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Interference-enhanced absorption of visible and
near-infrared radiation in ultrathin film coatings

V. Medvedev, V. Gubarev, E. Zoethout, N. Novikova,

We report the interference-enhanced absorption of elec-
tromagnetic radiation in two-layer lossy coatings on metal
substrates. The conditions for the complete absorption of
monochromatic radiation are described in comparison with
those in previously studied single-layer coatings. Proof-of-
principle measurements of the interference-enhanced absorp-
tion in the near-infrared range are presented for silicon-on-
germanium coatings on aluminum substrates. We also provide
various examples of materials that can be used to create similar
light-absorbing coatings for visible and near-infrared ranges.
The proposed design can be applied to optical filters, opto-
electronic devices, photodetectors, and light-emitting devices.

Index Terms—tuning electromagnetic wave absorption, ultra-
thin film, optical reflection.

I. INTRODUCTION

The phenomenon of interference is a powerful tool for
manipulating the interaction of electromagnetic radiation with
matter. Interference allows controlling absorption and reflec-
tion properties of radiation in materials. This is of great
importance for numerous applications such as photovoltaics,
biosensing, light detection, thermal imaging, radiative cooling,
and efficient light emission.

Interference-enhanced absorption in stratified media has
been studied since the 1930s [1], [2], [3], [4], [5]. However,
in recent years, a new wave of interest has emerged in this
research topic [6], [7], [8], [9], [10], [11], [12]. Among
the new works, it is worth highlighting the paper by Kats
et al. on the absorption of light in ultrathin semiconductor
layers on a metal substrate [6]. These authors showed that
strong absorption can be achieved in a layer of a lossy
material with an optical thickness substantially lower than
a quarter of the wavelength of the incident radiation. Park
et al. later derived the conditions of unit absorption at a
target wavelength for such structures. They showed that this
remarkably high absorption occurred because of the coupling
of the incident light to the surface mode supported in a single-
layer coating [13], [14]. This surface mode has flat dispersion
in both the transverse electric and magnetic polarization states,
which results in omnidirectional and polarization-independent
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absorption. Importantly, such a single-layer coating allows the
complete absorption of incident radiation at only one unique
wavelength. This unity-absorption wavelength is determined
by the optimal matching of the complex refractive indices
of substrate and coating materials. With a change in the
wavelength, this matching is violated because of the dispersion
of the optical constants of the materials and, as a result, the
interference is unable to suppress the reflection completely. By
varying the combination of the coating and substrate materials,
the unity-absorption wavelength can be changed in discrete
steps. However, it is fundamentally interesting to find ways to
change this wavelength continuously or to achieve complete
absorption at an arbitrarily given wavelength from a certain
spectral range. As one way, Park et al. suggested replacing
the planar metal substrate with a metal metasurface substrate
[15]. Such a metasurface in the form of a subwavelength
metal grating allows tailoring the reflective properties of the
interface between a lossy coating and a substrate. In another
method, Kats et al. suggested using phase-changing materials
for the coating, i.e., materials that change the optical constants
upon heating [16]. In this case, controlled heating of the
coating structure allows varying the position of the interference
absorption peak within a certain spectral range. Other stud-
ies have described a combination of both approaches when
phase-changing materials are integrated into light-absorbing
metasurfaces [17], [18], [19].

In this study, we investigate the optical absorption in two-
layer lossy coatings on metal substrates. Such coatings can
be composed of various lossy dielectric or semiconductor
materials. Both coating materials A and B, in combination
with substrate material M, determine the unity absorption
wavelengths )\64/ M and )\(1)3 / M corresponding to A/M and
B/M single-layer coatings. We show that two-layer A/B/M and
B/A/M coatings enable the complete absorption of normally
incident monochromatic radiation of any wavelength from the
spectral range limited by the values of /\{)4 ™M and /\(j)B ™ For
each target wavelength, this was achieved by optimizing the
thickness of the coating layer. It is important to emphasize
that the total thickness of the optimized coating layers does
not exceed a quarter of the target wavelength. Using numerical
calculations, we analyzed in detail the absorption of near-
infrared radiation in coatings based on a combination of Si and
Ge layers on an Al substrate. The results of these calculations
are complemented with an experimental demonstration of the
interference-enhanced absorption in Si/Ge/Al layered systems.
In addition, we discuss other combinations of materials that
can be used to produce coatings for visible and near-infrared
radiation.
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Fig. 1. (a) Sketch of a single-layer lossy coating on a metal substrate. (b)
Sketch of a two-layer lossy coating on a metal substrate.

