Downloaded via UNIV OF MICHIGAN ANN ARBOR on June 21, 2023 at 20:07:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org
Environmentally Sustainable and Multifunctional Chrome-like

Coatings Having No Chromium Designed with Reinforcement Learning
Anwesha Saha, Taigao Ma, Haozhu Wang, and L. Jay Guo*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 28772-28780 I:I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
A 100 =
Replacement 901 Real Cr Replacement Cr o “Vt e
& chrome plating “ g :: Structure 1 o d
Decorathy § :g ’Fl’e;‘l;:emem Cr S e b ‘5'? *’*-——-'/_7_/
Crart?: N %’ Reflective layer E 4p Structure 2 (RF transmissive) { Replacement Cr Structure 1_
aide petectic! e & o) '

strate irate 400 450 500 550 600 650 700 750 800 Replacement Cr Structure 2
=i Subs! Wavelength (nm)

Bl Eo—ok o NS
ABSTRACT: Decorative chrome plating (DCP) continues to be ubiquitous in creating highly appealing metal finishings and
coatings, beating out other organic dye-based finishes. However, the hazardous chrome plating process is fraught with adverse health
effects for the workers involved and causes significant environmental damage. In this work, we present a multilayer thin film structure
to mimic the chrome appearance. To find a design efficiently, we employ a reinforcement learning (RL) algorithm to perform an
automatic inverse design. This results in structures composed of environmentally friendly materials that not only have the chrome
color but can also achieve additional functions beyond decoration. As an example, one structure is designed to have high
transmission in the radio frequency regime, a property that general metals cannot have, which can broaden the decorative chrome
applications to include microwave operating devices. The experimental structures are fabricated by physical vapor deposition to
demonstrate the indistinguishable chrome color and validate the effectiveness of the RL inverse design approach.

KEYWORDS: chrome replacement, inverse design, structural color, optical coating, reinforcement learning algorithm

B INTRODUCTION

Optical multilayer thin-film structures are Jcommon 1r1 many in
device applications, including solar cells,"* OLEDs,” filters,”

radiative cooling,” etc. Thin-film stacks have been extensively

used to produce long-lasting structural colors,

the Toyota structural blue,’ in contrast to traditional colors ulcers.'>'3 Toxic emissions containing cadmium and cyanide
and coatings that are made from organic dyes or colored released during the electroplating process can also lead to
pigments. One such coating is decorative chrome plating air pollution, which could impact the health of millions of

(DCP), a metal finishing process widely used in the industry
for coating various automobile parts, kitchen appliances,
plumbing fixtures, etc. because of its distinct aesthetic and
shiny reflecting appearance.

During the chromium layer deposition process, the plating
surface is submerged in a chemical electrolyte containing

people.’ Given this hazard, there is a significant impetus to
find an alternative to replace this process.

Trivalent chromium, Cr(lll), is less toxic than Cr(VI) and
thus has been considered as an alternative to Cr(VI) for
decorative plating applications. However, anodic oxidation
of
Cr(V1) is a known human carcinogen and has been found to
greatly increase the risk of lung, nasal, and sinus cancer®!
workers who are exposed to Cr(VI) mist generated during
the plating process. Cr(VI) can also cause severe nasal
septum
6-s Ulcerations and perforations, gastritis, and gastrointestinal for example,
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hexavalent chromium (Cr(VI)) or trivalent chromium (Cr(lIl)).
The application of a potential difference in the solution results
in the transport and subsequent deposition of chromium ions
on the object. However, despite offering highly desired
properties to the base materials, electroplating chromium is not
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a sustainable process and causes adverse health impacts that can significantly outweigh its benefits.°
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Figure 1. Illustration of the Cr-replacement multilayer stack design. (a) The left schematic shows a normal reflection diagram of a Cr-coated
object, and the right schematic shows an N-layer thin-film stack on a glass substrate, which is used to mimic the reflection of the Cr spectrum
while excluding Cr from the material selection. (b) Reflection spectrum and visual appearance of a 50 nm Cr layer.33 (c) Example of the
sequential design process used by OML-PPO algorithms. Starting from the first layer, the algorithm outputs the material selection and the
corresponding thickness at each layer. The generation process will stop either when the EOS is selected as the material, or the designed
stack reaches the maximum number of layers L (we set L = 5). (d) User-defined database used by the RL algorithm to select materials for

each layer.

