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ABSTRACT

In this work, we pursue a deeper understanding of the expression of the inclusion morphology and index contrast in the refraction and
absorption characteristics of composites within the terahertz (THz) spectrum. The composites are composed of SiO2 and Si nanoparticles as
well as SiO2 and Si microparticles functioning as deeply subwavelength inclusions in a polydimethylsiloxane (PDMS) host. Terahertz time-
domain spectroscopy is used for experimental characterization of the composites over a wide range of volumetric fractions, and the trends
that emerge are contrasted to theoretical predictions from the Bruggeman model. It is found that the refraction characteristics have a height-
ened dependence on the inclusions’ shape when their index contrast with respect to the host becomes sufficiently large. We attribute such a
correlation to terahertz field depolarization that occurs within inclusions at high index contrasts and the dependence of the fields to the
inclusions’ shape—as defined by a depolarization factor in the generalized form of the Bruggeman model. Moreover, it is found that the
absorption characteristics have a heightened dependence on the inclusions’ size when that size becomes sufficiently small. We attribute this
to the manifold of surface states that form in small inclusions, due to their high surface-to-volume ratio, which raises the absorption beyond
that of the bulk. It is concluded that the Bruggeman model can accurately characterize the refraction and absorption of THz radiation within
composites having deeply subwavelength inclusions if their (shape-dependent) polarization and (size-dependent) absorption are suitably
defined.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5101068

Terahertz (THz) radiation resides within a gap in the electromag-
netic spectrum between the domains of radio frequency and infrared
radiation. This unique position has enabled many applications, includ-
ing THz imaging,1 communications,2,3 and spectroscopy.4–6 These
applications have relied upon the established refraction and absorption
characteristics of conventional materials within the THz spectrum—
although there is growing interest in tailoring such characteristics to
specific applications. Composite materials emerged to meet this
demand.3,7–10

Composites are composed of dielectric inclusions, such as nano-
particles or microparticles, within a host, typically a polymer. In these
materials, the volumetric fraction of inclusions can be tailored to bring
about specific refraction and absorption characteristics, and the physi-
cal form can be molded to the demands of the application.
Nonetheless, it can be difficult to achieve the sought-after refraction
and absorption characteristics for such composites due to the complex
nature of the polarizability in the inclusions. A deeper understanding
is warranted.

A variety of effective medium theories can be applied to under-
stand the refraction and absorption characteristics of composites.11–14

Such theories are founded upon models whose assumptions largely
dictate the extent of their success. The Maxwell-Garnett model, as the
simplest, assumes that the inclusions make up only a small volumetric
fraction of the composite and that they are both spherical and much
smaller than the wavelength of the incident radiation. Thus, the model
is particularly effective in characterizing composites with low concen-
trations of small spherical inclusions.11 The Bruggeman model extends
the Maxwell-Garnett model by allowing for any volumetric fraction of
inclusions. This lets the Bruggeman model characterize a wider array
of composites,9–12 although it still assumes that the inclusions are
much smaller than the wavelength. In practice, it is found that the
inclusion morphology, i.e., shape and size, together with the index
contrast, i.e., ratio of inclusion-to-host refractive indices, can form a
complex interplay that must be characterized and ultimately under-
stood to realize an effective model. This is particularly true for THz
radiation,11 because it is often subject to large dielectric constants,
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forcing one to consider inclusion morphology, and pronounced
absorption, resulting from the manifold of surface states within
inclusions.

In this paper, we pursue a deeper understanding of the expres-
sion of the inclusion morphology and index contrast in the refraction
and absorption characteristics of composites within the THz spectrum.
Terahertz time-domain spectroscopy (TDS) is used for experimental
characterization of composites with polydimethylsiloxane (PDMS) as
a host and an assortment of deeply subwavelength inclusions, being
smaller than one-hundredth of the wavelength. The inclusions are
composed of SiO2 (with a low refractive index) and Si (with a high
refractive index) in the form of nanoparticles (having a roughly spheri-
cal shape) and microparticles (having a highly irregular shape). The
experimental characterization is carried out for a wide range of volu-
metric fractions, and the trends that emerge are contrasted to theoreti-
cal predictions of the Bruggeman model.

