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Porous materials with nanometer-scale structure are important in a wide variety of applications includ-
ing electronics, photonics, biomedicine, and chemistry. Recent interest focuses on understanding and
controlling the properties of these materials. Here we demonstrate porous silicon interference filters,
deposited in vacuum with a technique that enables continuous variation of the refractive index between
that of bulk silicon and that of the ambient �n � 3.5 to 1�. Nanometer-scale oscillations in porosity were
introduced with glancing angle deposition, a technique that combines oblique deposition onto a flat
substrate of glass or silicon in a high vacuum with computer control of substrate tilt and rotation.
Complex refractive index profiles were achieved including apodized filters, with Gaussian amplitude
modulations of a sinusoidal index variation, as well as filters with index matching antireflection regions.
A novel quintic antireflection coating is demonstrated where the refractive index is smoothly decreased
to that of the ambient, reducing reflection over a broad range of the infrared spectrum. Optical trans-
mission characteristics of the filters were accurately predicted with effective medium modeling coupled
with a calibration performed with spectroscopic ellipsometry. © 2003 Optical Society of America

OCIS codes: 160.4670, 350.2460, 220.1230, 310.1860, 260.2130, 310.1210.
1. Introduction

Modern thin film optical coatings enable complex fil-
ter designs with sharp transitions, excellent control
of out-of-band interference, and acceptable index
matching.1,2 Rugate filter designs,3–5 where the re-
fractive index varies sinusoidally with thickness, of-
fer advantages over more common stepped index
filters with thinner coatings, suppression of higher-
order stop-band harmonics, and novel response in-
cluding arbitrary index matching,6–8 multiple stop
bands9 with application in high red-shift quasar de-
tection,10 and predicted quasi-photonic crystals.11

The rugate index profile produces a minus filter
transmission response; the filter reflects incident ra-
diation in a given spectral region �stop band�, while
allowing all other wavelengths to pass freely �pass-
bands�.12 The stop band in minus filters is typically
accompanied by undesirable sidelobes in the trans-
mission regions, whose strength is a function of the
mismatch between the index of the rugate and the
surrounding media. Southwell,13 Southwell and
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Hall,7 and Abu-Safia et al.14 predict that sidelobes
can be suppressed and spectral response of the filter
can be improved through the use of matching layers
and apodization functions. Apodization functions
apply an envelope onto the sinusoidal rugate index
profile, and matching layers provide an efficient tran-
sition between two optically different media, reduc-
ing Fresnel surface reflectance. Rugate filters were
previously fabricated by continuously varying cur-
rent density during anodic etching of crystalline sil-
icon,8,15,16 and by continuously varying oxide�nitride
content during chemical vapor deposition of silicon
and aluminum oxynitrides.2,17,18 Pseudo-rugate fil-
ters, with thin discrete layers of constant index ap-
proximating the sinusoidal profile have also been
achieved with techniques based on co-deposition.19

Experimental demonstration of apodization13 and
continuous index matching to ambient7 design prin-
ciples has proved challenging due to the difficulty in
fabricating inhomogeneous thin film interference
coatings while maintaining precise control of the
film’s optical response over a wide refractive index
range.2,8

Introducing nanometer-scale porosity in conven-
tional optical materials modulates the dielectric re-
sponse as described by effective-medium theory.
The effective response is approximately the density-
weighted sum of the bulk material and ambient re-
sponses. Varying the porosity of bulk Silicon �n �



3.5� between 0 and 1 produces a variation of index
between 3.5 and 1. Here the porosity of vacuum
evaporated silicon thin films is varied dynamically
with computer-controlled substrate motion during
deposition onto substrates tilted with respect to the
arriving vapor flux.