Cr(lll) to Cr(Vl) and the formation of stable Cr(lll)
coordinates in agueous solutions makes the plating process
complex due to the need for maintaining a constant pH.*
Non-electrolytic substitutes for chromium deposition,
including high-velocity oxygen-fuel (HVOF) thermal spraying
and laser material deposition (LMD),'® have also been
developed. However, both processes still utilize chromium
and can use environmentally harmful chemicals.

Further, decorative chromium coatings are often found on
vehicle bodies, especially emblems. Despite the attractive
appearance, such shiny metal-based emblems block the
radio frequency transmission needed for many vehicle
sensors.'”*® The US Department of Transportation’s
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National Highway Traffic Safety Administration has
proposed a rule that would require all new light-duty
vehicles to use vehicle-to-vehicle communication
technology. This technology, which relies on the 5.9GHz
spectrum, would enable vehicles to communicate with each
other and provide a “360-degree awareness” to minimize
collisions and accidents.'>?°For this, it would be desirable to
eliminate the use of chromium (metal) in the plating process
while still preserving its attractive appearance. In this work,
we propose and demonstrate multilayer thin-film stacks
deposited by physical vapor deposition that can mimic the
visual appearance of Cr(VI)-plated objects but without using
any chromium. One of the structures is designed to be

https://doi.org/10.1021/acsami.3c02993
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Figure 2. (a) Structure 1 (S1) shown in inset (bottom left): diagram representing the four-layer replacement Cr stack involving 19 nm Ge
(green)/ 17 nm TiO;, (sky blue)/82 nm SiO; (red)/139 nm Ni (yellow) on a glass substrate (dark blue). (b) Structure 2 (S2) shown in the inset
(bottom left): diagram representing the three-layer RF transmissive replacement structure involving 21 nm Ge (green)/119 nm SiO, (red)/33
nm Ge (green) on a glass substrate (dark blue). The plots in (a) and (b) show a comparison of the reflection spectra of the 50 nm thick
chromium layer (red)33 and the predicted (green) and experimentally deposited (blue) replacement chrome stacks for (a) S1 and (b) S2,
respectively. A zoomed-in view of the reflectance spectra in the 60-80% region of S1 can be found in the Supporting Information (Figure
S4). The plots on the right show a comparison of the literature Cr color, predicted color, and experimentally obtained color of the
replacement stacks plotted on the relative CIE 1931 coordinates for (c) S1 and (d) S2, respectively. The magnified views in (c) and (d) show

how close the three colors are.

transmissive in the radio frequencies (RF) while retaining
the metallic appearance of chromium, which enables the
extension of DCP to RF applications. This presents an
environmentally sustainable approach to produce attractive
metallic-looking coatings.

. METHODS

To design a thin-film structure that can produce the desired
chromium reflection spectrum, we formulate the task as an inverse
design problem.?! In this case, we design multilayer structures to
achieve a certain optical response, namely, the reflection
spectrum. However, the design process can be non-trivial because
for each layer, both material selection and thickness need to be
considered. The wavelength-dependent nature?? of the refractive
index of a material can worsen this situation when designing in a
broadband wavelength region, e.g., the whole visible region in this
case. To make this easier, many optimization-based methods have
been devised to design thinfilm structures, including needle
optimization,? particle swarm optimization (PSO),2* genetic
algorithms,?> etc. However, these methods are usually based on
heuristic searching without learning from experience, which can
lead to suboptimal performance. Additionally, as the number of
layers in the design increases, the search space for the structures
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increases exponentially, which makes the search for good designs
inefficient and challenging. Recently, many machine learning-
based methods have been proposed that demonstrate good
performance for inverse design.?6-31 In this work, we use a
reinforcement learning (RL) algorithm that we developed
previously:32 Optical MultiLayer-Proximal Policy Optimization
(OML-PPO), which learns from its past results when searching
within a large space.

