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Enhanced microwave shielding effectiveness of ultrathin pyrolytic

carbon films
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Electromagnetic properties of pyrolytic carbon (PyC) films with thickness from 5 to 241 nm are
studied experimentally and numerically at 28 GHz. We observe experimentally that PyC films are
capable to absorb up to 50% of microwave power in the K,-band. By using boundary conditions in
the rectangular waveguide, we demonstrate theoretically that 50% of microwave power can be
absorbed in a conductive film with thickness much smaller than the skin depth. The results of
modelling for PyC films on silica substrate are in excellent coincidence with the experimental data.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818680]

The overpopulation of the microwave K,-band that hosts
satellite and airborne communication channels has brought
attention to a challenging problem of the electromagnetic
(EM) compatibility. The hostile electromagnetic environ-
ment aboard can strongly affect the performance of the com-
munication devices, which should be protected by EM
coatings with high EM interference shielding effectiveness
(EMI SE). For satellite and airplane communication systems,
the thickness and weight of these coatings became critical
issue.

The shielding effectiveness, SE(dB) = 10log(P,/P;),'
where P, and P; are, respectively, the transmitted and inci-
dent electromagnetic power, is determined by reflection and
absorption losses. In metal films, the reflection losses occur
due to the impedance discontinuity at the film boundaries.
They decrease with frequency because metal impedance
increases. The absorption losses are determined by the metal
skin depth that decreases with the frequency.” It is worth not-
ing that at low temperatures and high frequencies, the con-
ductivity of ultrathin metal film is no longer described by the
Drude theory because the thickness of the skin layer is less
than the electron mean free path. This leads to anomalous
skin effect that manifests itself as anomalously high absorp-
tion losses in a metal film whose thickness is a small fraction
of the skin depth.’

However, it has been demonstrated recently that the
anomalous absorption can also be observed at room tempera-
ture in microwave frequency range. Specifically, it has been
shown both theoretically* and experimentally” that when the
EM wavelength is much longer than the skin depth and the
film thickness is much smaller than the skin depth, the metal
film is capable to absorb up to 50% radiation at normal inci-
dence.* This phenomenon can be explained by modelling of
EM propagation in terms of transmission line replacing the
film with a lumped resistor.* In the experiments at the wave-
length of 8 mm,’ the anomalously high absorption at room
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temperatures was observed in aluminium films with thick-
nesses from 1.7 to 15 nm, i.e., for films several hundred times
thinner than the skin depth at this wavelength. It is worth
noting that such an anomalous absorption is responsible for
damaging windows in powerful microwave and laser
systems.6

We have recently demonstrated’ that 25 nm thick pyro-
lytic carbon (PyC) film consisting of randomly oriented and
intertwined graphene ribbons, which have typical size of few
nanometers, is capable to absorb up to 38% of the micro-
wave power in the K,-band. This experimental finding indi-
cates that PyC films can be employed for high EMI SE
coatings despite the fact that they are much thinner than the
skin depth of metals (e.g., Al and Cu). It has been shown®
that sheet resistance of PyC films is close to that of multi-
layer graphene®'® and carbon nanotubes,'' which have al-
ready shown outstanding EMI shielding ability. However, in
contrast to graphene and carbon nanotubes, PyC films can be
grown directly on both dielectric and metallic substrates
opening a new route towards fabrication of ultralight and
nanometrically thin EMI protective coatings with enhanced
shielding effectiveness.

In this paper, we report dependence of the absorptivity
and transmittivity of the PyC films deposited on the silica
substrate on the film thickness. The measurements were per-
formed at frequency of 28 GHz in rectangular waveguide,
which supports the TE; o mode. The results of the measure-
ments well correspond to the developed theory of PyC film’s
EM properties that takes into account the waveguide modes
structure.

