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irefringent omnidirectional reflector

ate Kaminska and Kevin Robbie

Anisotropic optical coatings offer unique polarizing properties, unmatched by conventional isotropic
devices. Here we demonstrate the fabrication of a birefringent omnidirectional reflector, a type of
photonic crystal, which exhibits complete reflection of radiation at 1.1 �m for all incidence angles and
polarizations. The thin-film device was deposited from electron-beam evaporated silicon, with
refractive-index variation arising from atomic-scale porosity created with glancing-angle deposition.
Birefringence was found to enhance the performance of the device compared with its isotropic counterpart
by enlarging the photonic bandgap region of omnidirectional reflection. © 2004 Optical Society of
America

OCIS codes: 160.4670, 310.1860, 310.6860, 230.4170, 230.1480.
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. Introduction

n recent years the optics community has dedicated
reat efforts toward the manufacture of a three-
imensional photonic crystal material that will en-
ble efficient control of visible and infrared light
articularly at wavelengths used in telecommunica-
ions. A photonic crystal with a complete three-
imensional bandgap restricts the propagation of
ight in a specified frequency for all directions of prop-
gation and polarizations. Photonic crystals not
nly promise a variety of possible applications in la-
ers, wave guiding, switching, and computation, but
lso give rise to interesting new physics. The real-
zation and efficient manufacture of such materials
as proved challenging primarily because they re-
uire three-dimensional forms with small feature
izes �of the order of 100 nm�. It has been demon-
trated, however, that under certain conditions a one-
imensional photonic crystal structure, known as an
mnidirectional reflector, can also restrict light prop-
gation for all incidence angles.1,2 The one-
imensional structure is much easier to fabricate
han the three-dimensional photonic crystal, while
till offering unique possibilities for light control.
In 1998 Fink et al.1 fabricated the first omnidirec-

ional reflector operating in the far-infrared part of
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he electromagnetic spectrum and composed of alter-
ating layers of polystyrene and tellurium. Since
hen research groups around the world have realized
mnidirectional reflectors in the visible region with
a3AlF6�ZnSe �Ref. 3� and tin sulfide�silica �Ref. 4�
ultilayer structures and in the near infrared with

morphous silicon�silica �Ref. 5� and GaAs�AlO3
Ref. 6� layers. All omnidirectional reflectors fabri-
ated thus far have involved a combination of at least
wo deposition methods,1,3–6 making the manufactur-
ng process complex, time consuming, and expensive.

e demonstrate an omnidirectional reflector operat-
ng at near-infrared wavelengths, made with an
lectron-beam evaporation technique, using a single
ource material. The refractive-index variation re-
uired for the high- and low-index regions of the om-
idirectional stack was achieved by introduction of
anometer-scale porosity into the growing film by the
echnique of glancing-angle deposition7–9 �GLAD�.
he microstructure of the film is anisotropic such
hat it induces optical form birefringence in the lay-
rs of the stack. As we demonstrate in this paper,
he birefringence of the layers enhances the perfor-
ance of the device compared with its isotropic coun-

erpart by increasing the region of overlap between
he stop bands observed for p and s polarizations,
hereby enlarging the spectral width of the band of
mnidirectional reflection.

. Silicon Omnidirectional Reflector Produced
ith GLAD

t has been theoretically demonstrated that the nec-
ssary and sufficient criterion for omnidirectional re-
ection in a periodic one-dimensional system is that
here be no propagating states within the system that
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an couple to an incident propagating wave.1 This is
quivalent to requiring that there be a frequency
ange for which the band structures of the one-
imensional system and the ambient medium do not
verlap.2 This criterion may be satisfied by an end-
essly repeating stack of dielectric films, which alter-
ate in thickness between d1 and d2 and in refractive

ndex between n1 and n2. The indices n1 and n2
ust be high enough that the Brewster angle �B �

an�1�n2�n1�, at which there is no reflection for
-polarized light at any interface,10 does not occur in
he region of overlap between the band structure of
he stack and that of the ambient medium. Select-
ng refractive indices n1 and n2 and thicknesses d1
nd d2 to optimize the performance of an omnidirec-
ional reflector is described in many theoretical
nvestigations.1,2,11–13

