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Co-sputtering of A Thin Film Broadband Absorber Based on
Self-Organized Plasmonic Cu Nanoparticles

Jonas Drewes, Nanda Perdana, Kevin Rogall, Torge Hartig, Marie Elis, Ulrich Schiirmann,
Felix Pohl, Moheb Abdelaziz, Thomas Strunskus, Lorenz Kienle, Mady Elbahri,

Franz Faupel, Carsten Rockstuhl, and Alexander Vahl*

The efficient conversion of solar energy to heat is a prime challenge for solar
thermal absorbers, and various material classes and device concepts are
discussed. One exciting class of solar thermal absorbers are plasmonic
broadband absorbers that rely on light absorption thanks to plasmonic
resonances sustained in metallic nanoparticles. This work focuses on
Cu/Al, O, plasmonic absorbers, which consist of a thin film stack of a metallic
Cu-mirror, a dielectric Al,O, spacer, and an Al,O, /Cu-nanoparticle
nanocomposite. This work explores two preparation routes for the

Al, O, /Cu-nanoparticle nanocomposite, which rely on the self-organization of
Cu nanopatrticles from sputtered atoms, either in the gas phase (i.e., via gas
aggregation source) or on the thin film surface (i.e., via simultaneous
co-sputtering). While in either case, Cu-Al,0;-Al,0; /Cu absorbers with a low
reflectivity over a broad wavelength regime are obtained, the simultaneous
co-sputtering approach enabled better control over the film roughness and
showed excellent agreement with dedicated simulations of the optical
properties of the plasmonic absorber using a multi-scale modeling approach.
Upon variation of the thickness and filling factor of the Al,O; /Cu
nanocomposite layer, the optical properties of the plasmonic absorbers are

1. Introduction

Renewable energy sources and their ef-
ficient utilization play a crucial role in
overcoming the ecological and societal
implications associated with the extensive
usage of limited fossil fuels. Among various
renewable energy sources, such as wind,
geothermal, and tidal energy, solar energy
is particularly interesting, as solar irradia-
tion reaches up to 5000 times the current
global power consumption.l!! Different
approaches are pursued to harvest solar en-
ergy and convert it into electricity, for exam-
ple, by photovoltaic cells or photothermal
processes and subsequent conversion to
electricity. In all solar-thermal approaches,
the solar radiation is first converted into
heat and afterward used to power, e.g.,
steam engines, to produce electricity.
There are several concepts for concentrated
solar power plants, e.g., solar power tow-

tailored, reaching an integrated reflectance down to 0.17 (from 250 to

1600 nm).

ers (SPT) or parabolic trough collectors
(PTC). In the SPT, the sunlight is focused
by sun-tracking reflectors onto a central
receiver placed at the top of a fixed tower.
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In the PTC, the sunlight is focused by parabolic reflectors onto
an absorber tube where the heat is transferred to a fluid.”! Com-
mon to both approaches is the application of an absorber as
an essential building block, which absorbs the sunlight over a
broad range of the solar spectrum and converts incoming pho-
tons to heat. This absorber has to simultaneously meet demand-
ing requirements, i.e., a high solar absorptance throughout the
whole solar spectrum combined with a low thermal emittance
as well as a sufficient thermal stability at the respective operat-
ing temperatures.’] For example, a commercial absorber coat-
ing used in SPTs absorbs 0.96 of the solar spectrum at near-
normal incidence angles.[*] Furthermore, the absorber material
has to withstand elevated temperatures without degradation, be
resistant to oxidation, and be hard to prevent damage in harsh
environments.’] A broad range of absorber concepts has been de-
veloped, e.g., intrinsic absorbers,[®’] semiconductor coatings,®°!
multilayer coatings,*!!] textured surfaces,!'213! dielectric-metal-
dielectric absorbers,"*15] and metal-dielectric composite coat-
ings, also called cermet based absorbers.[117]

Metal-dielectric composite coatings employ plasmonic
nanoparticles (NPs), which show, in general, strong absorption
from ultra-violet (UV) to near-infrared (NIR) wavelengths.!181°]
The absorber consists of multiple layers, i.e., a metallic ground
plate, a dielectric spacer, and a nanocomposite layer containing
NPs in a dielectric matrix. In these structures, perfect absorption
can be achieved because of the destructive interference of re-
flected light at the air to absorber interface and the light reflected
multiple times in the cavity of the multilayer systems.?*l When
reflection is suppressed, the light is entirely absorbed because
the metal ground plate prevents transmission. The absorption is
in spectral ranges where the NPs sustain plasmonic resonances.
These plasmonic resonances enhance the light-matter inter-
action and facilitate a compact geometry. While an individual
spherical NP supports a plasmon polariton only at a well-defined
wavelength, there are several options to broaden the absorption
in the nanocomposite layer. This broadening can be achieved
by tuning the filling factor (FF) (and hence the particle-particle
distance) or the size distribution of NPs.