The PyC films were synthesized on 0.5 mm thick silica
substrates by chemical vapor deposition (CVD), described in
more detail elsewhere.®'? Briefly, the CVD chamber was
heated to 700 °C in hydrogen atmosphere ~10 mbar. At the
temperature of 700°C, the hydrogen atmosphere was
replaced by CHy-H, gas mixture (the CH4-H, ratio and pres-
sure are shown in Table I). Next, in order to start the sponta-
neous methane decomposition, the CVD chamber was
heated up to 1100 °C by rate of 10 °C/min. The temperature
of the chamber was kept at 1100°C for 5 min and then

© 2013 AIP Publishing LLC
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TABLE I. PyC films’ synthesis parameters and EMI SE.

Thickness  CH, H, Pressure at Pressure at EMI SE
(nm) (ml) (ml)  1100°C (mbar) 700 °C (mbar) (dB)
5 45 20 20 17.0 1.27
50 20 22 18.0 1.91
12 60 20 25 20.2 2.06
14 65 20 27 21.6 2.49
18 70 20 29 23.4 2.84
20 75 20 30 24.4 3.00
28 80 20 32 25.5 3.50
30 85 20 34 27.1 4.11
35 90 20 35 27.4 4.12
75 160 0 53 39 6.56
110 180 0 60 45 7.49
241 200 0 69 53 7.94

cooled down to 700 °C during 80 min. At the temperature of
700 °C, the CH4-H, gas mixture was replaced by hydrogen.
The rest of the cooling was done in hydrogen atmosphere
(~10 mbar). It is worth noting that there was no gas flow in
the CVD chamber during the deposition process. This
allowed us to reduce the gas consumption and also gave
more time for poly-aromatic hydrocarbon formation and
cross linking. However, the change of the temperature during
the deposition process was accompanied with change of the
pressure in the CVD chamber. After the CVD process, both
sides of the quartz substrate were covered by the PyC film.
In order to characterize the film by microwave measurement,
one of the substrate surfaces was cleaned out with the harsh
oxygen plasma (200 W/20 sccm/3 min).

PyC films’ thickness was measured by a stylus profiler
(Veeco Instruments, Dektak 150) with an accuracy of 1.5 nm
as well as by atomic force microscope (AFM, Solver P47
PRO, NT-MDT). The structure of the fabricated films was
studied by transmission electron microscope TEM JEM-100
CX at an accelerating voltage of 100kV. The TEM image of
the 75 nm thick PyC film is shown in Fig. 1(a). Raman spec-
tra of the films were measured using Renishaw inVia Raman
Microscope at the excitation wavelength of 514 nm. One can
observe from Fig. 1(b) that the pronounced G and D peaks at
1582 c¢m™! and 1360 cm_l, respectively, dominate the Raman
spectrum. The high I(D)/I(G) ratio indicates that the size of
the graphene ribbons that compose the PyC film is less than
5nm."*'* The fitting of the Raman spectrum revealed strong
D’ and D" peaks (see green solid lines in Fig. 1(b)) that show
the presence of the amorphous carbon.' ™’
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The microwave measurements were made using a scalar
network analyzer R2-408R (ELMIKA, Vilnius, Lithuania),
including sweep generator, waveguide reflectometer, and in-
dicator unit (personal computer). The IEC 62431:2008(E)
standard specifying the measurement method for the reflec-
tivity of EM materials was used. The EM response of the
PyC film as ratios of transmitted/input (S»;) and reflected/
input (S;;) signals has been measured at 28 GHz. The
scheme of waveguide measurements is presented in Fig. 2.
The frequency stability of the oscillator was controlled by
frequency meter and was as high as 10~°. The power stabili-
zation was provided on the level of 7.0 mW = 10 uW.
Measurement range of EM attenuation was from 0 to
—40dB. Measurement error of the EM attenuation was 7%.
The lateral dimensions of the PyC film were 7.2mm
x 3.4mm, i.e., the film was deposited on the silica substrate
that fits precisely the waveguide cross-section. S-parameters
were measured by subsequent insertion of the specimen into
the waveguide.

