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Independently tunable multichannel terahertz filters∗
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We numerically demonstrate terahertz multichannel filters with independently tunable defect modes based on

fractal photonic crystals. Single defect and multiple defects models are proposed to fabricate the multichannel terahertz

filters. The facts that the wave functions of the defect states do not overlap and their bases are orthogonal lead to

the independency among the defect modes. The simulated results theoretically provide the principle for fabricating

independently tunable multichannel terahertz filters by utilizing one-dimensional photonic crystals with defects.

Keywords: fractal structure, photonic crystal, terahertz filter, defect

PACS: 41.20.Jb, 78.20.Ci, 87.50.U–, 43.58.Kr DOI: 10.1088/1674-1056/20/9/094101

1. Introduction

Terahertz (THz) waves ranging from 30 µm
to 3 mm bridge the gap between the microwave
and the infrared regions, and have attracted ex-
tensive attention during the past decades. Due
to its potential applications in biological imaging
and sensing,[1,2] nanotechnology,[3] security[4] and free
space communication,[5] THz radiation is gradually
playing a unique role in the relevant fields.

As an indispensable device for ultrafast informa-
tion processing and the interconnection of terahertz
wave communication, the terahertz wave filter has de-
veloped rapidly. In recent years, terahertz wave filters
based on photonic crystals, metamaterial or surface
plasmon have been reported. Nı̀mec et al.[6] demon-
strated a high-quality smart filter based on photonics
crystals (PCs) for the terahertz range. Its relative tun-
ability reached 20% and the peak transmission of the
tunable defect mode was about −6 dB at 0.35 THz.
Chen and Meng[7] presented a new type of terahertz
photonic crystal filter, which included the waveguide
and the frequency selection parts. A terahertz modu-
lator was proposed based on a one-dimensional (1D)
photonic crystal,[8] in which the transmitted terahertz
waves could be modulated by different carrier densi-
ties in the semiconductor controlled by the applied

voltage. Brand et al.[9] and Gallant et al.[10] theoreti-
cally and experimentally demonstrated the use of pho-
tonic structures consisting of finite two-dimensional
(2D) square arrays of metallic pillars to achieve the
filtering of the radiation in the terahertz frequency re-
gion. Melo et al.[11] have fabricated filters based on
metal mesh structures centred at frequencies ranging
from 0.4 THz to 10 THz by using photolithography
and electroforming techniques.

It is well known that photonic crystals provide
a good base for the design of optical devices owing
to their unique abilities to control and manipulate
light.[12] The PCs and the defect modes in the PCs
in the THz domain have been investigated for more
than 20 years. Toshiaki et al.[13] fabricated a sample
with a nonlinear optical material as the defect in a 1D
PC structure and studied the nonlinear transmission
of the sample experimentally with a nanosecond laser.
2D photonic crystals constructed with intrinsic semi-
conductor rods, which could be applied to the tunable
filters operating at the THz range, were reported.[14]

The position of the defect was studied experimentally
as a function of the thickness of the defect layer and it
was shown to behave in a donor mode.[15] Mounaix
et al.[16] used a spin crossover material as the de-
fect inserted into a periodic structure of alternating
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layers of glass and air. They experimentally demon-
strated that the defect level position was controlled by
the dielectric hysteresis property of the spin crossover
materials. Yee and Mark[17] experimentally showed
a single sharp resonance near 1 THz with a quality
factor Q as high as 1020 by using photonic crystal
cavities. Rajind et al.[18] experimentally and theo-
retically demonstrated a tunable universal terahertz
filter using artificial dielectrics based on parallel-plate
waveguides. One-dimensional photonic crystal struc-
tures for the multiple-channel and the polarization se-
lective filterings in the terahertz range were studied
theoretically.[19] In the experiment by Yuan et al.,[20]

the width of the air defect layer was changed by a
piezoelectric actuator. By breaking the periodicity of
the photonic crystal, it is possible to create highly lo-
calized defect modes within the photonic band-gap,
which are similar to the localized impurity states in
a semiconductor.[21] However, only a few papers dealt
with the tunability of the defect modes.[22,23] In the
present study, we report tunable THz filters based
on one-dimensional PCs with defects and numerically
demonstrate that the structure can not only produce
some defect modes but can also be tuned separately
for their numbers, corresponding frequencies and fre-
quency intervals.

