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Design of hollow all-polymer Bragg fibers using periodic multilayers of ferroelectric polyvinylidene
fluoride �PVDF� polymer and a low loss polycarbonate �PC� polymer is demonstrated. Efficient
band gap guiding is predicted near the transverse optical frequency of a PVDF material in the
terahertz regime. Optimal reflector designs are investigated in the whole terahertz region.
Depending on frequency, the lowest loss hollow Bragg fiber can be one of the following: a photonic
crystal fiber guiding in the band gap regime, a metamaterial fiber with a subwavelength reflector
period, a single PC, or a PVDF tube. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2713137�

Waveguides for the terahertz regime have recently re-
ceived considerable attention due to the potential of this
wavelength region for biochemical sensing, noninvasive im-
aging, and spectroscopy. Terahertz wavelengths cover the
range of 30–3000 �m, bridging the gap between the micro-
wave and optical regimes. One of the earliest applications of
terahertz radiation was spectroscopy and chemical identifica-
tion of gases.1 It was also recognized that, due to substantial
subsurface penetration of the terahertz radiation into dry di-
electrics, it could be used for tomographic imaging and qual-
ity control of electronic circuits.2,3 Combining spectroscopic
and imaging approaches resulted in propositions for nonde-
structive detection applications such as sensing and spatial
mapping of specific organic compounds for security
applications.3 Although terahertz radiation is strongly ab-
sorbed by water, biological tissue imaging has been also
demonstrated.4,5 Finally, time resolved terahertz spectros-
copy offers a noncontact way of measuring the time-
dependent dielectric response of material.6

Development of waveguides for terahertz is motivated
by the necessity of remote delivery of broad band terahertz
radiation from a, generally bulky, terahertz source. The main
challenge in the design of terahertz waveguides is the high
absorption losses of most materials in the terahertz region.
These losses hinder the development of solid core total in-
ternal reflection �TIR� fibers, while the high losses of metals
hinder the development of hollow metallic guides. The ear-
liest terahertz waveguides were metal electrodes on a semi-
conductor substrate7 exhibiting �100 dB/cm transmission
loss at �1 THz. Later, solid core TIR waveguides such as a
single mode plastic ribbon waveguide,8 a single crystal sap-
phire fiber,9 and a stainless steel hollow core fiber10 were
demonstrated to have �5dB/cm losses at �1 THz. Re-
cently, a variety of complex low loss waveguides have been
demonstrated at 1 THz. These include plastic solid core
holey fibers11,12 �1–3 dB/cm�, copper plates separated by a
small air gap13 �0.5 dB/cm�, subwavelength plastic fibers14

�0.5 dB/cm�, hollow polymer waveguides with inner metal-
lic or metalliclike layers15–17 �6–20 dB/m�, and metal wires
with plasmon mediated guidance18,19 �1–10 dB/m�.

Theoretical work presented in this letter is motivated by
the recent experimental advance of our group in the fabrica-

tion of hollow Bragg fibers featuring periodic multilayer re-
flectors consisting of ferroelectric polyvinylidene fluoride
�PVDF� and low loss polycarbonate �PC� polymers. In one
approach, we use consecutive deposition of polymer layers
by solvent evaporation on the inside of a rotating polymer
tube.20 This results in a large core diameter of �1 cm pre-
form, which can be also considered to be a short terahertz
waveguide �Fig. 1�a��. An alternative fabrication method
uses corolling and solidification of two dissimilar polymer
films, also resulting in a preform �Fig. 1�b��, which may be
drawn later,21 into a smaller diameter fiber �Fig. 1�c��.
Hidaka et al.,17 have demonstrated that when a layer of ferro-
electric PVDF polymer is placed on the inside of a plastic
tube, the resulting structure presents an efficient terahertz
waveguide. Detailed analysis shows that PVDF polymer ex-
hibits efficient metal-like reflectivity and considerably lower
absorption losses, compared to those of metals in the vicinity
of 1 THz. In this letter we demonstrate theoretically that hol-
low core Bragg fiber, featuring a periodic reflector containing
ferroelectric PVDF and low loss PC polymers, may be de-
signed to exhibit large terahertz band gaps near the trans-
verse optical frequency of PVDF. We find that, depending on
the frequency of operation, the lowest loss hollow Bragg
fiber can be one of the following: a photonic crystal fiber
guiding in a band gap regime, a metamaterial fiber with a
subwavelength reflector period, a single PC tube of a specific
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FIG. 1. �Color online� Examples of hollow all-polymer Bragg fibers. �a�
Fabrication by consecutive deposition of PVDF/PC layers on the inside of a
PC tube by solvent evaporation. �b� Fabrication by corolling of PVDF/PC
films. �c� Smaller diameter fibers drawn from �b�.
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thickness, or a single PVDF tube of any thickness. In pass-
ing, we would like to note that an extra manufacturing step
in fiber fabrication might be needed before fibers in Fig. 1
can be used as suggested. Particularly, PVDF polymer has to
be “activated” via poling process to become ferroelectric.
This can be done either during or after fiber drawing. De-
pending on the technique and amount of poling used, guid-
ance in such fibers may vary. Thus, comparison of the fiber
transmission data with theoretical predictions requires de-
tailed understanding of the influence of poling conditions on
the PVDF dielectric constant.

