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Abstract—We present recent advances in modeling, design, and
fabrication of in-plane multilayer optical resonators fabricated by
high aspect ratio etching of silicon. We first revisit the model of
Gaussian beam divergence proposed by A. Lipson et al. to correct
a mistake that leads to an underestimation of the losses affecting
this type of resonator. Secondly, we discuss the influence of surface
roughness at the silicon-air interfaces of multilayered structures.
Roughness profiles—measured by white light interferometry
on the sidewalls of silicon trenches etched by deep reactive ion
etching (DRIE)—are presented. The single absorbing layer model
of Carniglia et al. is used to predict the influence of the measured
roughness ( nm RMS). This model is combined with the
corrected model for Gaussian beam divergence and is compared
with recent experimental results obtained for a new generation of
deep-etched Fabry–Perot refractive index sensors. These sensors
are fabricated using the contour lithography method, which is
demonstrated to greatly improve the predictability of their optical
characteristics. The combinedmodel for roughness and divergence
is found to correspond remarkably well with the experimental
results, with predictions of loss and finesse of the resonances within
an average error of 1.3 dB and 25%, respectively. We therefore
expect the models and the simulations presented in this article to
become a useful tool for the design of devices based on deep-etched
multilayer resonators.

Index Terms—Fabry-Perot resonators, integrated optics, optical
resonators, scattering.

I. INTRODUCTION

W ITH the availability of high performance etching pro-
cesses for silicon and with the need for cheap integrated

optical components, silicon photonics is now attracting the at-
tention of several research groups. In particular, multilayered
silicon-air structures based on vertically etched high aspect ratio
trenches are interesting since the in-plane configuration allows
simple integration with electrostatic actuators, microfluidic sys-
tems, optical fibers and waveguides.
Because of the high refractive index contrast between sil-

icon and air, mirrors based on these structures have a high
reflectivity on a broad spectrum for very few Bragg periods.
Two of such mirrors could therefore be used to form high
finesse Fabry–Perot cavities. This possibility was investigated
to fabricate tunable filters [2]–[5], refractive index sensors [6]
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TABLE I
REPORTED PERFORMANCES OF DEEP-ETCHED FABRY–PEROT RESONATORS

and high quality factor resonators [7]. However, as reported in
Table I, each of these devices suffers from high insertion loss
and relatively low finesse . These performances make the
tunable filters unusable for most of the targeted telecommu-
nication applications. Such imperfections are less critical for
refractive index sensors [6] than for tunable filters, but their
detection limit could still be greatly improved by increasing the
finesse of the resonance.
Therefore, it becomes necessary to identify clearly the in-

fluence of the different sources of losses in resonators based
on deep-etched Bragg reflectors, with a particular emphasis on
Fabry–Perot cavities coupled to optical fibers. In Section II,
Gaussian beams are decomposed into plane waves to calculate
the effect of beam divergence. The analysis is very similar to
the one proposed in [1] but an important difference is outlined,
which influences the results significantly. In Section III, mea-
surements of surface roughness profiles on typical deep-etched
sidewalls are presented. The single absorbing layer model [8]
is proposed for the prediction of the losses due to the measured
amount of roughness. In Section IV, the models for divergence
and roughness are combined and are compared to experimental
results obtained with a new generation of previously reported
Fabry–Perot refractive index sensors [6]. These sensors are now
fabricated by the contour lithography method [9]. We demon-
strate that this technique improves the predictability of the di-
mensions of the optical resonators, and therefore of their op-
tical characteristics. Finally, a brief discussion on other sources
of loss that are not treated in the present text is presented in
Section V.

II. GAUSSIAN BEAM REFLECTION AND TRANSMISSION
THROUGH IDEAL DEEP-ETCHED MULTILAYERS

A. Theory

A Fabry–Perot cavity based on two in-plane Bragg mirrors
is presented in Fig. 1. Each of the Bragg mirrors is made of
2.5 silicon-air periods (P). If the thickness of each of the layers
equals an odd multiple ( for silicon and for air) of a
quarter of a given wavelength , the mirrors should have
a broadband high reflectivity centered on . Fabry–Perot res-
onance will occur at that wavelength when a cavity of an in-
teger multiple of is formed between the two mir-
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Fig. 1. Schematic representation of a Fabry–Perot cavity made of two mirrors of 2.5 silicon-air Bragg periods (P). The cavity is coupled at
normal incidence to lensed or cleaved single-mode fibers of working distance and Gaussian beam waist .