The materials considered in metal-dielectric composite ab-
sorbers are, e.g., Cuand Au in a SiO, matrix or W,[1821:22] TiN [23]
Ag/*l and Cu in an Al,0; matrix.>*%! In order to enhance
the thermal stability of metal-dielectric composite coatings, ad-
ditional metal, metal oxide or metal nitride thin films have been
investigated as diffusion barriers.?*! Considering the abundance
and availability of its components, in particular, metal-dielectric
composite absorbers based on inexpensive materials such as Cu-
NPs and SiO, or Al,O, matrices are promising. Recently, an Au-
Al,0,-AlL,0,/Cu-NP plasmonic absorber based on a combina-
tion of Al,O,/Cu-NP nanocomposite layer, Al,O, spacer, and Au
metallic ground plate was reported, which showed a low reflec-
tivity over a broad spectral range.[') Multi-scale modeling indi-
cated the potential of reaching up to 0.05 Integrated reflectance
in the wavelength regime from 250-1800 nm. The Al,O,/Cu-NP
nanocomposite layer was obtained by embedding Cu-NPs, de-
rived from gas phase synthesis, into a dielectric Al,O, matrix.
While this experimental approach offers excellent control over
the FF and a well-defined and FF-independent NP size and size
distribution, the obtained Au-Al,0,-Al, 0, /Cu-NP plasmonic ab-
sorbers fell short of fully reaching the modeled reflectance values.
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In this work, the concept of plasmonic Al,O,/Cu-NP
nanocomposites is transferred to Cu-Al,05-Al,0,/Cu absorber
thin film stacks, which make use of a Cu metal ground plate and
hence rely entirely on a selection of inexpensive, abundant ma-
terials such as Cu and Al,O,. Two vacuum-based strategies are
employed and compared to prepare the Al,O,/Cu-NP nanocom-
posite. The formation of Cu-NP relies in both cases on the self-
organization from sputtered atoms, on the one hand in the gas
phase via gas aggregation source (GAS) and on the other hand
on the thin film surface via simultaneous co-sputtering from
two distinct sources for Cu and Al,O;. To investigate the impact
of the choice of preparation method on morphological features
of the nanocomposite layer, the size and shape of Cu-NPs, as
well as their dependency on the FF are determined by scanning
and transmission electron microscopy micrographs, and the sur-
face roughness of absorber stacks is studied by atomic force
microscopy. The optical properties of the resulting Cu-Al,O,-
Al, O, /Cu absorbers are characterized by spectroscopic ellipsom-
etry. Furthermore, a multi-scale modeling approach is applied
to compute the optical response of Cu-Al,0,-Al,O,/Cu absorber
thin film stacks while explicitly considering the experimentally
determined size distribution of the Cu-NPs. In the co-sputtering
approach, Cu-NP size and size distribution are closely linked to
the FF of Cu-NPs in the nanocomposite, and these parameters
crucially impact the optical response of the absorber. Thus, to ex-
plore the range of obtainable absorption properties using the co-
sputtering approach and discover the boundaries of the predictive
power of the chosen modeling approach, a systematic analysis of
co-sputtered absorbers with variations in nanocomposite filling
factor and thickness is presented. Lastly, dual-stack nanocompos-
ite structures, which feature two layers of Al,O,/Cu nanocom-
posites, are examined and discussed as a feasible approach to in-
troduce impedance matching and tailored size distributions to
the absorber stack.

2. Results and Discussion

To compare the surface roughness and morphology of thin-
film broadband absorbers produced by co-sputtering and the
GAS, atomic force microscopy (AFM), and scanning electron mi-
croscopy (SEM) investigations were performed on samples with
comparable FF. The results are shown in Figure 1. The sample
produced by the GAS shows a root-mean-square (RMS) rough-
ness of 10.6 nm and a difference between the minimum and max-
imum height of 39 nm, although the layer is only 110 nm thick.
This roughness is so high that the determined thickness of the
layer is potentially not entirely correct. The absorber prepared by
co-sputtering is smoother and has an RMS roughness of 2.2 nm
and a difference between the minimum and maximum height of
6.7 nm, roughly six times smaller than the GAS derived absorber.
The SEM images of the GAS sample show that large structures
are present with large and deep trenches between these struc-
tures. The co-sputtered absorber exhibits a more homogeneous
appearance and smaller structures and trenches.

One particular characteristic of self-organized NPs via co-
sputtering is the dependence of NP size on the FF in the
nanocomposite. This is in contrast to NPs from the GAS, where
the NP size is determined by the self-organization processes in
the gas phase, and nanocomposites with a broad range of FFs can
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Figure 1. Left: Schematic of the cross-section of the plasmonic black absorber thin film stack. Right: Schematic drawing of the vacuum sputtering setup,

consisting of separate magnetrons for the co-sputtering of Cu, Al,O5, and Ti.

be fabricated by embedding preformed NPs into the dielectric
matrix. Tranmission electron microscopy (TEM) investigations
were performed to determine how the NP size distribution in
co-sputtered absorbers develops for an increasing FF. Therefore,
four samples with FF 0f 25%, 30%, 40%, and 50% were produced,
and the resulting TEM micrographs and histograms of Cu-NP
size distributions can be found in Figure S1 (Supporting Infor-
mation). It is well visible that the NPs’ mean diameter of the dis-
tribution increases for increasing FF. At an FF of 40%, the NPs
are no longer well-separated islands, and deviations from spher-
ical NPs are observed. Their density at 50 % is much higher in
comparison to 40%. For higher FF such as 50%, the Cu-NP are
no longer readily described by a circular outline, which implies
significant deviations from a spherical shape of the Cu-NPs at
higher FF. Therefore, diameter or radius are no longer meaning-
ful quantities to describe the size of the Cu-NPs in the nanocom-
posite. In consequence, the area (i.e., the 2D projection of the
NP to the viewing plane) of the NPs was determined and evalu-
ated for the size distributions for each FF. The mean area of co-
sputtered NPs is between ~3 and ~8 nm?, which in turn is much
lower than the mean area of the NPs produced by the GAS, which
was ~130 nm? (cf. Figure S2, Supporting Information). To de-
termine the surface morphology of the Al,O,/Cu-NP nanocom-
posites at different FF, AFM, and SEM measurements were per-
formed on co-sputtered nanocomposites with 25%, 32%, 40%,
and 50% FF. The results are presented in Figure S3 (Supporting
Information). From a comparison of the AFM maps and SEM
micrographs, it can be concluded that the roughness increases
for an increasing FF of the co-sputtered absorbers. In addition,
the nanocomposite layers become less homogeneous for higher
FF. However, compared to the absorbers produced via gas aggre-
gation synthesis, the co-sputtered absorbers are more homoge-
neous and much smoother for all investigated FF.

