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Abstract: Metals are highly reflective and therefore commonly overlooked as efficient 
absorbers. However, a subwavelength Fabry-Pérot-like resonance in ultra-thin metal films has 
been used to achieve absorption above 70%, approaching perfect absorption using traditional 
substrates. Here we take a different approach and show that near-perfect absorption is 
achievable provided that the ultra-thin metals are deposited on an index near zero (INZ) 
substrate. The optical contrast at the metal-INZ interface enhances the non-trivial reflections 
leading to destructive interference after multiple reflections. In this manuscript, we present 
design considerations for ultra-thin metal films on INZ substrates to obtain near-perfect 
absorption throughout the visible spectrum and into the near-infrared (NIR). We find that metals 
commonly used for plasmonics and hot carrier devices, such as Au and Ag, can obtain near-
perfect absorption for near-ultraviolet and visible wavelengths, while metals such as Pd and Pt 
are efficient absorbers throughout the near-ultraviolet to near-infrared spectrum. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
Generating optical interference in thin films is a versatile method of controlling light absorption, 
reflection, and transmission in materials. Such interference is responsible for the rainbow colors 
seen in oil on water and is incorporated into many devices for anti-reflection coatings [1,2], 
optical filters [2–4], thin film solar energy conversion [5], and even lasers [6–8]. Traditional 
interference effects use a lossless material that is a half or a quarter of the thickness of the 
incident wavelength within the material for constructive or destructive interference, 
respectively. However, it was recently shown that lossy, reflecting materials can achieve 
destructive interference in film thicknesses much less than the quarter wavelength requirement 
as a result of accumulated phase shifts upon reflection from each interface [9,10]. This 
resonance is a subwavelength Fabry-Pérot-like resonance and is unlike tradition Fabry-Pérot 
(FP) resonances because it requires the optical cavity to be both highly attenuating and 10-100x 
thinner than the wavelength of light to allow multiple reflections for destructive interference. 
This effect is unique because highly attenuating materials typically are also highly reflective 
and therefore are generally not considered useful as an optical cavity. This resonance has been 
applied to obtain high absorption in ultra-thin semiconductors on metal substrates such as 
silicon (Si) and germanium (Ge) on gold (Au) or silver (Ag) [10,11], but can also be applied to 
metals with large refractive index, such as platinum (Pt) and chromium (Cr) on dielectric 
substrates [12]. 

Significant research has gone into design considerations for the absorption resonance in thin 
semiconductors on metal substrates [10,11,16–20]; however, absorption resonances in planar, 
thin metal films has not been thoroughly investigated. Metals are more reflecting than 
semiconductors and are therefore commonly overlooked for efficient absorption. Rensberg et. 
al. [18] demonstrated that reflection can be suppressed in thin films when their substrates have 
a refractive index less than unity (i.e. ñsubstrate = ns + iκs < 1). Low loss, index-near-zero (INZ) 
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materials offer high optical contrast to most media, including air and therefore enhance the FP 
like resonance in the thin absorbing films. In this paper, we present design considerations for 
obtaining near-perfect, absorption in planar, thin metal films varying the optical properties of 
nearly-ideal INZ substrates and incident optical wavelengths from near-ultraviolet (NUV) to 
near-infrared (NIR). As expected, we find that the absorption in the metal film decreases with 
increasing ns, but we find that the absorption does not significantly decrease with increasing 
loss (κs). In addition, we find that metals commonly used for plasmonics, such as Au and Ag, 
can be used to obtain high absorption in NUV and visible wavelengths, while lower conductive 
metals such as Pt and Cr have high absorption over a broader range of wavelengths from visible 
to NIR. 

2. Absorption resonance with an ideal INZ substrate 
It was previously shown that the absorption in an ultra-thin metal film can be estimated by the 
optical contrast of the media surrounding the film [13–15,21]. If the surrounding media are 
optically thick and non-absorbing, the optical path length in the film is very small (i.e. δ = 2πd/λ 

 1, where d is the film thickness and λ is the wavelength in air), and the real and imaginary 
parts of the thin film’s refractive index are approximately equal (i.e. nf »κf, where nf and κf are 
the real and imaginary parts of the refractive index of the metal film, respectively), then the 
maximum absorption attainable in a thin film is determined by: 

   (1) 

where ntop and nbot are the real parts of the refractive indices of the media above and below the 
metal film respectively. From this approximation there are two methods of obtaining near-
perfect absorption in a thin metal film. The first is to ensure that ntop  nbot, and the second is 
to reduce nbot to zero. Here, we consider this second case. 

