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A robust approach to the design of an electromagnetic shield based on ultra-thin
pyrolytic carbon (PyC, 5+110 nm) films is proposed. Finite Element Method (FEM)
simulations and Monte Carlo based tolerance analysis are used to show that even
a deviation of 15+20% from the nominal values of the most important design
parameters of the PyC film, i.e. its thickness and sheet resistance, does not signif-
icantly affect the wanted level of electromagnetic interference shielding efficiency
(EMI SE). The ranges of the SE show that EMI shield based on PyC film is
characterized by a robust behavior with respect to the variation of such parameters
due to the production processes. Therefore, since the PyC can be produced on
a scalable basis, is chemically inert, significantly transparent in the visible range
and can be deposited onto both metal and dielectric substrates, including flexible
polymers, it may be appropriate for the highly demanding technological needs
associated to the graphene revolution and can be developed from laboratory to
mass production applications. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4958298]

I. INTRODUCTION

As the microwave spectrum becomes more and more crowded and electromagnetic compati-
bility problems become more stressful, one needs new functional materials with high electromag-
netic (EM) interference shielding efficiency (EMI SE) for EM coatings, shields and filters working
in the microwave frequency bands.

Carbon is an attractive material for electromagnetic shielding because of its low density and
high electrical conductivity of the carbon allotropes with dominated sp? bonds.! There are graphite,
carbon blacks, multi-walled and one third of single-walled carbon nanotubes, onion-like carbons,
pyrolytic carbon, carbon porous monoliths, graphite nanoplatelets and graphene.”"'® These forms
of carbon are used as fillers in dielectric polymers to transform them into shielding materials
providing EMI SE ability at the level of 5-20 dB per 1-4 mm coating depending on the level
of its ac and dc conductivity that preserve flexibility, chemically inertness, ease of shaping and
lightness of the polymer matrix.!>”!® In some cases it is also necessary to add third fraction, i.e.
clay, as a fluffier agent (see Ref. 16-18). Another interesting option is to use flexibility, small sheet
resistance, optical and IR transparence, ultra small thickness and ultra light-weight of carbonaceous
and graphene films.®!" Among them CVD made Pyrolytic Carbon (PyC) films' are of special
interest. By combining high optical transparency’’ and small sheet electrical resistance, flexibility
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and robustness,?! these films have a strong application potential. In particular, PyC films can be
deposited onto both dielectric and metal substrates of any shape and size, while in EM applications,
they can compete with graphene heterostructures'! or single-walled carbon nanotubes films.??

The EMI SE of the film is determined by absorption of the EM energy inside the film and the
reflection from its surface, whereas the multiple internal reflections do not play role as the phase
shift is very small in the thickness of the thin film. When EM coating thickness is larger than its
skin depth, a conducting layer reflects almost 100% of the incident radiation. The high reflectance
is undesirable since the reflected radiations become new source of EM pollution,?® the shielding
material should be able to absorb a considerable part of the incident radiation. It could be achieved
for conducting thin films much thinner than their skin depth in case their thickness correspond to
a sheet conductance close to the admittance of free space, 2.7 mS. Such an admittance matching
condition?* can be met for 75 nm thick PyC film.’

In order to succeed with producing effective device providing effective EMI shielding on a
scalable basis which can be retranslated to commercial applications clear instructions have to be
given on how significantly the most important parameters can deviate from the “nominal” values
determined from the theory. These deviations could cause errors for the realization of the device and
its performance could be very different from what was expected. In some cases, the designed device,
such as the shield, could not even be physically realizable or “reliable”.>5-8

In this paper, we propose a robust approach to the design of an electromagnetic shield based on
PyC film (see Fig. 1) toward developing scalable protocol for possible commercial applications.

The design that satisfies the customer constraints also in presence of given tolerances on the
physical or geometrical parameters is called Robust Design.?

In the framework of this approach, we assume that parameters of the device are characterized
by some uncertainty (uncontrollable physical parameters) or variability given by technological pro-
cesses (controllable physical parameters).>’~>" The robust design allows us to create a device that
meets the specifications ensuring the required robustness by minimizing the Performance Function
(PF, i.e. the EMI SE in this case) of the system.?¢?”

The EMI SE of the PyC film is obtained numerically by solving the electromagnetic problem
with a commercial FEM-based code developed in Comsol Multiphysics®. The good agreement
of the numerically computed SE with that obtained analytically for this simple geometry and
configuration opens a wide range of applications to the model. In fact it can be adopted even in
different configurations which are not resolvable in closed form (complex 2D or 3D geometry, not
classical electrical behavior of the material and/or evaluation of the effect of different physics like
the mechanical one).