Experimental data for transmittivity 7 = S5, and absorp-
tivity A = 1 — 8%, — S3, are presented in Fig. 3. The corre-
sponding data on EMI SE are given in Table I for all
samples. The EMI SE provided by the substrate is 1.1dB.
Since the reflectivity and absorptivity of a bare silica sub-
strate are 20% and 0%, respectively; the substrate contribu-
tion dominates the reflected signal, while absorption losses
are due to the presence of the PyC film.

One can see from Fig. 3 that in the PyC films with thick-
ness lower than 75 nm, the absorption increases significantly
with the thickness. The ability of the film to absorb micro-
wave radiation reaches maximum when the film thickness is
75 nm. Specifically, the 75 nm thick PyC film is capable to
absorb 50% of the incident power, while 110 and 241 nm
thick PyC films absorb 49% of incident power. Reflectivity
of PyC films of relatively small thicknesses (up to 28 nm) is
almost the same as for bare quartz substrate (these films
reflect 20%—22%). Films with thickness higher than 30 nm
reflect from 27% to 34% of EM radiation. As a result, the
thickest PyC films demonstrate significant EMI SE.
Specifically, only 22%, 18%, and 16% of microwave signal
could penetrate through the PyC film with thicknesses of
75nm, 110nm, and 241 nm, respectively, deposited on silica
substrate. Even 30-35nm thick PyC films secure already
about 60% of EM attenuation at 28 GHz mostly due to
absorption of the microwave radiation. Thus, fabricated PyC
films, whose thickness is thousand times less than the skin
depth of conventional metals, provide a reasonably high EM
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FIG. 1. (a) TEM image of the 75nm
G thick PyC film. (b) Raman spectrum of
the PyC film. Blue and red lines show
the measured spectrum and results of fit-
ting, respectively. Green lines represent
fitting results for the G (graphite), D (dis-
order), D’ (graphite lattice defects), and
D" (amorphose carbon) resonances.”
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FIG. 2. The scheme of waveguide measurements.

attenuation. The EMI SE of these films is compatible with
that for Imm thick polymer composites filled with
2-5wt. % of carbon nanotubes (see Refs. 11 and 18 and
references therein).

In order to describe the obtained results, we calculated
transmittivity and reflectivity of the PyC film in experimental
configuration shown in Fig. 2. The longitudinal component
of magnetic field associated with the TE, ,, waveguide
modes of the vacuum/substrate/PyC film/vacuum system is
taken in the form

H.,; = ib; cos(k.x)cos(kyy)exp(+Kz). (D)

The sign = corresponds to the counter propagating modes,
subscripts i =0, 1, 2, 3 label the medium (see Fig. 2), x, y are
cross sectional coordinate of the rectangular waveguide, z is
the waveguide axis, k. =mn/a, ky = nm/b, where a, b
are the waveguide dimensions, n, m are integer, K;

= \/kzai — (nn/a)? —

medium, the coefficients by can be found from the boundary

(mm/b)? is the wavenumber of the ith
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FIG. 3. The dependence of absorption and transmission on PyC film thick-
ness. Triangles and circles correspond to experimental data at 28 GHz. Solid
and dashed lines give A and T, respectively, obtained from numerical solu-
tion of Eq. (2) at substrate thickness of /; = 0.5mm and the PyC film con-
ductivity of ¢ = 3.5 x 10'*s~!
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conditions of tangential electric and magnetic field continu-
ity, which have the following form

by + by =bf +by,
Ko(b§ — by) = Ka(b — by),
biexp(iKily) + by exp(—iKyly) = by + b;,
K, [b{exp(iKily) — by exp(—iKil1)] = Kz(by — by ),
by exp(iKaly) + by exp(—iKaly) = by,
K [b; exp(iKaly) — by exp(—iKzlh)] = K3b; .

