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ABSTRACT A new type of filter based on one-dimensional
photonic crystals is presented. A photonic crystal consists of
a periodic repetition of air layers and epsilon-negative (ENG)
material layers. This type of filter has high- Q values without de-
fects. The Q values and the filtering frequency can be precisely
adjusted by modulating the thicknesses of the ENG material
layers and the air layers, respectively. A method of deciding
the position of the transmission band for the photonic crystals
is presented. The effect of absorption of ENG materials on the
filter is also considered.

PACS 42.70.Qs; 78.20.Ci; 41.20.Jb

1 Introduction

Photonic crystals (PCs) have attracted intense
study over the last decade due to their unique electromagnetic
properties and potential applications [1]. It has been proven
that a photonic band gap (PBG) can be formed as a result of
the interference of Bragg scattering in a periodical dielectric
structure. In a conventional PC (with positive indices), such
aBragg gap depends strongly on the details of the interference
process. For a one-dimensional (1D) photonic crystal with
a defect, the two Bragg stacks neighboring the defect can be
considered as photonic barriers since the propagation of EM
waves whose frequencies lie in the PBG of the Bragg stacks
is forbidden. Due to the confinement effect of photonic bar-
riers, discrete (localized) defect modes will appear inside the
PBG, leading to the filtering phenomenon. The stronger the
confinement effect of the barrier, the smaller the full width at
half maximum (FWHM) of the defect mode, and the larger the
quality factor (Q) of the filter since Q is inversely proportional
to the FWHM.

There are two main ways to enhance the confinement ef-
fect of photonic barriers in a conventional 1D PC. One way
is to enlarge the thicknesses of photonic barriers by increas-
ing the period number of the Bragg stacks [2, 3]. The higher
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the period number, the stronger the confinement effect of the
barrier. However, such a confinement effect comes at the cost
of increasing the volume of the structure. The other way is
to enlarge the depth of photonic barriers by changing mate-
rial parameters, e.g., by increasing the ratio of the refractive
indices of the two media. A bigger ratio will lead to a wider
gap (deeper barrier) and a stronger confinement effect. Nev-
ertheless, this method is limited by the availability of the re-
fractive indices of candidate materials. Therefore, it is hard
to obtain a high-Q filter for a conventional 1D photonic crys-
tal. Such difficulties originate from the fact that the PBG in
a conventional 1D photonic crystal comes from wave (Bragg)
scattering.

Recently, double negative refraction (DNG) materials,
i.e., left-handed materials (LHM) with simultaneous negative
permittivity and negative permeability have attracted consid-
erable attention because of their peculiar properties, such as
the reversal of Doppler shift and their famous negative re-
fraction property [4—14]. It has been demonstrated that stack-
ing alternating layers of positive-index and double negative-
index media leads to a type of PBG corresponding to a zero-
averaged refractive index. A number of unique properties
of the zero-n gap on the beam shaping effect have been
studied [15-17]. In addition to the DNG materials, other ma-
terial, called single-negative (SNG) material, has also been
studied. The SNG materials consist of mu-negative (MNG)
materials with negative y but positive ¢, and epsilon-negative
(ENG) materials with negative ¢ but positive u. It has been
found that one-dimensional photonic crystal (1DPC) consist-
ing of a periodic repetition of MNG and ENG layers can
possess another type of photonic gap with an effective phase
@efr Of zero called the SNG gap or the zero-gegr gap [17-19].
In this paper, we present a new type of 1DPC structure. This
structure consists of a periodic repetition of positive-index
layers and ENG layers. Without any defect, this structure
can be used as a high-Q filter with a small period number.
Consider for example the 1DPC with the a finite periodic
structure of (AB)Y, where A represents ENG materials and
B represents air, and N is the number of periods. Metama-
terials with effective negative permittivity over a frequency
band have been fabricated by using wire elements [18]. Meta-
materials with effective negative permeability in a particular
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frequency range have also been obtained by utilizing split
ring resonators. However, it is necessary to combine both the
methods of fabricating ENG media and MNG media, to form
metamaterials with simultaneously negative permittivity and
permeability [18]. Since only ENG media is needed in the
structure of (AB)”", from the point view of fabrication tech-
niques, fabrication of this structure may be less intricate than
that for DNG materials.

2 Methods and results

The thickness of A and B are first supposed to be
d, = dy, =d/2, and d = 10 mm. We choose a basic frequency
wo = mc/d (c is the velocity of light in free space). In the fol-
lowing numerical studies, all frequencies and lengths are in
units of wg and d, respectively. Corresponding to light with the
basic frequency, the period length of the 1DPC is just half of
the wavelength. For the A layers, the relative permittivity and
permeability in the ENG materials are given by [19]

(1)

where wep, is the electronic plasma frequency. The ENG fre-
quency is determined by @ < wep. When o > wyp, the A layers
are turned into positive-index materials. We also assume the
values of the relative permittivity and permeability in B layers
tobe ey, = up = 1. In our calculation, we take wep = V2.