Although the manufacture of an infinitely repeat-
ng stack of dielectric films is impossible in practice,
ransmitted light intensity diminishes exponentially
ith the number of layers, and a practical device with
reatly reduced transmittance in a wide frequency
ange can be fabricated. We manufactured a 12-
ayer omnidirectional reflector with GLAD, using sil-
con as the source material. GLAD combines
lectron-beam evaporation onto a flat substrate in
igh vacuum with computer control of substrate tilt
nd rotation.7–9 Refractive-index variation with a
ingle source material is accomplished by introducing
orosity into the film. The nanometer-scale porosity
odulates the dielectric response such that the effec-

ive response of the material is approximately the
ensity-weighted sum of the bulk material and am-
ient responses.14

In the GLAD process, vapor is obliquely incident
nto the surface of a growing film, where previously
eposited film material prevents subsequent deposi-
ion in its geometric shadow. Furthermore, the lim-
ted surface mobility of adatoms prevents film growth
n shadowed regions, and an atomic-scale dendritic
tructure evolves, comparable with other diffusion-
imited aggregation processes.15,16 The film porosity
s a strong function of the angle of arrival of the vapor
ux onto the substrate, with porosity increasing with

ncidence angle. Films made at near normal inci-
ence are essentially isotropic, as there is very little
orosity. However, if a substrate is tilted at a fixed
ngle relative to the vapor flux and held motionless
uring deposition, the film grows inclined toward the
ource, producing an optically biaxial, birefringent
edium.17 When continuous, rapid substrate rota-

ion is combined with vapor deposition at an angle,
he resulting microstructure is pillarlike, extending
erpendicular to the substrate.18 This rotation
liminates in-plane anisotropy and produces a uniax-
al, birefringent medium with the principal axis nor-

al to the substrate surface. Figure 1 shows the
eometry of the deposition process along with the
esulting film structure and refractive-index direc-
ions.

Silicon was chosen to demonstrate omnidirectional
eflection achieved by GLAD. Bulk silicon has a
igh index of refraction and is transparent in the
nfrared frequency range of the electromagnetic spec-
rum. Varying the porosity of a high-refractive-
ndex bulk material such as silicon �n � 3.8� between
and 1 produces a variation of index between 3.8 and
pproximately 1, as demonstrated with novel quintic
ntireflection coatings.19 The optical response of the
mnidirectional reflector was designed to have a high
eflectivity around 1.1 �m for any angle of light inci-
ence. Winn et al.2 demonstrated a range of possible
alues of the refractive indices of high- and low-index
ayers that satisfy the criteria for omnidirectional
eflection. Given the range of index values attain-
ble with GLAD evaporated silicon, the structure pa-
ameters were chosen to be n1 � 1.9, n2 � 3.8, d1 �
16 nm, d2 � 184 nm.
Spectroscopic ellipsometry was performed on a set

f eight 200-nm-thick films, manufactured at con-
tant deposition angles on rotating substrates to es-
ablish a relation between deposition angle and the
esulting refractive index of the film.19 It was deter-
ined that deposition angles of 65.6° and 0° yield the

esired in-plane indices of n1 � 1.9, n2 � 3.8 for the
ow- and high-index layers, respectively. Twelve al-
ernating high- and low-index layers were vacuum
vaporated at a pressure of 10�7 Pa �10�9 Torr� onto
Corning 7059 glass substrate by GLAD. The layer

hickness was monitored during growth with a
uartz crystal oscillation monitor. The deposition
ate was maintained at 0.5 nm�s, the vapor flux angle
as varied between 65.6° and 0°, and the substrate
as continuously rotated at 0.5 revolutions�s. The
2-layer structure was characterized with a LEO
530 field emission scanning electron microscope,
nd a micrograph of the fracture cross section of the
evice is presented in Fig. 2.
The optical response of the omnidirectional reflec-