In this inverse design problem, our target is to produce the same
reflection spectrum as that of chrome-coated objects. The method
is generally applicable to generate a multilayer structure to
produce any target optical response,?’” an example of which is
provided in the Supporting Information (Figure S1 shows a
replacement structure that can produce the same reflection
spectrum as that of gold). We begin by initializing the algorithm
with the target reflectance spectrum of the coating that we are
interested in replicating. Then, for a multilayer thin-film structure
as shown on the right in Figure 1a, each layer can be expressed as
sy = [my, d]], where m; is the material selection and d, is the
corresponding thickness at the [t layer. We can use the sequence S
= {s1, S2, ..., Sn} = {[m1, di], [my, d3], ..., [mn, dn]} to describe the
overall thin-film structure, where N is the total number of layers.
Therefore, designing such a structure is to find a specific sequence
of material and thickness combination that gives the desired target
optical response. Reinforcement learning does well with such
sequential generation.32 The design steps that OML-PPO uses are
represented in Figure 1c. For the /" layer, the RL algorithm takes the

https://doi.org/10.1021/acsami.3c02993
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designed layers from previous steps and predicts the material m;
and thickness d; sequentially. This design process automatically
stops when the designed stack reaches the maximum number of
layers L (here we set L = 5). At each step, the material m,is selected
from a list of materials in the user-created database as shown in
Figure 1d. Twelve materials (both dielectrics and metals) were
included in the database for the design based on their availability,
non-toxicity, and ease of deposition. The refractive indices of these
materials deposited by PVD were experimentally measured by
using spectroscopic ellipsometry and are provided in the
Supporting Information (Figure S2). We also have one faux material
that is used as an indicator of the end-of-sequence (EOS). Once the
algorithm selects the EOS, the design process stops immediately
irrespective of whether the designed structure has reached the
maximum number of layers. This can be used to design structures
with a variable number of layers (for example, 3, 4, and 5 layers
when L = 5). We set the layer thickness to be in the range of 5 to
250 nm, discretized by a 5 nm gap (corresponding to 50 thickness
selections in total). In this way, the total search space spans across
10 different combinations of structures ((13 materials x 50
thickness selections )°), which is an incredibly challenging task for
traditional optimization methods to deal with.

To simplify the task, we only consider the normal reflection in
the visible range and set the design target to be the Cr reflection
spectrum R;, which is shown in Figure 1b.33 The inset figure in
Figure 1b also shows an example of the shiny reflective Cr color.
The transfer matrix method (TMM) is used to simulate the
reflection spectrum Rgq of the layered structure. During the design
process, the difference between the designed spectrum Ryand the
target spectrum R is minimized. Since the RL algorithm learns to
design multilayer structures by maximizing the reward, we define
the reward G;to be 1 minus the spectrum difference and express it
as:

1
- = Ay — A
Gi=1 g 2 (s, 4) = RS, )2

i=1 (1) where A;is the wavelength, which ranges
from 400 to 800 nm with 5 nm increments. After the design
process, we select the best-discovered structure and use PSO to
further fine-tune the thickness at each layer, which can eliminate
the influence of thickness discretization and improve the
performance of the prediction. The fine-tuned structure is then
the final design. More details about this design process can be
found in ref 32.

. RESULTS AND DISCUSSION

Using the RL algorithm described in the methods, we
designed several structures as potential replacements for
DCP, of which we chose to experimentally deposit two for
ease of fabrication. Several other designed structures with
simulation results can be found in the Supporting
Information (Figure S3). We denote the two selected
structures as “Structure 1” (S1) and
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Figure 3. Photos of replacement chrome coated plastic substrates. (a) Comparison between a commercially coated chromium finish on ABS
substrates in the shape of “x 4” used in automobiles (top) and ABS substrates coated using S1 (bottom) taken at a 45° angle. (b) ABS plastic
pieces coated with the RF transmissive replacement chrome design (S2) taken at a 60° angle. (c) PVD chrome (top), replacement stack S1
(middle), and green hue replacement chrome stack S1’ (bottom) coated on ABS plastic pieces taken at a 45° angle.
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Figure 4. Angular views of the replacement coatings. (a) Photos of the samples with angled views (0-50°). They include real chrome (top)
and S1 (bottom) on ABS substrates. (b) S2 on ABS substrates, showing that the chromium appearance can be maintained over a wide viewing

range.