In the following section, the optical properties of the smoother
films produced via co-sputtering will be compared to the sam-
ples produced via GAS. Furthermore, the correlation between the
simulated and experimentally obtained absorption curves will be
compared for both synthesis approaches.

Figure 2 shows the measured (a) and simulated (b) reflectance
spectra for two absorbers of comparable FF and nanocomposite
thickness, one prepared by the co-sputtering method (32% FF
and 100 nm nanocomposite thickness, blue line) and the other
prepared using the GAS (33% FF and 104 nm nanocomposite
thickness, red line). In a direct comparison of the experimentally
obtained reflectance spectra for both absorbers (Figure 2a), the
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absorber based on GAS exhibits slightly lower reflectance in the
UV-vis regime (in particular ~#300 nm). In comparison, the co-
sputtered absorber shows a lower reflectance in the near-infrared
regime (in particular, #1300 nm). This observation may be at-
tributed to the larger inter-particle distances of the GAS-derived
Cu NPs since they are, on average, larger than the co-sputtered
NPs, while the FFs are almost identical. Additionally, in contrast
to Cu-NPs obtained via GAS, the shape of the Cu-NPs in the
co-sputtered nanocomposite significantly deviates from a spher-
ical shape. The shape affects the plasmonic response of the NPs,
which can enhance or reduce the absorption of light, depending
on the orientation of the NPs. A larger distance between the NPs
reduces the red-shift of the plasmonic coupling, while a shorter
distance red-shifts the plasmonic resonance frequency.?’! This
smaller inter-particle distance may cause the co-sputtered ab-
sorber to reflect less light than the absorber prepared by GAS
in the range from ~1100 to 1500 nm. Despite these relatively
small differences, both absorbers generally show a comparable
low reflectance over a broad wavelength range. This is also ex-
pressed in terms of the integrated reflectance in the range from
250 to 1600 nm, which will be considered as a figure of merit to
compare the optical properties of different absorbers within this
work. The integrated reflectance in the range is 0.207 for the co-
sputtered absorber and 0.201 for the absorber prepared by the
GAS.

The simulated reflectance spectra for both absorbers are
compared in Figure 2b. In agreement with the experimentally
obtained spectra, it is observed that the simulated GAS-derived
absorber exhibits a lower reflectance than the co-sputtered one in
the low wavelength range while exhibiting a larger reflectance in
the longer wavelength regime. There is an excellent agreement
between simulated and measured reflectance spectra for the
co-sputtered absorbers (red lines in Figure 2a,b), both in terms
of qualitative features (general shape of the curve and location
of extrema) as well as in terms of quantitative reflectance values.
While in the case of the GAS-derived absorbers, the simulated
reflectance spectrum also covers the important qualitative fea-
tures. For wavelengths longer than 1000 nm and above, the
simulated reflectance spectrum shifts towards higher reflectance
values than the experimentally obtained spectrum. The better
agreement in the case of the co-sputtered absorber is likely due
to the more homogeneous layer and the correspondingly lower
surface roughness. Furthermore, it was also easier to determine
the unit cell to model the co-sputtered absorber. Inhomogeneous
thickness, high surface roughness, and touching particles of the
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Figure 2. Comparison of AFM and SEM images of plasmonic black absorber thin films with a copper FF of 50% in the Al,O;/Cu nanocomposite layer,
fabricated via sequential GAS / RF co-sputtering a—c) and by simultaneous RF co-sputtering d—f). The co-sputtered sample shows a lower surface

roughness compared to the GAS sample.

absorber from the GAS are considered the main reasons for the
deviations of simulated and experimentally obtained reflectance
spectra of the GAS-derived absorber.

In general, both experimentally prepared absorbers show a
comparable overall reflectance. Considering the fabrication ap-
proach, the main drawback of applying a GAS traces back to
its point-like deposition profile, which limits the attainable coat-
ing area and absorber size. In this context, using a co-sputtering
approach to deposit the Al,0,/Cu-NP nanocomposite not only
yields a smoother film surface but also offers the benefit of po-
tential upscaling, as co-sputtering is already applied to coat large
surfaces, such as window glasses.[?#?%] Furthermore, in particular
for the co-sputtered absorbers, the simulated and experimentally
obtained reflectance curves are in excellent agreement. Thus, the
multi-scale modeling provides a versatile platform to reproduce
and predict the optical properties of plasmonic absorbers and can
act as a guideline for designing co-sputtered Cu-Al,05-AL, O, /Cu
thin film absorbers with tailored optical properties. In conse-
quence, the following investigations in this work will focus on
a detailed discussion of the optical properties of co-sputtered ab-
sorbers.

To determine the impact of the composition and thickness of
the Al,O,/Cu-NP nanocomposite on the optical properties of the
plasmonic absorber, both parameters, FF (25%, 32 %, 40%, and
50%) and nanocomposite thickness (60, 80, 100, and 140 nm),
have been varied systematically. In contrast, the other parame-
ters, such as the thickness of the Al, O, spacer layer and the metal-
lic Cu mirror, were kept constant. The experimentally obtained
and simulated reflectance spectra for each thin film stack are de-
picted in Figure 3.