For an infinite periodic structure, according to Bloch’s
theorem, the dispersion at any incident angle follows the rela-
tion [21]
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where B, is the z component of the Bloch wave vector, and
ki = w/c /ej\/1jy/1 — (sin? /e;u;) is the z component of
wave vector k/ in the jth layer (c is the velocity of light
in a vacuum and 6 is the incident angle). For a TE wave,
4 = J&i/ S/ 1= sin20/gjp); for a TM  wave,
qj = J1j/ Jejy/1— (sin?0/g;1;). The condition of (2) hav-
ing no real solution for B, is |cos B;(dy+dp)| > 1, which
corresponds to the band gap of 1DPC and is well-known
as the Bragg condition. In the range of ENG frequencies,
k™ is an imaginary number due to the negative value of
&4, thus cos [kMd,] = cosh [|kVd,|], and sin [k{Vd,] =
sinh [[kVd,|]. For normal incidence (6 =0) and a TE

wZ
wave, ga =4/ 1 — 2w8 and gg = 1. If we define x = w/wy =

w/(me/d), the right side of (2) can be regarded as a function
of x with the form

F(x) = cosh [(\/2/)(2 — 1)(xa)0/c)da] cos[(xwy/c)dp]

1
—1/2 1-2/x2
/ <\/1—2/x2+\/ /x>

x sinh [ (v/2/x2 — 1) (xwo/c)dy] sin[ (xax /¢)dy] .
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If F(x) is real number and | F(x)| < 1, the corresponding range
of w values become a transmission band, otherwise it becomes
a gap. Given definite values of d, and d,, we can decide the
band structure by means of (3).

Figure 1 shows the range of w values that satisfy the condi-
tion of F(x) being a real number, and | F(x)| < 1 for different
values of d, and d,, , which are indicated by black areas. For
the case of d, = 0.5d, the black area takes w/wy =1 as its
center axis. Although the black area (transmission band) de-
creases with an increase of the value of d,, the position of
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the center axis of the black area remains invariant. Moreover,
after d, > 2d, the transmission band almost becomes a line
corresponding to w/wy = 1, which means that the structure
can be used as a high-Q filter based on the current condi-
tions. In contrast to conventional filters, there is no defect in it.
The cases of d, = 0.4d, dy, = 0.45d and dy, = 0.55d are simi-
lar to the case of d, = 0.5d except that the positions of the
center of the transmission band are different. The higher the
value of d,,, the less the value of the center axis of the trans-
mission band. In addition, when d, surpasses a critical value,
the transmission band will fade away, which can be seen for
the cases of d, = 0.45d and dy = 0.55d. Figure 2 also plots
the range of the transmission band for different values of dj,
for a fixed value of d,. Comparing the cases of d, =d and
d, = 2d, we still find that the values of d, only influence the
width of the transmission band while the values of d;, decide
the position of the transmission band. For the high-Q filter-
ing characters we can give a qualitative explaination. Due to
the negative value of ¢, in the ENG frequency range, the field
in A layers are evanescent waves. However, the evanescent
waves in A layers can still be coupled into propagation waves
in the B layers due to the small thickness of the A layers. In

addition, due to the sudden change of impedance from the air
to the ENG layer, there is a large reflection on the interface be-
tween two layers. All of the reflected light will interact each
other. The intensity of the reflection light increases with an in-
crease of the thickness of the ENG layer. Only when the phase
difference between two adjacent-reflection beams is near to
7, can the reflection light beams will cancel each other out by
interaction, and light can then pass through this structure, oth-
erwise light is prohibited. The phase difference between two
adjacent-reflection beams is only dependent on the thickness
of B the layers. For dy, = 0.5d, only if w/wy = 1, the phase
difference between two adjacent-reflection beams is just 7. If
dy deviates from 0.5d, the value of w/wy must deviate from 1
simultaneously in order to keep the phase difference of 7 be-
tween two adjacent-reflection beams invariant. Therefore, the
position of the center axis of the transmission band is sensitive
to the value of dj,, while the width of the transmission band is
only dependent on the value of d,. In order to exactly observe
the high-Q filtering function of the PC structure, Fig. 3 plots
F(w/wp) with different structural parameters, from which we
can exactly decide the range of transmission band indicated
by gray areas. If we regard wy as the filtering frequency, ac-
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FIGURE 4 The transmission ratio #(w) for different thicknesses of pair
layers for the same N = 20

cording to the Q definition of ZA“’wO, we obtain the Q values as
follow: 40.8 for d, = d and d, = 0.5d; 200 for d, = 1.5d and
dy =0.5d; 1000 for d, = 2d and dy, = 0.5d; 5000 for d, = 2.5d
and d, = 0.5d.

