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All-Dielectric One-Dimensional Periodic
Structures for Total Omnidirectional Reflection
and Partial Spontaneous Emission Control

D. N. Chigrin, A. V. Lavrinenko, D. A. Yarotsky, and S. V. Gaponenko

Abstract—A remarkable property of one-dimensional (1-D) all-
dielectric periodic structures has recently been reported, namely,
a 1-D structure can totally reflect electromagnetic wave of any
polarization at all angles within a prescribed frequency region.
Unlike their metallic counterpart, such all-dielectric omnidirec-
tional mirrors are nearly free of loss at optical frequencies. Here
we discuss the physics, design criteria and applications of the
thin-film all-dielectric omnidirectional mirror. The experimental
demonstration of the mirror is presented at optical frequencies.

n

ny
Index Terms—Dielectric mirror, photonic crystal, photonic
bandgap (PBG), spontaneous emission control.

n
|. INTRODUCTION

T is well known that spontaneous emission can be strongly
modified by changing the environment near an excitéfdd. 1. Schematic representation of a dielectric multilayer structure of alter-
nating layers of lowpn, and high,n2, indexes of refractiond; andd» are

atom. A microcavity with perfeCtly reﬂeCtmg walls can Con'the thicknesses of the layers.is a reflective index of an ambient medium.

siderably inhibit or enhance spontaneous emission of atom light rays refracting and propagating through a stack are presented. The
placed inside it [1], [2]. full domain of incident anglesyi,. € .[—7r/2., 7/2] is mapped into the
 Metallc mirrors being a good reflector for any angle of &7 tone of alfanglel ™ = v ujs (e lght oray aree). For
incidence fulfill the requirements to be inside walls of microamax may be smaller than the Brewster anglg;. An externally incident
cavities. At optical frequencies there is however a problewsve can never couple to the Brewster window.

with them: they display notable dissipative losses.

Photonic crystals were originally proposed by Yablonovitchnainly been associated with 3-D periodic materials. In spite
[3] to fix this problem. Photonic crystals are periodicallof current success in the microstucturing of 3-D photonic
microstructured dielectric materials which can exhibit therystals [10]-[13], there is still a serious technological problem
frequency bands that are completely free of electromagneticfabricate a periodic structure of arbitrary wavelength-scale
states. The forbidden band is usually referred to fadldhree- period. The investigations of low dimensional periodic media
dimensional (3-D) photonic bandgap (PBG). Being made frohave been attracting considerable interest.
positive-dielectric-constant materials photonic crystal can belt has recently been recognized, that two-dimensional (2-D)
almost free of dissipative losses at any prescribed frequenfd4] and one-dimensional (1-D) [15]-[20] periodic structures
In the limit of a thick sample photonic crystal behaves as aman display some features of full 3-D PBG, namely, display
omnidirectional high reflector. total omnidirectional reflection of arbitrary polarized wave

Since the first works [3], [4], the concept of photonic crystakithin certain frequency region.
has been attracting close attention of the scientific communityA 1-D photonic crystal is nothing other than the well-
and a lot of applications have been proposed (see [2], [5]-[@own dielectric Bragg mirror consisting of alternating layers
and refs. therein). with low and high indexes of refraction. In contrary to 3-D

However, until now the possibility to design an all-dielectrienicrostructures, 1-D dielectric structures are unique in that
microstructure displaying total omnidirectional reflection hasiodern technology is currently able to produce the needed

wavelength-scale period.
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Fig. 2. Photonic band structure of a typical 1-D photonic crystal for (a) TE and (b) TM polarizations. The stack is assumed of refractive ingekds

no = 3.4 and filling fractionn = d2/A = 0.5. The frequency and the tangential component of the wave vector are defined to be normalizefbas

and |k |A/2w, respectively. The gray areas correspond to the propagating states, whereas white areas contain the evanescent states only. The shaded areas
correspond to omnidirectional reflection bands. The solid and dashed lines are an ambient-medium light-lines.