INCIDENT
EM WAVE

FIG. 1. Two dimensional sketch of the considered double-layer EM shield.
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Il. MATERIAL AND METHODS
A. The FEM model

In order to numerically analyze and design the shield, a model is developed by using a
commercial software (Comsol Multiphysics®, RF module) implementing the Finite Element (FE)
technique.

In Fig. 2 the shield origin is in x=0. Perfect Matched Layers (PMLs) are introduced in order to
model the infinitely long free space around the shield. PML acts as an adapted load in such a way
that impacting electromagnetic waves are not reflected causing errors in the simulation.

By considering the plane wave applied to the “Port 17, the EMI SE can be obtained from the
following equation:

E;
E,

E
SE (dB) = =S = =20 log Ff =201log (D)

where E; and E; are the amplitudes of the transmitted and incident waves, respectively. Fig. 3 shows
the calculated amplitude of the transmitted wave obtained with parameters listed in Table I for a
PyC film thickness of t;=110nm. In particular the data reported in Fig. 3 are obtained by performing
100 simulations with frequency settled at equidistant value in the range [20-40] GHz. One can
observe from Fig. 3(a) that the amplitude and phase of the wave change due to the PyC film at
x =0. The reliability of the numerical solution is tested by comparing the simulated data with the
analytical solution.?!

B. Robust design problem

We studied the EMI SE at central frequency of the Ka band, i.e. at f = 30GHz. The thickness ¢
(controllable factor) and electrical conductivity o= (not controllable) of the PyC film are considered
as design uncertain variables. The choice of the thickness variability &t is determined by the accu-
racy of the deposition process and the inevitable film non-uniformity (i.e. 0.3nm). The conductivity
variability is set at 10% around the nominal value:

0 =00 % gy = (5£0.5) X 10*S/m )
to € [9+110]nm 1 =1, F oy 3)
1
PML ML
£
=
8 4 PORT1
(3] PORT 2
.£5000 +
T
O |
o
o)
¢
>
0] ] \
-8000 L 8000

x-coordinate [um]

FIG. 2. Adopted 2-dimensional z-section of the infinitely long (i.e. in y direction) double layer EM shield in Fig. 1 for the
FEM simulation of a plane wave incident along x axis.
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FIG. 3. y-component of the electric field for a PyC-SiO, shield with thickness t; =110nm and t; =500um: a) parametric
simulation of the spatial variation in the (x—y) plane with respect to the frequency in the Ka-band; b) color map of the norm
for the central frequency f=30GHz.

Monte Carlo (MC) analysis is often used for searching the optimal design parameters set espe-
cially if the PF is, as in this paper, numerically computed. In this case, the search space is explored
by means of randomly chosen trials leading to scattered data for the PF. The result is the best
nominal solution of the problem, but not all the work done to evaluate the performance function is
used. Actually it is possible to exploit the samples located in each neighborhood of a solution in
order to obtain information about the sensitivity of the PF by looking at the maximum and minimum
values that it achieves. Nevertheless the MC approach leads to an underestimate sensitivity and
therefore it requires a high number of trials in order to obtain a “robust” result. Instead the Vertex
Analysis (VA) method is able to provide a reliable estimation of the function extremes especially
in the case of monotonic behavior. Such a result, which can be demonstrated by recurring to the

Weierstrass theorem,” is not valid anymore in presence of not-simply connected domains.?®
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TABLE 1. Adopted Material and Geometrical Characteristics for PyC and SiO, domains.

Domain PyC SiO;
electrical conductivity o [S/m] 5x104 0
Relative permittivity &p 1 4.2
Layer Thickness [m] 9x10~%+ 110x107° 5x107*
Complex Amplitude of the Wave Vector K [m™'] 7695 - j7695 1288
Characteristic Impedance ¢ [Q] 1.54 +j1.54 183
Penetration Depth 0 [m] 1.3x107° infinite

To overcome such problems a searching algorithm based on a combination of Monte Carlo
(MC) and VA approaches is here implemented in Matlab® code in order to find the robust solution
with a low number of function calls.

A 2-dimensional parameter space is considered like that reported in Fig. 4(a). Each point
(to,00p) in this space leads to a particular shield design. The SE at the given frequency of 30GHz is
numerically computed by exploiting the FEM model presented before. The solution space SE(ty,00)
is reported in Fig. 4(b).