The Bruggeman model is a foundational effective medium theory
for studies of composites within the THz spectrum9–13 and is applied
in this work. The model quantifies the refraction and absorption char-
acteristics of a composite, with a volumetric fraction of V, via13

ð1� VÞ ~ehðxÞ � ~eðxÞ
N~ehðxÞ þ ð1� NÞ~eðxÞ þ V

~e iðxÞ � ~eðxÞ
N~e iðxÞ þ ð1� NÞ~eðxÞ ¼ 0;

(1)

where ~ehðxÞ, ~e iðxÞ, and ~eðxÞ are the complex dielectric constants of
the host, inclusions, and overall composite, respectively, and x is the
angular frequency of the incident radiation. The depolarization factor,
N, appears in this equation to generalize the Bruggeman model and its
description of dielectric polarization to inclusions of arbitrary shape. It
does so by characterizing the distribution of bound charges on the
inclusions’ surfaces and the depolarization field that such charges
form in opposition to the applied electric field. For spherical inclu-
sions, the depolarization factor is N¼ 1/3.9,12 For irregular inclusions
at the same orientation, the depolarization factor depends upon orien-
tation and takes on values between N¼ 0 and N¼ 1.14,15 For irregular
inclusions at random orientations, as seen in this work, a weighted
average of the depolarization field from inclusions over all orientations
is used to define an aggregate depolarization factor that takes on values
between N¼ 0 and N¼ 1/3.15 Ultimately, Eq. (1) is manipulated to
give an explicit expression for ~eðxÞ, which is used to determine the
real valued refractive index, n(x), and extinction coefficient, j(x), of
the composite using

ffiffiffiffiffiffiffiffiffiffi
~eðxÞ

p
¼ n(x)� jj(x). Through this generalized

Bruggeman model, the depolarization factor, N, is treated as a fitting
parameter that yields insight into the inclusions’ shape. The complex
dielectric constant of the inclusions, ~e iðxÞ, is modeled using the
Drude model because the inclusions can, in general, exhibit free-
carrier dispersion, with characteristics defined by the plasma frequency
and scatter time.

Experimental characterization of refractive indices and extinction
coefficients was carried out for a wide variety of composite samples
using a THz TDS system. The system made use of a 780-nm pulsed
laser (Toptica Photonics, FFS.SYS-2B), with a 100-fs pulse duration
and a 90-MHz repetition rate, seeding a photoconductive THz emitter
(Ekspla, EMT-08) with 25 mW of power and a photoconductive THz
detector (Ekspla, DET-08) with 10 mW of power. This produced THz
radiation spanning 0.2–1.5THz. Measurements from this system were
fed into a parameter extraction algorithm to obtain the refractive

index, n(x), and extinction coefficient, j(x).13 The composite samples
made use of PDMS (Sylgard 184) as a host, at a 20:1 base-to-curing-
agent ratio, with nanoparticles and microparticles of SiO2 and Si
(US Research Nanomaterials) as the inclusions. Scanning electron
microscopy (SEM) images of the nanoparticles and microparticles are
shown in Fig. 1. The nanoparticles and microparticles are character-
ized by a mean plus/minus standard deviation of their size and shape,
as defined by eccentricity e¼ (1� (b/a)2)

1=2, where a and b are the
lengths along the semimajor and semiminor axes, respectively. The
SiO2 nanoparticles, shown in Fig. 1(a), are 586 11nm in size and
roughly spherical, with an eccentricity of 0.476 0.26. The SiO2 micro-
particles, shown in Fig. 1(b), are 4.36 1.6lm in size and highly irregu-
lar, with an eccentricity of 0.796 0.18. The Si nanoparticles, shown in
Fig. 1(c), are 366 5.9nm in size and roughly spherical, with an eccen-
tricity of 0.496 0.20. The Si microparticles, shown in Fig. 1(d), are
4.16 3.2lm in size and highly irregular, with an eccentricity of
0.796 0.19. The SiO2 and Si nanoparticles are roughly spherical due
to their synthesis via thermal processes, allowing their surface energy
to be minimized. The SiO2 and Si microparticles are highly irregular
due to their synthesis by mechanical disaggregation. The standard
deviations in size of the SiO2 and Si nanoparticles are dictated largely
by the 5-nm measurement resolution of the SEM imaging, while the
standard deviations in size for the SiO2 and Si microparticles are dic-
tated largely by their wide ranges in size. The larger standard devia-
tions in eccentricity for the nanoparticles are due mainly to the
increased sensitivity of eccentricity to axis lengths when the lengths
are similar. The above nanoparticles and microparticles were used to
fabricate samples with volumetric fractions of inclusions that spanned
from zero up to the onset of agglomeration, being 7%, 40%, 5%, and
30%, respectively. (Agglomeration manifests itself as an inability to
uniformly disperse the nanoparticles and microparticles throughout
the host due to their high surface energy, and thus, it appears at lower

FIG. 1. Representative SEM images of the (a) SiO2 nanoparticles, (b) SiO2 micro-
particles, (c) Si nanoparticles, and (d) Si microparticles.
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volumetric fractions for the nanoparticles in comparison to the micro-
particles16). Once mixed, the samples were degassed in a vacuum
chamber for 30min and then cured at room temperature for 48 h. Our
prior work has shown that this process yields the lowest absorption in
PDMS.5 After curing, each sample was mounted as a free-standing
slab for the measurement in the THz TDS system.

