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a b s t r a c t
We report on the electromagnetic (EM) absorption potential and microwave heating capacity of amorphous hydrogenated silicon carbide thin ﬁlms (a-SiC:H) in the 1–16 GHz frequency domain. a-SiC:H thin
ﬁlms with typical thickness of 1 m were deposited by plasma enhanced chemical vapor deposition
on [1 0 0] undoped silicon substrates, and exhibit a deep EM absorption – up to 96% of the total EM
energy irradiation – which is systematically converted into heat. Two-wavelength pyrometer tests show
that temperatures exceeding 2000 K can be reached in a very short time, less than 100 s exposure to
microwaves, showing a promising potential for speciﬁc microwave heating applications.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Amorphous silicon carbide (a-SiC) is an attractive semiconducting material since its wide band gap ranges from 1.8 to
2.6 eV, when the carbon content in the material varies. a-SiC
has outstanding physical and chemical characteristics, such as
high breakdown electric ﬁeld (∼2.2 × 108 V/m), high thermal conductivity (∼380 W/m K) [1] and high electron mobility [2], with
very promising applications like protective coatings on microelectromechanical systems (MEMS) [3], barrier layers for organic
light emitting diodes [4], solar cells and color sensor [5,6], etc.
Plasma-enhanced chemical vapor deposition (PECVD), operating
with silane and methane gas mixtures in the so called “low power
regime” is one of the most widely employed technique aimed at
growing high-quality hydrogenated amorphous silicon carbide (aSiC:H) [7,8]. On the contrary, the rapid development of advanced
electronic devices has brought a growing interest in electromagnetic (EM) wave-absorbing materials [9–11]. Many commercial and
military applications, such as data transmission, telecommunications, wireless network systems, and satellite broadcasting, as well

∗ Corresponding author at: Department of Smart Materials and Sensors for Space
Missions, MPB Technologies Inc., 151 Hymus Boulevard, Montreal, H9R 1E9, Canada.
Tel.: +1 514 694 8751; fax: +1 514 695 7492.
E-mail address: aissab@emt.inrs.ca (B. Aïssa).
0169-4332/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2012.02.047

as radars, and diagnostic and detection systems, utilize and emit
electromagnetic waves. The interaction of electromagnetic waves
originating from different sources can lead to a decrease in quality
and a misinterpretation of transferred data, and it has thus become
vital to avoid such interference and electromagnetic wave pollution
through the use of appropriate absorbing and shielding materials.
Electromagnetic wave-absorbing materials absorb and dissipate electromagnetic energy to which they are exposed, reducing
reﬂected and/or scattered electromagnetic components to a minimum. There are various magnetic materials, such as ferrites,
carbonyl iron, cobalt, and their related based composite, which can
be used as magnetic absorbers [12–15], with the main drawbacks
that they are heavy, and only effective in the MHz frequency range
[16,17]. On the contrary, dielectric materials stand out due to their
low density and effectiveness in the GHz frequency range. Carbonaceous materials – such as graphite and/or carbon black [16–18]
– are often used as dielectric EM absorbers, generating dielectric
loss by improving the electrical conductivity of the mixture. In
addition, and according to the literature data, thick silicon carbide
nanowires [19], SiC powder [20] and/or Ni–Co–P-coated SiC powder [21] have also shown a high wave absorption ability, where
the reﬂection loss of a Ni–Co–P-coated SiC micrometer particle, for
example, was found to reach sometimes the value of “−30 dB” [21]
(which is attributed mainly to the magnetization of Co and Ni metals). Moreover, SiC short ﬁbers [22] or SiC-based ceramic woven
fabrics [23] were deeply investigated and demonstrated to be good
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candidate materials for EM wave absorption applications. As a
matter of fact, the average of reﬂection loss of SiC-based ceramic
micrometer ﬁbers was found about “−10 dB” at 17 GHz frequency
[23].
In this work, we study the electromagnetic wave-absorbing
capacity of PECVD grown a-SiC:H thin ﬁlms with typical thickness
of 1 m. A deep EM absorption (EMA) – up to |−14| dB which represents more than 96% of the total EM energy irradiation – was
recorded in the 1–16 GHz frequency domain, and was found to be
systematically converted into heat. By using the two-wavelength
pyrometer tests, we have shown that temperatures exceeding
2000 K can be reached in a very short time, less than 100 s exposure to microwaves, showing a promising potential for speciﬁc
microwave heating applications.
2. Experimental
a-SiC:H ﬁlms were deposited by standard commercially available parallel plate capacitance PECVD tools, using silane and
methylsilane like sources. The total gas ﬂow rate was 24 sccm (standard cubic centimetres per minute), with a total chamber pressure
kept constant at 300 mbar using downstream pressure control. All
ﬁlms were deposited on 3 in. [1 0 0] undoped silicon substrates
(500 nm-thick) at temperatures in the order of 400 ◦ C. A radio frequency density of 0.345 W/cm2 at 100 kHz, and ultra high purity
(UHP) argon (99.999%) gas were used (the ratio between source
gas and dilution gas argon was kept at 1:8). Hydrogenated a-SiC:H
ﬁlms of typically ∼1 m thicknesses were then exposed to 2.45 GHz
EM irradiation at 900 W power energy, for various exposure times,
ranging from 10 to 300 s. It’s worth noting that the quality of the SiC
ﬁlms is known to be highly inﬂuenced by the deposition parameters
[24,25].
The Raman scattering spectra of the a-SiC ﬁlms were performed
with the 514.5 nm (2.41 eV) laser radiation of an Ar+ laser focused
onto the sample with a spot of 1 m (microRaman spectroscopy,
Renishaw Imaging Microscope WireTM ). The Raman spectra were
taken with a backscattering geometry at room temperature in the
300–600 cm−1 region. The Raman peak positions were calibrated
using more than six high-resolution measurements performed for
every sample, achieving 0.1–0.2 cm−1 accuracy in terms of the
relative position measurement. The bonding conﬁgurations were
measured by Fourier transform infrared spectroscopy, FTIR (Niolot
AVATAR 360). The as-deposited and the EM irradiated a-SiC specimens were characterized by using contact mode atomic force
microscopy, AFM (NanoScope III, Digital Instrument) operated at
room temperature in ambient air.
The microwave heating of the a-SiC sample specimen was
monitored as a function of its EM exposure time by means of a twowavelength pyrometer (Metis MQ22) connected to a computer. The
two wavelength pyrometer presents the main advantage of avoiding the uncertainties on the temperature measurements related to
the thermal emissivity of the heated target.
3. Results and discussion
Fig. 1 shows the evolution of the measured temperature (i.e.,
microwave heating), with respect to the exposure time to EM irradiation, at 2.45 GHz frequency and EM power of 900 W. It can be
observed that in all tests, a temperature equal to 1173 K (which
is the minimum temperature measured by the pyrometer) was
reached after about only 40 s exposure. The microwave heating
temperature increases then rapidly and exceeds 1900 K in less than
75 s, and reaches values as high as 2100 K after only 120 s. The
microwave heating then saturates around this temperature plateau
for the remaining period of EM irradiation test (i.e., until 300 s).