Figure 3 shows the measured (left) and simulated (right) re-
flectance spectra for four different FFs at nanocomposite thick-
nesses of 60, 80, 100, and 140 nm. The comparison of experi-
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mentally recorded reflectance spectra with changing FF shows
that for 60, 80, and 100 nm thickness, there is an extension of the
low reflectance regime toward longer wavelengths for increasing
FF. Furthermore, at constant FF, the increase in total nanocom-
posite thickness also extends the low reflectance region towards
longer wavelengths. However, such a shift in the low reflectance
regime seems to be absent in thin film absorbers with 140 nm
nanocomposite thickness, where for all FF, the reflectance is rel-
atively low within the entire measurement range (i.e., from 245
to 1690 nm). Another interesting observation is that for higher
nanocomposite layer thicknesses, an additional peak in the re-
flectance spectra appears: While for all investigated plasmonic
absorbers the reflectance in the UV range up to 400 nm be-
haves quite similarly and lies below or ~0.2, with increasing
nanocomposite layer thickness there is an increase in reflectance
in the visible spectrum and near-infrared spectrum. This ef-
fect can be observed particularly for the 140 nm absorber stack,
where the reflectance between 750 and 1200 nm approaches 0.4.
Interestingly, in the case of the 140 nm nanocomposite layer
thickness, an increase in FF reduces this additional peak, effec-
tively straightening the reflectance spectrum and leading to a low
reflectance below 0.30 throughout the investigated wavelength
regime.

The reflectance spectra were also modeled for each combina-
tion of nanocomposite thickness and FF. Figure 3 (right) com-
pares the simulated reflectance spectra to the experimentally ob-
tained spectra. In general, the simulated reflectance spectra are in
good agreement with the experimentally obtained counterparts,
and the general trends, as described in the context of the exper-
imental data, are well reproduced also in the simulations. How-
ever, there is a notable deviation in the case of an FF 0of 50%. In the
simulations, the plasmonic black absorbers with 50% FF in their
nanocomposite layer systematically exhibit higher reflectance in
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Figure 3. Optical properties for plasmonic thin film absorbers fabricated via GAS (104 nm nanocomposite thickness, 33% Cu FF, blue curves) and
simultaneous co-sputtering (100 nm nanocomposite thickness, 32% Cu FF, red curves). The side-by-side comparison of the experimentally obtained a)
and modeled b) reflectance spectra of both absorber stacks indicates a lower reflectance in the low wavelength regime in the case of GAS deposition,
while the co-sputtered absorber exhibits lower reflectance in the near IR regime.

the simulated reflectance spectra. Here, three reasons can explain
that discrepancy.

First, the model considers the NP size distribution deter-
mined experimentally and constructs a unit cell with perfectly
spherical NPs as building units (cf. Figure S4, Supporting
Information). While the assumption of spherical NPs is readily
fulfilled with NPs from gas phase synthesis (such as GAS),
the NP shape can significantly deviate from spherical shapes
for co-sputtering and self-organization. Furthermore, for high
FF, such as 50 %, the TEM investigations revealed the preva-
lence of irregular, non-spherical NPs (cf. Figure S1, Supporting
Information).

Second, determining the NP size distribution (in terms of
particle area) via bright field TEM requires thin nanocompos-
ite layers with non-overlapping particles. This requirement is
challenging and prone to errors for high FF because the target
nanocomposite layer thickness in the absorber is far larger than
in the reference TEM sample. Unlike NPs from gas phase syn-
thesis, the NP size distribution in self-organized particles from
co-sputtering is not independent of the FF and nanocomposite
thickness.

Third, the current modeling approach does not consider the
possibility that adjacent NPs could touch. However, in the exper-
imentally obtained thin film absorbers, a fraction of NPs is ex-
pected to be in direct contact with each other, which is expected
to increase for higher FF.

All in all, this highlights the validity limit of the currently ap-
plied modeling approach to low to intermediate FF and outlines
potential pathways to increase the predictive power by consider-
ing surface roughness and non-spherical NPs in the multi-scale
model. The former could be done by performing finite-difference
time-domain (FDTD) simulations instead of using the thin-film
transfer matrix technique. In the FDTD, a reasonably large
supercell could be considered that captures these statistical
details of the surface roughness. However, the spatial extent of
these supercells would be quite large, which poses challenges to
the available computational resources. The latter problem could
be tackled by computing the T-matrix of such non-spherical
or coalesced nanoparticles and considering these T-matrices
instead of those available analytically for spheres. However,
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this would require many more phenomenological assumptions
concerning the statistical appearance of these non-spherical
particles.

From the reflectance spectra, as shown in Figure 3, the inte-
grated reflectance is calculated between 250 and 1600 nm, which
serves as a measure for the overall relevant reflectance in solar
absorber applications. In Figure 4, the heatmaps for the inte-
grated reflectance are compared for the experimental and sim-
ulated absorbers of varying FF and nanocomposite thicknesses.
The greyscale indicates the integrated reflectance, with 0.164 cor-
responding to the thin film absorber with the lowest reflectance
(black, 80 nm nanocomposite with 50% FF) and 0.396 corre-
sponding to the highest reflectance (white, 60 nm nanocomposite
with 25% FF). For clarity, the numerical values for the integrated
reflectance are collected in Table 1. Two major observations can
be found in Figure 4: On the one hand, there is a significant de-
viation between the simulation and experiment for the absorber
thin films with 50% FF, as discussed in detail in the previous sec-
tion. On the other hand, both simulation and experiment show
that the integrated reflectance cannot be reduced further by in-
creasing the nanocomposite thickness above an optimum value.
In all cases, the integrated reflectance of the 140 nm absorber is
higher than that of the 100 nm counterpart.

So far, the plasmonic absorber thin film stacks, as investi-
gated in this work, employed a single nanocomposite layer with
a fixed FF of Cu-NPs in the dielectric Al,O, matrix. As observed
in Figure 4, at constant nanocomposite layer thickness, in these
single-nanocomposite absorbers, a change in the FF results in a
shift of the low-reflectance regime.

