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Highlights:
¢ A modified Salisbury screen design using lossy nonconducting layers is
proposed.
e Total absorption conditions are derived for the modified Salisbury screen.
o Proof-of-principle Ge/Si/Al structures prepared.

o Narrow-band absorption in the near-infrared range demonstrated.
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We present a modified Salisbury screen design in which the thin absorbing metal layer is replaced
with a layer of nonconducting lossy material. The conditions for total absorption in such a structure

are explained using a simplified analytical model and rigorous numerical calculations.

For the

proof-of-principle experiments, germanium/silicon bilayers deposited on aluminium substrates are
designed and manufactured. The structures demonstrate nearly perfect absorption in the near-IR
spectral range. Compared to conventional Salisbury screens, a lossy semiconductor top layer exhibits
increased spectral selectivity of absorption. The wavelength of nearly perfect absorption remains
tunable by optimizing the thicknesses of the lossy and transparent layers.

I. INTRODUCTION

Studies of structures based on optical interference coat-
ings exhibiting high radiation absorption have attracted
much attention in the recent decade [1-25]. Such struc-
tures are in demand for many applications, including
photovoltaic cells, radiation detectors, sensors, thermal
emitters, and color filters [26-33]. One of the fundamen-
tally important absorber structures based on interference
coatings is a so-called Salisbury screen [34]. Figure 1
schematically shows a Salisbury screen consisting of a
lossless spacer layer (2) placed between a metal back re-
flector (3) and a lossy thin metal layer (1). The Salisbury
screen exhibits high absorption due to destructive inter-
ference of incident and reflected waves. The approximate
analytical conditions for total absorption of monochro-
matic radiation with a wavelength A by the Salisbury
screen are expressed as:

n1 = K1, (1a)
dl = )\/(47’(77/1[431), (1b)
d2 = )\/4’112, (10)

where n1, k1, and d; are the refractive index, extinc-
tion coefficient, and thickness of the upper metal layer,
respectively; and ny and do are the refractive index and
thickness of the spacer layer. According to Eqs. 1, the
optimal optical thickness of the transparent layer is a
quarter wavelength, and the optimal thickness of the up-
per metal layer at characteristic values of ny and k1 is in
the nanometer scale.
Equations 1 define the conditions for total absorption
at a certain wavelength. A change in the wavelength at
fixed parameters of the Salisbury screen structure leads
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to the violation of the destructive interference condition,
and, as a consequence, to nonzero incident wave reflec-
tion. - Thus, the interference-enhanced absorption peak
of the Salisbury screen has a certain finite bandwidth.
The absorption bandwidth can be increased by adding
additional dielectric-metallic bilayers, resulting in mul-
tilayered structures known as Jaumann absorbers [35].
The absorption peak width of the Salisbury screen can
be reduced by using polar dielectric substrates [22], by
introducing additional transparent dielectric layers into
the structure [36], or by using additional spectral filters
[37, 38]. It should be noted that there are also other
types of light-absorbing interference coatings with high
spectral absorption selectivity. For example, Yen and
Chung[14] proposed a design of a narrow-band terahertz
radiation absorber based on a single layer of a polar di-
electric coating deposited on a metal substrate. A polar
dielectric allows one to use phonon-assisted absorption.
At the same time, optimization of the coating thickness
makes it possible to obtain a narrow absorption band
at a certain wavelength within the Restrahlen band of
the selected coating material. This type of coating, in
contrast to the Salisbury screen, does not allow the reso-
nant absorption wavelength to be selected in an arbitrary
way: the wavelength can only be changed by changing the
coating material. It should also be noted that phonon-
assisted absorption in polar materials occurs in the mid-
and far-IR ranges, which is impossible in the visible and
near-IR ranges. For the latter spectral ranges, narrow-
band absorbers based on metal-dielectric metasurfaces
are developed [39-42], and the search for new designs
of light-absorbing coatings for the visible and near-IR
ranges with high spectral selectivity remains relevant.
In this paper, we revise the light absorbing proper-
ties of the Salisbury screen. Using an analytical model,
we analyze the conditions for absorption of monochro-
matic radiation and show that not only metals, but also
dielectrics and semiconductors with nonzero losses can
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FIG. 1. Schematic of a two-layer coating (lossy layer and

lossless layer) on an optically thick metal substrate.