Glancing angle deposition �GLAD�,20–22 an exten-
sion of earlier work on inclined substrate
deposition23–26 is a reasonably simple technique for
fabricating graded index optical coatings with a
smoothly varying index.21 This paper demonstrates
how GLAD was used in conjunction with a careful
optical calibration and computer control of deposition
geometry to fabricate complex apodized and matched
rugate filters according to design specifications. Sil-
icon was chosen as the optical material for the rugate
filters because of its transparency in the optical com-
munication wavelength band near 1.5 �m, its high
refractive index, which enables a wide index spec-
trum and thus a range of bandwidth choices, and
compatibility with integrated electronic or photonic
structures. Many other evaporable materials could
be used instead of silicon to suit particular optical-
response requirements. As expected for room-
temperature evaporated silicon, x-ray diffraction
revealed highly amorphous silicon in all rugate films.

2. Glancing Angle Deposition

Figure 1 shows an outline of our deposition system, a
copper-gasketted stainless-steel vacuum chamber
with a 6 kW electron beam evaporator. The sub-
strate is situated on a manipulator 50 cm directly
above a 25-mm–diameter crucible, in a water-cooled
hearth, where the silicon is melted and evaporated
with a 7 kV electron beam. A dry scroll pump, a
loadlock tubomolecular pump, and two large ion
pumps evacuate the evaporation chamber and a
cluster-tool–type sample distribution chamber. The
deposition stage motion is managed with two
computer-controlled stepper motors that tilt and ro-
tate the substrate about a eucentric point in the cen-
ter of the substrate surface. A liquid nitrogen
reservoir is kept filled throughout the deposition to
provide chamber cooling and to counter background-
pressure rise from outgassing. The reservoir is de-
signed as an annulus to allow deposition onto the

substrate and crystal-thickness monitor, yet to pre-
vent deposition on the rest of the chamber.
Throughout each filter deposition, the chamber pres-
sure was maintained at �1.3 � 0.7� � 10�7 Pa, �1 �
10�9 Torr�. After a stable evaporation rate is
achieved, a LabVIEW-based computer control system
takes control of the deposition process. The Lab-
VIEW system controls the motion of two precise step-
per motors that adjust the position of the substrate
according to a calculated description of the desired
position as a function of film thickness. The film
thickness and deposition rate are measured through-
out with a crystal-oscillator monitor, and the infor-
mation is passed to the LabVIEW control system.
The control system uses this feedback to adjust sub-
strate motion for varying deposition rates. The dep-
osition rate was approximately 0.5 nm�s, and the
substrate temperature was �30 � 3� °C as measured
by a thermocouple gauge in the deposition stage.
Deposition time was typically 1 hour for each of the
1.5-�m–thick rugate filters described.

Refractive index variation is accomplished by con-
tinuously varying film porosity.21 Nonlocal shadow-
ing effects, where previously deposited film material
prevents subsequent deposition in its geometric
shadow, are greatly enhanced as the vapor incidence
approaches a glancing angle. Limited surface mo-
bility of adatoms prevents film growth in shadowed
regions, and an atomic-scale dendritic structure
evolves, consistent with other diffusion-limited ag-
gregation processes.23,26 The film porosity is a
strong function of the angle of arrival of the vapor flux
onto the substrate with porosity increasing with tilt.
If a substrate is tilted at a fixed angle relative to the
vapor flux, and held motionless during deposition,
the film grows inclined toward the source �at a growth
angle smaller than the incidence angle�,22 producing
an optically bi-axial, birefringent medium.27 When
continuous, rapid substrate rotation is combined with
vapor deposition at a large tilt angle ��70°�, the re-
sulting microstructure is pillar-like, extending per-
pendicular to the substrate.28 This rotation
effectively eliminates in-plane anisotropy, and pro-
duces an optically uniaxial medium with the princi-
pal axis normal to the substrate surface. The
refractive index along the normal axis is typically
larger than the index in-plane �ninplane 	 1.97, nnormal
	 2.28 for Si at 70° tilt, measured at 1000 nm�.
While the rugate filters described here were made
with rapid substrate rotation �0.5 revolution�s� to
eliminate in-plane birefringence effects, polarization-
sensitive rugate filters are also possible with similar
techniques.29 The resulting physical microstructure
is much smaller than the wavelengths of visible and
infrared light so the incident radiation experiences a
locally homogeneous material that produces little dif-
fuse scatter, though this is a topic of continuing
study. Arbitrary one-dimensional refractive index
profiles can be achieved by varying the substrate tilt
relative to the vapor; by controlling the film porosity,
and therefore the refractive index, as a function of
deposition time and film thickness.