The robust solution is obtained by minimizing the following index:

max SE (t;,0;)— max SE(t,0;)
WSE(r,c) _ (tj,0;)€box (tj,0;)€box

<SE(tia0-i)>(tl-,o-i)€box - % Zf\il SE(ti,Oi)

where Wsg(, o) is an estimation of the range amplitude for the numerically computed PF in corre-
spondence of the nominal solution (¢,0) due to the assumed variation of the design parameters,
whereas <SE(t;,0)>(1i,01)ebox 1S the mean value assumed by the PF in each box sampled with N
points. When the parameters span the sample-box, the lower Sbox the more robust is the nom-
inal solution. Here N is different for each nominal solution and it is obtained by considering a
neighborhood of almost three points over the vertices of the box.

Sbox = @

lll. RESULTS

The parameters space is sampled initially by considering 2000 MC trials obtained by assuming
uniformly distributed and uncorrelated uncertainty parameters in the range defined with (2) and
(3). According to the adopted procedure that guarantees at least three points in each boxes in
addition to the vertices around the nominal solution, a total of 2130 simulations has to be consid-
ered leading to obtain the scattered data plot shown in Fig. 5. The most robust nominal solution
(t,0)rp = (110nm, 5x10*S/m) is obtained by minimizing (4), i.e. Spox=0.15 (see Fig. 6), with the PF
spanning the range [5.7,6.5] dB = 6.1dB+7%), that is obtained from the scattered data of Fig. 5.

It means that, by considering this nominal solution, the SE will be affected at minimum by the
parameter variations, especially with respect to the uncontrollable factor og. The range of Wsg(, o)
will be less than 15% of the mean value as indicated in Fig. 6 by the value of 0.15 reached by
Sbox. It is interesting to compare this robust solution with the experimental data achieved with
similar parameter values. In particular, in Ref. 9 the case of a structure with PyC thickness of
110nm, deposited on a silica substrate of 530mm is considered. The measured SE value for this
sample is 7.49dB at 30GHz with the incident field on the opposite side with respect to the case
considered here. Nevertheless, by considering the basic measurement error of the EM attenuation
over the range 0 to 25 dB,? that is 8/S21| = +(0.6 + 0.06|S21|)==1.05, leads to a SE in the range
[6.44,8.54]dB. This range overlaps with that computed numerically for the robust solution (i.e.
SEmc+va€[5.7,6.5] dB) showing the effectiveness of the model.

Furthermore, the simulations performed in order to find the robust solution can be exploited
in order to obtain an analytical expression of the PF by means of the RSToolbox of Matlab®. This
function can be employed to predict the PF and the corresponding range of variability even for not
simulated parameter values.
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FIG. 4. a) Parameters space “thickness-conductivity of the PyC film” for the robust design of the shield with respect to ot
and O0 variation. The red box represents the “moving” region for the computation of the SE sensitivity. b) Solution space
corresponding to the parameters space of Fig. 4(a): each point in the parameters space leads to a particular shield design
characterized by the computed shielding effectivness.

In particular, a second order polynomial can be adopted to represent in closed form the shield-
ing effectiveness at f=30GHz with respect to the ‘“normalized” variables with confidence level of
1%:

SE (t,0) = 3.865 + 2.696x; + 0.294x, + 0.179x1x, — 0.418x7 — 0.005x3 3)

with X =[t-(tmax+tmin)/ 2]/ (tmax-tmin)/2 and x2 = [0-(Cmax+Omin)/2]/(Omax-Omin)/2. The normalization
in the interval [-1,1] is implemented to tackle the problems due to the different order of magnitude
of the “actual” variables.*

If the VA approach is considered on this function (i.e. by considering the function in (5) only on
the vertices of the box), a direct bounding of the SE can be obtained which is indicated by the red
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FIG. 5. Computed PF vs. the controllable parameter “thickness” in presence of variability on the uncontrollable parameter
“conductivity”.

solid lines in Fig. 7 representing the minimum (lower-bound) and maximum (upper-bound) value of
PF due to the supposed uncertainties.

In Fig. 7 also the MC estimations of the upper and lower bound are reported (blue lines). Such
lines confirm that they are an underestimation of the actual PF bounding(Refs. 28 and 33) and
justify the use of the VA to increase the reliability of the results in terms of robustness and worst
case approach.

The analytical model, expressed by the second-order polynomial allows to predict the shield-
ing effectiveness even when the thickness and the conductivity of the PyC are not simulated, but
obtained experimentally.