be used as an absorber material in the Salisbury screen.
We provide examples of such materials. In particular,
we show that germanium is a suitable material for fab-
ricating absorbers for near-IR radiation. Using accu-
rate calculations, we compare the properties of Salisbury
screens with metallic and nonmetallic absorbers. Our
calculations show that a nonmetallic absorber makes it
possible to reduce the spectral width of the absorption
peak in comparison with a metallic absorber. Finally,
test structures are fabricated using a common physi-
cal vapor deposition technique to experimentally demon-
strate nearly perfect narrow-band absorption of near-
IR radiation. Such structures are believed to replace
more difficult-to-manufacture absorbers based on metal-
dielectric metasurfaces.

II. TOTAL ABSORPTION CONDITIONS:
SIMPLIFIED ANALYTICAL THEORY

First, we formulate the conditions for total absorption
of a monochromatic plane wave by the structure in ques-
tion. Because this structure has an opaque metal sub-
strate, the absorption coefficient is defined as A = 1—|r|?,
where 7 is the amplitude reflection coefficient. The am-
plitude reflection coefficient of a two-layer interference
coating is expressed as

_ T01 - 7123 exp(2ik‘1d1)
1 + 71017123 exp(2ik1d1) ’

(2)

with
712 + 723 exp(2ikadz)
14 riorag exp(2ik2d2) ’

3)

123 =

where r;; = (n; —n)/(M; + ny) is the Fresnel reflection
coefficient, k; = 27n;/X is the wavenumber, A is the
wavelength of the incident radiation, d; is the jth layer
thickness, and n; = n; + is; is the complex refractive
index of the jth medium. Note that ko = 0, i.e., ns = ng,
since the second layer is considered transparent in our
theoretical analysis.

The condition for total absorption at a wavelength A
can be obtained from the roots of the numerator of Eq. 2.

For ease of analysis, the metal substrate is approximated
by a perfect electrical conductor (PEC). Therefore, we
can set ro3 = —1. We consider the particular case of dy =
0.25A/ng (i.e. kody = 7/2), which is used as the baseline
in the Salisbury screen theory. In this case, 7123 = 1 and
the condition for zero reflection is simplified:

r01 + eXp(Qik1d1) =0. (4)
Equation 4 is equivalent to the two equations:

|ro1| = exp(—4mridi/N), (5a)
arg(ro1) — 4mnidi /A = 7(2m + 1), (5b)

where m = 0,£1,42,.... Equations 5 implicitly relate
the optimal values of ny, k1, and d;. These equations
can be solved using numerical methods. However, it is
also useful to obtain an approximate analytical solution.
Equation 5(b) can be rewritten in the form:

A

47N,

dyf=

(arg(ro1) — m(2m + 1)). (6)

For lossy materials, the value of arg(rg1) slightly exceeds
7 for most wavelengths. Hence, Eq. 6 provides positive
values for d; only at m < 0. The case of m = 0 cor-
responds to a conventional previously studied Salisbury
screen (see Egs. 1). We focus on the case of m = —1.
Equation 6 with arg(ro;) ~ 7 yields di &~ A/2n;. Hence,
the optimal thickness of the top layer is close to half
the wavelength in the medium. Absorption in such rel-
atively thick layers can be achieved only using materials
with relatively low values of the extinction coefficient,
e.g., k1 ~ 0.1 [25]. Assuming n; > 1, the Fresnel reflec-
tion coefficient rg; can be approximated in this case as
ro1 = (1—n1)/(1+n1). Equation 5(a) can now transform
to the equation:

ny ny — 1
= 1 ~——1 .
" atra) ~ 52w (M), @

A
47Td1
Note that Eq. 7 becomes invalid around n; = 1. At
ny > 1, Eq. 7 is simplified to x1 ~ 1/m. Thus, we
obtain the approximate equations for the total absorption
conditions:

d1 = )\/2711, (8&)
d2 = )\/477,2, (8b)
k1 =1/7. (8¢)

