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Abstract: Transparent electromagnetic interference (EMI) shielding is needed in many opto-
electronic applications to protect electronic devices from surrounding radiation while allowing
for high visible light transmission. However, very high transmission (over 92.5%), high EMI
shielding efficiency (over 30 dB) structures have yet to be achieved in the literature. Bayesian op-
timization is used to optimize different nanophotonic structures for high EMI shielding efficiency
(SE) and high visible light transmission (T;s). Below 90% average visible light transmission,
sandwich structures consisting of high index dielectric/silver/high index dielectric films are
determined to be optimal, where they are able to achieve 43.1 dB SE and 90.0% T;;. The high
index of refraction dielectric layers reduce absorption losses in the silver and can be engineered to
provide for antireflection through destructive interference. However, for optimal EMI shielding
with T,;, above 90%, the reflection losses at the air/dielectric interfaces need to be further reduced.
Optimized double sided nanocone sandwich structures are determined to be best where they can
achieve 41.2 dB SE and 90.8% 7,;s as well as 35.6 dB SE and 95.1% 7T,;;. K-means clustering is
utilized to show the performance of characteristic near-Pareto optimal structures. Double sided
nanocone structures are shown to exhibit omnidirectional visible transmission with SE = 35.6 dB
and over 85% T, at incidence angles of 70°.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As electronic devices and systems have become increasingly utilized and complex, there is a
growing need to develop new types of electromagnetic interference (EMI) shielding [1]. EMI
shielding is required to reduce coupling of electronic components to surrounding radiation, which
could reduce the functionality or accuracy of electronic devices or shorten their lifetimes [2]. EMI
shielding is also needed to better protect humans from health hazards associated with long-term
exposure to electromagnetic waves [3]. Metal films, boxes, or meshes have been traditionally
used as EMI shielding [1]. However, these metal structures tend to be heavy and thick [4], and
their cost of manufacturing is high [5]. New lightweight EMI shielding technologies are needed
that may provide for high shielding efficiency (SE).

EMI shielding that is additionally transparent is also needed for many optoelectronic appli-
cations, which require visible light to pass through with high efficiency. Applications such
as windows, displays, mobile devices, and wearables all have a need for both high visible
transparency and strong shielding. There has been a lot of work done with metal micromeshes or
microgrids due to their ability to achieve both high transparency and low sheet resistance [6—8].
Nickel meshes fabricated by photolithography and transfer printed onto ITO have achieved 40
dB SE and 92% transmission [9]. Multi-ring aluminum meshes fabricated by photolithography
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and dry etching have exhibited 27 dB SE and 90% transmission [10]. Graphene integrated with
metal microgrids has also been demonstrated for EMI shielding due to their high performance as
transparent conductors [11]. A graphene/nickel mesh film was demonstrated with 12.1 dB SE
and 83% transmission [12]. And a metal-mesh hybrid graphene film exhibited an average SE of
25.5 dB and 91% transmission [13].

Another type of transparent EMI shielding material are metal thin films [14,15]. Silver (Ag) is
the most widely used material for this application due to its high conductivity. To improve the
visible transmission of the Ag film, different high index dielectric materials have been explored
to surround the Ag. ITO/Ag-Cu/ITO was demonstrated to have 96.5% transmission and 26 dB
SE [16]. Yuan et al. reported that ZnO/Ag/ZnO sandwich structures could achieve 35 dB SE and
88.9% transmission in the visible range [17]. Additional sandwich structures could be included
to improve performance at the cost of additional fabrication complexity [17].

One challenge in transparent EMI shielding has been creating structures with high SE over
30 dB and very high average visible transmission over 92.5%. Nickel micromeshes on ITO
have exhibited 40 dB but only have 92% average visible transmission [9]. On the other hand,
EMI shielding materials with high average visible transmission over 92.5% have had low SE.
ITO/Ag-Cu/ITO sandwich structure have exhibited 96.5% average visible transmission but only
26 dB SE [16]. Multi layer salt water has 94.2% average visible transmission but only 20 dB SE
[18]. New visible EMI shielding structures are needed that may simultaneously achieve high SE
over 30 dB and very high average visible transmission over 92.5%.