The paper is organized as follows. Section Il outlines thentain the evanescent states only and are usually referred to
origin of the total omnidirectional reflection displayed byas PBG's.
1-D photonic crystals. Optimization criteria of the mirror As only the normal component of the wave vector is
design are reported. The possibility of partial spontaneoumsolved in the bandgaps formation for oblique propagation,
emission control is discussed. In Section lll, the experimenthle bandgaps shift toward the higher frequencies with the
demonstration of the mirror is presented at optical frequenci¢angential component of the wave vector (Fig. 2). The com-
mon feature of the band structure of 1-D lattices is that the
forbidden gaps are always closed up (e.g., the crossed circles in
A. Total Omnidirectional Reflection Fig. 2). Another feature of the band structure is that the TM

Consider an infinite periodic stack of alternating layers gPrb|dden gaps shrink to zero onto the Brewster light-line,

low, 1, and highs,, indexes of refraction and the thicknessedNerew = clko|/ny sin ap (Fig. 2), ap = arctan na/ny
d, andds,, respectively (Fig. 1). The periodis = d, +ds. The is the Brewster angle. The TM polarized wave propagates

periodicity of the structure leads to the Bloch wave solutiorY\s”thOUt any reflection fromv, o n, layer, and fromn; to

of the Maxwell equations. The Bloch wave numidémay be m layer, at the Brewster angles.

. : . . Suppose that the plane electromagnetic wave illuminates
obtain from the dispersion relation (see, e.g., [21] and [22])the boundary of a semi-infinite periodic stack under the angle,

K(ky, o)A = arccos (3(A+ D)) (1) @ine, from semi-infinite homogeneous medium of refractive
where k, is the tangential component of the Bloch wavéndex, n (Fig. 1). While the frequency and the wave vector
vector,w is the frequency. A particular form of the quantitie®f an incident wave are fitted into the forbidden gaps of the
A andD may be found elsewhere [21], [22]. Due to the plangrhotonic crystal, an incident wave undergoes total reflection.
geometry of the problem, the separation of the electromagnetige bandgaps of the crystal lead to the total reflection bands in
field into transverse electric (TE) and transverse magnetite spectra, which are very sensitive to the incident angle. Two
(TM) polarization states is possible, where the electric éuestions arise: 1) whether it is possible to avoid the coupling
magnetic field vector, respectively, is parallel to the layeg the incident wave to the Brewster window, where the reflec-
interfaces. This splits the problem into the two independeti®n coefficient at the interface of low,;, and high., index
ones for TE and TM polarizations, respectively. layers is identically zero and 2) whether the reflection bands

Photonic band structure of an infinite system of layers (®BG’s) can be wide enough to be open for all incident angles.
depicted in Fig. 2. The refractive indexes; = 1.4 and When electromagnetic wave illuminates the boundary of the
ns = 3.4, are chosen close to ones of $iénd Si in the near semi-infinite crystal, the possible values of the internal angles
IR region, where these materials are essentially transpargig restricted by the Snell’'s law. The full domain of incident
The band structure has been calculated using the dispersidgles[—=/2, /2] is mapped into the internal cone of half-
relation (1). The left panel is for TE polarization, and th@ngle ai*** = arcsin n/n; (the light gray area in Fig. 1).
right one for TM. An infinite periodic structure can supporfhe larger are refractive indexes of the layers with respect

both propagating and evanescent Bloch waves, depending an
propag 9 P 9 O-th is important to note that infinite and semi-infinite photonic crystals have

real or Imaginary Bloch wave ngmbers are. In Fig. 2'. 9r8)e same band structure [23], the only difference is the existence of surface
areas correspond to the propagating states, whereas white ar@éss in the case of semi-infinite stack.

Il. THEORETICAL RESULTS
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Fig. 3. Photonic band structure in terms of normalized frequency and the
internal angle in the low index layer,;. The stack is assumed of refractive
indexesn; = 1.4, no = 3.4 and filling fractionn = 0.32. The solid (dashed) 1
curves are for TE- (TM-) polarization bands. The internal angle, for which
the TM forbidden gap is closed up, is depicted by the vertical dotted line.
The solid vertical line corresponds to the internal cone’s half-anglé* in 0.8
the case of the ambient medium with refractive index= 1. The Brewster
anglea s is depicted by the dashed vertical lines. Light gray area are for th
omnidirectional total reflection band.
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to the medium outside the crystal, the narrower is a cone
internal angles. For sufficiently large index ratiog = n1/n
the internal cone’s half-anglej*®* can be smaller than the
Brewster angleng. An externally incident wave will never 0.2
couple to the Brewster window. This answers the first question.