rors. In this text, as in [1], the dimensions of Fabry–Perot cav-
ities will be written using a notation that includes the odd mul-
tiple of the silicon and air layers, and the in-
teger multiple of the cavity . The
cavities are considered to be coupled at normal incidence to
lensed or cleaved single-mode optical fibers, which working dis-
tance and waist are presented in Fig. 1. For cleaved
Corning® SMF-28™ fibers at near IR wavelength (1550 nm),
the working distance and the waist are approximately zero and
5 m, respectively.
Assuming that the beam incident on the multilayer structure

of Fig. 1 is Gaussian and propagates along the z axis, its com-
plex electric field distribution (neglecting the amplitude con-
stant) can be expressed as in (1), where is the complex
beam parameter, is the wavenumber, is the beam waist and
is the wavelength in the medium [10].

(1a)

with

(1b)

In order to compute the transmission through the multilayer
system, the beam is decomposed into a two dimensional angular
distribution of plane waves [11], [12] of transverse wavenum-
bers and . This is done by performing the Fourier transform
presented in (2).

(2)

At this point, since the problem presents circular sym-
metry around the axis, the two transverse components of
the wavevector can be merged into a single variable using

in (2).
For the transmission and the reflection of plane waves, the

characteristic matrix formalism [13] is used. Each of the

layers of the assembly is modeled by a 2 2 matrix which is
function of its thickness , its refractive index , of the
angle of propagation in the layer , and of the wavelength
in vacuum . The matrices are multiplied, starting with
the output medium of admittance and ending with the
first layer of the assembly (at the interface with the incidence
medium)

(3a)

with

(3b)

(3c)

(3d)

In (3), the cosines of the angle of propagation in each
layer can be expressed in term of the refractive index of the
layer, of the wavelength in vacuum and of the transverse
component of the wavevector which is independent of the
refractive index of the medium. This is presented in (4), which
is simply an alternative notation of Snell’s law of refraction.

(4)

Using (4) in (3), the amplitude reflection and transmission
coefficients can be obtained [13] as a function of and

of the admittance of the incident medium

(5)

Finally, using the plane wave distribution of (2) combined
with the plane wave reflection and transmission coefficients of
(5), it is possible to obtain the reflectivity and the transmission
of the complete system.
From this point, it is assumed that the distance between the

optical fibers and the multilayer system is equal to the lensed
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fibers working distance , as depicted in Fig. 1. In the cur-
rent notation, this involves taking in (2). The important
example of a cleaved single-mode optical fiber should be rep-
resented accurately by this assumption if the fibers are placed
as close as possible to the multilayer assembly . It
is also assumed that, at the first and last interfaces of the mul-
tilayer system, the medium is air and has unit refractive index
(i.e., ).
The fiber-to-fiber transmission and reflection spectra

are obtained by multiplying the incident electric field distri-
bution of (2) by the coefficients of (5), and by calculating the
overlap integral with the output optical fiber

(6a)

with

(6b)

(6c)

(6d)

At this point, a choice must be made whether to use the plane
wave coefficients calculated for or polarization using
(3a)–(5). The Gaussian beam expression of (1) is a linear ap-
proximation, which imply that the components of the polariza-
tion that are parallel to the main direction of propagation (the
axis) are considered to be weak and are neglected [14]. There-
fore, if the Gaussian beam approximation is appropriate to treat
the current problem, the use of whether the or the coeffi-
cients of transmission and reflection should not influence the
calculated results (for the case of a beam at normal incidence).
This is effectively the case. For all the following calculations,
using or coefficients yields almost exactly the same spectra.
In the worst case (minimum beam waist and highest number of
periods for each Bragg mirrors) the difference at peak transmis-
sion is less than 0.3 dB.
The bracket notation in (6a) denotes the scalar product of two

electric fields. From the properties of Fourier transforms, it can
be calculated directly in the space without going back to the

space (see Parseval’s theorem [15]). From the circular
symmetry of the problem, this integration can be performed in
polar coordinate.