The refractive index and extinction coefficient are plotted for a
set of representative samples as a function of frequency in Fig. 2. The
results are shown for representative nano-SiO2, micro-SiO2, nano-Si,
and micro-Si composites with volumetric fractions of 6.4%, 25.9%,
4.8%, and 20.3%, respectively. The frequency range of 500GHz–1THz
was selected because it yields clear spectra for samples with all combi-
nations of inclusion materials, sizes, and volumetric fractions. The
trends for both the refractive index, Fig. 2(a), and the extinction coeffi-
cient, Fig. 2(b), are primarily constant over the displayed frequency
range. The slight decrease in the refractive index with increasing fre-
quency for all samples in Fig. 2(a) is attributed to the PDMS host,6

while the slight decrease in the extinction coefficient of the micro-Si
composite with increasing frequency in Fig. 2(b) is attributed to free-
carrier dispersion (and will later be quantified via the Drude model).

The refraction and absorption characteristics for the composite
samples are shown in Fig. 3 as a function of volumetric fraction. Here,
the displayed data points denote mean values across the frequency
range of 500GHz–1THz, and the displayed error bars show the stan-
dard deviations in the measurements arising from inaccuracies in sam-
ple thickness and homogeneity. Experimental results for the refractive
index, n(x), and extinction coefficient, j(x), are shown in Figs. 3(a)
and 3(b) for the nano-SiO2 composites (as open red circles) and
micro-SiO2 composites (as solid black circles), respectively.
Experimental results for the refractive index, n(x), and extinction
coefficient, j(x), are shown in Figs. 3(c) and 3(d) for the nano-Si com-
posites (as open red circles) and micro-Si composites (as solid black

circles), respectively. Theoretical results from the Bruggeman model
are displayed in all the figures for the nano-SiO2 and nano-Si compo-
sites (as dotted red curves, for spherical inclusions, i.e., N¼ 1/3) and
the micro-SiO2 and micro-Si composites (as dashed black curves, for
irregular inclusions, i.e., N¼ 1/9). The theoretical results were gener-
ated by solving Eq. (1) for the complex dielectric constant of the com-
posite, ~e, and computing its corresponding refractive index, n(x), and
extinction coefficient, j(x). The computations make use of fixed
parameters for the refractive index of PDMS (1.56) and extinction
coefficient of PDMS (0.044), having been obtained via independent
measurements and confirmed with the literature.6 The refractive indi-
ces and extinction coefficients of SiO2 and Si are extracted as fitting
parameters, as are the depolarization factors (with distinct fitting
parameters used for the nanoparticles and microparticles).

Figure 3(a) shows theoretical and experimental results for the
refractive index of the nano-SiO2 and micro-SiO2 composites. The
experimental results show an increasing refractive index for the nano-
SiO2 composites, from 1.56 to 1.61 as the volumetric fraction rises to
7%, and an increasing refractive index for the micro-SiO2 composites,
from 1.56 to 1.75 as the volumetric fraction rises to 40%, suggesting
that the refractive index of the SiO2 is greater than that of PDMS. The
theoretical results of the generalized Bruggeman model, obtained by
curve-fitting Eq. (1) with the refractive index of SiO2 and depolariza-
tion factors extracted as fitting parameters, show good agreement with
these experimental results. The theory suggests that the refractive
index of the SiO2 is 2.04, which agrees with the literature for bulk
SiO2,

7 and that the depolarization factors of the SiO2 nanoparticles
and microparticles are N¼ 1/3 and N¼ 1/9, respectively. As previ-
ously discussed, the SiO2 nanoparticles are roughly spherical explain-
ing their depolarization factor of N¼ 1/3, and the SiO2 microparticles
are highly irregular explaining their reduced depolarization factor of
N¼ 1/9. The results for the nano-SiO2 and micro-SiO2 composites
show good agreement between the experiment, with respective stan-
dard deviations of 7.6� 10�3 and 1.4� 10�2, and theory, with respec-
tive correlation coefficients of þ0.86 and þ0.98. Moreover, the results
suggest that depolarization is of little consequence in composites hav-
ing a low index contrast between the inclusions and host—as is the
case for these SiO2 nanoparticles and microparticles in PDMS.