As an example let us consider the data assumed in Ref. 8§ where a nominal value of 25.2nm is
reported for the PyC thickness. Its value is inside the parameter space for the controllable ¢ factor,
but with an uncertainty 8t=0.8, higher than that adopted in the robust design searching algorithm.
The reported sheet resistance in Ref. 8, R; of 200€)/sq, leads to evaluate a nominal conductivity
Onom=(R¢-#)"! = 1.98x10°S/m if as ¢ value of 25.2nm is considered. By considering the uncertainty

Sbox with (t, o) within Box (MC+VA)
T

T T

MC+VA

0.25 |

SBox
V , A
Robust

design

0 | 1 1 Il 1
0 i 140
Thickness[nm]

FIG. 6. Sensitivity index given in (4) as a function of the “controllable parameter” thickness. The minimum value furnishes
the nominal solution leading to the robust design.
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SE [dB]@ 30GHz

ol i i | I i i i | I
1 2 3 4 5 6 7 8 9 10 1

Thickness [m]

FIG. 7. Bounding of the SE obtained by applying VA on the analytical expression of the PF (red lines) compared with the
MC computed (blue lines). In this figure also the mean value (green line) of the PF is reported.

due to the measurement technique, the reported 8t variation leads to an effective PyC conductance
in the range [1.92, 2.05]x10°S/m which in turn gives a 8o equal to 3%. It means that the conduc-
tivity is out of the considered parameter space even if the narrower interval indicates that it is
more accurate than that adopted in the robust design. Table II summarizes the parameter set of this
particular design.

The normalized value of the PyC conductivity in Table II higher than 1 confirms that the set is
out of the parameter space adopted in the previously considered simulation.

The experimental data of the 25-nm-thick PyC in Ka band in Ref. 8 leads to a shielding
effectiveness of about 3.8dB at a frequency of 30GHz. Nevertheless, the basic measurement errors
leads to 0|S21| = £(0.6 + 0.06|S21|) = £0.83 and therefore a measured SE, i.e. SE s, is in the
range [2.97,4.63]dB. The use of (5) with the nominal parameters reported in Table II leads to
SE,om=2.67dB that is very close to the left extreme of the experimentally detected one, despite the
fact that combination of oy e #( is out of the adopted parameters space of Fig. 4(a). It means that the
considered polynomial interpolation is a good predictor for the SE at a given frequency. Moreover,
if the parameters variations in Table II are taken in to account, the use of the VA on the equation (5)
furnishes directly also the bounding of SE, SEgrgm = [2.37, 2.95] dB, highlighting a deviation of
about 10% with respect to the nominal value.

As far as the robust solution is considered, i.e. (t,0)rp = (110nm,5x10*S/m), the use of (5)
furnishes SEpom rp €qual to 6.14dB and a bounding SEgrsm rp = [5.66, 6.62]dB as summarized in
Table III.

The high reliability of the proposed design is confirmed by observing that only a 7% devi-
ation from the nominal value of the shielding effectiveness is achieved in presence of 10% of
variation on the PyC conductivity and an uncertainty of 0.3nm on its thickness. This is true for
both the SEpciva, numerically computed from the data and for the SEggy, analytically evaluated
by using (5). This leads to the conclusion that in order to keep reliable the SE it is advisable to

TABLE II. Nominal Value and corresponding variation of the design parameters external to the space considered for
Fig. 4(a). Values according to the experimental data reported in Ref. 8.

Parameter name PyC thickness PyC conductivity
Nominal value 25.2 nm 1.98 x 10° S/m
Normalized nominal value -0.679 29.700

Range variation nominal+ 0.8nm nominal +3%
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TABLE III. Robust design: parameters, assumed variation and range amplitude of the shielding effectiveness computed by
the scattered data in Fig. 5 (Sgmc+va) and according to (5) (SErsm)-

Parameter name PyC thickness PyC conductivity SEmc+va SErsm
Nominal value 110 nm 50000 S/m 6.14 dB 6.14 dB
Range variation nominal+ 0.3nm nominal+ 10% [5.7,6.5]dB [5.66, 6.62]dB

use thicker PyC layer. Obviously, the increasing thickness could correspond to a decrease in other
performances of the system, as for example the transparency. However, multiobjective approach
(that is out of the scope of this paper) can be considered in order to find the best compromise
between reliability and transparency.

IV. CONCLUSION

A robust approach to the design of an electromagnetic shield based on a pyrolytic carbon
layer thousands times thinner than skin depth is proposed. We demonstrated via a numerical
approach, based on commercial software (COMSOL Multiphysics® and Matlab®) routines and
a MC method, that even a deviation of 15-20% around the nominal values of the most important
parameters for PyC film, i.e. its thickness and sheet resistance, would still lead to the desired level of
EMI shielding effectiveness. Therefore, a reliable and robust design of the shielding performances
can be achieved. Moreover, it can be observed that PyC layers, being scalable, chemically inert,
significantly transparent in the visible range and with possibility to be deposited onto both metal
or dielectric substrate, including flexible polymers, meet the high technological needs of graphene
revolution and can be exploited from laboratory to mass production applications.
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