 

Fig. 1. Absorption resonance in a 5 nm metal film varying the refractive index, nf + iκf, for 
wavelengths 300, 550, 800 and 1300 nm. The black dots show the optical properties of various 
materials. The dotted line shows nf = κf. The nf and κf axis extend from 0 to 5 for wavelengths 
300 and 550 nm and are increased from 0 to 10 for wavelengths 800 to 1300 nm due to the 
increased size of the resonance. Some metals do not show up in all plots because their refractive 
indices lie outside of the values shown. 
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Figure 1 shows the absorption resonance within the metal film at four wavelengths incident 
from air on a 5 nm thick film with refractive indices nf + iκf on a nearly ideal INZ substrate (i.e. 
ntop = nair = 1 and ñbot = 0.01 + 0.01i). The absorption maximum for all wavelengths is 99%, 
which is correctly estimated by Eq. (1). While the value of the absorption maximum is 
independent of wavelength and film thickness, the optical properties of the thin films that 
achieve the maximum absorption is dependent on these parameters. In Fig. 1, we see that the 
range of nf and κf values that achieve ultra-high absorption decreases and moves closer to the 
origin with decreasing wavelength. Note that it was previously shown that the resonance 
decreases in this same manner with increasing film thickness at a fixed wavelength [12,13]. The 
optical properties of various metals as well as Si and Ge are shown to determine what common 
materials will satisfy the absorption resonance. The optical properties were taken from 
references [22–26]. 

Pt and Fe remain in the absorption resonance corresponding to > 90% absorption at all 
wavelengths, while Pd remains just outside the resonance maxima at ~80% absorption. Cr lies 
in the absorption maxima for all but the shortest wavelengths, whereas Au and Ag only show 
high absorption for short wavelengths. At 300 nm, Ag lies outside the resonance but is close to 
the nf »κf line suggesting that it would lie at the center for the resonance for film thickness larger 
than 5 nm. Ge and Si are both close to the absorption resonance at 300 nm and Ge remains close 
to the absorption maxima at 550 nm. While Si is outside the resonance at 300 nm, it is close to 
the nf = κf line, suggesting that Si will lie at the center of the absorption resonance for films 
thinner than 5 nm. This behavior is because Si has higher loss and therefore higher dampening 
of the incident light compared to the other materials listed at λ = 300 nm. Therefore, to obtain 
multiple reflections within the film for destructive interference, the Si film must be thinner than 
the other materials (see Fig. 2). 

 

Fig. 2. Contour plots of absorption as a function of wavelength and thickness for various 
materials on a nearly ideal INZ substrate (ñbot = 0.01 + 0.01i). The white dashed lines show the 
thickness where the absorption is maximized in each material. Al and Si achieve maximum 
absorption at 1-2 nm film thicknesses. Ge and Pt achieve maximum at 3 nm. All other metals 
achieve maximum absorption between 5 and 15 nm film thicknesses. Pt and Fe maintain high 
absorption across all wavelengths. 

We verify the absorption resonance on a nearly ideal INZ substrate as a function of film 
thickness in 8 materials in Fig. 2. As expected, Ag achieves maximum absorption at a film 
thickness larger than that required for Au. The maximum absorption for each material is 97% 
for Au, 99% for Ag, 74% for Al, 98% for Cu, 99% Si, 99% for Ge, 96% for Pt and 98% for Fe. 
The film thicknesses and wavelengths at maximum absorption are, respectively, 8 nm and 320 
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nm for Au, 12 nm and 282 nm for Ag, 2 nm and 816 nm for Al, 9 nm and 284 nm for Cu, 1 nm 
and 295 nm for Si, 3 nm and 377 nm for Ge, 3 nm and 1300 nm for Pt and finally 5 nm and 653 
nm for Fe. 

3. Effect of non-ideal INZ optical properties 
While Fig. 1 shows the absorption resonance in thin films on a nearly ideal INZ substrate, real 
INZ materials generally have higher optical loss because of the free carrier dampening required 
to obtain a low refractive index. Therefore, it is important to understand how the resonance 
shifts with the varied optical properties of INZ substrates with optical loss. Figure 3 shows the 
changes in the location and value of the absorption maxima in nf-κf space varying the INZ 
complex refractive index, nINZ + iκINZ, for three values of the effective optical path length, δ = 
2πd/λ. Each data point was calculated numerically using the transfer matrix method. As 
expected, with decreasing δ, either due to decreasing thickness or increasing wavelength, the 
maximum absorption occurs at larger values of nf and κf. 