To answer the second question, consider the reduced region
of k-space associated with the ambient medium (Fig. 2). For an 0 0.2 0.4 0.6 0.8 1
incident wave with the wave vectdk| = nw/c, the tangential Filling fraction
component of the wave vector remams constant throthOUt ?Q& 5. Overall bandgaps leading to the omnidirectional total reflection
crystal and equals tﬁ{J_| = (nw/c)a SIN Qtine. HEre,cune IS bands. For the first overall bandgap, gaps corresponding to the normal
incident anglew is the frequency and is the speed of light and grazing incidence are presented. The shaded area are for the first
. . . -omnidirectional reflection band. The solid curves is for normal incidence. The
In vacuum. The wave coming from the F)UtSI_de Ca_m Only _exglgglshed (dotted) curves is for grazing incidence for TE (TM) polarization. The
the states lying above the ambient-medium light-line (solid lingset shows relative bandwidth versus filling fraction. Here= 1, n; = 1.4
in Fig. 2 corresponds to the ambient medium with refractivand »2 = 3.4.
indexn = 1). To have an omnidirectional reflection the forbid-

den gap should be open within this reduced regioh-epace. angie in then; layer. In Fig. 3 the band structure is redrawn

A sufficiently large index ratidn = n2/n, can make a trick, iy terms of internal angles in the low index layer. One can

leading to the wide bandgap opened for all incident anglesgee that the overall forbidden gap is opened for all external
For the structure presented (Fig. 2) and air as an ambigtigent angles for both fundamental polarizations formeng

medium, n = 1, both index ratioén = ny/n1 ~ 24 gmpigirectional total reflection banggray area in Fig. 3).
and éng = n1/n = 1.4 are sufficiently large, so the first

two overall bandgaps are open for all external angles of o o
incidence. No propagating mode are allowed in the stack fgr OPtimization Criteria
any propagating mode in the ambient medium within the gapsTo design an omnidirectional mirror, one needs to have total
for both TE and TM polarizations (shaded areas in Fig. 2eflection for all incident angles and all polarization states.
The total omnidirectionateflection arises. A band of surfaceThe TM PBG is narrower than TE one and so defines the
modes lies below the ambient-medium light-line [9] and thusandwidth of an omnidirectional reflection band. The upper
surface modes do not affect the external reflectivity. edge of the reflection band corresponds to the upper edge of the
It is instructive also to represent the band structure in terrfrbidden gap at normal incidence. The lower edge is defined
of internal angles. An internal angle parametrizes the tangentigl the intersection of the ambient-medium light-line with the
component of the wave vector &, | = (n;w/c) sin «ye, Upper edge of the corresponding TM band (Fig. 2). For given
wheren; is the reflective index of the layet,,,; is the internal parameters of the periodic structure, the refractive index of an