In the following, the focus will be shifted toward dual-
nanocomposite absorbers. Here, the layout of the thin film stack
is modified, as depicted in Figure 5 (right). The nanocomposite
is divided into two separate layers with a different FF for each
layer, resulting in a low- and high-FF layer. In Figure 5, two dual-
nanocomposite absorbers with a total nanocomposite thickness
of 80 nm (i.e., 40 nm high FF and 40 nm low FF) are com-
pared, i.e., Cu-Al,O;-Al,0;/Cusgopp-Al, O3 /Cllyse,r (50/25%, or-
ange line) and Cu-Al,0;-Al, 05 /CUyso,pp-Al, O3 /Clisgogpr (25/50%,
blue line). Although both absorber stacks incorporate the same
amount of Cu in the combined nanocomposite stacks, the
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Figure 4. Measured (left) and simulated (right) impact of the nanocomposite layer on the optical properties of plasmonic thin-film absorbers prepared
by simultaneous co-sputtering. The reflectance spectra (60° incidence) are compared for different nanocomposite film thicknesses (i.e., 60, 80, 100, and

140 nm, from top to bottom) and different FF (25%, 32%, 40%, and 50%).

Table 1. Comparison of integrated reflectance from 250 to 1600 nm (60°
incidence) as obtained from spectroscopic ellipsometer measurements
(red) and from multi-scale modeling (blue) for plasmonic absorbers with
different nanocomposite film thickness and filling factor (cf. Figure 3)

Integrated Reflectance
Experiment / Simulation

Filling factor

25% 32% 40 % 50 %

0.396 0.312 0.288 0.251 0.220 0.210 0.183 0.293
0.326 0.236 0.223 0.213 0.179 0.215 0.164 0.301
100 nm  0.294 0.207 0.207 0.240 0.199 0.257 0.200 0.327
140nm  0.299 0.255 0.260 0.321 0.275 0.313 0.239 0.348

Al,0;/Cu layer 60 nm
thickness g0 nm

stacking sequence 50/25% exhibits a lower integrated reflectance
(0.167) compared to (0.189) the 25/50% sequence. From the re-
flectance spectra in Figure 5, it can be concluded that the 50/25%
absorber has a lower reflectance than the 25/50% absorber from
~250 to 1200 nm. One approach to explain the differences be-
tween both stacks can be found in the different effective mean
refractive indices of the nanocomposite layers. With a refractive
index closer to the surrounding medium (air) and having the 25%

Experimental

Simulation

FF nanocomposite layer to terminate the absorber stack will po-
tentially lead to better impedance matching and a decrease in re-
flectance.

In contrast to the dual-nanocomposite absorbers, the single-
nanocomposite absorbers with 25% or 50% FF exhibit an inte-
grated reflectance of 0.326 and 0.164, respectively. The 25/50%
absorber stack with its integrated reflectance of 0.189 lies be-
tween the single-nanocomposite absorbers with 32% and 40%
FF (0.223 and 0.179, respectively). In contrast, the 50/25% dual-
nanocomposite absorber exhibits an integrated reflectance of
0.167, which is considerably closer to the low integrated re-
flectance of the single-nanocomposite absorber with 50% FF
(0.164). Consequently, the results from the dual-nanocomposite
absorbers indicate that optimizing the reflectance spectra of plas-
monic black absorbers is feasible.

The results on integrated reflectance for the Cu-Al,O;-
Al,O,/Cu absorbers as investigated within this work (0.164) do
not reach the low reflectance values of commercial absorbers (in
c.f. absorptance of 0.96 at near normal incidences).l*) However, in
particular, under consideration of the low overall thickness of the
absorber stack (20 nm Al,O, spacer and 60-140 nm Al,O,/Cu-
NP nanocomposite), the achieved optical properties show that

c
7/

omparison: Exp \ Sim Reflectance
\ 0.396

25% 32% 40% 50% 25% 32% 40% 50% 25% 32% 40% 50% 0.164

Figure 5. Heatmaps for the integrated reflectance from 250 to 1600 nm (60° incidence) for the experimentally recorded (left) as well as for the modeled
reflectance spectra (middle). The nanocomposite film thicknesses, and FF correspond to those discussed in Figure 3. The greyscale represents the
integrated reflectance, with white & black colors corresponding to the highest & lowest obtained reflectance, respectively. A direct comparison between
the experiment and simulation is provided on the right panel.
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the plasmonic Cu-Al,0,-Al,O,/Cu absorbers are promising for
solar-thermal applications, e.g., on flexible substrates. How-
ever, direct comparison to similar absorbers and competing ap-
proaches are challenging because mainly the solar-weighted di-
rectional absorptance is determined, which covers a larger wave-
length spectrum and also incorporates the solar intensity,[2+3!
which is beyond the scope of this work. Future studies on this
class of plasmonic solar absorbers will need to address this mea-
surement methodology and determine the absorbers’ emissivity
and thermal emittance at elevated temperatures.

Several pathways for further improvements of the optical prop-
erties of plasmonic absorbers open up. Based on the observations
from the dual-nanocomposite absorbers, one promising path lies
in a careful impedance matching to the surrounding medium,
consequently tailoring the reflection of light at the first bound-
ary. This could be approached by employing multiple nanocom-
posite layers with tailored FF or adding additional thin film coat-
ings such as MgO or SiO,. Furthermore, the comparison between
GAS and co-sputtered absorbers has revealed the significant im-
pact of Cu-NP shape, size, and distribution on the optical proper-
ties, indicating potential synergistic effects by incorporating vary-
ing Cu-NPs in the (multi)-nanocomposite.