In addition to the approximate analytical solution ex-
pressed by Egs. (8), it is also possible to obtain the
exact solution to Eqgs. (5) for a given m. To do this,
we used the methods of numerical solution of equations,
implemented in the SciPy library for the Python pro-
gramming language [43]. Figure 2 shows such a solu-
tion for m = —1 in the form of all possible combinations
of n1, k1 and 61 = nydy /), satisfying Egs. (5). Note
that, for simplicity of presenting the results, we will use
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the wavelength-normalized optical thickness of the up-
per layer of the coating (d1), rather than the physical
thickness (d;). Figure 2(a) shows ; as a function of nq,
calculated numerically (solid orange curve) by Egs. 5 at
m = —1 and obtained analytically (grey dashed lines)
using Eqs. 8. Similarly, Fig. 2(b) displays the reduced
optical thickness (n1di/A) as a function of ny, calculated
numerically (solid orange curve) by Eqs. 5 at m = —1
and obtained analytically (grey dashed lines) using Egs.
8. It is seen that the approximate analytical solution
works reasonably well for n; > 2, i.e. in the range of
refractive indices typical for most lossy dielectrics and
semiconductors. In this case, the optimal extinction co-
efficient of the top layer is k1 ~ 0.32 and the optimal
thickness slightly exceeds half the wavelength. It is also
worth noting that according to Fig. 2a, total absorption
can also be achieved using materials with n; < 1 and
k1 < 1, i.e. index-near-zero materials. However, in this
case, the reduced optical thickness d; increases to almost
0.75.

It should also be noted that in a similar way one can
obtain approximate analytical and numerical solutions to
Egs. (5) for m < —1. In this case, the optimal values of
k1 decrease with decreasing m, while the optimal values
of d1, on the contrary, increase.

The numerical analysis shows that zero reflection can
also be achieved with other values of dy (i.e. do #
0.25)/n2) as well as with other values of 733, correspond-
ing to metal substrates. This however results in only rel-
atively small changes in the optimal parameters (n1, k1
and dy) of the upper layer.

III. TOTAL ABSORPTION CONDITIONS:
REAL MATERIALS AND RIGOROUS
CALCULATIONS

At this point we consider properties of real materials
for designing the described bilayer structures. The cal-
culated optimal values of the complex refractive index
(Fig. 2(a)) of the top layer are similar to those of semi-
conductors in the vicinity of their bandgap or to polar
dielectrics around their Restrahlen bands. For example,
suitable values for the complex refractive index can be
found for silicon (Si) and germanium (Ge) in the visible
and near-IR ranges at around their bandgaps [44, 45].
In the mid- and far-IR ranges, suitable optical constants
can be found in compounds such as silicon carbide (SiC),
silicon nitride (SiN,), aluminum nitride (AIN), and gal-
lium arsenide (GaAs) at around their Restrahlen bands
[46-48).

Let us consider an example of the design of an absorber
for near-IR radiation based on a two-layer Ge-on-Si coat-
ing deposited on an aluminum (Al) substrate. In rigorous
calculations of the reflectance and absorptance of layered
structures, we use the transfer matrix method [49]. In
the calculations, we use optical constants of materials
obtained on the basis of ellipsometric measurements (see

0.4

(b)

FIG. 2. Dependences of (a) the extinction coefficient and
(b) reduced optical thickness on the refractive index for the
considered two-layer coating on a PEC substrate at a wave-
length A. The thickness of the transparent layer is set at
d2 = 0.25\/n2. The solid orange curves represent the results
of the numerical solution to Eqs. 5 at m = —1; dashed grey
lines show the approximate analytical solution by Egs. 8.

