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Abstract. We show that under certain conditions a one- In this communication, we report that total omnidirec-

dimensional dielectric lattice displays total omnidirectionaltional reflection does not require a 2D or 3D photonic crys-
reflection of incident light. The predictions are verified ex-tal [15]. We demonstrate theoretically and experimentally that
perimentally using &NazAlFs/ZnSemultilayer structure de- under certain conditions a 1D photonic crystal can exhibit
veloped by means of standard optical technology. The strudetal reflection for all incident angles. A one-dimensional

ture was found to have a reflection coefficient of more themphotonic crystal, which is nothing other than a familiar di-

9% in the range of incident angl€s-86° at the wavelength electric mirror consisting of alternating layers with lom,,

of 6328 nmfor s-polarization. The results are likely to stim- and high,n,, indices of refraction, is much easier to fabricate

ulate new experiments on photonic crystals and controllethan a 3D one. Therefore the existence of total omnidirec-

spontaneous emission. tional reflection in the case of a properly designed finite 1D
dielectric lattice offers an alternative possibility to control the
PACS: 42.70-a; 42.25-p; 41.20-Jb propagation of light.

When a plane electromagnetic wave propagates in a 1D

periodic structure obliquely to the layer interfaces, only the
The concept of photonic crystals poses some challenging istormal component of the wave vector is involved in the band
sues in modern condensed matter and optical science. Phgap formation. The relative position of the band gap is shifted
tonic crystals are periodic dielectric structures which offetowards higher frequencies with the internal angle and the
the possibility of building up photon density of states inoverall forbidden gap is always closed up. Due to the loss
a similar way to electron density of states in conventionabf the degeneracy between polarizations, the forbidden gaps
solids. Since the first pioneering works on this subject [1-do not coincide for the two fundamental polarizations. An
3], much progress has been achieved in the calculation afbvious and common property of 1D periodic structures fol-
photonic band structures of one- (1D), two- (2D), and threelows: there is no absolute nor complete 3D photonic band
dimensional (3D) photonic crystals and many novel appligap. In Fig. 1 the photonic band structure for a typical 1D
cations in photonic devices have been proposed (see [4—photonic crystal witm; = 1.2,5n =ny/n; = 1.6 and a filling
and references therein). In particular, a complete 3D photonitactionn = d,/d; = 1.0 is shown in terms of the normalized
band gap can be developed in a properly designed 3D phérequencywA/2rc and the internal angle in the low index
tonic crystal. Spontaneous emission of atoms and moleculdasyer. Hered;, d», A = d; + d, w andc are the thicknesses
will be inhibited in such a crystal. A semi-infinite crystal of the layers, the period of the structure, the frequency and
will exhibit total omnidirectional reflection of incident light. the speed of light in vacuum, respectively. The band structure
These issues are of fundamental scientific and practical infias been calculated using the analytical form of the dispersion
portance. For the optical range, within which the main appli-equation (see e.g. [16]). The overall forbidden gaps are closed
cations are expected, most of experimental efforts have beeip both for s- and p-polarizations (Fig. 1). The internal an-
concentrated on 2D and 3D photonic crystals [7—14]. Howgles for which the forbidden gaps are closed up are depicted
ever, to get a complete 3D photonic band gap one has to builay the vertical dotted lines. However, when an electromag-
a perfect 3D dielectric lattice with the refractive index con-netic wave illuminates the boundary of the semi-infinite 1D
trast equal to 2 or even higher. This still remains a seriouphotonic crystal, the possible values of the internal angles are
technological problem. restricted by Snell's law. The higher the refractive indices of
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Fig. 2. Photonic band gap structure of semi-infinite periodeAlFs/ZnSe
Internal angle (degree) lattice in terms of wavelength and incident angle. Bbéd (dashed curves
Fig. 1. Photonic band structure of a typical 1D photonic crystal in terms ofare for s- (p-) polarization bands. The grey area is the absolute omnidirec-
normalized frequency A /2rc and the internal angle in the low index layer. tional band gap
Thesolid (dashed curvesare for s- (p-) polarization bands. Herg,= 1.2,
sn=16andnp=1.0

Transmission spectra for s- and p- polarizations at dif-
ferent incident angles in the range 6+60° were meas-

the layers with respect to the medium outside the crystal, thered using a ‘Cary 500’ spectrophotometer (Fig. 4). A good
narrower is the cone of internal angles. The solid line in Fig. 1
corresponds to the maximum internal angle in the case of an
ambient medium with refractive indeéx= 1. For the structure TOR o
presented (Fig. 1) an overall forbidden gap is opened for alL MLX
incident angles in the case of an s-polarized wave and withig 0.1

an angular aperture of abo#8(° in the case of a p-polarized &  [i/tY “ oty jz
wave. Due to the Brewster effect at the interface of low and o0 !