II. CONDITIONS FOR UNITY ABSORPTION

Consider the interaction of a normally incident plane elec-
tromagnetic wave with a single-layer and two-layer coating,
as shown in Fig. 1. For this purpose, we use the partial-wave
interference formalism. Because the considered structures have
opaque metal substrates, the absorption coefficient is defined
as A =1-—R = 1—|r|?, where r and R stand for the
amplitude and intensity reflection coefficients, respectively.
The amplitude reflection coefficient of the single-layer coating
r1r, can be written as the superposition of the partial wave
directly reflected from the first interface (with the reflection
coefficient 79 = 791) and the partial waves reflected after m
circulations inside the layer (with the reflection coefficients
Ty = t01t10r{'§r%71 exp(2mikyidy)):
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tort .
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In Eq. 1, rpy and t,, represent the Fresnel coefficients for
a plane wave that encounters medium ¢ from medium p. The
media are numbered as shown in Fig. 1. Using the well-known
relations for the Fresnel coefficients and the formula for the
sum of a series of geometric progressions, one can change Eq.
1 to the following form:
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Similarly, one can write an expression for the amplitude
reflection coefficient of the two-layer coating ro;, through the
coherent sum of the partial waves:
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where the coefficient r193 is expressed by Eq. 4, considering
the propagation and interference of the partial waves in the
bottom layer of the coating.

T12 + 22 exp(?ikgdg)
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Eq. 3 can also be reduced to the following simpler form:
ror 01 + 7123 exp(2ik1d1) )

- 1+ 71917123 exp(2ik1d1) '

First, we briefly review the reflection and absorption prop-
erties of single-layer coatings. Owing to the interference of
waves reflected from the upper and lower coating interfaces,

the reflection coefficient R = |rir|? at a wavelength \ is
an oscillating function of the thickness d;. Ultrathin absorber
coatings make use of the first interference minimum of the
reflection coefficient, R,,;,, corresponding to the minimum
thickness di pin. For an arbitrary wavelength, R, and
d1,min can be calculated by applying a numerical optimiza-
tion routine, e.g., the Nelder-Mead minimization algorithm.
Consider, as an example, a Si coating on an Al substrate. The
optical constants of Si and Al were obtained from Refs. [20],
[21]. A numerical analysis of the dependence of R,,;, on
A for such a system shows that R,,;, becomes zero (within
the computer precision) at wavelengths of /\gl/ Al 627
nm, which is the unity absorption wavelength for Si/Al coat-
ings. The corresponding optimal thickness of the Si layer is
d1,min ~ 26 nm, which is equal to an optical thickness of
0.175\. Let us now consider a Ge coating on an Al substrate.
The optical constants of Ge were obtained from Refs. [22].
A similar numerical analysis shows that the unity absorption
wavelength for a Ge/Si coating is /\g; /Al ~ 1001 nm, and the
corresponding optimal Ge layer thickness is dj pin ~ 38 nm
(0.18\).