“Structure 2” (S2), as illustrated in the insets of Figures 2a
and 2b, respectively. Going from top to bottom, S1 includes
Ge (19 nm)/TiO2 (17 nm)/SiO2 (82 nm)/Ni (139 nm)/glass
substrate and S2 includes Ge (21 nm)/SiO2 (119 nm)/Ge (33
nm)/glass substrate. Since there are no metals in S2, it can
potentially allow high transmission in radio frequencies,
providing a multifunctional property to DCP for microwave
applications, which will be discussed Ilater. We
experimentally deposited these two structures using
electron beam evaporation, the details of which can be
found in the Experimental Methods section at the end.
Figures 2a and 2b, respectively, show the predicted
(green) and measured (blue) reflection spectra of S1 and S2
at normal incidence. The spectrum was measured using a
normal incidence spectrometer. For a better comparison,
the reflection spectrum of real Cr (red) at normal
incidence® is also shown in each figure. Chromium has a
broadband reflection spectrum across the optical
wavelength range. For both structures, the predicted and
measured spectrum show a broadband reflection trend,
which agrees very well with the actual Cr spectrum. For S1,
the three spectra overlap with each other, so a zoomed in
view of the spectra in Figure 2a is shown in the Supporting
Information to magnify the minimal differences (Figure S4).
In Figure 2b, for S2, we find that while the predicted and

measured spectra trends agree well, the reflection values
differ somewhat. These discrepancies in the experimental
results can be attributed to slight thickness variations during
deposition.

However, these small differences in the reflectance of the
predicted and experimental stacks compared to real
chromium do not impact the overall color appreciably. In
Figure 2¢,d, we compare the combined RGB data from the
predicted, measured, and real chrome spectra on the CIE
1931 chromaticity plots for S1 and S2, respectively. All three
colors overlap well for both structures and lie in the middle
of the CIE plot, indicating Cr color as desired. In each figure,
the expanded view of the CIE color map further
demonstrates that the differences between the colors in the
three spectra are minimal.

Since the design target is reflection and there is no light
transmitting through the bottom layer, the chrome-
mimicking color can be produced on different substrates as
long as film deposition on the substrate is feasible. We show
the robustness of the design by depositing the same
chrome-mimicking structure on other types of substrates,
e.g., ABS plastic, which is widely used in many practical
applications. An example of this is demonstrated by
depositing the replacement stack on top of ABS plastic
pieces that are often used as markers on the back of

https://doi.org/10.1021/acsami.3c02993
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automobiles such as “4 x 4”, or company logos like “Jeep”.
Figure 3a shows a comparison of ABS plastic pieces (the
letters “x 4”) coated using either a commercially coated
chromium finish (top) or the replacement stack S1 (bottom).
Visually, one can observe that the replacement stack S1 is
very similar to the commercially coated Cr. The edges of the
“x 4" pieces coated with S1 show the color of the bare ABS
plasticc and a magnified view is shown in Supporting
Information Figure S5. The edges of this sample are bare
because they were covered by tape during sample
mounting, but the mounting process was improved, and the
pieces coated subsequently did not have this effect as seen
in Figure 3b. Figure 3b shows a sample of black ABS plastic
coated with replacement stack S2, which appears to be
visually similar to a real Cr coating while having the added
advantage of being RF-transmissive.

We would like to note one unique feature of our
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with a green hue S1’ (bottom). The bottom structure, S1' in
Figure 3c, consists of a stack of Ge (8 nm)/SiO2 (139 nm)/Ni
(138 nm) on a glass substrate, which is fine-tuned from S1.
Figure 3c also demonstrates a color difference between a
PVD-based Cr coating and our replacement stack. Using an
evaporation-based alternative process to deposit a
chromiume-like finish is more desirable since PVD chromium
renders a color that is significantly darker than
electrodeposited chromium.