As an example, we can study the transmission properties
for the finite periodic structure of (AB)?°. Let a plane wave
be injected from vacuum into the 1DPC at an incident angle
6, the transmission ratio #(w) for both TE and TM waves and
the field distribution inside the structure can be obtained from
the transfer matrix method [19]. In the case of normal in-
cidence, TE and TM waves have the same results. Figure 4
shows the transmission ratio #(w) for different thicknesses
of pair layers for the same N = 20. For the case of d, = 2d
and dy, = 0.5d, there is only one narrow peak in the wide
low-frequency gap. From (1), when o < +/2wy, €, < 0, thus
most of the wide gap results in the PC structure with ENG
materials. Figure 5 further plots the relative field distribu-
tion (in units of incident field intensity) inside the structure
with two light frequencies of w = wy and @ = 0.99w,, and
structural parameters of d, = 2d and d, = 0.5d, respectively.
For the case of w = wy, the light passes through the struc-
ture without any loss, while for the case of w = 0.99wy, the
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FIGURE 6 The transmission ratio #(w) for two values of I" and structural
parameters of d, = 2d, d, = 0.5d and N =20

light intensity almost decreases to 107" times that of the in-
cident field. Therefore the PC structure can filter a light with
high-pure-frequency.

Up to here, all the above results are based on (1) which
is just an idealistic model. For ENG materials, the absorption
is unavoidable, no matter how tiny. In this case, the relative
permittivity and permeability in the ENG materials should be
rewritten as [22],
ga=1-0}, /(@ —i0D), p.=1, 4)
where I is collision frequency or damping factor which con-
tributes to the absorption and loss. Based on (4), we can
calculate the transmission ratio #(w) again by transfer matrix
with structural parameters of d, = 2d, d, = 0.5d and N = 20.
The frequency dependence of the dielectric properties of ENG
materials is included in the calculations. Figure 6 shows the
results for two values of 18 850 Hz and 188 500 Hz for I". The
two values of I" are 10~7 and 10~° times of the value of wy,
respectively. From this we find that the absorption only de-
creases the transmission intensity, but has little effect on the O
value of this filter.
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3 Conclusion

In conclusion, we suggest a new type of PC struc-
ture with ENG materials. The PC structure can be used as
a high-Q filter. Compared with conventional filters, it shows
high-Q values and does not need a large ratio of the refractive
indices of the two media or any defects. Furthermore, the O
values and the filtering frequency can be easily and precisely
adjusted. The absorption of ENG materials can decrease the
transmission intensity. Our study may be helpful in devising
of high-Q filters.

ACKNOWLEDGEMENTS Supported by the National Natural
Science Foundation of China (Grant No. 10574058)

REFERENCES

1 E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987)

2 F. Qiao, C. Zhang, J. Wan, J. Zi, Appl. Phys. Lett. 77, 3698 (2000)
3 G. Nimtz, A. Haibel, R.-M. Vetter, Phys. Rev. E 66, 037 602 (2002)
4 V.G. Veselago, Sov. Phys. Uspekhi 10, 509 (1968)

5 I.B. Pendry, Phys. Rev. Lett. 85, 3966 (2000)

16

17
18

19
20
21

22

R.A. Shelby, D.R. Smith, S.C. Nemat-Nasser, S. Schultz, Appl. Phys.
Lett. 78, 489 (2001)

R.A. Shelby, D.R. Smith, S. Schultz, Science 292, 77 (2001)

Z.M. Zhang, C.J. Fu, Appl. Phys. Lett. 80, 1097 (2002)

M. Notomi, Phys. Rev. B 62, 10696 (2000)

I.V. Shadrivov, A.A. Sukhorukov, Y.S. Kivshar, Appl. Phys. Lett. 82,
3820 (2003)

A.A. Houck, J.B. Brock, I.L. Chuang, Phys. Rev. Lett. 90, 137401
(2003)

Y. Fang, Q. Zhou, Appl. Phys. B 83, 587 (2006)

D.R. Smith, W.J. Padilla, D.C. Vier, S.C. Nemat-Nasser, S. Schultz,
Phys. Rev. Lett. 84, 4184 (2000)

D.R. Smith, N. Kroll, Phys. Rev. Lett. 85, 2933 (2000)

J. Li, L. Zhou, C.T. Chan, P. Sheng, Phys. Rev. Lett. 90, 083901
(2003)

L.V. Shadrivov, A.A. Sukhorukov, Y.S. Kivshar, Appl. Phys. Lett. 82,
3820 (2003)

H. Jiang, H. Chen, H. Li, Y. Zhang, Appl. Phys. Lett. 83, 5386 (2003)
H. Jiang, H. Chen, H. Li, Y. Zhang, J. Zi, S. Zhu, Phys. Rev. E 69,
066607 (2004)

L. Wang, H. Chen, S. Zhu, Phys. Rev. B 70, 245102 (2004)

S.M. Wang, C.J. Tang, T. Pan, L. Gao, Phys. Lett. A 348, 424 (2006)
M. Centini, C. Sibilia, M. Scalora, G. D’Aguanno, M. Bertolotti,
M.J. Bloemer, C.M. Bowden, I. Nefedov, Phys. Rev. E 60, 4891 (1999)
X.S. Rao, C.K. Ong, Phys. Rev. B 68, 113 103 (2003)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