Fig. 1. Evolution of the a-SiC:H thin ﬁlms microwave heating (at 900 W and
2.45 GHz) as a function of the EM irradiation exposure time, as measured by the
two-wavelength pyrometer tests.

In this speciﬁc SHF domain (i.e., 1–16 GHz), the EM absorption is
primarily due to the existence of permanent Si−C dipole molecules
which tend to re-orient under the inﬂuence of a microwave electric ﬁeld. This re-orientation loss mechanism originates from the
inability of the polarization to follow extremely rapid reversals of
the electric ﬁeld (i.e., at 2.45 GHz). At such high frequencies therefore, the resulting polarization phasor lags the applied electric ﬁeld.
This ensures that the resulting current density has a component in
phase with the EM ﬁeld, and therefore power is dissipated in the
SiC material as microwave heating.
The EM properties of the a-SiC:H ﬁlms were characterized by
using the coaxial transmission line method [26]. To verify the EMattenuation feature of the ﬁlms, measurements of the EM energy
transfer in a transition device were performed (holder adapter).
The mentioned transition uses EM coupling through a slot etched
in a common ground plane between two ports, one based on conductor backed coplanar waveguide technology, and another based
on micro-strip technology. The transition structure is characterized by a wide-band operating in the 1–16 GHz frequency range
[27]. To measure the transition scattering parameters, an Agilent
8722ES network analyzer was used. For each setup, transmission
(S21 ) and reﬂection (S11 ) parameters were recorded with the network analyzer. The EM attenuation is deduced by comparing energy
transmission between the two ports of the transition device in cases
with and without measured samples.
The holder adapter, the reference silicon sample, and the a-SiC:H
thin ﬁlms specimen (in both conditions, i.e., as-grown and after its
EM exposure for 300 s and hence its microwave heating) exhibit a
reﬂection coefﬁcient of more than |−70| dB around the 9 GHz frequency (Fig. 2(a)), which means that less than 10−7 fraction of the
incident EM energy was reﬂected, meaning that no EM reﬂection
occurs at this frequency domain, and that the whole EM energy
is then transmitted from the coaxial cable to the a-SiC specimen
under test. The EM absorption (and/or attenuation, (S21 )) of the aSiC thin ﬁlms samples was systematically measured with respect
to the frequency. As seen in Fig. 2(b), the holder adapter and reference silicon substrate are almost transparent to EM radiation in
the investigated frequency range. However, a deep EM-attenuation,
with a (S21 ) reaching up to |−14| dB is measured for a-SiC thin ﬁlms
(no signiﬁcant difference was noted in both cases, before and after
EM exposure). This demonstrates as well that, at this frequency
domain, the predominant EM attenuation mechanism in a-SiC thin
ﬁlms is absorption rather than reﬂection.
Fig. 3(a) shows typical AFM images of the as grown a-SiC thin
ﬁlms, having a RMS roughness of 0.51 nm. The AFM image of the
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Fig. 2. (a) The reﬂection parameter (S11 ) and (b) EM absorption parameter (S21 )
measured for the holder adapter, the naked reference Si (1 0 0) substrate, and the
as-grown and EM irradiated a-SiC thin ﬁlms, respectively.