Fig. 1. Schematic of the GLAD system.
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3. Spectroscopic Ellipsometry Calibration

Calibration of the optical response of the films as a
function of deposition conditions was performed with
spectroscopic ellipsometry. Ellipsometry allows ac-
curate measurement of refractive index, film thick-
ness, and absorption, when used with an appropriate
effective medium model. A Woollam M-2000, fixed
angle, spectroscopic ellipsometer with a spectral
range 370–1700 nm was used to determine simulta-
neously the real and imaginary parts of the dielectric
function and the thickness of the calibration films.
The set of calibration films consisted of eight porous
silicon films deposited onto rotating substrates at
constant deposition angles of 0°, 20°, 40°, 60°, 70°,
75°, 80°, and 85° �measured from the substrate nor-
mal�, each film being nominally 200 nm thick as mea-
sured during growth with a quartz-oscillation
thickness monitor. The ellipsometer was used to
measure the 
 and � parameters, defined by30

tan�
�e j� �
RP

RS
, (1)

where RP�RS is the complex ratio of the Fresnel re-
flection coefficients for p- and s- polarized light, re-
spectively. This optical response was analyzed with
effective medium software included with the Wool-
lam ellipsometer, and based on a Bruggemann mod-
el.31 Owing to the columnar structure of the films,
the dielectric response parallel to the columns is dif-
ferent than perpendicular, requiring anisotropic
treatment in optical modeling. The optical axis
�larger refractive index� of the films is along the di-
rection of the columns �perpendicular to the surface�
while the index is constant in all in-plane directions,
arising from the symmetry of growth onto the rapidly
rotating substrate. A Bruggemann uniaxial effec-
tive medium approximation �EMA� model was used
and fit to measured response to extract index and

thickness information. The model consisted of two
EMA constituents representing the optical response
in the in-plane and perpendicular directions, with
amorphous silicon, silicon dioxide, and air voids as
components.32 The Levenberg–Marquardt regres-
sion algorithm was used to obtain parameters that
minimize the difference between the experimental
and model data. Because the silicon dioxide and air
void constituents of the EMA have little spectral
structure, the constituents are strongly correlated
and not independently determinable. However, the
correct dielectric values are measured with ellipsom-
etry regardless of the details of the EMA. Figures
2�a� and 2�b� show the results of the calibration study.
As expected, the refractive index of the films de-
creases with increasing deposition angles as the films
become more porous, with the index approaching 1.0
�that of the air ambient� as tilt increases toward 90
deg. The physical thickness of the films �for a nom-
inal thickness of 200 nm� also decreases with the
increasing deposition angle, as expected, since the
substrate sees a smaller effective area of the source at
higher angles, with the rate per substrate area de-
creasing as a cosine of the tilt angle. The thickness,
however, decreases less than a simple cosine because
of the porosity produced by the increased atomic
shadowing at higher deposition angles. Film thick-
ness remains above the cosine trend at all tilt angles.
Thickness values determined by ellipsometry were
confirmed with scanning electron microscopy.

To design the optical response of the rugate filters,
we assumed that the optical response of a thin layer
within the rugate structure was equal to the response
measured in the nominal 200-nm–thick calibration
films. The layers are assumed to be thin enough to
accurately approximate a smoothly varying optical
response, as there are no discrete interfaces in the
rugate films. This assumption also implies that we
are expecting resonance scattering from the smooth

Fig. 2. Results of spectroscopic ellipsometry calibration. The set of films used for the study consisted of eight porous, amorphous silicon
films made at constant substrate tilt angles. A Bruggemann uniaxial effective medium approximation model was used to extract index
and thickness information. �a� Variation of refractive index with wavelength �for eight substrate tilt angles�. The refractive index of the
films decreases with the increasing substrate tilt as the films become more porous. �b� Variation of film thickness with substrate tilt angle.
Increased atomic shadowing at higher deposition angles produces porosity that increases the thickness of the films above the cosine trend
at all tilt angles.
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periodic features to be the mechanism responsible for
the formation of the stop band. Nucleation and
growth scaling effects33 are expected to violate this
assumption to some extent, but a comparison with
fabricated films shows these effects to be minimal.