Section IV) and literature data [50]. For given materi-
als constituting the considered structure, its reflectance
R = |r|* at a wavelength ) is governed only by the layer
thicknesses, dy and dp. Figure 3(a) shows an example
of the calculated reflection coefficient of a Ge coating
at a wavelength of 1170 nm. Using numerical optimiza-
tion, one can find the optimal values of d; and ds at
which the reflection becomes minimal. To this end, we
use the numerical optimization routines implemented in
the SciPy library for the Python programming language
[43]. At A = 1170 nm, the calculations for the consid-
ered Ge/Si/Al structures yield R = 0 at dy ~ 114 nm
(d1 = 0.47\/nq) and dy =~ 76 nm (dz ~ 0.25A/ny). The
corresponding point (dy,ds) is shown by a white cross in
Fig. 3(a). Note that at the selected wavelength, the ob-
tained optical thicknesses of the layers are close to those
predicted by Eqgs. 8. Next, by varying the wavelength
and repeating the described procedure for minimizing R,
one can find the spectral range in which total absorp-
tion of monochromatic radiation can be achieved. Fig-
ure 3(b) shows the calculated dependence of Ry, on A.
One can see that total absorption can be achieved at any
wavelength from the 9441266 nm range. Figures 3(c)-
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FIG. 3. (a) Calculated reflectivity of 1170 nm radiation normally incident on a Ge/Si/Al structure as a function of the Ge and
Si layer thicknesses, di and d2. The white cross indicates the point (di &~ 114 nm and d2 ~ 76 nm) of R = 0. (b) Dependence
of the minimum reflectance (Rmin) of Ge/Si/Al structures on the wavelength in the near-IR range. Vertical dashed lines at
A =944 nm and A = 1266 nm show the spectral range where zero reflectance can be achieved. Vertical dashed lines at A = 1145
nm and A = 1154 nm display the spectral range where zero reflectance can be achieved for different combinations of the layer
thicknesses. (c¢) Optimum Ge and Si layer thicknesses corresponding to the minimum reflectance of the Ge/Si/Al structure as a
function of wavelength. The Ge thickness is represented by solid blue curves, and the Si thickness is represented by solid green
curves. (d) Optimal optical thicknesses of Ge and Si layers and their sum normalized to the wavelength. The Ge thickness is
represented by solid blue curves, the Si thickness is represented by solid green curves, and the total thickness is represented by

solid orange curves.

(d) show the wavelength dependence of the optimal layer
thicknesses and the optimal reduced optical layer thick-
nesses (nd/A). It can be seen that at the boundaries of
the range, one of the structure layers vanishes, i.e. the
coating becomes single layered. One can also see that
the total optical thickness of the coating does not exceed
0.72X in the entire range. Interestingly, in the spectral
range from 1145 to 1154 nm, total absorption is achieved
at two different combinations of layer thicknesses, d; and
da.

Now we will analyze the absorption spectra of the
considered Ge/Si/Al structures. Figure 4(a) shows the
calculated absorption spectra for a structure with layer
thicknesses optimized for total absorption at A = 1170
nm. In Fig. 4(a), the blue dashed curve shows the
absorption spectrum in the Ge layer, the orange dash-
dotted curve presents the absorption spectrum in the
Si layer, the green dotted line illustrates the absorption