or was measured with a Woollam M-2000 spectro-
copic ellipsometer in absolute transmission mode by
sing linearly polarized light. The apparatus allows
easurement of transmittance through samples up

o a light incidence angle of 80° from normal. The
easured transmittance as a function of wavelength

nd incidence angle for s- and p-polarized light is

ig. 1. Schematic of the deposition geometry of the GLAD process
nd the resulting film structure. The resulting principal
efractive-index axes are indicated by dashed lines.
1 March 2004 � Vol. 43, No. 7 � APPLIED OPTICS 1571



s
r
�
a
m
i
b
c
t
b
t

3

A
m
c
t
a
w
a
m
d
i
o
W
s
l
5
m
t
c
d
m
p
p

w
s
d
w
p
r
n
l
F
t
d
d

q
t
1
e
g

F
1
g
d

F
n
t
w
z
o

1

hown in Fig. 3. As predicted, the omnidirectional
eflector maintains very low transmisivity near 1.1
m for all incidence angles and polarizations. For
ll measured incidence angles the value of the trans-
ission coefficient remained below 1.5% for s polar-

zation and below 3% for p polarization in the
andgap region. The observed transmittance de-
rease below 1 �m is consistent with silicon absorp-
ion.20 Nonetheless, it is clear that the structure
ehaves as an omnidirectional reflector with a pho-
onic bandgap at 1.1 �m.

. Birefringence

dielectric medium is said to be anisotropic if its
acroscopic properties depend on direction. In the

ase of optical anisotropy, or birefringence, the refrac-
ive index varies as a function of polarization as well
s orientation with respect to the incident light
ave.10 Thin films that are deposited at an oblique
ngle exhibit birefringence owing to their columnar
icrostructure. The shape of the columns causes

irection-dependent perturbations in the refractive
ndex of the growing film.17 The birefringence of the
mnidirectional reflector was characterized with a
oollam M-2000 variable-angle spectroscopic ellip-

ometer with a spectral range of 370–1700 nm. El-
ipsometric data was taken in 2° increments between
0° and 80° incidence angles. The ellipsometric
odel for each of the low-index layers was an effec-

ive medium approximation that mixed the optical
onstants of amorphous silicon with ambient air in a
escription of porous silicon. The effective medium
odel was further enhanced by separating the in-

lane and normal optical response to model anisotro-
ic effects. The experimental data were compared

ig. 2. Scanning electron micrograph of the cross section of the
2-layer silicon structure. The brighter, homogenous looking re-
ions correspond to high-density �high-index� layers, and the
arker regions correspond to low-density �low-index� layers.
572 APPLIED OPTICS � Vol. 43, No. 7 � 1 March 2004
ith the generated model values by use of a mean
quared error function. To find the model that best
escribed the birefringent omnidirectional reflector,
e minimized the error function by adjusting each fit
arameter in a regression algorithm. At 1.1 �m the
esulting in-plane and normal refractive indices were
in-plane � 1.99 and nnormal � 2.12 for the low-index

ayer and nisotropic � 3.85 for the high-index layer.
igure 4 shows the refractive-index depth profile of
he omnidirectional reflector at 1.1 �m as well as the
ispersion of the dense and porous region indices as
etermined by ellipsometry.
The design of birefringent thin-film coatings re-

uires a means of calculating the transmittance of
he coatings at an arbitrary incidence angle. In
997 Hodgkinson et al.21 developed a compact
igenequation algorithm for computing light propa-
ation through layered, optically anisotropic media.