What happens if Si and Ge layers are combined on an Al
substrate? In the case of a two-layer coating, one can apply
numerical optimization routines to search for the value R,,;,
representing the reflection coefficient for the first interference
minimum. First, we consider coatings with a Si layer on top
of a Ge layer. Fig. 2(a) shows the calculated dependence
of R,in on A for such a Si/Ge/Al coating. Note that each
point on this curve represents a unique coating structure with
layer thicknesses di min and da i corresponding to the first
interference minimum of reflection. Fig. 2(b) plots d; mi» and
d2,min versus A. The vertical dotted lines in Fig. 2 denote
the positions of the unity absorption wavelengths for the
single-layer Si/Al and Ge/Al coatings. The Si/Ge/Al coatings
allow zero reflection (unity absorption) for any wavelength in
the spectral range between the wavelengths corresponding to
the single-layer coatings. The coating composition gradually
changed from pure Si (i.e., d2 pmin = 0) at A = /\gz/Al to pure
Ge (i.e., d1min = 0) at A = )\g;e/Al. It is also worth men-
tioning that the net optical thickness of the Si/Ge/Al coating
(n1d1,min + N2da mn) does not exceed 0.2) in this spectral
range. The calculation results for two-layer coatings with a Ge
layer on top of a Si layer are similar. In particular, Ge/Si/Al
coatings also allow unity absorption at any wavelength in the
range from )\g AL 1o )\g /Al The only difference between
these coatings is in the optimal layer thickness.

To explain the results presented in Fig. 2a, we compare
the reflection from single-layer and two-layer structures in
terms of the interference of the partially reflected waves
expressed by Eqgs. 1 and 3 using the phasor diagram technique.
Fig. 3a and 3b show the calculated phasor diagrams for
the reflection of the single-layer Si/Al and Ge/Al coatings
under the conditions when unity absorption is realized at
the wavelengths )\g YA and )\ge Al respectively. The phasor
trajectories return to their origin in the cases corresponding to
zero reflection. Subsequently, we choose an arbitrary value in
between these “resonant” wavelengths, e.g., A = 800 nm. At
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Fig. 2. (a) Calculated dependence R,,in, on A for Si/Ge/Al coatings. (b)

Calculated dependencies d1 min on A (green curve) and d2 ymin on A (blue
curve) for Si/Ge/Al coatings. Vertical gray lines denote the unity absorption

wavelength for Si/Al and Ge/Al coatings: /\g /Al 5 627 nm and )\g;e/ Al x

1001 nm.

this wavelength, a Si/Al coating with a Si layer thickness of
d1,min = 39 nm achieves a minimum reflection coefficient of
Ry.in =~ 0.05. Fig. 3c shows the calculated phasor diagram
for the reflection at A\ = 800 nm for such a structure. As can
be seen, a relatively low extinction coefficient of Si at this
specified wavelength does not provide sufficient attenuation
of the partial waves circulating in the coating layer for unity
absorption. In the case of the Ge/Al coating, the opposite is
true: the extinction coefficient of Ge is larger than that required
to provide sufficient attenuation of the partial waves. This can
be seen from Fig. 3d that shows the calculated phasor diagram
for the reflection of the Ge/Si coating at the same wavelength.
According to the calculations, a Ge/Al coating with a Ge layer
thickness of dj min ~ 27 nm achieves a minimum reflection
coefficient of R,,;, ~ 0.13 at A = 800 nm. For two-layer
coatings, the amplitudes of the partial waves in the upper
layer depend on the optical constants and thickness of the
bottom layer, as can be seen from Eq. 3. Thus, a combination
of materials with different extinction coefficients enables the
optimal control of the attenuation of waves in the layers of
the structure. Consequently, the complete absorption at an
arbitrary wavelength from a certain spectral range can be
achieved.

It is also important to discuss the angular dependence of
the reflection and absorption coefficients of the two-layer
structures under consideration. Again, Si/Ge/Al coatings allow
unity absorption for any wavelength in the spectral range of
627-1001 nm. Fig. 4 shows the calculated dependence of
the absorption coefficient on the angle of incidence 6 for
different wavelengths in the range of 500-1100 nm. Each
horizontal line in Fig. 4 represents a unique coating structure
with layer thicknesses di min and dg .y corresponding to the
first interference minimum of reflection at § = 0. The blue
horizontal lines at 627 nm and 1001 nm correspond to the
single-layer Si/Al and Ge/Al coatings, respectively. It can be
seen that the angular dependence of the absorption coefficient
remains approximately constant in the range of 627-1001 nm.

