dip position remains almost unchanged at low nanopar-
ticle densities, but it then red shifts to longer wavelengths as 
the density of nanoparticles increases further (see solid black 
line tracking the dip positions). As nanoparticles get closer, 
interparticle coupling shifts the LSPR to longer wavelengths. 
The overall refl ectivity across the visible range decreases as 
the nanoparticle density increases, which is largely due to the 
enhanced absorption as will be discussed later.  

 The refl ection spectrum of the fi lm of ≈20 ± 2% surface 
coverage is presented in  Figure    3  a (inset: SEM image). The 
refl ectivity is below 5% across most regions in the visible range 
(400–700 nm), with a minimum refl ectivity at 560 nm of 0.5%. 
This is a markedly low refl ectivity, considering possible experi-
mental imperfections, such as variations in nanoparticle sizes, 
shapes, and distributions. In fact, in ideal situations the refl ec-
tance would be perfectly zero (see below). This zero refl ectance 
is independent of the polarization of light, when the nanopar-
ticles are spherical shaped and randomly distributed on the Si 
surface. Complete optical absorption has been demonstrated 
on periodic patterned structures. [ 3,5,6,14 ]  Here, we show that 
periodicity is not a necessary condition: zero-refl ectance can be 
achieved on structures of randomly distributed nanoparticles. 
As disordered nanoparticle arrays can be prepared with self-
assembly, this greatly reduces the fabrication cost, paving the 
way for large-scale applications. The response of our nanostruc-
tures is nearly omnidirectional, independent of the incident 
angle of light, as shown in Figure  3 b. The refl ectance remains 
almost zero up to 40° incident angle, and less than 10% up to 
65° incident angle (the angular range of our goniometer).  
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 Figure 1.    APTES-assisted assembly of Au nanoparticles on Si sub-
strates. a) Schematic illustrating the attachment of Au nanoparticles 
onto Si through APTES molecules. b) SEM image of a sample, showing 
monodisperse Au nanoparticles (150 nm in diameter).
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 As is well known, Maxwell’s equations cannot be analytically 
solved for systems of nanoparticle arrays. An approximate solu-
tion is to treat the nanoparticle array as an effective medium, 
i.e., a homogeneous fi lm with effective optical properties. This 
is a widely adopted method in metamaterials, such as for cre-
ating negative refractive index materials and electromagnetic 
cloaking devices. [ 1,2 ]  Here, as a simple zeroth-order model, we 
use the extended Maxwell–Garnett theory to calculate the effec-
tive optical constants. For a spherical nanoparticle array, within 
the dipolar approximation, the effective dielectric constant is 
given by [ 21 ] 

    2
eff m

eff m
3 np

ε ε
ε ε

δ α−
+

⎛
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⎞
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=
a   
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 where  ε  eff  is the effective dielectric constant of the metafi lm, 
 ε  m  the dielectric constant of the host matrix,  δ  is the volume 
fraction occupied by nanoparticles relative to solid fi lm,  a  is the 
radius of the spherical nanoparticles, and  α  np  is the polariza-
bility of each nanoparticle. For small nanoparticles ( a  <<  λ ), the 
polarizability can be calculated based on a quasistatic approxi-

mation, 
2

np
np m

np m

3α
ε ε
ε ε

=
−
+

a , where  ε  np  is the dielectric constant of 

nanoparticles. 
 However, nanoparticles in these experiments are not so 

small (150 nm in diameter) compared to the wavelength of 

light, hence the quasistatic approximation does not apply here. 
Instead, we adopt the exact Mie solution of the polarizability 
of a spherical particle provided by Moroz (Equation (11)) in 
ref.  [ 22 ] , which takes into account the size effects and dynamic 
radiation damping of the sphere. [ 22 ]  By using the exact polar-
izability in Equation  ( 1)  , we can calculate the effective dielec-
tric constant of the nanoparticle array. The metasurface struc-
ture described above is then approximated by a thin fi lm (with 
thickness 2 a ,  a  being the radius of the particle) sitting on an Si 
substrate ( Figure    4  a). The refl ectance of such a system can be 
readily calculated based on classical optical theory. [ 23 ]   