(7)

The analysis of (1)–(6) is equivalent to the one published by
A. Lipson et al. [1]. These authors must of course be credited
for the original idea, at least in the context of deep-etched multi-
layer resonators (similar developments can be found to treat the
deformation of beams incident on multilayer structures [11]).
However, in [1, eq. (2)], it appears that the integration was per-
formed only along without considering the circular symmetry

Fig. 2. Transmission spectra of a
Fabry–Perot filter of 2.5 periods mirrors for various Gaussian beam waists.
Plain lines: calculation using the current proposed model. Dashed lines:
calculations removing the factor in (7), as is supposed to be an error in
Lipson et al. [1] original model. For large beam waists ( m) the
effect of divergence is negligible and the curves obtained with the two models
are superimposed.

of the problem. In the current notation, this is equivalent to re-
place in (7) by .
This error can have important consequences on the calculated

response of resonators based on deep-etched Bragg reflectors.
In Fig. 2, the transmission of a Fabry–Perot cavity based on 2.5
periods mirrors is calculated for different beam waist using the
formulation of the overlap integral of (7), and also by removing
the factor, as appears to be the case in [1]. The axis limits are
set to reproduce as exactly as possible the Fig. 2 of [1]. For a 31
m beam waist, the effect of divergence is negligible and both
models yield the same transmission spectrum. However, for a
4 m waist, the difference between the peak transmissions is
nearly 10 dB.
In order to validate which of the current or of Lipson et al.

[1] model is accurate, a simple numerical experiment was also
performed. The developed algorithm (1)–(7) was used to calcu-
late the coupling loss between two optical fibers separated by
an air layer. This is done using a single air layer of any given
thickness in (3). With the current model, the results match per-
fectly the equations developed in [16]. Removing the factor
in (7) yields the square root of the value of [16]. This can be
understood by noting that removing in (7) is equivalent to
considering divergence in only one (say ) of the two transverse
dimensions .

B. Discussion

The difference between the two models, outlined in Fig. 2,
justifies the formulation of new design rules for resonators
based on deep-etched Bragg reflectors, especially since it
affects particularly the important case of cleaved single-mode
optical fibers ( m at nm).
These are presented in Fig. 3, where the peak transmission

and the finesse are reported as a function of Gaussian
beam waist, for a variety of Fabry–Perot resonators having
resonance peaks centered on nm. The finesse is
defined as the ratio of the free spectral range (FSR) and of the
full width at half maximum (FWHM) of the resonance peaks

. The FWHM is determined by inspection
of the simulated resonance. For long cavities (large )
the thickness of the mirrors is negligible compared to the
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Fig. 3. Peak transmission (plain lines) and finesse (dashed lines) of a Fabry–Perot resonance occurring at the center of a reflection bandwidth, set at
nm, as a function of the Gaussian beam waist, and for various silicon-air periods (P) in each mirror. The dimension parameters are adjusted
to maintain a 1:30 maximal aspect ratio criterion for the etched trenches. (a) Simulations performed for shorter cavity lengths (e.g.: tunable filters). (b) Simulations
performed for longer cavities (e.g.: sensors).

cavity length and the FSR can be determined solely from the
value using the simplification in (8). For shorter cavities

(small ), however, the phase shift upon reflection on the
mirrors becomes significant and the FSR must be calculated by
inspection of the transfer matrix simulations using

(8)

where is the distance between the mirrors.
In Fig. 3, the dimension constants of the

resonators are increased progressively with the beam waist to
take into account the limitations of deep etching techniques.
When the beam diameter becomes more than 25 times
greater than the thickness of the air layers , the di-
mension constant is increased to the next odd integer (i.e.,
the required aspect ratio is kept below 1:30). The thickness of
the silicon layers (related to the integer ) is also adjusted to
respect the same aspect ratio criterion.
In Fig. 3(a), simulations are performed for short cavity

lengths (low ), which are more representative of works
related to tunable Fabry–Perot filters [2]–[5]. Increasing the
number of silicon-air periods increases the reflectivity of the
Bragg mirrors and therefore increases the finesse. However,
this also confines the light more strongly within the cavity and
the losses due to divergence increase. For 1.5 period mirrors,
it is theoretically possible to reach losses lower than dB
for the typical beam waist of a cleaved single-mode fiber
( 5 m). For 2.5 period mirrors, the same level of losses is
obtained only with beam waists of 23 m or higher. For 3.5
period mirrors, the same level of loss could not be obtained
unless using inconvenient etch depths (>100 m). Maintaining
good surface quality and constant layer thickness on such
a high depth would be extremely challenging. Moreover, as