What affects the choice of materials that constitute a two-
layer coating? Consider a coating composed of two different
lossy dielectric or semiconducting materials A and B on a
substrate from metallic material M . The combination of
these layered materials with the substrate material determines

two unity absorption wavelengths: /\64/ M and Af /M These

wavelengths limit the spectral range where the total absorption
can be achieved at any wavelength by optimizing the layer
thicknesses. Table I provides several examples of various
combinations of materials and their corresponding spectral
ranges in which the complete absorption of monochromatic
radiation can be realized. It can be seen that the considered
absorber structures can be designed for visible and near-
infrared wavelengths. For example, semiconductors such as
Si and SiC can be used in the visible range, whereas Ge
and Te are optimal for the near-infrared range. In addition
to changing the boundaries of the working spectral range,
the choice of materials also affects the absorption pattern
inside the layered structure of the coating. Let us consider
coatings that combine Si and Ge layers. When using Al as
the substrate material for such coatings, up to around 50%
(depending on the target wavelength) of the incident radiation
can be absorbed by the substrate. Replacing Al with Ag leads
to a blue shift in the boundaries of the working spectral range
by 80-100 nm. However, in this case, the fraction of radiation
absorbed by the substrate drops below 5%. It is also worth
noting that an Ag substrate causes lower values of the total
optical thickness of the coating. We also note that the proposed
two-layer coatings can use a phase-change material as one of
the materials of the layers. In this case, the material of the
second layer can be selected in such a way as to increase the
spectral range in which the actively tunable absorber operates
in comparison with a single-layer coating based on this phase-
change material.

Another important question is how the antireflective bilayer
absorbers proposed in Table 1 might extend the color gamut.
A representative way to consider this is to utilize the CIE
color specification system. We take Si-Ge-Al and Si-SiC-Al
absorber structures as an example. Fig.5 shows the calculated
CIE plot for the case of unpolarized normally incident light
on Si-Ge-Al (blue dots) and Si-SiC-Al (orange dots) coatings.
Each dot on the chromatic diagram corresponds to the optimal
layer thicknesses (varying in the range of 0 ©x m—40 pm) of
the structures, ensuring minimal reflection at any wavelength
in the 0.4 p—1.1 pm region. Fig. 5 demonstrates that use of
SiC instead of Ge as a spacer layer increases color purity of
the coating. We also calculated the prediction color plot of the
Si-Ge-Al (Fig. 6a) and Si-SiC-Al (Fig. 6b) surfaces for a wide
range of layers thicknesses. Fig. 6a and Fig. 6b show that the
Si-SiC-Al structure provides an increased color contrast, as
compared with Si-Ge-Al.

It is also important to comment on the effectiveness of
coatings with more than two layers. As shown above, a
combination of two materials with different extinction co-
efficients allows controlling the attenuation of waves in the
coating layers. As a result, unity absorption at an arbitrary
wavelength from a certain spectral range can be achieved. The
addition of a third and subsequent layers is redundant for this
purpose. However, the addition of extra layers can be useful
for optimizing absorption in a spectral range of a finite width,
rather than at a single wavelength.



TABLE I
CALCULATED SPECTRAL RANGES WHERE MONOCHROMATIC TOTAL
ABSORPTION CAN BE ACHIEVED FOR VARIOUS COMBINATIONS OF

MATERIALS.
Structure Unity absorption range
Te/Ge/Ag 902-1253 nm
Te/Ge/Au  896-1253 nm
Te/Ge/Al 1001-1298 nm
Te/Ge/Mo  1230-1420 nm
Te/Ge/W 1533-1612 nm
Ge/Si/Ag 546-902 nm
Ge/Si/Au 544-896 nm
Ge/Si/Al 627-1001 nm
Ge/Si/Mo 1005-1230 nm
Ge/Si/W 1361-1533 nm
Si/SiC/Ag ~ 322-546 nm
Si/SiC/Au  503-544 nm
Si/SiC/Al  456-627 nm
Si/SiC/Mo  1004-1005 nm
Si/SiC/W 1239-1361 nm

III. EXPERIMENTAL DEMONSTRATION

For the experimental demonstration of the interference-
enhanced absorption in two-layer coatings, we used samples
of Si/Ge/Al coatings. The thickness of the lower Ge layer was
fixed at 10 nm, and the thickness of the upper Si layer was
varied from 15 nm to 30 nm in increments of 5 nm. According
to the calculations, in such a range of layer thicknesses, almost
complete absorption of the incident radiation around A = 750
nm could be obtained (see Fig. 2b).