Apart from substrate independence, our replacement
coatings are also angle-independent, just like real DCP
coating. Figure S6 shows the simulated angle-resolved
reflection spectrum of the two design structures (S1 and S2)
and chrome. At viewing angles of up to 50°, the reflection
always exhibits a flat spectrum with an amplitude that is
consistently between 60 and 70%. This angle robustness is
also observed when using ABS substrates. Figure 4a shows

90 4
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Figure 5. RF transmission and reflection measurements in the range of 8-12 GHz frequencies. The transmission and reflection of S2 on (a)
2.6 mm white ABS plastic substrate and on (b) 3 mm black ABS plastic. As a comparison, for each substrate, we measured the transmission
and reflection of a pristine substrate, 53 nm Ge, on the substrate and S2 coated on the substrate and found the transmission to remain the
same. (c) Schematic showing the measurement setup with the waveguide and ports labeled in the setup. (d) Picture of the waveguide cross

section in which the samples were handcrafted to fit into.

approach, which is that we can easily create different
“tones” of chrome color by adjusting the stack parameters.
In Figure 3c, we show the appearance of a piece of ABS
plastic coated with PVD chrome (top), one with replacement
stack S1 (middle) and another with the replacement stack

28777

pictures taken of the real chrome (top) and S1 (bottom)
coated on ABS substrates at different viewing angles. Figure
4b shows S2 coated on the ABS plastic pieces. The angle
varies from 0 to 50°, and we can see that the appearance is
consistent with that of chromium. An additional set of

https://doi.org/10.1021/acsami.3c02993
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Figure 6. Electric field distribution of (a) S1 and (d) S. The strong electric field in air over the whole visible range indicates that the structure
has a flat spectrum with high reflection. (b) and (e) show the step-by-step reflection analysis for S1 and S2, respectively. (c) and (f) show the
net phase shift at each layer for S1 and S2, respectively. The net phase shift from each component balances each other, leading to
constructive interference and an overall increase in the reflection compared to a single Ge layer.

pictures are included in the Supporting Information (Figure
S7), in which a reference object is placed alongside the
coated piece to demonstrate the angle variation and the
color consistency across the viewing angles presented in this
section (0 to 50°).

Multifunctionality in the RF Region. Commercial
DCPcoated objects block RF signals because metals (chrome
in DCP) are highly reflective in such frequencies. Thus, they
are seldom used in RF-based devices, e.g., automobile
radars. Semiconductor materials such as Ge have much
smaller losses in the RF regime,*3° so we designed S2,
another chromemimicking stack that has high transmission
in the RF regime simultaneously, as the structure involves
thin layers of Ge and SiO2 only. To demonstrate this, we
experimentally measured the transmission and reflection of
S2 in the range of 8-12 GHz as shown in Figure 5. This was
done by using a WR90 waveguide to accommodate such
frequencies and a Keysight network analyzer for
measurement. The measurement setup is shown in Figure
5c, and the waveguide is in Figure 5d. The sample was

1 nd

’

where A is the wavelength of light. Additionally, a
reflection phase shift of 1 is introduced when the refractive
index of the incident medium is less than the transmitting

28778

handcrafted to fit into the cross section of the waveguide
with the coated sides facing port 1. The structure was
deposited on two types of ABS plastic: white (2.6 mm thick)
and black (3 mm thick). For each substrate, we tested the RF
transmission of (1) the substrate without any coating, (2)
the substrate coated with a 53 nm layer of Ge (the combined
thickness of the two Ge layers in S2), and (3) the substrate
coated with S2. By analyzing the S-parameters (521 for
transmission from port 2 to 1 and S11 for reflection back to
port 1), we found that the transmission and reflection
remain very close to that of a pristine substrate and are
independent of the substrate used as shown in Figure 5a,b.
The ripples in the measured data are due to frequency-
matching calibration errors. We also tested RF transmission
through glass substrates coated with S2 similarly, and the
results can be found in the

Supporting Information (Figure S8). Thus, our results
suggest that the designed S2 is a multifunctional coating
that yields a similar appearance as DCP while providing high

medium. In a multilayer structure, there are multiple
reflections in each layer, and the light reflected from the top

and bottom surface of each layer interfere. Based on the
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transmission in the RF region, which is impossible using
traditional metalbased chrome coatings.