In what follows, we present a theoretical study of trans-
mission through hollow core ferroelectric Bragg fibers
�Fig. 1�. Confinement in such fibers is provided by the re-
flector, consisting of a periodic sequence of PVDF and PC
layers of thicknesses dPVDF and dPC, with a PVDF layer clos-
est to the core. We assume the hollow core diameter to be
significantly larger than the wavelength of the transmitted
radiation. Light propagation in such fibers may be seen as a
sequence of consecutive reflections, at grazing angles of in-
cidence, from an almost planar reflector �Fig. 2, ��90°�.

In the terahertz region, the PVDF dielectric function ex-
hibits a resonance,

�PVDF��� = �opt +
��dc − �opt��TO

2

�TO
2 − �2 + i��

, �1�

where, according to Ref. 17 �opt=2.0, �dc=50.0,
�TO=0.3 THz, and �=0.1 THz. In comparison with PVDF,
the dielectric response of PC polymer is frequency
independent, having a purely real dielectric constant
�PC=2.56. The material in the core is air, with �core=1.0. In
the limit when material losses are negligible and the number
of reflector periods is infinite, the theory of planar periodic
reflectors22 predicts that for a given angle of incidence � onto
such a reflector there exists a wavelength �c for which radia-
tion of any polarization is reflected completely. Defining
modal effective refractive index as neff=nc sin���,
while ñPVDF=�nPVDF

2 −neff
2 and ñPC=�nPC

2 −neff
2 , then

�c /2=dPVDFñPVDF+dPCñPC. Around �c, there exists a wave-
length range ��, called the band gap, such that, for any

wavelength inside of the band gap, radiation is still com-
pletely reflected. The relative size of the band gap is propor-
tional to the relative index contrast in the reflector multilayer
�� /�c��ñPVDF− ñPC� / average�ñ�. Band gap size is maxi-
mized for a so-called quarter-wave reflector, where
dPVDFñPVDF=dPCñPC=�c /4. Finally, the efficiency of a finite
reflector correlates with the band gap size of a corresponding
infinite reflector.

The real and imaginary parts of the refractive indices of
the PVDF/PC material combination are presented in
Fig. 2�a�. In the regions ��0.2 THz and 2.0��
�2.6 THz, PVDF losses are small Im�n�	Re�n�, while the
relative refractive index contrast is high suggesting the pos-
sibility of designing an efficient periodic reflector featuring a
large band gap. In the region 0.6���2.0 THz, the real part
of the PVDF refractive index is smaller than that of air, re-
sulting in total internal reflection from the multilayer inter-
face. In Fig. 3 we show the loss per single reflection from the
infinitely periodic reflector for the lossiest TM polarized
plane wave �magnetic field parallel to the reflector interface�.
A grazing angle of incidence � is fixed and equal to 89°. For
every frequency, the loss is presented in shades of gray
�white: low loss, black: high loss� as a function of the reflec-
tor layer thicknesses. As PC is assumed to be lossless, all the
loss maps in Fig. 3 are periodic along the dPC axis, where
only one period is shown. For �=3 THz and higher, due to
small index contrast in a multilayer, the reflector band gap is
small and reflector efficiency is low. In this regime reflection
from a periodic multilayer is similar to the reflection from a
simple semi-infinite slab of some averaged dielectric con-
stant. For �=0.1 THz and �=2.0 THz optimal reflectors
have large band gaps, as may be seen from the extended
regions of phase space �dPVDF,dPC� characterized by high
reflector efficiency �white regions in the corresponding fig-
ures of Fig. 3�. In the region of total internal reflection �in-
cluding �=1.2 THz� we observe that reflection may be made
very efficient simply by using a thick enough PVDF layer.
Finally, at lower frequencies 0.2���0.6 THz PVDF ab-
sorption becomes very large; to minimize reflector loss a
metamaterial in the form of a reflector with subwavelength
period becomes most efficient. In this configuration, reflector
loss is reduced below that of PVDF due to the presence of
low loss PC.

To conclude our discussion of planar reflectors, in
Fig. 2�b� we compare TM reflection efficiency from the op-

FIG. 2. �Color online� �a� Re and Im parts of the reflector material refractive
indices in terahertz. �b� Reflection efficiency from the semi-infinite PC �dot-
ted line� and PVDF �thin line� layers, as well as from an optimized reflector
�thick line�.