spectrum in the Al substrate, and the solid red curve
demonstrates the integral absorption spectrum. Calcu-
lations show that at the target wavelength of 1170 nm,
about 75% of the radiation is absorbed in the Ge layer,
with the remaining 25% of the absorbed radiation be-
ing divided approximately equally between the Si layer
and the Al substrate. It is also important to compare
the spectral characteristics of the considered Ge/Si/Al
structures with the characteristics of the Salisbury screen
based on a metal absorbing layer. We choose chromium
(Cr) as an absorbing metal, which is often used for such
purposes. The optical constants of chromium can be
found elsewhere [50]. We use again the wavelength of
1170 nm. According to our calculations, total absorp-
tion in Cr/Si/Al at this wavelength is achieved at Cr
and Si layer thicknesses of dy ~ 6 nm and ds ~ 62 nm,
respectively. Figure 4(b) compares the absorption spec-
tra of Ge/Si/Al and Cr/Si/Al structures optimized for
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FIG. 4. (a) Calculated absorption spectra for the Ge/Si/Al structure with layer thicknesses optimized for total absorption at
a wavelength of 1170 nm. The blue dashed curve is the absorption in the Ge layer, the green dotted curve is the absorption in
the Si layer, the orange dot-dashed curve is the absorption in the Al substrate, and the solid red curve is the total absorption
in the structure. (b) Calculated absorption spectra of Ge/Si/Al (solid red curve) and Cr/Si/Al (dashed blue curve) structures
with layer thicknesses optimized for total absorption at 1170 nm. (c¢) - (d) Comparison of angular dependences of radiation
absorption by Ge/Si/Al (solid red curve) and Cr/Si/Al (dashed blue curve) structures at a wavelength of 1170 nm in the case

of TE and TM polarizations.

total absorption at the selected wavelength. According
to the calculations, the full width of the absorption peak
at its half maximum for the Cr/Si/Al structure is ap-
proximately 709 nm, and for the Ge/Si/Al structure it
is approximately 208 nm, which is almost 3.5 times nar-
rower. Let us now compare the angular dependences of
the absorptance for Ge/Si/Al and Cr/Si/Al structures
at a fixed wavelength. Figures 4(c)-(d) show the cor-
responding calculation results for structures with layer
thicknesses optimized for total absorption of radiation
normally incident at A = 1170 nm. It can be seen from
Figs. 4(c)-(d) that the angular dependences of the ab-
sorptance for both structures are very close: in the case
of TM polarization (Fig. 4(d)), they almost coincide, and
in the case of TE polarization (Fig. 4(c)), the maximum
difference in absorption is Acy/si/a1 — Age/sizal = 0.075,
observed according to the calculations at an angle of in-
cidence of about 75°.

IV. EXPERIMENTAL DEMONSTRATION

To experimentally demonstrate the absorption of light
by such a modified Salisbury screen, we have fabricated
several samples of Ge/Si/Al coated structures and addi-
tional single layer Ge and Si coated structures. In order
to assure the same chemical state of the material under
investigation, all samples were prepared in an ultra-high
vacuum (UHV) environment with a base pressure bet-
ter than 11076 Pa. Layers were deposited at room
temperature onto the substrates by physical vapour de-
position (electron beam evaporation). A quartz crystal
microbalance (QCM) was used to control the amount of
the deposited material (1% of the reported values). The
QCM measures a change in the mass transferred into
nominal layer thickness. This nominal layer thickness in-
corporates an amount of the material that adds up to
this thickness at a bulk density (Ge: 5.35 g/cm3, Si: 2.3
g/cm?).

First, single layer samples were characterized ex-situ
with grazing incidence X-ray reflectometry (XRR). Graz-
ing incidence X-ray reflection (Cu K-a) was measured
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FIG. 5. (a) Grazing incidence XRR for 40 nm Si single layer coating samples; (b)-(c) ellipsometer data for ¥ and A parameters
and the model fit for a 40-nm-thick Si sample; (d) complex refractive index of the 40-nm-thick Si sample retrieved from the
model fit; (e) grazing incidence XRR for 42 nm Ge single layer coating samples; (f)-(g) ellipsometer data for ¥ and A parameters
and the model fit for a 42-nm-thick Ge sample; (h) complex refractive index of the 42-nm-thick Ge sample retrieved from the

model fit.
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FIG. 6. Measured (solid red curved) and calculated (grey
curved) absorption spectra for Ge/Si/Al structures with a
fixed Ge layer thickness of 120 nm and Si layer thicknesses of
45 nm (top), 55 nm (middle) and 65 nm (bottom).