Figure 3(b) shows theoretical and experimental results for the
extinction coefficient of the nano-SiO2 and micro-SiO2 composites.
The experimental results show an increasing extinction coefficient for
the nano-SiO2 composites, albeit slight, from 0.044 to 0.052 as the vol-
umetric fraction rises to 7%, and a decreasing extinction coefficient for
the micro-SiO2 composites, from 0.044 to 0.024 as the volumetric frac-
tion rises to 40%. The dissimilar trends suggest that the extinction
coefficient of the SiO2 nanoparticles is slightly greater than that of
PDMS, while the extinction coefficient of the SiO2 microparticles is far
less than that of PDMS. Such a finding is corroborated by the theory.
The theoretical results of the generalized Bruggeman model are
obtained by curve-fitting Eq. (1) with the extinction coefficient of SiO2

extracted as a fitting parameter and the depolarization factors of the
nanoparticles and microparticles fixed at the aforementioned values of
N¼ 1/3 andN¼ 1/9, respectively. The results for the micro-SiO2 com-
posites show good agreement between the experiment, with a standard
deviation of 4.3� 10�3, and theory, at a correlation coefficient of
þ0.86. Moreover, the fitting yields an extinction coefficient of
2.8� 10�4 for SiO2, which agrees with the literature for bulk quartz.4

FIG. 2. Refraction and absorption characteristics of representative composites. The
(a) refractive index and (b) extinction coefficient are shown for a nano-SiO2

composite with a volumetric fraction of V¼ 6.4% (short dashed red line), a micro-
SiO2 composite with a volumetric fraction of V¼ 25.9% (long dashed black line), a
nano-Si composite with a volumetric fraction of V¼ 4.8% (dotted red line), and a
micro-Si composite with a volumetric fraction of V¼ 20.3% (solid black line).
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The theory for the nano-SiO2 composites is in contrast to this. It
shows poor agreement, at a correlation coefficient of –0.50, with the
experimental results, having a standard deviation of 2.1� 10�3, if the
above extinction coefficient of 2.8� 10�4 is applied. This disagreement
is because the absorption in the SiO2 nanoparticles is greater than that
of the SiO2 microparticles. We attribute this to the especially high sur-
face-to-volume ratio of the SiO2 nanoparticles, which forms a dense
manifold of surface states17 and exhibits absorption well beyond that
of the SiO2 microparticles and bulk.

Figure 3(c) shows theoretical and experimental results for the
refractive index of the nano-Si and micro-Si composites. The
experimental results show an increasing refractive index for the
nano-Si composites, from 1.56 to 1.65 as the volumetric fraction
rises to 5%, and an increasing refractive index for the micro-Si
composites, from 1.56 to 2.2 as the volumetric fraction rises to
30%, which suggests that the refractive index of the Si is greater
than that of PDMS. The theoretical results of the generalized
Bruggeman model are obtained by curve-fitting Eq. (1) with the
refractive index of Si extracted as a fitting parameter and the depo-
larization factors of the nanoparticles and microparticles fixed at
the aforementioned values of N¼ 1/3 and N¼ 1/9, respectively.
Overall, the results for the nano-Si and micro-Si composites show
good agreement between the experiment, with respective standard

deviations of 8.7� 10�3 and 1.5� 10�2, and theory, at respective
correlation coefficients of þ0.93 and þ0.99. Moreover, the fitting
yields a refractive index of 3.42 for the Si, which agrees with the lit-
erature.4 The differing depolarization factors applied here for the
Si nanoparticles and microparticles arise from similar reasons to
those given for the SiO2 nanoparticles and microparticles.
Specifically, the Si nanoparticles have a roughly spherical shape,
which gives the depolarization factor of N¼ 1/3, while the Si
microparticles have a highly irregular shape, which reduces the
depolarization factor to N¼ 1/9. Ultimately, it is seen that the dif-
fering depolarization factors of the nanoparticles and micropar-
ticles yield a significant difference in Fig. 3(c). The dotted red
curve for the nano-Si composites is well below the dashed black
curve for the micro-Si composites. This suggests that depolariza-
tion is a noteworthy consideration in composites having a high
index contrast between the inclusions and host—as is the case for
these Si nanoparticles and microparticles in PDMS.