same sample after its exposure to EM irradiation for 300 s –and then
its microwave heating up to 2100 K– is shown in Fig. 3(b), where
the roughness was found to increase almost 5 times (RMS up to
2.52 nm) comparatively to the as-grown SiC ﬁlms. It can be also
seen the formation of small SiC nanoparticles (NPs) at the top of

the SiC ﬁlms, happening after the microwave heating process. This
is highly likely due to the annealing temperature resulting from
EM irradiation, inducing the cracking of the a-SiC ﬁlms and the formation of NPs. These NPs were found to be uniformly distributed
onto the SiC ﬁlms surface. Their representative distribution sizes
were determined from topographic heights in the AFM image and
their associated distribution histogram (ﬁtted with a Gaussian distribution and giving a NPs mean size of 2.65 ± 0.65 nm) is shown in
Fig. 3(c).
To obtain more information about the structural properties of
the a-SiC thin ﬁlms, microRaman spectroscopy was used. Indeed,
since the pioneering work of Anastassakis et al. [28] who have
performed, for the ﬁrst time, an experimental investigation of
the effects of static uniaxial stress of silicon by means of Raman
spectroscopy, this technique became increasingly popular for
local mechanical stress measurements (the theory underlying the
Raman spectroscopy for local mechanical stress in silicon integrated circuits can be found well detailed in Ref. [29] as well).
Moreover, Raman spectroscopy is known to be one of the best
methods to characterize identical atomic polar bonds, such as Si Si
and C C bonds. The Raman spectra from these samples are characterized by the presence of bonds characteristic of amorphous
material in the 300–600 cm−1 spectral region. As shown in Fig. 4(a),
for the as-grown a-SiC sample, the transverse optical (TO) band of
polycrystalline Si (1 0 0) peak appears at 520 cm−1 due to the transparent nature at the high band gap a-SiC ﬁlms. After EM absorption,
this characteristic peak is shifted to higher wave numbers, suggesting that tensile stresses are observed in the silicon areas which
increase as the temperature (i.e., heating) increases.
The FTIR is also a powerful tool to investigate the bonding structure in a-SiC ﬁlms. All spectra were collected in transmission mode
and the Si substrate background was subtracted by pre-scanning
a bare Si wafer and subtracting the resulting spectrum from that
of the a-SiC:H/Si sample. Scans were made from 400 to 2200 cm−1
with a resolution of 2 cm−1 and averaged over ten scans. Representative FTIR absorption spectra for a-SiC ﬁlms before and after their
EM exposure are shown in Fig. 4(b). It can be seen that the measured
spectra are characterized by an absorption peak related to the Si C
bond, which occurs at around 800 cm−1 . Compared with as-grown
a-SiC sample, the full width at half maximum (FWHM) of the band
around 800 cm−1 in sample after its EM exposure is narrower (304
instead of 341 cm−1 ). This result suggests strongly that the stoichiometric proportion of the SiC ﬁlm is most probably improved, and
a higher-quality SiC ﬁlms could be obtained after their EM absorption and microwave heating. Moreover, the Si–C peak is shifted to

Fig. 3. Typical AFM image of a-SiC:H thin ﬁlms, (a) as-grown and (b) after its EM exposure for 300 s (and/or their microwave heating), (c) shows the histogram of the size
distribution of the formed SiC-NPs after microwave heating.
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Appendix A.
The main purpose of EM shielding is to create a barrier that
attenuates radiated electromagnetic energy through reﬂection
and/or absorption. EMA is a measurement of electromagnetic signal attenuation after a shield is introduced. EMA accounts for the
shielding due to both absorption (S21 ) and reﬂection (S11 ) [32]. The
EMA is deﬁned in terms of the power ratio of the incident and
transmitted EM wave as follows:
EMabs = 10 log

PI
EI
= 20 log
PT
ET

where PI (EI ) and PT (ET ) are the power (EM ﬁeld) of the incident
and transmitted EM waves, respectively [33]. The unit of the EM
shielding is decibel (dB).
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