4. Apodized Filters

The refractive index profile of a simple rugate filter is
usually expressed as21

n� x� � naverage �
1
2

npeaksin�4�naveragex

o

� , (2)

where naverage is the average index, npeak is the peak-
to-peak refractive index variation, x is the film thick-
ness, and 
o is the central wavelength of the filter.
The results of the ellipsometry calibration study pro-
vided empirical information about the variation of
refractive index n and film thickness x with the dep-
osition angle. This calibration was used to calculate
the desired orientation of the substrate relative to the
vapor flux as a function of film thickness, to obtain
the desired rugate refractive index profile.

A simple rugate, designed to show both the central
stop band and the long-wavelength passband, is cen-
tered at 
o 	 850 nm, with naverage 	 1.72, and
npeak 	 0.95 with six periods of index oscillation.
These parameters correspond to varying the sub-
strate tilt angle between 63° and 86° with the total
thickness of the film equal to 1500 nm. The film was
deposited onto a Corning 7059, flat, glass substrate
with an index of 1.52 at 850 nm. The index profile is
shown in Fig. 3�a� and the corresponding calculated
transmission spectrum is shown in Fig. 4�a� �simple�.
The decreased transmittance at short wavelengths is
due to band-edge absorption in the silicon film.32

The calculated design spectra in Fig. 4�a� include an
absorption model to allow direct comparison to mea-
sured results. These filters could be manufactured
at higher central wavelengths �1.3–1.55 �m� with Si
to avoid this absorption region, or other materials
could be made nano-porous with this technique.

To explore the capabilities of this technique, more
complex filters, incorporating envelope apodization
functions and index matching layers, were designed,
fabricated, and characterized. Keeping the number
of index cycles constant at six, the effect of these
designs on passband sidelobe suppression was com-
pared.

The first variation from a simple rugate is a Gauss-
ian apodization function imposed from the top and
the bottom of the index profile, as shown in Fig. 3�b�.
The Gaussian was cut off at the profile edges at 1�e2

of the peak index amplitude. Next, Gaussian apo-
dization was imposed only from the top of the refrac-
tive index profile as shown in Fig. 3�c�. Figure 4�a�
shows the silicon rugate filter transmission spectra
calculated for the simple and apodized refractive in-
dex profiles. These theoretical transmission spectra
were calculated using a MATLAB program based on the
characteristic matrix method.34 In the characteris-
tic matrix method calculation each cycle of the refrac-

Fig. 3. Refractive index profiles for the rugate filter designs. �a�
Simple rugate filter design with 
o 	 850 nm, naverage 	 1.72, and
npeak 	 0.95. �b� Fully-apodized rugate filter design. A Gauss-
ian apodization function was imposed to the top and the bottom of
the simple rugate index profile. �c� Half-apodized rugate filter
design. A Gaussian apodization function was imposed to only the
top of the simple rugate index profile.
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tive index profile was divided into 25 layers.
Doubling the number of layers had negligible effect
on the calculated transmission spectrum.

The calculated simple rugate spectrum in Fig. 4�a�
�simple� clearly shows the stop band of the filter cen-
tered at approximately 850 nm, as well as the unde-
sirable sidelobes. An ideal rugate filter would have
100% transmission for all wavelengths outside the
stop band; a good filter should eliminate or at least
greatly reduce the sidelobes. The expected improve-
ment in filter spectral response with the addition of
apodization functions is also seen in Fig. 4�a� �fully
apodized and half apodized�. Additional rugate pe-
riods increase stop-band reflectance. Filter thick-
ness in this study was limited by the volume of the
silicon source crucible; experimental demonstration
of thicker filters will need to be performed with a
large-source or continuous-feed industrial evapora-
tor.