2. Computational model and nu-

merical method

We consider a 1D PC comprised of identical al-
ternating layers of high (nH) and low (nL) refractive
indices, with their optical thicknesses TH = nHdH =
λ0/4 and TL = nLdL = λ0/4, where dH and dL are the
physical thicknesses of the two layers. When the elec-
trical or the optical thickness of each layer is equal
to one-quarter wavelength at a particular frequency,
the maximum reflection is obtained, since all voltage
standing wave ratios (VSWRs) multiply at this fre-
quency to give the input VSWR.[24] Zirconium oxide
(nH = 2.1) and magnesium fluoride (nL = 1.4) are
selected as the high-index and the low-index mate-
rials, respectively, because their absorptions[25] in the
THz band are 0.3 cm−1 and 0.0001 cm−1, respectively.
Terahertz frequencies can be used in terahertz wave
wireless communication. Therefore, the design wave-
length in this paper is selected to be λ0 = 1 mm,
corresponding to the frequency of 0.3 THz within the
less atmospheric loss window.

In order to overcome the shortcoming that the de-
fect modes of the PCs are interactive and cannot be
tuned independently, fractal 1D PCs with a single de-
fect layer or multiple defect layers are presented in this
paper. The construction procedure of the 1D fractal
photonic structure is based on the method of coupling
defect layers. We begin with a periodic multilayer ini-
tiator S0 of (HL)m or (LH)m, where H and L represent
the layers of high (nH) and low (nL) refractive indices
with optical thicknesses TH and TL, respectively, and
m is the number of the periods. Then, by coupling a
defect layer between the initiators (HL)m and (LH)m,
the first stage of the fractal S1 = (HL)mD1(LH)m is
formed. Next, when another defect layer is inserted
between two S1, the second stage of the fractal S2 is
formed. Here, we propose photonic crystal structure
models with wedge-shape defect layers, as shown in
Fig. 1. We can see that the thickness of defect layer
D2 increases (see Fig. 1(a)) and the thicknesses of both
D1 defect layers increase as the vertical incident po-
sition goes down (see Fig. 1(b)). So we can change
the thicknesses of the defect layers independently by
changing the vertical position of the incident terahertz
wave.

It is possible to obtain a self-similar fractal struc-
ture by repeating the given operation. The lower order
fractal sequences are given as follows.

The multichannel single defect sequences are

S0 = (HL)m,

S1 = (HL)mD1(LH)m,

S2 = (HL)mD1(LH)mD2(HL)mD1(LH)m,

S3 = (HL)mD1(LH)mD2(HL)mD1(LH)mD3

(HL)mD1(LH)mD2(HL)mD1(LH)m,

. . . ,

where D1, D2, D3, . . . are the defect layers with thick-
nesses of d1 = αdH, d2 = βdL, d3 = γdL, . . ., respec-
tively. The α, β, and γ are constants. The correspond-
ing refractive indices are n1 = nH, n2 = n3 = nL, . . .

i.e., the optical thicknesses of D1, D2, D3, . . . are αTH,
βTL, γTL, . . .

The multichannel multidefect sequences are

S0 = (HL)m,

S1 = (HL)mD1(LH)mD1,

S2 = [(HL)mD1(LH)mD2]2,

S3 = [(HL)mD1(LH)mD2(HL)mD1(LH)mD3]2,

. . . .
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Fig. 1. Schematic diagrams of photonic crystals with wedge-shape defect layers. (a) D2 is wedge-shape defect

layer. (b) D1 is wedge-shape defect layer.