In this work, a variety of nanophotonic structures were simulated and optimized by a Bayesian
strategy. In particular nanocones with high refractive indices were integrated with sandwich
structures. Metal thin film, dielectric/metal/dielectric sandwich, top nanocone (TNC), bottom
nanocone (BNC), and double sided nanocone (DNC) structures were all simulated and optimized.
For average visible transparency under 90%, sandwich structures were determined to be optimal.
Sandwich structures are able to achieve 41.6 SE and 90.0% average visible transparency with 10
nm Ag. The surrounding high index dielectric layers reduce absorption by reducing the electric
field in the Ag. Reflection losses are also reduced due to destructive interference. However,
like other structures in the literature, sandwich structures demonstrate a substantial drop in SE
for visible transmission above 92.5%. DNC structures demonstrate the best performance for
visible transmission over 90%, where the nanocones are needed to reduce reflection between
the high-index dielectric and the air by grading the index of refraction. DNCs demonstrate
41.2 dB SE with 90.8% average visible transmittance as well 35.6 dB SE with 95.1% average
visible transmittance. K-means clustering is performed on near-Pareto optimal sandwich and
DNC structures to illustrate their characteristic performances and structural parameters. DNC
structures exhibit omnidirectional transmission. With 42.4 dB SE (10 nm Ag), the average visible
transmission is 90.1% at normal incidence, 83.8% at 60 degrees incidence and 71.2% at 70
degrees incidence. With 37.2 dB SE (5 nm Ag), the average visible transmission is 83.6% at
normal incidence, 77.0% at 60 degrees incidence and 69.7% at 70 degrees incidence. This work
demonstrates the potential of achieving both high EMI shielding efficiency (over 30 dB) and very
high transmittance (over 92.5%) using DNC structures.

2. Simulation and optimization

2.1.  Structure geometry and objective functions

Figure 1 shows the five different structures evaluated in this paper: (a)(i) Ag thin films (TFs), (ii)
Ag thin films surrounded with a titanium dioxide (TiO;) layer at the bottom and top (sandwiches),
and three different nanocone (NCs) structures: (iii) top NC Ag thin films (TNCs), (iv) bottom
NC Ag thin films (BNCs), and (v) Ag thin film sandwiches with double sided nanocones (DNCs).
NC-type structures have been demonstrated as effective structures for antireflection [19] and can
be fabricated by maskless reactive ion etching methods [20-23]. For TFs, the only structure
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parameter is the thickness of the Ag layer. For sandwiches, the structure is defined by the
thickness of the Ag layer as well as the thickness of each side of titanium dioxide. For TNCs
sandwiches and BNCs, seven parameters were used to describe the structure, where the difference
between the two structures is TNCs only have NCs on top and the BNCs only have NCs on
the bottom side. DNCs have NCs on both sides and are defined by ten parameters as shown in
Fig. 1(b): the thickness of the Ag (t4,), the thickness of the top and bottom titanium dioxide layers
(ti0p» thor)» the top cone’s top radius (7)), bottom radius (rp.), and height (4); and the bottom
cone’s top radius (7p), bottom radius (rppe;), and height(hy,); and finally, the nanocone pitch (a).
The NC structures are assumed to be in a square lattice. The design parameter space is set to
tag € [3,20] nm, t,,, € [5,100] nm, tp,; € [5, 100] nm, 4., € [10,200] nm, 74, € [10,200] nm,
h € [50,800] nm, 740 € [10,200] nm, rppe € [10,200] nm, Ay, € [50,800] nm, a € [20,400]
nm, with the constraints 7, < 7por and 2rpo; < @, Throp = Tppor and 274, < a. All the parameters
are discretized to integers, and the step size of cone height is set to 50 nm.
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(i) (i) Sandwich
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TNC Sandwich BNC Sandwich DNC Sandwich

Fig. 1. Schematics of the five different structures studied: (a)(i) Ag thin film (TF), (ii)
titanium dioxide sandwiched Ag thin film (sandwich), (iii) top nanocone Ag thin film (TNC);
(iv) bottom nanocone Ag thin film (BNC); and (v) double sided nanocone sandwich Ag thin
film (DNC). (b) Parameters used in optimizing the NC structures. (c) Schematic showing
the two objective functions of maximizing visible transmittance and maximizing SE in radio
frequencies.
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The design problem consists of a multi-objective optimization problem where the two objective
functions to be maximized are the shielding efficiency (SE) and the average visible transmission
(Ty;5) (Fig. 1(c)). The SE is defined by