Figure 3(d) shows theoretical and experimental results for the
extinction coefficient of the nano-Si and micro-Si composites. The
experimental results show an increasing extinction coefficient for both
the nano-Si composites, from 0.044 to 0.052 as the volumetric fraction
rises to 5%, and the micro-Si composites, from 0.044 to 0.13 as the vol-
umetric fraction rises to 30%. These similar trends suggest that the

FIG. 3. Refraction and absorption characteristics of composites composed of SiO2 and Si (roughly spherical) nanoparticles and (highly irregular) microparticles within a PDMS
host. The experimental and theoretical results are shown for the (a) refractive index of the nano-SiO2 and micro-SiO2 composites, (b) extinction coefficient of the nano-SiO2

and micro-SiO2 composites, (c) refractive index of the nano-Si and micro-Si composites, and (d) extinction coefficient of the nano-Si and micro-Si composites. The experimen-
tal results for the nano-SiO2 and nano-Si composites are denoted by open red circles; the experimental results for the micro-SiO2 and micro-Si composites are denoted by
solid black circles. The theoretical results from the Bruggeman model for the nano-SiO2 and nano-Si composites are denoted by dotted red curves, for a depolarization factor
of N¼ 1/3; the theoretical results from the Bruggeman model for the micro-SiO2 and micro-Si composites are denoted by dashed black curves, for a depolarization factor of
N¼ 1/9. The displayed error bars show the standard deviations in the measurements arising from inaccuracies in sample thickness and homogeneity.
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extinction coefficient of the Si is greater than that of PDMS. The theo-
retical results of the Bruggeman model are obtained by curve-fitting
Eq. (1) with the extinction coefficient of Si extracted as a fitting param-
eter and the depolarization factors of the nanoparticles and micropar-
ticles fixed at the aforementioned values of N¼ 1/3 and N¼ 1/9,
respectively. The results for the micro-Si composites show good agree-
ment between the experiment, with a standard deviation of 5.3� 10�3,
and theory, at a correlation coefficient of þ0.98. However, such fitting
yields an extinction coefficient of 0.32 for the Si, which is far higher
than the literature value of 2� 10�4 seen for high-resistivity Si.4 This
discrepancy can be attributed to free-carrier dispersion and fit to the
Drude model, assuming that the plasmon frequency due to confine-
ment in the microparticles is well below the applied frequency range.18

For the micro-Si composites, fitting the Drude model at a plasma fre-
quency of 2.3THz and a scatter time of 50 fs gives good agreement
with the measured data. The results for the nano-Si composites show
weak agreement between the experiment, with a standard deviation of
2.1� 10�3, and theory, at a correlation coefficient of þ0.36. We attri-
bute the weak correlation seen here not to free-carrier dispersion but
instead to the high surface-to-volume ratio of the Si nanoparticles—
like that seen for the nano-SiO2 composites in Fig. 3(b). Again, the
high surface-to-volume ratio of the Si nanoparticles forms a dense
manifold of surface states,17 which leads to absorption beyond that of
the Si microparticles and bulk.

In light of the above findings, it can be concluded that the inclu-
sion morphology and index contrast should be considered together in
the refraction and absorption characteristics of composites within the
THz spectrum. This is true even when the composites are formed
from deeply subwavelength inclusions. The refraction characteristics
showed a heightened dependence on the inclusions’ shape when their
index contrast with respect to the host became sufficiently large. This
dependence manifested itself through differing trends for the refractive
index of the nano-Si composite (with roughly spherical inclusions)
and micro-Si composite (with highly irregular inclusions). Such trends
could only be suitably characterized by the generalized Bruggeman
model by introducing its shape-dependent depolarization factor—
given the significant terahertz field depolarization that occurs within
inclusions at high index contrasts and the dependence of the depolari-
zation fields on the inclusions’ shape. The absorption characteristics
showed a heightened dependence on the inclusions’ size when the size
became sufficiently small. This dependence manifested itself through
differing trends for the extinction coefficient of the nano-SiO2 com-
posite and micro-SiO2 composite. The differences came about from
the increased surface-to-volume ratio and surface state density of the
SiO2 nanoparticles, which raised their absorption beyond that of the
SiO2 microparticles and the bulk. Ultimately, such findings can lay the
groundwork for future studies and applications of composites within
the THz spectrum.

This work was supported in part by the Natural Sciences and
Engineering Research Council of Canada (NSERC RGPIN-2017-
04073), the Canadian Foundation for Innovation (CFI LOF 16659),
and Western Economic Diversification Canada.
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