Depending on different circumstances, D1, D2, D3, . . .

can be defined separately. To fabricate the double-
defect sequence, we select

D1 = αH(LH)nLαH, D2 = βL(HL)lHβL,

D3 = γL(HL)pHγL, . . . .

For the triple-defect sequence, we choose

D1 = αH(LH)nLαH(LH)nLαH,

D2 = βL(HL)lHβL(HL)lHβL,

D3 = γL(HL)pHγL(HL)pHγL,

· · · .

The transmittances of the above structures can be
obtained by using the transfer-matrix method. Let a
wave be incident at an angle θ from the vacuum into
the fractal structure. Suppose that the wave in the
l-th layer has a wave vector kl = klxx + klzz, whose
magnitude is ωnl/c, where c is the speed of light in the
vacuum and nl is the l-th layer refractive index. The
amplitudes of the electric components of the forward
and the backward waves can be related via a transfer
matrix

Ml =

 cos klzdl i sin klzdl/ηl

iηl sin klzdl cos klzdl

 , (1)

where ηl = nl

√
1 − sin2 θl × n2

l−1 for the transverse
electric (TE) wave, θl is the incident angle and klz is
the z component of wave vector kl in the l-th layer.
Thus the total transfer matrix can be obtained by mul-
tiplying all individual transfer matrices in sequence. It

can be calculated from

M = M1M2M3 . . . MN =

 x11 x12

x21 x22

 . (2)

Similarly, the reflection response and the transmission
coefficient will satisfy the recursions

r =
x12q

2
0 + (x22 − x11) q0 − x21

x12q2
0 + (x11 + x22) q0 + x21

,

t =
2q0

x12q2
0 + (x11 + x22) q0 + x21

,

(3)

where q0 =
√

ε0/
√

µ0 cos (θ0), θ0 is the incident an-
gle in vacuum, ε0 and µ0 are the permittivity and the
permeability in vacuum, respectively. Thus, the total
transmittance can be obtained as T = t · t∗.

3. Simulation results

Here, we employ structure S1 = (HL)mD1(LH)m

to design a bandpass filter with a single channel in the
terahertz range. We can see that the fractal structure
is self-symmetrical with a periodic structure S0 and
acts as an initiator. Figure 2 shows the transmittance
of the fractal structure S1 = (HL)6D1(LH)6 at normal
incidence. As shown in Figs. 2(a)–2(c), the frequency
of the defect mode depends on the thickness of D1

and α determines the optical thickness of the defect.
When α changes from 1.7 to 2.0 and to 2.3, the lo-
cation of the defect mode shifts to the left step by
step. We define ρ = 0.002 THz as the filter tuning
accuracy. In the process of tuning, if the full width at
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half maximum (FWHM) of the defect mode is greater
than ρ, we consider it to be beyond the tuning range.
In this way, the tuning range of defect mode α is ap-
proximately 1.65–2.1 THz.

Fig. 2. Transmission spectra for S1 = (HL)mD1(LH)m

with different coefficients α: (a) 1.7, (b) 2.0, (c) 2.3. The

thickness of D1 is αTH and m = 6.

Next, based on structure

S2 = (HL)mD1(LH)mD2(HL)mD1(LH)m,

we insert a second defect, D2. As shown in Fig. 3,
there are two defect modes, which can be tuned in-
dependently. In Figs. 3(a)–3(c), we fix β at 0.5β and
reduce α from 2.3 to 2.0 and to 1.7. It can be seen
that defect mode β remains nearly invariant, while
defect mode α shifts from 1.8007 THz to 1.8848 THz
and then to 1.9824 THz. Similarly, defect mode α is
steady, while defect mode β shifts from 1.9824 THz to
1.7562 THz and then to 1.8350 THz, if α is kept unvar-
ied and β is changed from 0.5 to 0.3 and then to 0.1, as
shown in Figs. 3(c)–3(e). Based on the numerical cal-
culation, the tuning range of defect mode β is between
1.60 THz and 1.80 THz, and that of defect mode α is
between 1.67 THz and 2.05 THz. The frequencies of
defect modes α or β can be tuned independently in a
certain range without affecting each other. It means
that the interaction between the two defect modes of
the proposed structure is avoided. To show how the
defect modes are generated in the gap case, the elec-
tric field distributions inside the fractal structures cor-
responding to the two defect modes in Fig. 3(a) are
investigated at frequencies of defect modes α and β,
as shown in Fig. 4. The frequencies of the incident
waves are 1.79575 THz and 1.68805 THz, respectively.
It can be seen in Fig. 4(a) that the electric field cor-
responding to defect mode α is strongly localized in
both defect layers D1 but not in defect layer D2. How-
ever, the electric field corresponding to defect mode β