10
SE =201 1+ 1
Oglo( 2Rs) (1)

where 179 = 377€Q is the impedance of free space and R; = % is the sheet resistance of the

conductive thin film where p = 1.59 x 1078 Q:m is the bulk resistivity of silver. The SE is
calculated based on the sheet resistance of the conductive thin film, which is valid when the
impedance of the film is much lower than that of free space and the thickness of the film is smaller
than the skin depth [16]. In this study, we focus on Ag thicknesses of only less than 20 nm, which
is much less than the skin depth of Ag at the frequency range of 1 ~ 40 GHz (0.317 ~ 2 um).
The average visible transmission is obtained over the visible wavelength range of 400 to 700
frm: 700
7 oo T(AdA
vis = T 700 . ¢ 2

400 da

Transmission simulations are performed using the finite difference time domain method.
Periodic boundary conditions are used to create a square lattice and perfectly match layers (PML)
were used at the top and bottom of the simulation supercell. For angle dependence simulations,
the broadband fixed angle source technique (BFAST) is used [24]. The mesh setting is set
differently in each structure region. For the thin film regions, dx = 10 nm, dy = 10 nm, and
dz = 1 nm and for the NCs, dx = a/10, dy = a/10, and dz = 50 nm. The Ag index of refraction
values were obtained from the CRC handbook [25], and the titanium dioxide values from Sarkar
et. al. [26]

2.2. Multiobjective Bayesian optimization

To explore the 10-dimensional design space of DNCs and identify satisfactory designs, we
employed a sample-efficient sequential decision making methodology. This multiobjective
Bayesian optimization process iteratively models the relationship between the parameters and the
two design metrics (SE and T;), and then it suggests a next best configuration to evaluate to
learn more about high-performing designs [19]. The results of that evaluation are then added
to the model which powers the next suggested configuration. We use independent Gaussian
processes to model the objectives [27]. These are assumed to have constant mean and anisotropic
radial C* Matérn covariance kernels with length scales determined through maximum likelihood
estimation. The acquisition function is a modified expected improvement function detailed in
our earlier work [19]; at each iteration, the acquisition function is optimized using differential
evolution [28], modified to function in the constrained domain defined.

The search that we conduct defines satisfactory outcomes as those structures with EMI shielding
greater than 30 dB and average visible transmission greater than 80%. We guide our search
by applying constraints to the multiobjective optimization process in the fashion described in
our previous work [20]. Constraint active search is utilized to provide additional insight into
near-Pareto optimal structures, which may be more useful for manufacturing purposes than
focusing exclusively on Pareto optimal structures [29].

3. Result and discussion

The results of the simulations and optimization are shown in Fig. 2 for the five structures: (a)(i)
TFs; (ii) Sandwiches; (iii) TNCs; (iv) BNCs and (v) DNCs. For the TF structure, the performance
for all integer thicknesses between 3 and 20 nm were evaluated. For each of the sandwich,
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TNC, BNC, and DNC structures, 500 designs were evaluated using Bayesian optimization. The
Pareto frontier for each structure is shown with a line. Figure 2(b) shows a comparison of the
Pareto frontier of the five different types of structures. The right y-axis in Fig. 2(b) shows the
thickness of silver for each structure. Below 90% average visible transmission the best performing
structures are the sandwich structures. These structures consist of Ag thin films over 10 nm thick.
Sandwich structures are able to achieve 41.6 SE and 90.0% T,;, with 10 nm silver. However,
sandwich structures have a substantial drop in SE performance in order to achieve T,;; above
90%. Sandwich structures are able to achieve 33.7 dB SE with 90.6 % T,;,. For average visible
transparency above 90%, the best performing structures are the DNCs. DNCs are able to achieve
41.6 dB SE and 90.8% T,;, with 10 nm Ag and 35.6 dB SE and 95.1% T,is with 5 nm Ag. For
Ag thin films above 10 nm thicknesses, the sandwich structures perform better than the DNC
sandwich structures.
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Fig. 2. SE and T,;, of (a)(i) TFs, (ii) Sandwiches, (iii) TNCs, (iv) BNCs, and (v) DNCs.
The Pareto frontier is shown with a line. (b) Comparison of the Pareto frontier of all five
structures.