Figure 4�b� shows the transmission spectra mea-
sured through the fabricated rugate filters by using
the ellipsometer in absolute transmission intensity
mode. The spectral response of the fabricated filters
is in good agreement with the designs, and the apo-
dized filters indeed show significant sidelobe suppres-
sion around the stop bands. As predicted by
theory,13,14 a full apodization increases transmittance
in the passbands, and a half apodization essentially
eliminates side-lobe oscillations.

5. Nanostructure

The morphological structure of manufactured rugate
filters was analyzed with a Hitachi S-5200 field-
emission scanning electron microscope �SEM�. A
cleaved edge of a simple rugate filter is shown in Fig.
5�a�. Six distinct periods of the rugate profile are
clearly distinguishable, and the porosity varies peri-

odically from the substrate �left� to the film surface
�right�. The thickness of the film is 1.5 �m, in agree-
ment with design. Figure 5�b� is a scanning electron
micrograph of the half-apodized rugate filter.
Again, the six periods are clearly visible with the
middle two periods and are distinctly denser than the
outer periods, producing the larger index variation in
the middle of this apodized design.

While the ellipsometry calibration and matrix
method design procedure predicts filter response rea-
sonably accurately, the apodized filters exhibit
slightly smaller bandwidths, and reduced transmit-
tance at longer wavelengths than theory predicts.
The high-resolution SEM image of the rugate filter
shown in Fig. 5�c� suggests these differences arise
through complex microstructure effects in the evolv-
ing film. Periodically varying the tilt angle produces
a type of perturbed ballistic aggregation, where the
columns do not vary smoothly in thickness, but
rather with many branches and protrusions with di-
mensions as small as 10 nm across �approximately 50
atoms�. Stochastic arrival of vapor atoms, amplified
by long-range atomic shadowing at high tilt angles,
produces this branching structure that begins at
atomic dimensions. The structure is self-affine, ex-
hibiting similar morphological structures at varying
length scales.33 A more complete theoretical de-
scription of the optical response of these filters would
require a treatment of coherent scattering from the
morphological structure on all scales. The success of
our simple calibration and one-dimensional Bragg
resonance scattering model demonstrates that there
is little coherent scattering from the fractal micro-
structure at the infrared wavelengths tested. Co-
herent scattering of light with a wavelength closer to
the length scale of the nanostructure is predicted to
produce higher-dimensional photonic crystal effects,

Fig. 4. Transmission spectra for the refractive index profiles shown in Fig. 3. �a� Theoretical transmission calculated using the
characteristic matrix method. An absorption model was included in the calculation. �b� Measured transmission for the rugate filters
grown with GLAD. The sidelobes are significantly reduced with apodization.
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such as anomalous dispersion and photonic
bandgaps.35,36 Growth complexity and ordering
phenomenon are currently being investigated with
three-dimensional Monte Carlo modeling and will be
accommodated in filter design when microstructure
evolution effects are more fully understood.

6. Matched Rugate Filters

A critical optical component, an index-matching or
antireflection layer, can be fabricated in a novel way
with GLAD. Continuously grading the refractive in-
dex to match the ambient index produces a wideband
antireflection response. A simple, one layer antire-
flection coating34 whose index is the mean of the av-
erage rugate index and that of air n 	 �naverage �
nair�

1�2, and that has a quarter-wave thickness at the
central wavelength of the filter �Fig. 6�a�� suppresses
the sidelobes near the stop band as shown in Fig. 7
�quarter-wave matching�. However, the quarter-
wave matching layer reduces the sidelobes only near
the central wavelength. Southwell7 has shown that
a quintic index matching region, which smoothly

matches the adjacent media, produces more wide-
band suppression. A quintic is a fifth-order polyno-
mial between the substrate and the average rugate
index with the first and second derivatives equal to
zero at the interfaces. The refractive-index profile is
defined by

n� x� � nair � �naverage � nair��10�x
t�

3

� 15�x
t�

4

� 6�x
t�

5� , (3)

where naverage is the average rugate index, nair is the
refractive index of the surrounding air, x is film thick-
ness, and t is the total thickness of the matching
layer. The thickness of the matching layer t deter-
mines the width of the wavelength region over which
antireflection occurs. A significant advantage of our
technique is that wide index variation is possible, as
the index may be varied from that of the bulk mate-
rial to that of the ambient, therefore matching to air

Fig. 5. Nanostructure of the rugate filters studied with SEM. �a� Simple rugate filter. �b� Half-apodized rugate filter. �c� High
resolution SEM image of the simple rugate filter showing perturbed ballistic aggregation. Branching structure is resolved to the
resolution limit of the microscope �approximately 10 nm�.