Analysis. In Figures 6a and 6d, we map the normalized
electric field intensity for S1 and S2, respectively. The strong
electric field in air across the whole visible range indicates
the high broadband reflectance of both structures. When
light travels from one medium to another, there are three
phenomena that occur: reflection, transmission, and
absorption. The reflection coefficient (r), which is the
proportion of light that gets reflected at the interface of two
media, depends on the refractive indices (n1and nz) and can
be obtained from

NNy

Fresnel’s equations: r = at normal incidence from
medium 1 to 2.

The overall reflection from a multilayer structure also
depends on the thickness of each layer in addition to the
refractive index (n). This is because reflection has two
components, amplitude (r) and phase (¢). The thickness (d)
of the medium through which light is transmitted adds on a
propagation phase, which can be simply expressed as
difference in phase of the reflected light, constructive or
destructive interference can occur. With this in mind, we can
analyze the mechanism by which the proposed multilayer
structures have a high broadband reflection.

To begin, both our structures have Ge as the topmost
layer. Having a high refractive index material in the top layer
(Ge), a significant portion of the light is reflected off the top
layer itself. The remaining light transmits through after
some absorption loss in Ge, as shown in Figure S9. However,
to achieve a chrome look, we need ~70% broadband
reflection, so we need the subsequent layers to reflect the
transmitted light strongly and with a phase such that all the
reflections can interfere constructively. In S1, the next two
layers are dielectrics, TiO2 and SiO2. Dielectric materials do
not reflect or absorb strongly, as is evidenced by the
minimal increase in reflection in the Ge/TiO./SiO2/glass
structure (green dashed curve) compared to the Ge/glass
structure (orange dashed curve) in Figure 6b. These layers
only add a propagation phase, and most of the light gets
transmitted on to the next layer, which is nickel in this case.
Figure 6¢ shows the net phase shift (scaled by 2m) in each
layer, which is a combination of the reflection phase and the
propagation phase discussed above. We can see that the net
phase added on to the transmitted wave remains close to
2t (the green and red curves are close to 1 in the net phase
shift/2m plot) across wavelengths, which ensures that there
will be constructive interference in the reflected waves.
Interestingly, at wavelengths below 550 nm, the phase shift
due to SiO: s slightly higher than 2, and beyond that, the
phase shift dips below 2. This is compensated by the lower
(lower than 2rr) accumulated phase in the Ge and TiO2 layers

np+n,

at wavelengths below 550 nm and higher (higher than 2m)
phase at wavelengths above. Finally, the Ni layer acts as a
reflective mirror that boosts the reflection coefficient to
increase the overall reflection from 50 to 70% as seen from
the red dashed line in Figure 6b. The cumulative effects of
the reflection coefficient boosts due to constructive
interference leads to the high broadband reflectance that is
characteristic of chrome.

A similar phenomenon is the reason behind the overall
broadband reflection from S2. As seen in Figure 6e, the top
Ge layer has a large reflection (orange dashed curve for
Ge/glass structure), and it does not change due to the SiO>
(notice that the green dashed curve for Ge/SiOz/glass
overlaps with the orange). The dielectric SiO: layer adds a
phase to the transmitted light that is slightly above 2t below
550 nm and dips below 2t at wavelengths above 550 nm as
shown in Figure 6f. This decrease in the phase at 800 nm and
above can be attributed to the slight dip in the overall
reflection (blue solid curve) from this structure at longer
wavelengths as seen in Figure 6e. This does not feature in
the overall reflection from the structure at the shorter
wavelengths (400-750 nm) because the decrease in phase
due to the SiO2is compensated by the phase due to the top
Ge layer, which remains at a constant ~2m. Finally, the
bottom Ge layer, with its high refractive index, enhances the
reflection. The red dashed line in Figure 6e shows the
reflection spectrum from S2 and we can see that the total
reflection is ~70% across all wavelengths. Thus, in both
structures, adding the dielectric materials make the net
phase shift close to 2m, which leads to constructive
interference that increases the overall reflection to produce
a Cr-like spectrum.