is mainly localized in D2 instead of D1, as shown in

Fig. 4(b). Therefore, the coupling layers of D1 and D2

are two different kinds of defects and respectively re-
late to the corresponding defect states. The facts that
the wave functions of the two kinds of defect states
do not overlap and their bases are orthogonal leads to
the independency between the two defect modes.

Fig. 3. Transmission spectra for structure S2 =

(HL)mD1(LH)mD2(HL)mD1(LH)m. The β = 0.5, α

changes from 2.3 to 2.0 and then to 1.7 in panels (a)–

(c) . The α = 1.7, β changes from 0.5 to 0.3 to 0.1 in

panels (c)–(e). The D1 = αH, D2 = βL and m = 6.

Fig. 4. Electric field distributions corresponding to the

two defect modes in Fig. 3(a). The areas between the

dashed lines correspond to D1 and D2 defect layers.

094101-4



Chin. Phys. B Vol. 20, No. 9 (2011) 094101

We can acquire the third defect mode γ when
defect layer D3 is introduced. The above-mentioned
properties still appear. When α and γ are fixed, β

shifts from 0.7 to 0.5 and then to 0.3, defect modes
α and γ remain nearly invariant, defect mode β

shifts from 1.6518 THz to 1.6955 THz and then to
1.7562 THz, as shown in Figs. 5(a)–5(c). In the same
way, if we change the third coefficient and keep the
other two coefficients unchanged, a similar result will
emerge, as shown in Figs. 5(c)–5(e). It can be seen
that all of the three defect modes can be tuned sep-
arately. If defect mode γ needs to be moved to a
definite frequency while keeping defect modes α and
β fixed, we just need to adjust the structural parame-
ters of D3 to meet the requirement. The same is true

Fig. 5. Transmission spectra for structure S3 = (HL)m

D1(LH)mD2(HL)mD1(LH)mD3(HL)mD1(LH)mD2(HL)m

D1(LH)m with different α, β and γ. In panels (a)–(c), α

and γ are fixed, β shifts from 0.7 to 0.5 and then to 0.3.

In panels (d)–(e), β and γ are fixed, α shifts from 1.7 to

1.9.

for defect modes α and β. Based on the numerical
calculation, the tuning ranges of defect modes α, β

and γ are about 1.77–2.07 THz, 1.64–01.77 THz and
1.57–1.64 THz, respectively.

Fig. 6. Transmission spectra for structure S2 =

[(HL)mD1(LH)mD2]2 with D1 = αH(LH)nLαH, D2 =

βL(HL)lHβL, m = n = 4, and l = 6. In panels (a)–(c), β

is fixed, α shifts from 2.3 to 2.0 and then to 1.7. In panels

(d) and (e), α is fixed, β shifts from 0.3 to 0.1.