10 July 2003 � Vol. 42, No. 20 � APPLIED OPTICS 4217



of index nair 	 1 is possible. Figure 6�b� shows the
refractive-index profile of the rugate with the quintic
matching to air, and Fig. 7 �quintic matching� shows
the corresponding measured transmission spectrum.
As predicted by theory,7 the quintic matching layer
essentially eliminates reflection in the passband over
a broad wavelength region.

7. Conclusions

Interference filters fabricated from vacuum evapo-
rated silicon, with controlled porosity achieved with
glancing angle deposition, are shown to be versatile
photonic devices with designable response character-
istics. The high porosity of the film materials is in-
teresting both as an engineering stability problem
and as an opportunity for dynamic control of an op-
tical response, or for sensing of fluids or gases.

Liquid-crystal infiltration into the film voids will
likely enable electro-optic control of the band-edge
position and amplitude, and fluid or gas infiltration15

will shift the optical response in an observable way.
As the growth technique employs vacuum deposition,
it offers benefits over etched porous silicon and etched
porous silicon rugates through improved device inte-
gration suitability, wide refractive-index variation
�including continuously to near ambient�, widely
variable pore dimensions, and opportunities through
material variation.

Oxidation of the film has not yet been rigorously
studied, but a qualitative sampling suggests rapid sur-
face oxidation upon removal from a vacuum, followed
by a long optically stable lifetime �the band edge of a
simple rugate shifted less than 5 nm over one year of
room temperature storage with varying humidity�.

Structural ordering of the silicon material in the
plane of the substrate will produce resonant scatter-
ing or photonic crystal effects if the order is suffi-
ciently regular, and if the probing light wavelength
matches the structural periodicity. Physical charac-
terization of the silicon rugate structure with scan-
ning electron microscopy reveals an in-plane
inhomogeneity with some appearance of periodic
structure. The period of the structure scales from
near atomic dimensions to some hundreds of nano-
meters. While it appears that the structure lacks
significant long-range order, resonant scattering
from these or more regularly ordered evaporated film
structures are predicted to yield photonic band gaps
and anomalous dispersion properties with applica-
tions in optical computation and communication.35,36

The novel quintic antireflection �or index-
matching� coating is an important contribution to the
optical engineering toolbox, enabling near-lossless
coupling between optical media with considerably dif-
ferent indexes of refraction. Employing a liquid or
polymer index-matching fluid within the voids of the

Fig. 6. Effect of matching layers on the transmission spectrum of the simple rugate filter. �a� Refractive index profile for the simple
rugate filter with a quarter-wave matching layer to air. �b� Refractive index profile for the simple rugate filter with a quintic matching
layer to air. This design provides smooth index matching down to the refractive index of air, which is a novel result.

Fig. 7. Transmission spectra for the refractive index profiles
shown in Fig. 6. The quarter-wave design reduces the sidelobes
near the central wavelength, whereas quintic matching produces a
wideband suppression.
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film may allow improved coupling between optical
components, possibly while simultaneously joining
components and stabilizing the porous film structure.
Diffuse scattering from the microstructure will need
to be further characterized to determine the applica-
bility of these antireflection coatings in communica-
tions or high-power laser applications. Finally,
mechanical stability issues must be addressed
through performance versus stability optimization,
and intelligent integration and packaging. Indus-
trial scaleup of the glancing angle deposition process
has yet to be achieved, but appears possible with
appropriate process and equipment design.

This work was supported by the Canadian Insti-
tute for Photonic Innovations �CIPI�, the Natural Sci-
ences and Engineering Research Council of Canada
�NSERC�, and the Canada Research Chairs program.
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