ig. 3. Measured transmittance spectra of the birefringent om-
idirectional reflector manufactured with GLAD: �a� s-polarized
ransmittance and �b� p-polarized transmittance as a function of
avelength and incidence angle. The bandgap of approximately

ero transmittance at 1100 nm for both polarizations represents
mnidirectional reflection.
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he algorithm uses Berreman calculus22 to deter-
ine 4 � 4 field matrices for each birefringent layer.
field matrix contains four basis field vectors, corre-

ponding to two forward traveling waves and two
ackward traveling waves in each layer. The total
eld at any point in the medium may then be repre-
ented as the basis fields multiplied by complex coef-
cients. To allow comparison with experimental
esults, the eigenequation method outlined by
odgkinson et al.21 was implemented in the form of a
ATLAB code and used to calculate the expected

ransmittance through the manufactured omnidirec-
ional reflector for any range of incidence angles and
avelengths.
Figure 5 shows plots of measured and calculated

ransmittance for varying incidence angles and po-
arizations. The calculated transmittance is in rea-
onable agreement with the measured response.
he measured transmittance is normalized to a mea-
urement taken with no film or substrate in the path
f the beam for a straight-through source to detector
onfiguration. The decreased transmittance mea-
ured at short wavelengths is due to band-edge ab-
orption in the silicon film. The calculated
ransmittance does not include this absorption or dif-

ig. 4. Refractive indices of the omnidirectional stack as deter-
ined by variable-angle spectroscopic ellipsometry. �a�
efractive-index variation as a function of distance from the sub-
trate at 1.1 �m; �b� wavelength dependence of the refractive index
or the high-index isotropic layers and the low-index birefringent
ayers.
use scattering losses that occur because of the con-
iderable surface roughness of GLAD films.19

olume scattering associated with bulk inhomogene-
ty and defects may also occur. As is shown in Fig.
�b�, the refractive-index dependence on wavelength
s quite significant in the spectral range of interest,
specially for the dense layer. The transmittance
alculations therefore include a dispersion model con-
istent with the ellipsometry results.
The s-polarized transmittance is the same as it
ould be for an omnidirectional reflector made with

sotropic layers, because at any incidence angle the
lectric field vector sees only the in-plane refractive
ndex. However, in p-polarized light the electric
eld vector interacts with both the in-plane and the
ormal refractive indices and sees a different effec-
ive refractive index at every incidence angle. In
ig. 5 the plots showing p-polarized transmittance
lso include the calculated expected transmittance
or an omnidirectional reflector with isotropic layers
ith indices n1 � 1.99, n2 � 3.85, the same wave-

ength dependence as the birefringent layers, and
hicknesses d1 � 216 nm, d2 � 184 nm. The stop
and for the isotropic device shifts away from 1.1 �m
oward lower wavelengths for more oblique incidence
ngles, relative to the birefringent device. As is
hown in Section 4, it is the p-polarized transmit-
ance that defines the higher wavelength edge of the
mnidirectional range.1 Therefore the bandgap for
he birefringent device is larger than it would be for
n isotropic equivalent.

. Band Structure

he allowed mode frequencies, 	, for each choice of a
ave vector, k, comprise the photonic band structure.
ince the manufactured device is not an infinitely
epeating stack, there will be no absolute band struc-
ure, and modes will be allowed at every frequency.
owever, as the number of layers is increased, the

ransmittance decreases exponentially.2 We may
herefore plot a pseudo-band-structure showing
egions of reduced transmittance that correspond
o regions where no states would exist in an infinite
tructure. Figure 6 shows the pseudo-band-
tructure for the birefringent omnidirectional reflec-
or. The gray areas highlight phase space regions of
ropagating states, whereas the white areas repre-
ent regions of exponentially reduced transmittance,
hich relate to forbidden states for an infinite struc-

ure. The transmittance threshold for the forbidden
tates was taken to be 3%. If a lower threshold is
hosen, the p-polarization bandgap around 	n � 0.35
loses. The plot was generated by our defining an
rthogonal coordinate system xyz in which light prop-
gates such that at the interface with the birefrin-
ent device axis x is perpendicular to the film surface
nd axes y and z are parallel to the surface. Without
oss of generality, we assumed propagation in the x–y
lane and calculated transmittance by using the
igenequation method21 for each value of ky in the
requency range of interest. States with ky � 0 rep-
esent normal incidence. The normalized frequency
1 March 2004 � Vol. 43, No. 7 � APPLIED OPTICS 1573
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s defined as 	n � 	a�c, where a � d1 
 d2 and c is
he speed of light in the ambient medium. Since 	 �
�kx

2 
 ky
2�1�2, the modes for which 	 � cky were

ssigned zero transmittance, as these modes cannot
xist in the ambient medium and therefore cannot
ouple to the device.