0.4
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respect to the given refractive indexes of the layers constituting
o A the 1-D photonic crystal and the index of an ambient medium.
—— Here Aw is the width of the omnidirectional reflection band
(b) andwy is the central frequency. In Fig. 5 an overall bandgaps
leading to the omnidirectional total reflection bands are pre-
sented versus the filling fraction. For the first overall bandgap,
gaps corresponding to the normal and grazing incidence are
presented. The solid curves are for normal incidence. The
dashed (dotted) curves are for grazing incidence for TE (TM)
polarization. The omnidirectional reflection band, which is due
to the overlap of the gaps corresponding to the normal and
grazing incidence, is depicted as the shaded area. The om-
nidirectional reflection bands of the higher order are opened.
The inset (Fig. 5) shows relative bandwidth of the first total
reflection band versus filling fraction. There is a clear optimum
filling fraction 7y, leading to the maximum of the relative
Index ratio n,/n, bandwidth.
We further present the set of contour plots (Fig. 6) which
© provides the full information about the first omnidirectional
Fig. 6. (a) Optimal filling factom.pt versus the index ration for different  totg] reflection band for given parameters of the system. An
values of index ratiddng. (b) Central frequencyg versus the index ratio . L . .
én for different values of index ratién for optimal filling factors,,:. (C) optlmal f|II|ng fraction and correspondlng central frequency
Relative bandwidth\w /wo versus the index ratién for different values of are shown in Fig. 6(a) and (b), respectively, as a function of
index ratiosng for optimal filling factors.p.. Numbers at the curves indicate the index ratioSn for different values of index ratiéng. The
the index ratiobng. The dashed curves correspond to the quarter-wave sta((::i(ashed curve in Fig. 6(a) corresponds to the filling factor of
a quarter-wave stack, which ig,,, = 1/(1 4 én). Within a
given parameter range a quarter-wave stack is not an optimal
ambient medium may be used to control the bandwidth. E¥nfiguration to reach a maximum relative bandwidth for
increasing the refractive index of an ambient medium fromhe omnidirectional reflection band, however it gives the
n = 1 t0 somen = nnax the bandwidth decreases till anrelative bandwidth which is usually few percent smaller
omnidirectional reflection band is closed up. In Fig. 4 thghan optimal one [Fig. 6(c)]. In Fig. 6(c) the optimal relative
maximum refractive index of the ambient medium..x, for ~bandwidth is depicted as a function of the index raftiofor
which the first omnidirectional reflection band is closed uplifferent values of index ratidng. A wide omnidirectional
is presented as a function of the index ratio = n./n, for total reflection band exists for reasonable values of Wath
various values of the refractive index of the low index layesind ény. To obtain an omnidirectional band with bandwidth
ny and the fixed filling fractiory = da/A = 0.5. larger than 5% the index ratios should be larger than
The filling fractionn = d,/A optimizes the relative band- 1.5 ¢n > 1.5, éng > 1.5). A decrease in one of the index
width Aw/we of an omnidirectional reflection band withratios is partially compensated by an increase in the other one.
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Fig. 8. Calculated transmission spectra (left panel) and measured transmission spectra (right pandlfFefXiese 19-layer structure for: (a) TE-polarized
and (b) TM-polarized light at different angles of incidencé&{6solid line, 20—dashed line, 40—dotted line, 60—dash-dotted line). The triangles
indicate the calculated edges of the omnidirectional reflection band.

For the SiQ/Si (ny 1.4, no = 3.4) structure in air species embedded in low index layer may be inhibited over

(n = 1.0) the omnidirectional reflection band is centered atbout+60° aperture of internal angles (Fig. 3).

the normalized frequencyA/2rc = 0.275 with the optimal Prospects for partial spontaneous emission control using

filling fraction 7., = 0.324. The relative bandwidth is aboutthis kind of 1-D periodic structures are discussed in [19]:

25%. To obtain an omnidirectional reflection centered at thetroducing a low index defect layer Russelt al. resolve

radiation wavelengthh = 1.5 zm, one needs a period of thethe Brewster window problem, namely design a defect layer

structure of about 0.412m. which may be free of all unbound and bound modes. Properly
designed defect layer may provide the emission control over
a solid angledr steradian.

C. Perfect Mirror or More?

To suppress substantially the spontaneous emission of radi-
ating species placed inside the layer of a periodic stack, the 1.
layer must be free of all unbound and bound modes. For theWe have chosen to check theoretical predictions at optical
structure presented (Fig. 3) an overall forbidden gap is opemvelengths. A lattice consisting of 19 layers of ;MH-¢
up to the grazing angles in the case of TE polarized radiatiand ZnSe #; = 1.34 and n, = 2.5-2.8 correspondingly)
while an overall forbidden gap is closed up at neat 60an was fabricated by standard optical technology using layer by
internal angle for TM polarization. The internal angle in théayer deposition of the materials on a glass substrate. The
low index layer, for which an overall forbidden gap is closedhultilayer stack was terminated at both ends with ZnSe layer.
up, is presented in Fig. 7 as a function of the index ratio The thickness of each layer was = d> = 90 nm. An om-
Black dot corresponds to the stack parameters as in Fig.ngdirectional total reflection was expected within the spectral
ny = 1.4, no = 3.4. For all index ratiostn which are to the bandAX = 604.3-638.4 nm with relative bandwidth of 5.3%.
right of the dashed vertical line, an overall TE forbidden gap Transmission spectra for TE- and TM-polarizations at dif-
is open for all internal angles. For such design parameters, feeent incident angles in the range of 0=6@ere measured
low index layer of the structure can be completely free of Thsing a “Cary 500" spectrophotometer (right panel in Fig. 8).
polarized propagating modes. To ensure the layer is free Tie calculated transmission spectra are depicted in the left
all modes, bound modes, which are essentially guided modpanel of Fig. 8, a good agreement is obtained. From Fig. 8
should be absent as well. However, there be no modes witline can see that for spectral range from 600 to 700 nm the
the low index layer which can couple to the high-index-layd@ransmission coefficient is very low for both polarizations.
modes, including guided modes [21]. The radiation of emittinghe absolute values of transmission for TE-polarization in