 The resulting calculated refl ectance spectra (Figure  4 b) show 
good agreement with measured results (Figure  2 ). They show 
similar dips which deepen steadily as the nanoparticle density 
increases. The refl ectivity reaches precisely zero at a surface 
coverage of ≈20%, which matches the experimental results 
very well. It also shows similar trends for red shift when the 
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 Figure 2.    Measured optical refl ectance spectra of a variety of Au 
nanoparticle metafi lms on Si. From top to bottom, the surface cov-
erage ratio (indicated by percentages. The uncertainty is about ±10%) of 
nanoparticles increases. For clarity, fi lms with surface density ≥25% are 
shown in different colors. Black solid line indicates spectral positions of 
refl ection dips, which red shift with increasing nanoparticle density.
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 Figure 3.    a) Measured refl ection spectrum of a fi lm with 20 ± 2% surface 
coverage, showing near zero (≈0.5%) refl ection dip around 560 nm and 
<5% refl ectivity across the whole visible range. Inset: SEM image of the 
nanoparticle fi lm. Scale bar: 1 µm. b) Measured refl ectance spectrum 
image of the above fi lm, as a function of the incident angle of light. The 
near-zero refl ectance is maintained up to 40° incident angle.
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nanoparticle density increases (the solid black line tracks the 
refl ection dip position). The main discrepancy is in the exact 
spectral position of the refl ection dip. In experimental data this 

is around 550 nm, whereas in simulations it is around 585 nm. 
This discrepancy could be caused by many factors, such as the 
dipole approximation adopted in the Maxwell–Garnett theory, 
retardation effects (as present for nanoparticles >100 nm) and 
the coupling between nanoparticles and the Si substrate. In 
Figure  4 c, the experimental refl ectance results measured at 
550 nm (dotted line, Figure  2 ) are compared to the calculated 
results at 585 nm (dotted line, Figure  4 b), and indeed agree very 
well for most nanoparticle arrays with modest densities (<20%). 
Discrepancies are larger at higher nanoparticle densities, as the 
dipole approximation cannot accurately account for nanopar-
ticle coupling at close distances. 

 The suppression of refl ection can be understood in the context 
of thin fi lm interference effects. Only fi lms of specifi c effective 
refractive index (hence nanoparticle density) are able to match 
the stringent phase conditions for destructive interference. How-
ever, the metasurface fi lms are not mere destructive interference 
fi lms as in conventional dielectric antirefl ective coatings. They 
provide many distinct advantages, as discussed in the following. 

 A single layer of Au nanoparticles can thus turn highly 
refl ective Si substrates into a completely black surface within 
a narrow spectral band and signifi cantly reduce the refl ection 
across the whole visible range. This manifests the metasur-
face fi lm distinctiveness, comprehensively controlling the fl ow 
of light at subwavelength scales. It arises from two signifi cant 
factors: one is that metasurfaces produce a large phase dis-
continuity, and therefore are able to more effectively modu-
late the refl ection and absorption of light in ultrathin fi lms. [ 12 ]  
Another factor is that metasurface interacts strongly with light 
to enhance the absorption of optical energy.  Figure    5   shows the 
calculated effective imaginary dielectric constants of the meta-
fi lms based on the Maxwell–Garnett model described above. 
The spectral peak positions of the imaginary dielectric constant 
match those of the refl ectivity dips shown in Figure  4 b. The 
magnitude of the imaginary dielectric constant grows signifi -
cantly with increasing nanoparticle density, so that enhanced 
optical absorption is responsible for the overall diminished 
refl ectivity across the entire visible range (Figure  2 ). Loss is 
often considered as an obstacle in many applications of meta-
materials, [ 24 ]  however for the antirefl ection applications dem-
onstrated here loss is advantageous for enhancing the optical 
absorption, making it possible to achieve zero refl ectance with 
ultrathin (<150 nm) fi lms.  