There are two frequency ranges in Fig. 4 in which
o transmitting states exist, thereby satisfying the
riterion for omnidirectional reflectivity.2 Therefore
here are two bandgaps in this birefringent system.
he bandgap at 	n � 0.17 corresponds to a wave-

ength of 2.3 �m, and the other bandgap around 	n �
.35 corresponds to a wavelength of 1.1 �m, which is
he bandgap observed experimentally. The
andgap at 	 � 0.35 is defined from above by the

ig. 5. Calculated �dashed curves� and measured �solid curves� tr
he plots corresponding to p polarization also include transmit

ncidence, p and s polarized; �b� 40° incidence, s polarized; �c� 40°
polarized.
n

574 APPLIED OPTICS � Vol. 43, No. 7 � 1 March 2004
ormal-incidence band edge and from below by the
-polarization band edge. As shown in Section 3,
he stop band of the isotropic device shifts away from
.1 �m toward higher frequencies �or lower wave-
engths� relative to the stop band of the birefringent
evice, thereby shifting the p-polarization band edge
oward higher frequencies. Therefore for an isotro-
ic device the lower band edge of the omnidirectional
ange would occur at a higher frequency, whereas the
pper band edge would remain the same as for the
irefringent device. The bandgap of the birefringent
mnidirectional reflector is therefore larger than that
f an equivalent isotropic omnidirectional reflector.
his observation is consistent with the numerical re-
ults obtained by Cojocaru23,24 for anisotropic, peri-

ittance as a function of wavelength for three angles of incidence.
e calculated for an isotropic device �dotted curve�: �a� normal
ence, p polarized; �d� 80° incidence, s polarized; �e� 80° incidence,
ansm
tanc
incid
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dic dielectric structures that demonstrated that
ntroducing birefringence into the device layers re-
ults in a wider band of omnidirectional reflection
han in an equivalent isotropic device.

. Conclusions

e have shown through both experiment and calcu-
ation that a one-dimensional birefringent structure
an exhibit omnidirectional reflection of incident ra-
iation. This photonic crystal is fabricated with a
odified thin-film deposition process in one step from
single source material. The reflector is expected to
nd use in integrated photonic systems for commu-
ications, sensing, etc. The omnidirectional behav-

or was examined in the spectral range of 370–1700
m and angular light incidence range of 0°–80°. A
ider spectral range and angular aperture was be-
ond the capability of the available apparatus; how-
ver, we were able to observe a predicted bandgap of
he device at 1.1 �m. The measured transmission
oefficient in the omnidirectional range remained be-
ow 3%, and it can likely be enhanced with a larger
umber of layers. The performance of the device
as shown to be superior to its isotropic counterpart.
ood agreement was found between the measured
nd calculated spectra at normal, 40°, and 80° inci-
ence. The discrepancies can be attributed to ab-
orption and diffuse scattering losses.
A large number of potential applications exist for
LAD-manufactured films in optics. Liquid-crystal

nfiltration25 into the film pores will allow electro-
ptic control, and fluid or gas permeation26 will allow
controlled shift of the optical response. Structural

rdering in the plane of the substrate is expected to
roduce resonant scattering, and higher-order pho-
onic crystal effects.27,28
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ig. 6. Pseudo-band-structure of the birefringent omnidirectional
eflector calculated by the eigenequation method. For an infinite
tructure, electromagnetic modes would exist only in the shaded
egions. The white regions represent forbidden states. The
-polarized modes are plotted to the right of the origin, and the
-polarized to the left.
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