3. Conclusion

In this work, plasmonic Cu-Al,O;-Al,0,/Cu-NP absorbers were
studied, which employ a nanocomposite of Cu-NPs within an
Al, O, dielectric matrix to absorb light over a broad wavelength
spectrum. In addition, two experimental approaches are explored
to fabricate the Al,O,/Cu-NP nanocomposite layers: The Cu-NPs
in the nanocomposite layer are either generated by gas phase syn-
thesis in a GAS or via self-organization from Cu-atoms in a co-
sputtering approach.

The choice of deposition technique strongly impacted the
absorbers’ morphology, topography, and optical properties.
Co-sputtered absorbers exhibit a significantly lower surface
roughness than GAS-derived absorbers, resulting in a more
homogeneous absorber thin film stack. A main contribution
to the difference in surface roughness and morphology traces
back to the shape and size of Cu-NPs in the nanocomposite:
While in the case of GAS-derived absorbers, preformed and
comparably large Cu-NPs (mean area in the range of 100 nm?)
with an approximately spherical shape are incorporated into
the AlLO; matrix, for co-sputtered absorbers the Cu-NPs are
considerably smaller (mean area in the range of 5 nm?), deviate
from a spherical shape and are formed directly on the surface
of the nanocomposite thin film during growth. One crucial
characteristic of Al,O,/Cu-NP nanocomposites obtained by
co-sputtering is the intrinsic link between the nanocomposite’s
FF (i.e., the ratio between Cu-NPs and Al,O; matrix) and the
shape and size of the Cu-NPs within the nanocomposite.

The optical properties of a broad range of Cu-Al,05-Al, O, /Cu-
NP absorbers with varying FF and nanocomposite thickness were
investigated by recording the reflectance spectra of the fabri-
cated absorbers (at an incidence angle of 60°). The integrated
reflectance in the wavelength range from 250 to 1600 nm was
determined as a means to compare different absorber arrange-
ments. The experimental studies are corroborated by simulated
reflectance spectra obtained from a multi-scale modeling ap-
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proach. In general, there is an excellent agreement between ex-
perimentally determined and simulated reflectance spectra for
Cu-Al, 0,-Al, O, /Cu-NP absorbers, which highlights the suitabil-
ity of the chosen T-matrix multi-scale modeling approach for
simulating the optical properties of these absorbers. However,
there are two noteworthy exceptions where significant devia-
tions between experimental and simulated reflectance spectra
arise: On the one hand, for the GAS-derived absorber, where the
high surface roughness and inhomogeneous morphology of the
nanocomposites is not incorporated in the unit cell that is the
basis of the chosen model. On the other hand, for co-sputtered
absorbers at high FFs of 50%, where there is a substantial devi-
ation from a spherical shape of the Cu-NPs, which, again, is not
considered in the model.

With an integrated reflectance down to 0.164 (at 80 nm
nanocomposite layer with 50% FF), it is demonstrated that co-
sputtered Cu-Al,O;-Al, O, /Cu-NP absorbers are capable of show-
ing a low reflectance over a broad wavelength regime. While
the optical properties of the co-sputtered absorbers are gener-
ally comparable to GAS-derived absorbers, the co-sputtered ab-
sorbers offer the benefit of lower surface roughness and better
homogeneity, as well as a better scaling potential towards a de-
position on larger surface areas. However, prior to any scaling
considerations, it is imperative to address challenges in terms of
optical properties (i.e., further decreasing integrated reflectance
and measuring under solar-like conditions). Potential pathways
to improve the optical properties include incorporating multi-
ple nanocomposite layers with tailored FF and size distributions
and incorporating additional thin films to tailor the impedance
matching between the absorber and the surrounding. Further
improvements within this vast parameter space make it manda-
tory to supplement any experimental work with adequate mod-
eling. The multi-scale modeling approach, with its capability to
describe the optical properties of co-sputtered absorbers with an
excellent agreement to the experimentally obtained reflectance
spectra, has the potential to provide suitable predictive power to
facilitate further studies on plasmonic metal-dielectric absorbers.

4. Experimental Section

Preparation of Thin Film Absorbers: In this work, Cu-Al,03-Al,053/Cu
nanocomposite absorbers were fabricated via physical vapor deposition
techniques (i.e., magnetron sputter deposition in direct current (DC) or
radio frequency (RF) mode) in a custom-built high vacuum deposition sys-
tem. The Cu-Al,03-Al,03 /Cu nanocomposite absorbers comprise a mul-
tilayer thin film stack schematically depicted in Figure 6 (left).

The Cu-Al,03-Al,03/Cu nanocomposite absorbers consist of the fol-
lowing:

Substrate: A plain Si wafer (p-doped Si wafer, with (100)-orientation and
a native oxide layer, cut to 10 X 10 mm? pieces) was used as a substrate.
The substrate was cleaned with isopropanol and dry nitrogen prior to the
consecutive deposition steps.

Adhesion promoter: An adhesion promotion layer of titanium with a
thickness of 10 nm was applied to the substrates by DC magnetron sputter
deposition.

Metallic mirror / metallic ground plate: A 200 nm copper layer is the first
layer that constitutes the actual absorber, of which an illustration is shown
in the left of Figure 6. 200 nm was sufficient to be fully opaque. This layer
corresponds to the metallic ground plate. This layer was deposited with
an argon gas flow of 100 sccm at a pressure of 6.2 x 107> mbar (base
pressure of 7 X 1077 mbar) and a supplied DC power of 50 W.
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Figure 6. Reflectance spectra (60° incidence) for two dual-nanocomposite absorber thin film stacks, as recorded via spectroscopic ellipsometry (left).
The dual-nanocomposite plasmonic black absorber thin films consist of two stacks of Al,O3/Cu nanocomposite thin films with an individual layer
thickness of 40 nm and different FF (i.e., 25% and 50%). Two stacking sequences are compared here, namely Cu-Al,O3-Al, O3 /Cusgosrr-Al, O3 /Cuysoser
(50/25%, orange line) and Cu-Al,03-Al,O3/Cuysorr-Al, O3 /Cusgorr (25/50%, blue line).