 Conventional antirefl ection coatings use refl ective surfaces 
with impedance-matching dielectric fi lms. A single layer dielectric 
fi lm of quarter-wavelength thickness produces zero refl ectivity 
at normal incidence when its refractive index matches the 
condition 2 1 3=n n n , [ 23 ]  where  n  1  is the refractive index of the 
surrounding medium and  n  3  is the refractive index of the sub-
strate (Figure  4 a). However, such ideal situations are not always 
achievable. For example, for glass substrates ( 1.53 =n ) in air 
( 1.01 =n ), the ideal antirefl ective dielectric fi lm should have a 
refractive index  n  2  = 1.225, but no robust solid materials pos-
sess such a low refractive index. The closest material with suit-
able physical properties is magnesium fl uoride (MgF 2 ) with a 
refractive index of 1.38. Glass coated with magnesium fl uoride 
has a refl ectivity of about 1% (compared to ≈4% at uncoated 
glass). Lower refl ectivity can be achieved with multilayers of 
stratifi ed thin fi lms through interference effects, but this adds 
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 Figure 4.    a) Schematic illustration of the metafi lm structure. b) Calculated 
refl ectance spectra based on Maxwell–Garnett theory. Solid black line is 
a guide for the spectral positions of the refl ectivity minimum, which red 
shifts with increasing surface coverage (indicated by percentages) of 
nanoparticles. c) Comparison between experimental data at 550 nm (the 
dashed line in Figure  2 ) and the calculated results at 585 nm (dashed line).
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signifi cant cost and complexity to the fabrication, and the fi lms 
have thicknesses of a few tens of wavelengths of light, only 
achieving minimum refl ectivity at normal incidence (since the 
phase difference is different at different incident angles). Meta-
materials as antirefl ection fi lms have distinct advantages. First, 
they are not constrained by the optical properties of natural 
materials. The revolutionary paradigm of metamaterials is that 
their optical properties can be artifi cially tuned with custom-
designed structures, so in principle perfect zero refl ectance is 
achievable on any substrate. Second, they can be realized with 
ultrathin fi lms over large incidence angles, as omnidirectional 
absorption of optical energy is possible with strong light–matter 
interactions. [ 25 ]  Third, metamaterials have extra advantages in 
providing extreme concentration of light, which can enhance 
optical interactions in many applications, such as light har-
vesting in solar cells and photocatalysis. The strong refl ection 
of Si substrates has long been a concern in solar cells, as a sub-
stantial portion of optical energy is refl ected away. Depositing 
gold nanoparticles on Si surfaces has indeed been demon-
strated to enhance the optical absorption in Si and improve 
photovoltaic performance signifi cantly. [ 26 ]  

 The zero-refl ectance metafi lms are also excellent plasmonic 
sensors. Optical properties of the metasurface structures are 
highly sensitive to the local surrounding medium. Immersing 
the sample in water changes its color drastically (top panel, 
 Figure    6  a). The sample is purple in air, but appears teal in 
water, which can be directly distinguished by the naked eye. The 
refl ection spectrum shifts considerably to a longer wavelength 
when the sample is immersed in water (Figure  6 a). As men-
tioned above, two main detecting schemes are widely adopted 
in plasmonic sensing: changes of the refl ectivity (∂R) or spec-
tral shifts ( λ∂ ) of the refl ectivity dip position (as indicated in 

Figure  6 a) as a function of the refractive index. Further sensing 
schemes such as methods based on phase, [ 27,28 ]  which also pro-
vide sensitive detection of local refractive index changes, are 
beyond the scope of this paper. In literature, the sensitivity of 

refl ectivity detection schemes is defi ned as 1
( )

( )
| 0λ

λ
=

∂
∂ λ λ=S

R

R

n
R , [ 3,29 ]  
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where  R  is the refl ectivity,  n  is the refractive index, and  λ  0  is the 
wavelength of the minimum refl ectivity in air. The sensitivity 
of spectral shift detection is defi ned as λ= ∂

∂λS
n

, which measures 
how much the spectral position shifts as a response to changes 
of local refractive index. Figure  6 b shows the spectral shift ∂λ  
as a function of refractive index for several metafi lms of dif-
ferent nanoparticle densities. The spectral shift ∂λ  is linearly 
proportional to the refractive index, allowing sensitivities  S λ   to 
be extracted as the gradients. We fi nd that the sensitivity  S λ   does 
not scale linearly with the nanoparticle density. Initially  S λ   
increases with increasing nanoparticle density, but after a critical 
nanoparticle density, it starts to decline. As shown in Figure  6 b, 
the sensitivity of 40 ± 4% surface density fi lms is much lower 
than that of fi lms of 22 ± 2% surface density. We measured the 
refl ection spectra of a number of samples with widely varying 
nanoparticle densities and systematically investigated the sensi-
tivity of these two detection mechanisms ( Figure    7  ).   

 To provide a clear picture of the plasmonic sensing perfor-
mance of the Au nanoparticle metafi lms, in Figure  7  we plot 
the sensitivity  S λ   (red circles) and  S R   (blue squares) together 
with the refl ectivity  R  (black triangles) as a function of the nan-
oparticle density. It is evident that both sensitivities  S λ   and  S R   
are optimal on fi lms of minimum refl ectivity, and are dramati-
cally improved compared to low-density or high-density fi lms. 
It is easy to understand why the sensitivity of  S R   is optimal 
at zero refl ectance, since from its defi nition it is obvious that 
when ( ) 00λ =R , the sensitivity  S R   will be maximum. It is inter-
esting to note that the spectral sensitivity  S λ   is also maximum 
near the zero-refl ectance, which to the best of our knowledge 
has not been reported before. Additional measurements with 
Au nanoparticles of different size (80 nm diameter) show sim-
ilar results: plasmonic sensitivity  S λ   is maximized on fi lms near 
the minimum refl ectivity (Figure S2, Supporting Information). 