We find that the maximum absorption is predominately determined by the real part of the 
INZ material’s refractive index, nINZ, and remains relatively constant as the optical loss, κINZ, 
increases for constant nINZ. The absorption maxima calculated using Eq. (1) for nINZ values of 
0.01, 0.4 and 0.8 are 99.0%, 71.4% and 55.6%, respectively, and the exact numerically 
calculated values in Fig. 3 agree with these values within ± 4%. This result demonstrates that 
Eq. (1) can be used to estimate the value of the absorption maximum even in the presence of 
optical loss in the substrate. However, the values of nf and κf that correspond to maximum 
absorption change significantly with the optical properties of the INZ substrate. As nINZ 
increases, the maximum absorption occurs at larger values of nf and κf, and as κINZ increases, 
the location of the absorption maximum moves away from the nf = κf line and instead requires 
nf > κf (Fig. 3). 

As the absorption in the INZ substrate increase, i.e. as κINZ increases, the peak of the 
absorption resonance shifts to larger values of nf and smaller values of κf moving the high 
absorption region away from the optical properties of common metals as shown in Fig. 1. 
However, metals that lie closer to the nf = κf line are likely to remain in the absorption resonance, 
provided that κINZ < 1. For example, at 300 nm incident wavelength, Au, Ag, and Pt will all 
remain in the absorption resonance for κINZ < 1, allowing them to obtain >90% absorption if 
nINZ £ 0.11 and their film thicknesses are optimized (i.e. d ~5nm). 

 

Fig. 3. Absorption maxima in thin films are shown as a function of their optical properties (nf + 
iκf), the optical properties of the INZ substrate (nINZ + i κINZ), and of the effective optical path 
length, δ = 2πd/λ. The color of the dots represents the value of the absorption maxima in the thin 
film as determined by the color bar. The dashed grey line corresponds to nf = κf. The three boxed 
regions represent calculated values for δ = 0.25, 0.06, and 0.025 varying nINZ and κINZ. The boxed 
region at δ = 0.025 shows the values for nINZ and κINZ, and this trend is consistent for all δ regions, 
but not shown for simplicity. 
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Currently, INZ materials with the lowest refractive index reported in literature have 
minimum nINZ > 0.2, and it is important to note that there is only a small optical bandwidth 
where both nINZ and κINZ remain low [27–32]. Due to the dispersive properties of INZ materials, 
at short wavelengths nINZ is too large for high absorption while κINZ is approximately 0. At long 
wavelengths, nINZ will decrease, but κINZ will increase and move the absorption resonance away 
from all common materials. Therefore, the optical bandwidth useful for maximizing absorption 
in thin metal films is around the wavelength where nINZ = κINZ, or λn=κ. INZ materials such as 
Al:ZnO or In:SnO have recently been of great interest because of the ability to tune λn=κ by 
varying deposition parameters such as doping and annealing temperatures [28,30,33,34]. These 
materials have previously reported tunable λn=κ in mid-IR wavelengths, but recently they have 
achieved λn=κ in the NIR. For example, Kim et al. in ref [29] reports INZ optical properties in 2 
wt% Al:ZnO with λn=κ at 1290.5 nm. The optical properties at this wavelength are nINZ = κINZ 
~0.39. However, nINZ reaches a minimum of ~0.2 with κINZ > 1 for λ > 1435 nm. Therefore, a 
thin metal film deposited on this substrate would reach an absorption maximum of 70-80% 
absorption for a narrow bandwidth between 1290 and 1435 nm. 

4. Ultra-high absorption in common thin metal films 
Figures 1 and 3 show that it is necessary for the INZ substrate to have small real and imaginary 
parts of its refractive index to enhance absorption in common metals. There are currently no 
reported INZ materials in visible wavelengths; however, designing materials to have INZ 
behavior in this region has been a topic of considerable interest in recent years. Assuming it 
will be possible to find an INZ material with low refractive index that is tunable to any 
wavelength, it would be useful to look at which common metals will benefit from the enhanced 
absorption resonance. Previous results have shown that Pt, Cr, Fe and Ti obtain high absorption 
from 1100 – 1600 nm [12]. Here, we consider the absorption in various metals from 250 – 900 
nm. Figure 4 shows the numerically calculated absorption in eight common metals on INZ 
substrates with nearly ideal INZ (ñbot = 0.01 + i0.01i) and low loss values (ñbot = 0.25 + 0.25i) 
for the optical properties assuming no dispersion in the INZ substrate. The film thicknesses are 
optimized at each wavelength (Fig. 4). Because dispersion prevents real INZ materials from 
maintaining low loss and low refractive index over this large bandwidth, Fig. 4 should be 
considered a reference for selecting materials with high absorption given an INZ substrate with 
λn=κ between 250 and 900 nm. The absorption spectra for each metal on a real, dispersive INZ 
substrate would reach the maximum values plotted here only for a narrow bandwidth around 
λn=κ. 