The best performing structures for T',;,<90% are the sandwich structures. To explore the
relationship between structural parameters in the sandwich structures, we use K-means clustering
on near Pareto optimal structures to determine what types of sandwich structures enable high
performance. Figure 3(a) shows the four clusters of sandwich structures with the brown cluster
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achieving between 46.1 to 46.6 SE and 81.0 to 84.7% T, the cyan cluster achieving between
44.5 to 45.6 SE and 86.0 to 88.7% T,;, the blue cluster achieving between 42.4 to 44.5 SE
and 88.0 to 90.2% T, and the yellow cluster achieving between 31.3 to 33.7 SE and 90.5 to
93.1% T,;;. Figure 3(a)(ii) plots the normalized parameters of the four near Pareto-optimal
clusters, where it can be seen that the structures in each cluster are similar. In Fig. 3(b), the
characteristic shape of each cluster is plotted where the structure nearest the centroid of each
cluster is shown. Table 1 shows the parameters of the characteristic structures. DNC structures
are the best performing structures for 7,;;>90%.

Another data exploration is performed on near Pareto optimal DNC structures with 7,;,>90%
(Fig. 4). In Fig. 4(a), the near-Pareto optimal structures are plot in different colors for different
clusters. We use four clusters to show the trend of near-Pareto optimal structures. Two
characteristic near-Pareto optimal structures are shown for each of the four clusters (Fig. 4(b)).
Table 2 shows the performance and parameters for the characteristic shapes in each cluster. In
the purple region, the top NCs are the smallest nanowire possible (7, = rpo; = 10 nm), and the
bottom NCs are nanowire-like (74:0p ~ Fppor)- In the red region, the top NCs are also nanowires
(T1op = Tpor)- The top nanowire diameters are about half that of the pitches, and the bottom
diameters of the bottom nanocone are about the same as the pitches. In the green region, the
bottom diameters of the bottom NCs are close to the pitch, but the bottom diameters of the top
NC are a little bit smaller than the pitch. In the black region, the bottom diameters of the top and
bottom NCs are close to the pitches. The top NCs have the smallest top diameters possible, while
the bottom NCs have slightly larger top diameters.
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Fig. 3. (a)(i) Clusters of near-Pareto optimal sandwich structures and (ii) normalized
parameter plot. (b) Characteristic shape of sandwich structures.
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Fig. 4. (a)(i) Simulation result clustering scatter plot and (ii) normalized parameter plot for
DNC Sandwich. (b) Characteristic shape of DNC Sandwich structure.

Table 1. Sandwich performance and
parameters for each cluster.

Cluster SE Tois tag tiop thot
Color (dB) | (%) | (nm) | (nm) | (nm)

Brown | 46.6 | 829 17 41 42
Cyan 445 | 88.7 14 42 42
Blue 43.1 90.0 12 44 44

Yellow | 31.3 | 93.1 3 6 7

The near Pareto-optimal structures in the purple cluster are more sandwich-like where the
sub-wavelength nanowires function like a thin film with a constant effective index of refraction.
In the red region, the near Pareto-optimal structures transition into structures that are more
nanowire-like on top and NC-like on bottom. Finally, the highest transmission structures have
NCs on both top and bottom and the highest performing structures have NCs that fill out the
space.

Figure 5 plots the transmission (red), reflection (green), and absorption (blue) of (a) TFs,
(b) sandwiches and (c) DNCs on the Pareto Frontier. The SE is shown on the left y-axis
and the thickness of the silver is shown on the right y-axis. The transmission, reflection, and
absorption sum up to 100% for each structure. The sandwich and DNC structures have lower
absorption compared to the TFs. The use of high index dielectric layers surrounding the metal
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Table 2. DNC performance and structural parameters for each cluster.