Dielectric spacer layer: On top of the Cu thin film, the dielectric spacer
layer of 20 nm Al,O; was deposited at the same system pressure via RF
magnetron sputter deposition at constant 60 W (60 W forward power and
1 W reflected power).

Nanocomposite layer: For the fabrication of the Al,O3 /Cu-NP nanocom-
posite layer, two preparation routes based on self-organization of Cu-NPs
from sputtered atoms either in the gas phase (i.e., via GAS) or on the thin
film surface (i.e., via simultaneous co-sputtering) were explored.

The first approach employs a custom-made GAS, where a supersatu-
rated vapor of Cu atoms was generated by sputtering from a 2-inch Cu
target (99.99% purity) via DC magnetron sputtering (70 W). Via nucle-
ation, growth, and coalescence, Cu-NPs were generated inside the source
volume, which is separated from the main vacuum chamber by a circu-
lar orifice with 3 mm diameter. Thus, an NP beam of Cu-NPs was gen-
erated and projected toward the substrate surface. Then, in a consecu-
tive co-deposition approach with a GAS and an RF-magnetron (forward
power 84 W, reflected power 4 W) with a 2-inch Al,O; target, Cu-NPs were
embedded into an Al,O; matrix. The deposition process of Al,O;/Cu-
NP nanocomposite thin films and the underlying vacuum system are de-
scribed in full detail in.['°]

The second approach employs simultaneous co-sputtering from Al,O5
and Cu targets to generate Cu-NPs on the growth front via self-
organization. Here, a custom-made magnetron sputtering vacuum cham-
ber is applied, as depicted in Figure 6 (right). The vacuum chamber was
evacuated using a turbomolecular pump (Pfeiffer HiPace 300) and a mul-
tistage roots dry pump (Pfeiffer ACP 28). Additionally, a load-lock was
used for a more efficient sample introduction and extraction to and from
the main chamber. This load-lock was evacuated by the same multistage
root dry pump and an additional turbomolecular pump (Pfeiffer HiPace
80). The main chamber houses three water-cooled magnetrons (Planar-
magnetron lonX-2UHV 9254), each with a two-inch magnetron target
(Cu 99.99% purity, Al,03 99.99% purity, Ti 99,99% purity). The alumina
(Al,03) RF-magnetron was situated directly above the rotatable sample
holder base onto that the samples are fixed. The sample holder base was
rotated during the deposition using a step motor (PD 42-3-1140). The cop-
per (Cu) and titanium (Ti) DC-magnetrons are positioned at an angle of
40° to the central magnetron. The argon gas was injected into the mag-
netrons using a gas flow controller (MKS 647C Gas Flow System) and was
setto 100 sccm for all magnetrons. The two DC-magnetrons are each pow-
ered by a DC power supply (MDX500). The Al,O; RF-magnetron was pow-
ered by an RF power supply (Cesar 600 WRF) and is operated at a constant
60 W (60 W forward power and 1 W reflected power) for all depositions.
The DC power to the Cu magnetron was adjusted depending on the de-
sired filling factor and nanocomposite thickness. The thickness of each
layer was determined by previously establishing the deposition rate for
each target. The Al,03/Cu-NP nanocomposite layer was deposited by si-
multaneously depositing Al,O; and Cu. The system pressure during this
co-sputtering was also 6.2 x 107> mbar. The DC power to the Cu mag-
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netron was set to 5, 7, 10, or 15 W to obtain filling factors of 25%, 32%,
40%, or 50%, respectively.

Characterization of Plasmonic Absorber Thin Films: The morphology of
Cu-Al,05-Al, 03 /Cu thin film absorbers was studied via scanning electron
microscopy (SEM) in a top-view configuration using the in-lens detector
of a Gemini Ultra 55 plus microscope (Zeiss, Germany). To determine the
FF of the Al,03/Cu nanocomposite layer, the respective nanocomposite
was deposited onto a substrate without a metallic Cu mirror and investi-
gated via energy dispersive x-ray spectroscopy (EDX) using an Ultim Max
65 detector (Oxford Instruments, United Kingdom). Further details on
the methodology to estimate the filling factor in the Al,03/Cu nanocom-
posite layer from the experimentally obtained Cu/Al ratio are described
elsewhere.[°]

An AFM (alpha300 RA -Raman-AFM- Microscope, WITec) was used to
measure the surface topography using AC240 TS AFM tips (Asylum Re-
search) in AC Mode. An area of 5 um x 5 um was probed by measuring
512 X 512 points. That leads to a spatial resolution below 10 nm. The
Gwyddion data analysis software version 2.62 was used to determine the
roughness.

Transmission electron microscopy (TEM) was used to image the co-
sputtered nanocomposite for particle size measurements. For the TEM in-
vestigations, nanocomposite layers with a spacer thickness of 20 nm and a
nanocomposite layer thickness of 20 nm were prepared directly on a TEM
grid (Ni mesh 300 with C film, Plano EM, S160N3) to ensure transmis-
sion for the electron beam. Layers of Al, O3 /Cu nanocomposite with filling
factors of 25%, 32%, 40%, and 50% were deposited. Bright-field images
were acquired using a Tecnai F30 G? (FEI) operating at 300 kV acceleration
voltage.

To determine the optical properties of the Cu-Al,03-Al, 05 /Cu thin film
absorbers, a spectroscopic ellipsometer (M2000-Ul, J.A. Woollam) was
used, and the reflectance of the thin film stacks was measured. The el-
lipsometer utilizes a 32 W deuterium lamp and a 20 W quartz tungsten
halogen lamp, resulting in a total spectral range from 245 to 1690 nm.
Additionally, a fixed polarizer is used to polarize the incident light linearly.
The reflectance is measured at the center of each sample, at incidence
angles from 45° to 75° in steps of 5°. The software CompleteEase (J.A.
Woollam) was used to record the ellipsometer data and to control the
device.