)

Here, /; is the thickness of substrate and /, is the thickness
of PyC film. Equations (2) express continuity of tangential
components of the electric and magnetic field on the vac-
uum/substrate, substrate/film, and film/vacuum interfaces.
Reflectivity, transmittivity, and absorptivity of the PyC
film on the silica can be obtained from the solution of Eq.
(2) as

2 2

b
u , A=1—-R-T. (3)

by

by

R: T:—
by

)

The results obtained by the numerical solution of Eqs.
(2) and (3) are presented in Fig. 3 by solid and dashed lines
for TE, o waveguide mode. In the numerical calculations, we
used the refractive index of substrate n=3.6 and the PyC
film conductivity ¢ = 3.5 X 10'*s~!, which was extracted
from the experimental data® and checked by fitting the theo-
retical absorption/transmission curves to the experimental
ones collected in microwave frequency range (Fig. 3). It is
worth noting that conductivity of the PyC film is lower than
that of graphite at room temperature, (0.6 — 1) x 10'6s~!,
This is because of scattering of the conduction electrons on
the edges of small graphene ribbons that constitute the PyC
film. Since in the TE; o mode the electric field is directed
along the film surface, we used in the calculation the conduc-
tivity of the bulk PyC. In Fig. 3, one can see the excellent
coincidence between experimental and numerical results for
the absorption and transmission coefficients. In particular,
both the experiment and numerical simulations demonstrate
that PyC films with thicknesses of 30 and 75nm absorb
about 33% and 50% of the incident power, respectively (skin
depth 0 = ¢/v/2now is about 15 pm).

Since the absorption losses are mainly due to the pres-
ence of the PyC film, it is instructive to consider dependence
of the absorptivity on the film thickness when no substrate is
involved. The reflectivity and transmittivity of a thin film in
waveguide obtained from boundary conditions for tangential
electric (magnetic) field components continuity can be pre-
sented in the following form:

(K2 — K*)[exp(iK1) — exp(—iK1)]|”
R = ) “)
A
4KK|?
r— [, )
where A = (Ko — K)%exp(iKl) — (Ko + K)*exp(—iKl), for
the TE;o mode Ko = \/k> — (n/a)’, K = \/k*¢ — (n/a)’,
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where ¢ is complex dielectric constant of the film. For the
thin films (|K/| < 1), Egs. (4) and (5) yield

1 1
I+ (1)

21/1,
(14 1/1,)*
(6)

Here, I, = Koc/(2nka), where o is conductivity. It follows
from Eq. (6) thatat = [, A=0.5, i.e., 50% of the EM radia-
tion will be absorbed. It is important that /; is much smaller
than the skin depth.

In other words, for any material having metal-like con-
ductivity there exists an optimal thickness, at which the film
absorbs 50% of the incident energy. This optimal thickness
is inversely proportional to conductivity of the material. In
the microwave frequency range, the optimal thickness is con-
siderably less than the skin depth and does not exceed few
nanometers for typical metals. For instance, the optimal
thickness of the aluminium film with conductivity of 3.7 x
10"s~! was observed experimentally as 3 nm.’

It is worth noting that in free space, Ky = k (see Ref. 4)
and hence the optimal thickness /, is independent on the fre-
quency, while the optimal thickness of the film in the wave-
guide is frequency dependent. In our particular case,
I, = 91 nm at the frequency of 28 GHz.

In conclusion, we demonstrated that in the microwave
frequency range, PyC films with thickness as small as few
thousandth of the skin depth can absorb up to 50% of the
incident power. PyC films have exceptional advantage of
being hundred million times thinner than the thinnest nano-
carbon based polymer coatings and almost 50 000 times
lighter than epoxy filled with carbon nanotubes. The later is
especially important for satellite communication and other
aerospace applications, where the ultra-light weight and

Appl. Phys. Lett. 103, 073117 (2013)

ultra-small thickness are crucial. Moreover, chemically inert
and corrosion resistant semitransparent PyC films can be de-
posited on both dielectric and metal substrate of any shape,
opening avenues to development of advanced EM coatings,
shields, and filters.
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