Next, we establish four defect modes α1, α2, β1

and β2 using structure S2 = [(HL)mD1(LH)mD2]2.
The results are shown in Fig. 6. Obviously, the relative
positions of defect modes β1 and β2 will not change
if coefficient α shifts with β unchanged, as shown in
Figs. 6(a)–6(c). It means that defect modes β1 and β2

rely on coefficient β, while modes α1 and α2 depend
on the value of α. Figures 6(c)–6(e) show the case in
which β decreases and α remains unchanged. More-
over, we have investigated the dependences of defect
modes αi and βi on period numbers n and l of D1 and
D2, as shown in Fig. 7. It can be seen from Figs. 7(a)–
7(c) that the frequency interval between modes α1 and
α2 will narrow down if we increase n from 4 to 6 and
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keep l a constant. The frequency interval between
modes β1 and β2 will broaden as l decreases, and n is
fixed, as shown in Figs. 7(c)–7(e). So the frequency
intervals of the defect modes corresponding to differ-
ent kinds of defects (D1 or D2) can also be tuned
independently.

Fig. 7. Transmission spectra for structure S2 =

[(HL)mD1(LH)mD2]2 with D1 = αH(LH)nLαH, D2 =

βL(HL)lHβL, α = 1.7, and β = 0.5. The period numbers

are (a) n = 4 and l = 6, (b) n = 5 and l = 6, (c) n = 6

and l = 6, (d) n = 6 and l = 4, and (e) n = 6 and l = 3.

Similarly, we employ structure S2 =
[(HL)mD1(LH)mD2]2 in the simulation below. Let
D1 equal αH(LH)nLαH(LH)nLαH and D2 equal
βL(HL)lHβL(HL)lHβL, we can obtain six defect
modes α1, α2, α3, β1, β2 and β3, as shown in Fig. 8.
When we shift the value of β from 0.5 to 0.4 and then
to 0.3 while keeping α at a constant of 1.7, defect
modes β1, β2 and β3 change, and defect states α1,
α2 and α3 are invariant, as shown in Figs. 8(a)–8(c).
By exchanging the variable and the invariable quan-

tities, a similar evolution will appear, as shown in
Figs. 8(c)–8(e).

Fig. 8. Transmission spectra for structure S2 =

[(HL)mD1(LH)mD2]2 with D1 = αH(LH)nLαH(LH)nLαH,

D2 = βL(HL)lHβL(HL)lHβL, m = 4, and n = l = 2.

Finally, we discuss the tolerance of error for the
defect modes. Figure 9 shows the modification of the
defect mode in Fig. 2(b) when the incident angle has
a 4% manufacturing tolerance. We can see that the
tiny error of the incident angle does not affect the fre-
quency of mode α at all, so we can use the structure
shown in Fig. 1 to independently modify the thick-
nesses of the defect layers by changing the vertical
position of the incident terahertz wave. As shown in
Fig. 10, all the layers of the PCs including the defect
layers have a 2% error in thickness. The shift of the
defect mode is very clear. If the error only involves
the defect layers, the variation range of the frequency
for the defect mode is smaller than that in the case
where each layer of the PCs has an error, as shown in
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Fig. 11.

Fig. 9. Transmission spectra for S1 = (HL)mD1(LH)m

with a 4% error in incident angle θ. The α = 2.0 and

m = 6. (a) δθ = +4%, (b) δθ = 0, and (c) δθ = −4%.

Fig. 10. Transmission spectra for S1 = (HL)mD1(LH)m

with a 2% error in thicknesses d for all layers of the PCs,

with D1 = αH, α = 2.0, and m = 6. (a) δd = −2%, (b)

δd = 0, and (c) δd = +2%.

Fig. 11. Transmission spectra for S1 = (HL)mD1(LH)m

with a 2% error in thicknesses D for the defect layers only,

with D1 = αH, α = 2.0 and m = 6. (a) δD = −2%, (b)

δD = 0, and (c) δD = +2%.

4. Conclusion

Fractal structure models based on one-
dimensional photonic crystals are constructed to gen-
erate multiple defect modes for use at terahertz fre-
quencies. The frequency, the frequency interval and
the number of defect modes can be tuned separately
by adjusting the structural parameters of the defect

layers. By introducing errors, we provide the stabil-
ity analysis. The conclusion is that the frequencies
of these defect modes are insensitive to the error in
the incident angle but are sensitive to the error in
thickness.
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