with a Bruker D8 eco. XRR measurements of thin films
can be used to determine film properties like layer thick-
ness and interface roughness, but here they were used to
determine the tooling factor of the QCM of the coating
setup. Figures 5(a,e) show an example of XRR measure-
ments at 1° fixed source angle for a single layer Ge and
Si coating on a silicon wafer. The films show a number of
oscillations in the theta range of 0.5° —2°. The periodic-
ity of the oscillations can be interpreted via Braggs law to
a layer thickness. The measurement results presented in
Figs. 5(a,e) present XRR measurements for the Ge and
Si layers, which have thicknesses of 42 nm and 40 nm, re-
spectively. Films made of materials with small amounts
of atmospheric oxidation (silicon and germanium in our
case) and having a thickness in the range of 20 to 50 nm
are ideal to determine the QCM tooling factor.

Second, optical properties of the Si and Ge single layer
coating samples were characterized by a Woollam M2000
FI spectroscopic ellipsometer with a spectral range of
250-1700 nm. The ellipsometer was used at 60° angle
of incidence with respect to the surface normal. A lay-
ered system consisting of the silicon wafer substrate and
the respective single layer, both including a thin native
oxide, have been modelled to fit the experimental data.
In the case of the single layers, use was made of the Tauc-
Lorentz and Cody-Lorentz shape to approximate Ge and
Si layers, respectively. The single layer model thickness
was constrained to approximate the XRR calibrated de-
position value within a few percent. Figures 5(b,c) and
5(f,g) show the measured and modeled ellipsometer pa-
rameters for 40-nm-thick Si and 42-nm-thick Ge layers,
respectively. The model fits well the data. Figures 5(d,h)
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illustrate the optical properties of the samples. The cho-
sen shape indicates that the model fits the data smoothly.
All optical properties extracted from ellipsometer data
resulted from a fit with a mean square error (MSE) of
0.7-1% between data and model. The modeled silicon
and germanium layer properties are close to those cited
in the literature, but not identical. This could be caused
by the fact that modeled optical properties of thin lay-
ers have a larger error than opaque layers, but it might
also reflect the differences in the optical response between
them.

Finally, for an experimental demonstration of the op-
eration of the Ge/Si/Al Salisbury screen, three coating
samples were manufactured with a fixed thickness (120
nm) of the Ge layer and three different thicknesses (45
nm, 55 nm and 65 nm) of the Si layer. Reflection spectra
of the samples were measured using a Bruker IFS 66 v/s
FTIR spectrometer. A protected silver mirror (THOR-
LABS PF10-03-P01) was used as a reference sample in
the measurements. According to the specification, this
mirror guarantees an average reflectance above 97% in
the 0.452.0 pym wavelength range. The measurements
were carried out using an unpolarized radiation beam in-
cident on the surface of a sample at an angle of 13° with
respect to the surface normal. The measured spectra are

7

shown with red solid curves in Fig. 6. The grey dashed
curves in Fig. 6 represent the calculated spectra for the
given layer thicknesses of the fabricated samples. One
can see that the results of calculations and measurements
are in reasonable agreement. According to the measure-
ment results, the strongest absorption (A4 = 0.998) is
achieved for the Ge(120 nm)/Si(55 nm)/Al structure at
a wavelength A =~ 1094 nm. Thus, we have experimen-
tally demonstrated near-unity absorption at an arbitrary
wavelength from the spectral range (9441266 nm, see sec-
tion IIT), in which the Salisbury screen based on Ge/Si/Al
coatings works effectively.

V. CONCLUSIONS

‘We have described the condition for total absorption of
radiation by a Salisbury-screen-type structure in which a
thin metal absorber film is replaced by a lossy semicon-
ductor film. The use of this material allows the width of
the resonance absorption peak to be substantially nar-
rowed. We have also experimentally demonstrated al-
most total absorption of near-IR radiation by Ge/Si/Al
coating samples. The proposed structure is promising for
sensing and imaging applications.
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