E XPERIMENTAL RESULTS
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index layer, NgAlF¢ (Fig. 9). In this case, transmission at’80

is as small as 0.03, corresponding to a reflection coefficient
of 97%. An overall reflectivity can be enhanced in structures
with larger number of layers.
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IV. CONCLUSIONS

In summary, we have demonstrated the possibility to
achieve a total omnidirectional reflection with 1-D periodic
dielectric structures. The origins of the total omnidirectional
reflection have been discussed. Optimization criteria of
omnidirectional totally reflecting mirror design have been
presented. We have found that for reasonable values of
structure parameterg« > 1.5, éno > 1.5) a relatively large

omnidirectional total reflection band-6%) may be obtained,

Fig. 9. Dependence of transmission coefficient o Al&g/ZnSe structure
on angles of incidence at wavelength of 632.8 nm (HeNe laser) for two polar-.

making the fabrication of a “perfect” all-dielectric thin-film

izations of incident light. For TM-polarization circles are directly measuref!1TOr fea_3|b|e- The POS_S'b'“ty of partlal spontane_ous emission
transmission coefficients, squares mark transmission coefficients calculatantrol with 1-D periodic structures has been discussed. The

from reflection measurement data. For TE-polarization (upper triangles) ‘@S{perimental demonstration of the mirror has been presented

signal at angles more than ®0is out of the sensitivity range of the
experimental set-up. The solid (dashed) curve is the theoretically calcula@%l
transmission coefficient for TE- (TM-) polarized light. The dotted curve
corresponds to the transmission coefficient of the structure terminated at both
ends with low index layer, NsAIF¢, for TM-polarized light.

(1]
spectral range from 630 to 700 nm was less than 0.001 withip;
the £0-60 aperture, corresponding to a reflection coefficient
of 99.9%. To reach higher values of angle of incidence
simple set-up consisting of a He—Ne laser and a CCD detecton
was used. The intensity of laser beam passed through t
sample was detected by CCD camera. Sample was mount
on rotational stage to allow different angles of incidence[6]
With this set-up one can directly determine the transmissiom
coefficient of samples at angles up td°76or larger angles it
is necessary to measure the reflection coefficient of samplé§l
The dependence of the transmission coefficients for TE- al
TM-polarized incident radiation of a He—Ne laser at 632.8
nm on angle of incidence is presented in Fig. 9. For TM-
polarization circles depict the directly measured transmission
coefficient, and squares depict data obtained from reflection
measurements. Mismatch between them can be explai
by additional reflection from air-ZnSe, ZnSe-substrate and
substrate-air interfaces. The solid (dashed) curve in Fig. 9
gives theoretically calculated transmission coefficients for TE
(TM-) polarized light.

As can be seen from Fig. 9 the transmission coefficient
of TM-polarized radiation remains below 16 over a wide
angular range. Due to the Brewster effect at the air-ZnSe4]
ZnSe-substrate and substrate-air interfaces at large angles it
increases to 0.33 at 8@nd then decreases again. In contraghs)
transmission of TE-polarized radiation decreases monotoni-
cally with growing angle of incidence being less thari 20 16]
for angles larger than 40 Transmission coefficients of less
than 10°° are beyond the capabilities of the experimental set-
up used. For this reason, the transmitted signal at more tHa
60° cannot be detected. Because of this, no data points for
TE-polarization at these angles are presented in Fig. 9.  [18]

A reflectivity of TM-polarized radiation at large angles can
be enhanced in the structures terminated at both ends with low

optical frequencies.
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