Cluster SE Tvis TAg trop Tpor Ytop Fbot h Tbtop Tbbot hyp a
Color (dB) (%) (nmm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm)
424 | 90.5 10 42 43 10 10 600 32 20 500 125
Purple
40.7 | 91.2 8 40 42 10 10 50 49 49 750 146
Red 38.5 | 929 7 39 36 26 26 600 60 32 500 120
e
37.2 | 933 6 42 46 34 34 350 81 10 700 163
33.7 | 95.8 4 28 36 10 79 400 93 61 650 187
Green
372 | 94.1 5 33 35 10 52 500 80 39 350 160
313 | 97.2 3 33 37 10 82 550 82 41 750 164
Black
31.3 | 96.0 3 31 5 10 77 450 77 60 550 154

film reduces the optical electric field in Ag thin film and thus, reduces absorption loss in the Ag
[30]. Additionally, the dielectric layers also reduce reflection losses in the visible spectrum by
destructive interference [31]. However, for transmission above 90%, the reflection losses become
more substantial part of the total optical losses. DNCs enable higher 7, as the grading of the
index of refraction enables lower reflection losses at the dielectric/air interfaces.
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Fig. 5. Visible range light transmission, reflection, and attenuation ratio plot for (a) TFs, (b)
Sandwiches, and (c) DNC Sandwiches.

To further examine how electromagnetic (EM) waves interact with through different structures,
we simulated the electric field intensity of Pareto optimal structures with a 400 to 700 nm
transverse electromagnetic (TEM) light source and plot the center cross section of each structure.
Figure 6 shows color contour plots of the E-field intensity of optimized structures, where the
white dashed lines are the boundary of the Ag film and the blacked dashed lines are the boundary
of the titanium dioxide. Figure 6(a) shows the highest average visible transmission structures
when SE = 35.6 dB and 74; = 5 nm. For TF structures (Fig. 6(a),(i)), the light reflects off the
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front surface and is attenuated by the conductive Ag, and the average visible transmission is
83.6%. For the sandwich structure (Fig. 6(a),(ii)), the thickness of the top high index layer is 40
nm and the thickness of the bottom high index layer is 41 nm. The high index layer increases
the transmission of the structure to 88.0% average visible transmission. The DNC structure
(Fig. 6(a),(iii)) is able to achieve the highest average visible transmission of the three structures
(95.1%) as the electric field concentrates in the spaces between the nanocones.
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Fig. 6. Normalized electric field density distribution for (a) highest average visible
transmission structures when #4, = 5 nm and SE = 35.6 dB: (i) TF (83.6% Tyis); (ii)
Sandwich (88.0% T;,); (iii) DNC Sandwich (95.1% T,;s). (b) Highest average visible
transmission structures when 74, = 10 nm and SE = 41.6 dB: (i) TF (61.6% Tyis); (ii)
Sandwich (90.0% T,;s); (iii) DNC Sandwich (90.8% Transmission 7).

Figure 6(b) shows the highest average visible transmission structures for when 74, = 10 nm
and SE = 41.6 dB. For the (i) TF structure, the decay of the electric field intensity is large, and
the average visible transmission is 61.6%. In the (ii) sandwich structure, the E-field intensity
decreases between top high index layer and the metal layer, but due to constructive interference,
the transmission is 89.8%. The intensity of light decreases in the silver layer and the average
visible transmission is improved. The (iii) DNC sandwich structure doesn’t perform better than
the sandwich structure as most of the loss in the sandwich structures is due to absorption in the
metal and reflection losses are very small.