Light transmission can safely be neglected since the entire absorber,
with its metallic mirror that acts as a ground plate, was optically thick. The
total reflectance (R) at an incidence angle of 60° was calculated by inte-
grating the reflectance curve in the relevant spectral domain and dividing
it by the integral of the reflectance from a perfect reflector. This results in
the following formula for the absorptance (A):

A 1og = 1 0mm Reoe (1) d2

1600 nm
/250 nm di
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Simulation: A multi-scale modeling approach to predict the re-
flectance from the samples on computational grounds was applied. The
overarching idea was the following. First, the optical response from a clus-
ter containing a larger number of metallic NPs and express it with a single
T-Matrix was computed. That T-matrix was a crucial component of the
scattering theory. Then, the reflection and transmission from a thin film
consisting of a periodic arrangement of such clusters upon plane wave
illumination was calculated and retrieve effective material parameters for
the cluster material from the complex reflection and transmission coeffi-
cients. These effective material parameters capture the optical properties
of the nanocomposite. Once we know these effective material parameters,
we can consider them in an algorithm that calculates the optical response
from homogenous stratified media. These quantities can then be com-
pared to measured ones. The considered stratified media corresponds to
the experimental layer stack. It was provided more details in the following.

Technically, it was started in this multi-scale modeling framework with
the geometrical construction of the cluster. Here, multiple spherical NPs
packed into a cubical volume was consider. The number of NPs and their
diameters, as determined by the TEM measurements in the experimental
procedures, were explicitly considered. The size of the cubical volume con-
trols the FF of the nanocomposite. It was shown an example in Figure S4
(Supporting Information) for an FF = 40%. In the construction process,
the NPs were closely packed randomly while it was imposed periodic
boundaries at the edge of the cubical volume. The actual arrangement was
made using the force-biased method for each FF.[3'] Considering periodic
boundaries was important to prevent artifacts. It allows us to consider a
geometrically infinite 2D layer in a following computational step, where the
layer consists of a periodic arrangement of clusters of particles without any
overlapping of particles in adjacent periods.

Next, the optical response from the cluster in a scattering theory that
relies at its heart on Mie theory was calculated. In the Mie theory, the in-
cident and scattered field from each scatterer at a certain frequency was

expanded into vector spherical wave functions, M,(Qn(r) and N,({,)n(r), as:

Einc (I’) = 2 Z pmHNEVH'I (I’) + qmﬂMEI]IZI (F) (2)
n=1m=—n

Esea (N = z Z amnNS:)q (n+ bmnMSL (r) (3)
n=1m=—n

where J = {1, 3} is the pointer to the vector spherical wave function that
relates to an incident or scattered fields. It translates to a specific type of
spherical Bessel function term used in the definition of the vector spherical
wave function.[??] Ideally, the expansion is done from the first multipolar
order (n = 1) to infinity. However, for all practical purposes, the sum can
be truncated, and we consider up to the eighth multipolar order (n = 8)
in the expansion of the optical response of the cluster. Then, the expan-
sion coefficients, a,..., b can be linked to a T-matrix T by the
following relation.

mn?» mn!pmnrqmn'

an Pn
amn pmn

=T . 4
by = 1491 ®)
bmn qmn

Using the T-matrix, we can find the physical properties of a scat-
terer, e.g., its extinction cross-section,33] and the material can also be
homogenized.34] While the T-matrix was known for each NP and con-
tains the Mie coefficients on its diagonal, for a cluster of particles, the
collection of individual particle T-matrices corresponding to each particle
center of coordinate can be expressed in one single coordinate system.
This T-matrix was called the global T-matrix. The global T-matrix can be
derived by transforming the local particle T-matrix with the addition theo-
rem of the vector spherical wave function.[**] The global T-matrix contains,
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in linear approximation, all the optical properties of the individual cluster
that was considered. It expresses how an incident field, expanded into vec-
tor spherical waves, is converted into a scattered field, equally expanded
into vector spherical waves.

In further steps, a thin film consisting of periodically arranged clusters
of particles along two dimensions was considered. The height of the film
corresponds to the size of the considered unit cell. Next, it was consid-
ered that the layer was illuminated with a linearly polarized plane wave at
a specific frequency at normal incidence, and we can compute the reflec-
tion and transmission coefficient from the layer using a periodic T-matrix
scattering algorithm.[33] Since the unpolarized wave is used as the inci-
dent wave in the step of characterization of the thin film, we can find the
reflectance of an unpolarized wave illumination by using Equation 5. The
reflectance of unpolarized wave (R,;) is equal to the average reflectance
of s-polarized (R;) and p-polarized (R,) waves as:

R, +R
P
Runp = T (5)

However, until this point, the thickness of the NP layer was defined
by the particle packing procedure described initially and cannot be varied
freely. So, in the next stage, we find the effective optical permittivity of the
layer to change the thickness in the following continuously.[3®] We do so
by inverting the numerically computed reflection and transmission coeffi-
cients.

Finally, a multilayer system consisting of a layer containing the periodi-
cally arranged cluster of NPs, an alumina spacer layer, and a thick copper
mirror is constructed. The thickness of the alumina spacer layer to 20 nm
was fixed and vary the NP layer thickness. Please note that in all simula-
tions it was considered an incidence angle of 60° in full agreement with
the experimental scenario considered. The reflectance from the system at
last was calculated using the transfer matrix method.l3”] This framework
allows us to predict the optical properties that were also measured.

Supporting Information

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