. CONCLUSIONS

In this work, we propose two novel structures for DCP
replacement based on multilayer thin films, offering a visual
appearance identical to that of real Cr, completely
eliminating the harmful Cr electroplating process. The
structures are designed by the OML-PPO algorithm based
on reinforcement learning. Two of many RL-designed
structures were fabricated, and their visual resemblance to
Cr coatings was demonstrated. The structures are robust to
a wide viewing angle and a variety of substrates.
Multifunctionality can be designed into the target response,
for example, one structure exhibits high transmission in the
RF region, a function that general Cr coatings cannot have.
We believe that our work can point out a method for
machine learning-assisted multilayer thin-film design that
can provide sustainable and multifunctional properties,
which has not been explored in most work in this field.
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EXPERIMENTAL METHODS
l Structure Selection. The algorithm generated several

multilayer structures that would all give the same desired
target optical response, namely, the chrome look. A few of these
structures have been shown in the Supporting Information (Figure
S3), and some can be found in our previous work.?” Of these, we
chose structure 1 and structure 2 for fabrication and
demonstration in this work for two primary reasons: ease of
availability of the materials and the ability to complete the
fabrication in one evaporation chamber. We picked structures with
materials that were readily available in the same evaporator in our
cleanroom facility to minimize the workflow transitions between
multiple chambers. This helped us fabricate the structures with
ease and as fast as possible. If any of the materials that were
chosen for fabrication in this work are cost-limiting, we can just as
easily use a different structure that involves more cost-effective
materials. As an example, an RF-transmissive replacement chrome
structure that uses amorphous silicon (more cost effective) instead
of germanium was generated and is included in the Supporting
Information (Figure S10).

Electron Beam Evaporation. Each of the layers used in the
replacement stack were individually evaporated on a 0.5 mm thick
piece of silicon wafer in an Angstrom Engineering Evovac
Evaporator. For S1, the desired thickness for the bottom metal
layer, Ni, was 138 nm with a deposition rate of 4 A/sec. SiO, (82 nm)
was deposited at a rate of 3 A/sec, TiO, (18 nm) was deposited at 2
A/sec, and Ge (17 nm) was deposited at 2 A/sec. For S2, the Ge and
SiO, were deposited at the same rates as in S1.

Material Characterization. The J. A. Woollam M-2000 was used
(wavelength range: 400-1600 nm, three angles of incidence: 65,
70, and 75°) for spectroscopic ellipsometry to measure the
thickness of the evaporated films. This was also used to determine
the optical constants such as the real and imaginary parts of the
refractive index of the films. A B-spline model was used for fitting
data from metals and dielectrics. Reflectance spectra were
measured using a portable normal incidence spectrometer
integrated with a white light source. It included an HR4000 Ocean
Optics high resolution spectrometer, and the data was acquired
using the SpectraSuite software.

TMM Simulation. A MATLAB simulation based on the transfer
matrix method was used to verify the prediction from the machine
learning algorithm and the experimental data obtained. Optical
constant data for the materials were obtained using ellipsometry.

RF Measurements. The RF measurements were conducted with
the use of a Keysight network analyzer, model E5080B-2K0, and a
set of waveguides in the WR90 size (width: 22.86 mm, height:
10.16 mm) covering a frequency range of 8.2 to 12.4 GHz. The
setup was calibrated using three calibration loads: a short (a flat
metal plate), an offset short (flat metal plate with a little bit of
waveguide pipe before the flat part), and a matched load (no
reflections). These calibration loads were made in-house in the RF
measurement laboratory.

. ASSOCIATED CONTENT

* Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c02993.

Refractive index for the materials used in the design,
few other structure designs generated using the
algorithm, RF reflection and transmittance of the RF-
transmissive structure on glass substrate, and the
simulated absorption of visible light inside both the
structures discussed in this paper (S1 and S2) (PDF)
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