FIG. 3. Mapping of losses per single reflection from an infinite periodic
reflector as a function of the layer thicknesses dPMMA, dPC, at various tera-
hertz frequencies. �=89°.
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timized semi-infinite periodic PVDF/PC reflector �thick
curve� with the reflection efficiencies from semi-infinite
slabs of PVDF �thin curve� or PC �dotted curve�. For a given
frequency, optimized reflector is found by first calculating a
loss map �Fig. 3� of the reflector as a function of the PVDF
and PC layer thicknesses, and then choosing the structure
with the lowest loss. The optimal reflector guiding mecha-
nism is indicated in Fig. 2�b� on the frequency axis. Note that
reflection from a PVDF layer alone is very efficient in the
frequency range of total internal reflection, when
Re�nPVDF�
nair. However, beyond this region PVDF is
highly absorbing and reflection from a single PC layer be-
comes more efficient. As periodic multilayers offer a possi-
bility of band gap guiding and metamaterial design, it is not
surprising to find from Fig. 2�b� that optimal periodic
PVDF/PC reflectors dramatically outperform single material
reflectors. Finally, we note that at frequencies �
�0.3,3.4 THz even the optimal reflectors become inefficient
for the reflection of TM polarized waves �see Ref. 22�.

We conclude by presenting the theoretical transmission
loss of the optimized 1 mm diameter hollow core Bragg fiber
with a 31 layer PVDF/PC reflector in Fig. 4. At all frequen-
cies, the geometry of the optimal Bragg fiber is found by first
constructing fiber loss maps �Fig. 4�a�� and then choosing
reflector layer thicknesses that minimize fiber transmission
loss. We note that for the frequencies of �1 THz, individual
reflector layer thicknesses are typically �50 �m. At the fiber
input we assume excitation with a Gaussian beam of
0.77 mm diameter, which empirically gives the highest cou-
pling efficiency ��90% –98% � into the HE11 Gaussian-like
core mode of a hollow fiber. To construct fiber loss maps
�Fig. 4�a��, for every choice of reflector layer thicknesses we
first use the mode solver to find all the leaky and guided
modes of the corresponding hollow Bragg fiber. Modal exci-
tation coefficients are then found at the fiber input by ex-
panding an incoming Gaussian beam into the fiber modal
fields using the continuity of the transverse electromagnetic
fields at the air-fiber interface. The excitation field is then
propagated for 1 m. The remaining power at the fiber end is
calculated, and the total loss is computed. In our simulations
we find that the coupling loss is typically smaller than
0.5 dB, and the total loss of a fiber span is always dominated
by the fiber loss. As discussed in the previous section, radia-
tion propagation in the hollow core of a Bragg fiber can be

thought of as a sequence of consecutive bounces from the
confining reflector. Thus, the loss of a Bragg fiber is directly
determined by the efficiency of a periodic reflector. Compar-
ing loss maps of a planar multilayer �Fig. 3� with these of a
Bragg fiber �Fig. 4�a��, it is not surprising to find that at the
corresponding frequencies they look very much alike. Thus,
optimal design strategies for the Bragg fiber reflectors are
analogous to these for the planar reflectors. For example, in
the frequency region of 1.6–2.1 THz, refractive index con-
trast in a multilayer is high, while PVDF loss is relatively
low. As a result, the optimal Bragg fiber is a band gap guid-
ing fiber. Finally, in the 1.0–3.0 THz region we show trans-
mission loss �dots in Fig. 4�b�� of optimally designed Bragg
fibers and mark the guidance mechanisms. For comparison,
we also present losses of a PVDF tube �dotted line in
Fig. 4�b�� of the same bore radius and note that for frequen-
cies higher than 1.6 THz, the optimally designed Bragg fiber
considerably outperforms a PVDF tube.

To summarize, we have started with an idea that near the
transverse optical frequency of a ferroelectric polymer, a
tube made of such a material can be used as an efficient
hollow core terahertz waveguide. We then extended this idea
to introduce a hollow core Bragg fiber with a periodic reflec-
tor containing ferroelectric polymer as one of its layers. Fi-
nally, we have demonstrated that a hollow Bragg fiber with
an optimally designed reflector greatly outperforms a ferro-
electric tube guide. Moreover, depending on the frequency of
operation optimally designed Bragg fibers may feature band
gap, total internal reflection or antiresonant guiding.
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FIG. 4. �a� Mapping of the 1 mm core diameter hollow Bragg fiber trans-
mission losses as a function of the reflector layer thicknesses at various
terahertz frequencies. �b� Dots: transmission losses of the optimal hollow
Bragg fiber designs. Dashed line: transmission loss of 1 mm core diameter
PVDF tube guide.
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