high index layers, the forbidden gap is always narrower an¢®
closed up at smaller internal angle for a p-polarized wave tha@
for an s-polarized one. If the index of refraction of the ambi-@ 041
ent medium is smaller tham sinag, which corresponds to g

the Brewster anglerg at the interface of low and high in- § 02
dex layers, and the index contrast in the layers is sufficiently=
large, the overall forbidden gap can be opened for all incident
angles for both s- and p-polarized radiation. No propagating
modes are allowed in the photonic crystal for any propagat-
ing mode in the ambient medium within such a forbidden gap Wavelength (nm)
and hence the total omnidirectional reflection arises. The de-
tailed analysis of the conditions needed to obtain an absolute
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Fig. 2 in terms of wavelength and incident angle. The absog 021 Lo
lute omnidirectional photonic band gap exists in the spectrat
range604.3—-6384 nm (the grey area in Fig. 2). The gap to 00| (b) P
midgap ratio is aboui.5%. The calculated transmission spec- 500 550 600 650 700 750 800 850
tra for s- and p-polarizations at different incident angles are
depicted in Fig. 3. There are clear overlapping stopbands for e
both fundamental polarization at any given incident anglefu'?e-%rbfa(';;':‘ztzg g)af;fg'ss'oa ;?ZEECJFE)N?AAFZ/tzgiffgrlsr;iaﬁf Isetrsucof
that i, total reflection occurs within a wide angular aperture; & > go 2 ealid Tine 200 - dashed line 4 — dotted line &0 —
For calculations of the spectra we used the characteristic Mgash-dotted ling The lower triangles indicate the edges of the absolute
trix method [18]. omnidirectional band gap

omnidirectional total reflection with 1D photonic crystals will + o P

be published in forthcoming paper [17]. 2 i 20° DL
To verify the predictions, we fabricated a lattice consistg 40°

ing of 19 layers ofNagAlFs (n; = 1.34 in a wide spectral & colt 60° AN

range within the visible) andnSe(n, = 2.5-28 in the vis- ¢ Y

ible range). The thickness of each layer wias=d> =90nm .2 04 | ;

and the period of the latticd; +d, = 180 nm The calcu- .2 ~ [

lated photonic band structure of the lattice is presented irs I !

Wavelength (nm)
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agreement with theoretically predicted spectra is obtained. 13
From Fig. 4 one can see that for spectral ra666-700 nm ] A=6328nm .
the transmission coefficient is very low for both polariza- 014 ©® p-polarization .
tions even at(®. The absolute values of transmission for+« j = p-polarization '/
s-polarization in spectral rang80-700 nmwas less than .2 o4¢] 4 S-polarization e

0.001 within the+60> aperture, corresponding to a reflec-% §‘ /,./. ¢

tion coefficient 0f99.9%. To examine the transmission of this g,z 5 17 e ,‘4’-

structure more precisely in a wider angular range, a simple ! O ae e

set-up consisting of &leNelaser and a CCD detector was ‘2 1 C8esesee?

used. This set-up allows one to directly determine the transg 1E'4'§ “

mission coefficient of samples at angles uy@. For larger @ ] o
angles we have to measure the reflection coefficient of sang 1E-5 3 sensitivity
ples. The dependence of the transmission coefficients for the ] limit
structure investigated for s- and p-polarized incident radiation 1E-6 5

of a Hel_\lelqser at6328 nm upon_angl_e of incidence is pre- 0 10 20 30 40 50 60 70 8 90
sented in Fig. 5. For p-polarization circles mark the directly
measured transmission coefficient, and squares mark data e -
obtained from reflection measurements. Mismatch betweefd: > Depe”‘:encef of vansmission Cloeff'crgné N"GAEFB/Z”ISQ St)f“fc'

. P . ture upon angles of incidence at wavelength6828 nm (HeNe laser) for
them Car,] be attr'bUted to add't'ona,l reflection from Sl:'bSt,rateﬁvo polarizations of incident light. For p-polarizatiaircles are directly
airr and alr—Zn_Selnterfaces. The solid (_da_Shed) curve in Fig. Smeasured transmission coefficiertguaresdepict transmission coefficients
gives theoretically calculated transmission coefficients for sealculated from reflection measurement data. For s-polarizatippet tri-
(p-) polarized light; a reasonable agreement with experimemngles) the signal at angles more th&®° is out of the sensitivity range
is obtained. As can be seen from Fig. 5 the transmission coef! the experimental set-up. Tteolid (dashed curve is the theoretically
ficient of p-polarized radiation remains bel@w 10-3 over calculated transmission coefficient for s- (p-) polarized light
a wide angular range. Due to the Brewster effect at the air—

ZnSeinterface at large angles it increases to 0.38Gtand

then decreases again. In contrast, transmission of s-polarized

Angle of incidence (Degree)

101 (a) S - polarization radiation decreases monotonically with growing angle of in-
= o cidence (Fig. 5). Transmission coefficients of less tharn
,g 084 20° are beyond the capabilities of the experimental set-up used.
= 0° For this reason, the transmitted signal at more @rcannot
o 06 - 50° be detected. Because of this, no data points for s-polarization
g ’ at these angles are presented in Fig. 5.
2 / To summarize, a6328 nm the examined structure ex-
@ 0471 hibits a reflection coefficient for s-polarization of more than
& , 99.5% in the angular range:86°. A wider angular aper-
§ 0,2 : ture is beyond the capability of our set-up. However, there
= ’ is no doubt that reflection also remains very high outside the
0.0 S — examined angular range. With respect to p-polarization, the
500 580 600 680 700 70 800 850 (r;fllg)(l:g\r/;ty can be enhanced in structures with larger numbers
Wavelength (nm) In conclusion, we have shown theoretically and experi-
10 mentally that a one-dimensional dielectric structure can ex-
P - polarization hibit total omnidirectional reflection of incident light. Such
= I Y N a structure can be developed by means of standard fabrication
o 081 N o L ‘ techniques which are routinely used in the optical industry.
o 20 ;
& 40° [ These findings should stimulate new experiments on control-
Q 06+ 60° DT lable spontaneous emission of atoms, molecules and solid
< , ' - : state micro-structures in the optical range [19].
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. When the manuscript of the present paper has been completed, a the-
oretical paper by J. Winn, Y. Fink, S. Fan, J.D. Joannopulos was issued
(Opt. Lett. 23, 1573, October 15, 1998) which contains basically the
same idea but without experimental verification