Ge and Si layers were deposited sequentially at room
temperature onto an Al substrate layer by physical vapor
deposition (electron beam evaporation) in an ultrahigh vacuum
environment with a base pressure of typically 1 - 107% Pa
or better. A quartz crystal micromass balance (QCM) was
used to control the amount of deposited material. In order
to translate the QCM mass amount into the layer thickness,
grazing incidence X-ray (Cu Ko ) reflection was obtained using
a Bruker D8 eco for single-layer films in the thickness range
of 20-50 nm. The X-ray reflection-determined film thickness
results were used to calibrate the QCM.

The optical reflection spectra of the samples were measured
using a Bruker IFS 66 v/S Fourier-transform infrared spec-
trometer. A protected silver mirror (THORLABS PF10-03-
PO1) was used as the reference sample for the measurements.
According to the specification, this mirror guarantees an
average reflectance above 97% in the 450-2000 nm wave-
length range. The measurements were carried out using an
unpolarized radiation beam incident on the surface of a sample
at an angle of 11(0) with respect to the surface normal. Fig. 4
shows the measured spectra of the studied Si/Ge/Al coatings.
According to our measurements, a structure with a Si layer
thickness of 25 nm shows the lowest reflection coefficient
R =~ 0.01 at A =~ 850 nm. The minimum position has a blue
shift of about 100 nm with respect to the theoretical prediction.
This may be due to differences in the values of the optical
constants of the grown Si and Ge layers and the used tabulated
optical constants of these materials in the calculations. In any
case, our experimental data confirm the possibility of obtaining
almost complete absorption of incident radiation by a two-
layer coating.
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Fig. 3. (a) Calculated phasor diagram for a Si/Al coating optimized for zero
reflection at A = )\g /AL (b)Calculated phasor diagram for a Ge/Al coating
tuned for zero reflection at A = )\(? /AL (c) Calculated phasor diagram for
a Si/Al coating optimized for the minimum reflection at A = 800 nm. (d)
Calculated phasor diagram for a Ge/Al coating optimized for the minimum
reflection at A = 800 nm.
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Fig. 7. Measured reflection spectra for Si/Ge/Al coating samples.

IV. DISCUSSION

Let us compare the characteristics of the two-layer coatings
considered herein with the solutions proposed earlier [15],
[16]. A two-layer coating as well as a single-layer coating
on a metasurface substrate provide flexibility in choosing
the wavelength at which strong absorption of electromagnetic
radiation can be obtained. In this case, the absorption spectra
of both types of structures remain fixed during their operation.
In contrast, coatings using phase-changing materials enable
to control the absorption spectrum during their operation.
This is possible because phase-changing materials can be
rapidly and reversibly switched between the amorphous and
crystalline states by heating. Furthermore, the optical constants
(n and k) of the amorphous and crystalline states differ
significantly. A change in the refractive index of the coating
material with such a switch between the states allows the
position of the interference absorption peak to be shifted. It is
important to note that the magnitude of the absorption peak
may also change in this case. This happens because when
switching between the states, the extinction coefficient also
changes and, as a consequence, the optimal matching of the
optical constants of the substrate and coating materials can
be violated. This effect can be compensated for by using a
phase-changing material as a material for one of the coating
layers of the structures considered in this work. Moreover,
such combination coatings provide more opportunities for the
active control of absorption spectra and color gamut.

V. CONCLUSIONS

We investigated the absorption of light in two-layer coatings
on metal substrates. It is shown that two-layer coatings enable
the complete absorption of monochromatic radiation for an

arbitrary wavelength from the spectral range, the boundaries of
which are determined by a combination of the three materials
constituting the structure. It is important to note that the
total optical thickness of such a coating remains lower than a
quarter of the target wavelength, similar to the case of single-
layer coatings. We provided examples of various material com-
binations that can be used to design light-absorbing coatings
for visible and near-infrared radiation. We also experimentally
demonstrated the operation principle using Si/Ge/Al coating
samples.
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