Because Pt, Pd and TiN remain close to the nf = κf line, these metals are useful for high 
absorption throughout the NUV to NIR spectrum. Note that increasing the difference between 
nf and κf reduces the absorption in the thin film. For example, Mg will never have absorption 
larger than 30% because κMg  nMg at all wavelengths. Similarly, the absorption in Cr 
decreases for visible wavelengths where κCr  nCr. The only metal that does not follow this 
trend is Al. This result is because nAl becomes relatively large at ~800 nm, allowing it to lie just 
outside the absorption resonance for > 50% absorption, which can also be seen in Fig. 1. 

When the optimized film thickness is > 30 nm, the absorption is no longer maximized by 
the thin film FP resonance and instead is maximized by the bulk material absorption. Note that 
for a glass substrate, the optimized absorption is often from the bulk rather than the thin film 
resonance because of the reduced optical contrast. The absorption in Ag at ~350 nm is not due 
to a thin film FP resonance either, because at this wavelength Ag behaves more like a dielectric 
instead of a metal, and nAg and κAg are too small to lie within the thin film absorption resonance. 

!
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Fig. 4. Maximized absorption in various thin film metals on a nearly ideal, non-dispersive INZ 
substrate (orange) with ñbot = 0.01 + 0.01i, a low loss, non-dispersive INZ substrate (green) with 
ñbot = 0.25 + 0.25i, and a glass substrate (blue). The refractive index, nf (solid) + iκf (dashed), is 
plotted below the absorption. The transmission into the substrate is shown by the dashed lines 
and shaded regions. At each wavelength the film thickness, d, is optimized, and the optimized 
values are plotted. 

While there is negligible transmission into the ideal INZ substrate for all metals, the 
maximum transmission into the lossy INZ substrate is 31% at the crossover wavelength for Ag. 
Because the INZ substrate is optically thick it can be assumed that all light transmitted into the 
substrate will eventually be absorbed. However, the BK7 glass substrate has no absorption 
beyond 400 nm, and therefore most of the transmitted light will eventually exit the substrate 
into free space. Finally, we find that illumination with TM polarized light enables near angular 
independence of enhanced absorption in the metal film. Figure 5 shows the absorption in Pt, 
Au, Al and TiN, at wavelengths and film thicknesses chosen to maximize the absorption at 
normal incidence, varying the incident angle and polarization of illumination. For the nearly 
ideal INZ substrate with ñbot = 0.01 + 0.01i and the glass substrate, the absorption with TM 
illumination remains constant until θ > 60°. Interestingly, the metals on the INZ substrate with 
higher refractive index, ñbot = 0.25 + 0.25i, increase in absorption for θ > 30° before decreasing 
at θ > 60°. This is because the lossy INZ substrate will not have perfect reflection at the 
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metal/INZ interface for normal incidence allowing some of the light to transmit into the INZ 
substrate. However, after the critical angle, the reflectivity at the metal/INZ substrate will 
increase and enhance the absorption within the thin metal film. 

 

Fig. 5. Absorption in four metals varying the incident angle for TM (solid) and TE (dashed) 
illumination. The absorption in each metal is compared when using a glass substrate (blue), a 
nearly ideal INZ substrate with ñbot = 0.01 + 0.01i (orange), and a low loss INZ substrate with 
ñbot = 0.25 + 0.25i (green). The absorption is calculated numerically using the transfer matrix 
method with the specified parameters for wavelength, λ, and film thickness, d, denoted within 
the plots. The film thickness and wavelengths were chosen to maximize the absorption. 

5. Conclusions 
In conclusion, we have shown design consideration for obtaining nearly perfect absorption in 
ultra-thin metal films on INZ substrates throughout the visible spectrum. Provided that the 
optical loss in the INZ substrate is low, the optimum thin film will have nf ~κf. However, as the 
optical loss in the INZ substrate increases, an optimum thin film would have nf > κf. We find 
that while metals such as Pt, Cr, and Fe will have high absorption for NIR wavelengths, metals 
that are more commonly used for hot carrier and plasmonic devices such as Au and Ag can 
obtain high absorption in NUV and visible wavelengths. In addition, Al films as thin as 2 nm 
can have > 50% absorption on an INZ substrate at wavelengths near 800 nm. Presently, it is 
rare to find INZ materials in the visible to NIR wavelengths. Most INZ materials have INZ 
properties in NUV or mid-IR wavelengths. However, recently significant research has been 
done to fabricate bulk INZ materials or design metamaterials that act as effective INZ substrates 
in this wavelength region [30,35,36]. Further opportunities exist for tailoring the properties of 
the thin-film metals either through alloying [37] or dynamically switching their refractive 
indices in the visible [38]. Future work in materials’ design could enable ultra-high absorption 
throughout a wide spectral range for optoelectronic devices such as hot carrier detectors and 
energy convertors [39,40], as well as color pixels and optical filters. 
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