 The above results are not only confi ned to fi lms in air. 
Simulations based on Maxwell–Garnett theory show that the 
evolution of refl ectivity of nanoparticle fi lms embedded in 

surrounding media of different refractive indices follow a 
similar trend to that in air. As shown in Figure S3 (Supporting 
Information), the dip in refl ectivity similarly deepens as the 
nanoparticle density increases and reaches zero refl ectance on 
a fi lm of 20% surface coverage (which is nearly same as that 
in air). However, compared to fi lms in air, the spectral posi-
tions of the dips of fi lms in water shift signifi cantly to longer 
wavelengths, as expected since they are very sensitive to the 
refractive index of the surrounding medium. Simulation results 
show that the spectral positions of the minimum refl ectivity 
dips are linearly dependent on the refractive index of the sur-
rounding medium and the plasmonic sensitivity  S λ   increases 
signifi cantly with nanoparticle density (Figure S4, Supporting 
Information). The magnitudes of  S λ   in simulations are larger 
than those observed in experiments, which is expected as 
the simulated refl ectivity dips occur at longer wavelengths 
(Figure  4 ) where plasmonic shifts are known to be more pro-
nounced. [ 30,31 ]  In order to better compare the simulation and 
experimental results, the sensitivity  S λ   from simulations is thus 
scaled down by a constant factor to match the sensitivity of the 
20% surface-density fi lm experimental results (Figure S5, Sup-
porting Information). At low surface densities, simulations and 
experimental results follow similar trends. However, signifi cant 
deviations appear at higher surface densities. In these simplistic 
simulations, the plasmonic sensitivity  S λ   increases monotoni-
cally as nanoparticle density further increases, while in experi-
ments it starts to decline after a critical nanoparticle density. 
This shows the limitations of the Maxwell–Garnett model (the 
dipole approximation can only describe the system accurately 
when nanoparticles are well-separated). The enhanced sen-
sitivity at the minimum refl ectivity is linked to a Fano inter-
ference effect. The dips in the refl ectivity spectra (Figure  2 ) 
are well fi t by Fano-resonance spectral shapes (Figure S6, 
Supporting Information), which originate from the coupling 
between the discrete plasmonic resonant spectra of nanopar-
ticles and the continuum spectrum of Si. As Fano resonances 
arise from interference between two or more oscillators, they 
are inherently sensitive to changes of geometry or surrounding 
environment: small perturbations can induce dramatic changes 
in the lineshape or spectral shifts, [ 32,33 ]  which makes Fano 
resonant nanostructures favorable devices for ultrasensitive 
molecular sensing. [ 33 ]  The spectral dip in the refl ectivity spec-
trum is an indication of an “antiresonance” behavior of the 
Fano resonance, [ 33 ]  which is most pronounced at the minimum 
refl ectivity, therefore exhibiting an enhanced sensitivity to the 
change of local environment. 