High transmission over a wider range of angle is preferred in many light emitting or light
extraction devices [19,31,32]. Figure 7 plots the average visible transmission as a function
of incidence angle for the same six optimized structures shown in Fig. 6. Figure 7(a) shows
the angle dependence for the three structures with SE = 35.6 dB (z4, = 5 nm) for (i) TE and
TM-polarized light respectively and (ii) the average of TE- and TM-polarized light. The DNC
sandwich structure has the highest visible transmission over a wide range of angles until 55
degrees for both light polarizations. Above 55 degrees, the thin film and sandwich structures have
higher transmission for TM incident light. The average transmission of the DNC Sandwich out
performs all the other structures over all angles. The DNC Sandwich has the best omnidirectional
transmission performance. For the Ag TF, the average visible transmission is 83.6% at normal
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incidence, 77.0% at 60 degrees incidence and 69.7% at 70 degrees incidence. For the sandwich
structures, the average visible transmission is 89.3% at normal incidence, 85.2% at 60 degrees
incidence and 78.6% at 70 degrees incidence. For the DNCs, the average visible transmission is
95.1% at normal incidence, 91.0% at 60 degrees incidence and 85.9% at 70 degrees incidence.
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Fig. 7. Angular dependence of T, for optimized TFs, sandwiches, and DNCs. Angular
dependence of optimized structures when (a) f4g = 5nmand SE = 35.6 dB and (b) fag = 10
nm and EMI SE = 41.6 dB. (i) Angular dependence of TE and TM incident visible light,
and (ii) average of TE and TM incidence visible light.

Figure 7(b) shows the angle dependency when #4, = 10 nm for (i) TE- and TM-polarized light
and (ii) the TE and TM average. The sandwich structure performs better in most regions than
just the Ag TF. For the Ag TF, the average visible transmission is 61.6% at normal incidence,
54.9% at 60 degrees incidence and 49.5% at 70 degrees incidence. For the sandwich structure,
the average visible transmission is 89.8% at normal incidence, 74.5% at 60 degrees incidence
and 54.5% at 70 degrees incidence. For the DNC structure, the average visible transmission is
90.1% at normal incidence, 83.8% at 60 degrees incidence and 71.2% at 70 degrees incidence.

We compare the Pareto Frontier of our DNC structure to other published work (Fig. 8). As
discussed above and can be seen in this plot, previous studies on EMI shielding have failed
to demonstrate high SE above 30 dB with very high T,;; over 92.5%. Experimental results
for graphene/Al mesh [36], Ag-Ni mesh [37], CuO-Cu mesh [38], multi-layer graphene [13],
multi-ring array Al mesh [10], multi layer salt water [18] and ITO/Ag-Cu/ITO [16] are all shown.
Simulation results for [IZO/Ag/IZO [33], AZO/Ag/AZO [34], and ZnO/Ag/ZnO [17] are also
shown, where these structures have similar performance to ours. Structures with T,is over 92.5%
have only achieved 26 dB SE with Tois = 96.5% for ITO/Ag-Cu/ITO [16]. Multi layer salt water
has demonstrated 20 dB SE with T,;; = 94.2% [18]. DNCs may outperform these structures and
achieve 41.2 dB SE with 90.8% T,;; and 35.6 dB SE with 95.1% T.;s.
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Fig. 8. Comparison of EMI SE (dB) and Transmission of NC Sandwich in this work to
other simulation and experimental work in the literature: 1ZO/Ag/IZ0O simulation [33],
AZO/Ag/AZO simulation [34], Ni mesh-ITO [9], Cu-graphene [13], Cu-doped Ag [16],
Graphene/silver nanowire [35], Graphene/Al mesh [36], Ag-Ni mesh [37], ZnO/Ag/ZnO
[17], multi-layer graphene [13], multi-ring array Al mesh [10], multi-layer salt water [18],
and ITO/Ag-Cu/ITO [16].

4. Conclusion

In conclusion, we demonstrate a simulation and optimization strategy for the design of various
nanophotonic transparent EMI shielding structures. Bayesian optimization is applied to five
different nanophotonic structures: metal thin films, sandwich structures, top nanocone structures,
bottom nanocone structures, and double-sided nanocone structures. It is determined that sandwich
structures achieve the best performance for average visible transmission under 90%. Sandwich
structures are able to achieve 41.6 EMI SE with 90.0% T\;s. Single-sided nanocone structures
offer some benefits over sandwich structures above 90% average visible transmission. However,
the best performing structures for over 90% average visible transmission are double-sided
nanocone structures. Double-sided nanocone structures are able to achieve 35.6 dB SE with
95.1% average visible transmission and 41.2 dB SE with 90.8% average visible transmission.
These structures exhibit omnidirectional transmission with high transmission even at incidence
angles over 70°. These structures provide for very high transmission due to optical impedance
reduction and antireflection. These simulations demonstrate a pathway to high SE, very high
visible transparency EMI shielding through nanophotonic structures.
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