 LSPR sensing functionality of metal nanoparticles has 
been extensively studied, but so far most studies focus on the 
shape, size, and the chemical composition of individual nano-
particles. [ 16,30,31 ]  To the best of our knowledge, it is the fi rst time 
that the infl uence of nanoparticle density has been systemati-
cally investigated. Here we demonstrate that, for a given type of 
nanoparticle, optimizing the density of nanoparticle arrays can 
dramatically improve their plasmonic sensing performance. As 
shown in Figure  7 , the sensitivity  S R   of the zero-refl ectance fi lm 
is enhanced by several times compared to the low-density or high-
density fi lms, and the sensitivity  S λ   is improved by about 50%. 
Spherical nanoparticles are normally considered to be the least 
favorable shape in LSPR sensing applications, as they usually 
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 Figure 7.    Plasmonic sensitivity and refl ectivity as a function of the sur-
face coverage of nanoparticles. Both the refl ectivity sensitivity  S R   and the 
spectral shift sensitivity  S λ   are optimal at the minimum refl ectivity. Note: 
the scale of  S λ   refers to the left axis and those of the refl ectivity  R  and 
refl ectivity sensitivity  S R   refer to the right axis.
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provide smaller plasmonic shifts compared to nanoparticles with 
higher aspect ratios, such as nanorods. [ 16 ]  However, the optimized 
plasmonic sensitivity of Au nanosphere arrays reaches the same 
level of those of Au and Ag nanorods. The maximum refl ectivity 
sensitivity  S R   of the Au nanosphere metafi lms is about 24, which 
reaches similar levels to that reported from Au nanorods with 
optimized aspect ratios. [ 29 ]  The optimal spectral shift sensitivity 
 S λ   of our Au nanoparticle metafi lms is around 190 nm RIU −1 , 
much higher than most reported results with Au nanospheres [ 16 ]  
and similar to experimental data on Ag nanorods with zepto-
mole sensitivity. [ 19 ]  In practical implementations, it is not only 
the sensitivity that matters, but the utility and detectability are 
also important. For example, the detectability of the dip position 
depends not only on how much the position shifts but also on 
the width and depth of the dip. In this sense, the sample of min-
imum refl ectivity is also superior compared to most samples of 
higher refl ectivity, as it is narrower and deeper in this condition 
(see Figure S6, Supporting Information). One of the limitations 
of zero-refl ectance fi lms is that the overall intensity is low, so 
high-sensitivity photodetectors may be required for the detection 
of small spectral shifts. In terms of utility however, the Au nano-
particle metafi lms can be readily fabricated through self-assembly, 
and thus offer real opportunities for developing sensitive and 
cost-effective biochemical sensors for widespread applications.  

  3.     Conclusion 

 In summary, here we experimentally demonstrate that complete 
annihilation of the refl ectance of a highly refl ective surface can 
be achieved with an ultrathin layer of metafi lm. With a single 
layer of monodisperse Au nanoparticles, the refl ectance of Si 
substrates is nearly completely annihilated (>99.5%) within a 
narrow band in the visible range, and signifi cantly diminished 
(>95%) across the whole visible range (400–700 nm). Such 
zero-refl ectance metafi lms are insensitive to the polarization 
and the incident angle (around ±40°) of light, and can be fab-
ricated by cost-effective self-assembly, therefore providing new 
routes to construct ultrathin antirefl ection fi lms with potential 
applications in many areas. Furthermore, we demonstrate that 
the zero-refl ectance metafi lms are optimal plasmonic sensors. 
Their sensitivity to the local refractive index is greatly superior 
to that of nonzero refl ectance fi lms (for fi lms composed of same 
nanoparticles), in both the two main detection mechanisms of 
LSPR sensors. Although these results are demonstrated with 
spherical Au nanoparticles, these general principles should be 
applicable to other nanoparticles and metamaterial structures. 
By tuning the working frequency to the spectral position of zero 
refl ectivity or engineering the structures to be zero-refl ectance 
fi lms, the sensitivity of many existing and future LSPR sensors 
will be signifi cantly improved, which will have signifi cant impli-
cations for developing high-performance molecular sensors.  

  4.     Experimental Section 
  APTES Self-Assembly : APTES molecules were diluted in toluene with a 

volume ratio of 1:100 (APTES:toluene). Si substrates were pretreated by 
rinsing with acetone, heptane, and isopropanol solvents in successive 

order, and blown dry with N 2  gas, after which they were then immersed 
in APTES solution (which was preheated to 70 °C in a glass dish). After 
≈1 h, substrates were taken out and rinsed fi rst with toluene to remove 
excess APTES molecules and then rinsed with deionized water and dried 
with N 2  gas. 

  Refractive Index Sensing : A range of liquids of various refractive indices 
were prepared by mixing deionized water with glycerol at different ratios. 
This produces solutions with refractive indices ranging from 1.33 (water) 
to 1.47 (glycerol). 

  Optical Spectroscopy : Optical refl ectivity spectra (Figure  2 ) were 
measured on a modifi ed optical microscope (Olympus, BX51). 
Unpolarized incandescent white light was used to illuminate samples 
through a 10× objective (NA 0.25) from above. The refl ected light was 
collected by the same objective and coupled to a spectrometer (QE65 
Pro, Ocean Optics) through a multimode optical fi ber. The image of the 
angle-dependent refl ectivity (Figure  3 ) was measured on a home-built 
goniometer setup, with collimated beams incident from various angles 
(from 10° to 65°) and the refl ected beams were collected and coupled to 
a spectrometer (QE 65000, Ocean Optics).  

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