the dimension constants increase, the width of
the reflection band (i.e., the range around on which high
finesse Fabry–Perot resonance occurs) reduces significantly.
For example, at dimensions higher than ,
the reflection bandwidth becomes lower than 80 nm and it
becomes impossible to cover more than one of the 40 nm wide
S, C and L telecommunication bands.
In Fig. 3(b), simulations are performed for longer cavity

lengths (large ), which are more representative of the
work related to Fabry–Perot refractive index sensors [6]. The
losses are more important in this case since light diverge on a
longer distance during each round trip in the cavity. Losses are
however less critical for sensors than for tunable filters. Their
design, for the highest possible finesse, should therefore also be
dictated by the highest amount of loss that is acceptable with a
given measurement setup, by the operation bandwidth, and by
other considerations such as the amount of surface roughness,
as presented in the next section.

III. SURFACE ROUGNESS IN DEEP-ETCHED TRENCHES

Various well documented fabrication methods can be used
to minimize the amount of surface roughness in deep-etched
trenches. Most of the etching processes are performed in induc-
tively coupled plasma reactors (ICP). At room temperatures, flu-
orine based ICP chemistry can be optimized to reduce the char-
acteristic scalloping effect induced by chopping between passi-
vation and etching gases [17]–[20]. Both gases can also be used
in room temperature mixed processes [21], [22], avoiding com-
pletely the scalloping effect at the expense of poorer selectivity
to the etch mask. At cryogenic temperatures, however, mixed
process can yield high selectivity and smooth sidewalls can be
obtained in high aspect ratio structures [17], [21], [23], [24].
Other techniques, not based on ICP reactors, also allow etching
of smooth high aspect ratio trenches such as electrochemical
etching in hydrofluoric acid (HF) [25] and preferential etching
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of (110) silicon wafers along crystallographic planes [26], [27].
Finally, post-processing techniques such as thermal oxidation
[28] and crystallographic planes selective etching [4], [29]–[31]
can be used to reduce surface roughness in deep-etched silicon
trenches.

A. Surface Roughness Model

Despite this variety of methods, few analyses were carried
out to quantify the optical properties of deep-etched multilay-
ered structures as a function of the amount of surface rough-
ness at the material interfaces. In [29], the analysis is limited
to a single silicon slab and does not consider light divergence.
In [32], surface roughness is treated as a random variation of
the layers thickness (i.e., scattering by surface roughness is ne-
glected). This kind of analysis is usually appropriate for most
Fabry–Perot cavities [33]. However, for silicon-air Bragg reflec-
tors, the refractive index contrast between each layer is much
higher than for any multilayer mirror fabricated by thin film de-
position. As this contrast increases, the amount of light that is
scattered by surface roughness is expected to become signif-
icant. Additionally, computing a random distribution of layer
thicknesses together with the model of Gaussian beam diver-
gence (Section II) would be tedious. For each component of the
plane wave decomposition, the transfer matrices would have to
be calculated several times to consider the random distribution,
which would imply inconvenient computation delays.
For these reasons, the use of the model of Carniglia et al. [8]

is proposed. A single absorbing layer is added at each material
interface as a function of its surface roughness RMS (root mean
square) value . The thickness of the layer is function of
as . The real part of the refractive index of the

layer is given by Drude effective medium approximation
[8]. An imaginary part is added to in order to take into
account the reduced transmission and reflection predicted by the
scalar scattering theory. The expression of , for silicon and air
as the adjacent mediums is given by

(9)

B. Roughness Measurement

The single absorbing layer model requires the knowledge of
the amount of surface roughness at the silicon-air interfaces,
which is measured using a white light interferometric surface
profiler (Fogale Photomap 3-D optical profiler). Cleaved sil-
icon-air multilayer test structures (Fig. 4(a)), fabricated simulta-
neously with the refractometer of Fig. 8 and having the same sil-
icon-air layers dimensions, are used for the measurements. The
measured profile is presented in Fig. 4(b). The amount of sur-
face roughness is evaluated on a 20 20 m surface, which is
centered on the expected position of the core of the single mode
optical fiber that will be used for the characterization of the
Fabry–Perot cavities. The measurement yields a value of
nm RMS. The 5 nm uncertainty was determined statistically by

Fig. 4. (a) Scanning electron micrograph cross section and front view of
cleaved multilayer test structures etched using the same DRIE process as for
the Fabry–Perot cavity of Fig. 8. (b) Measured roughness profile of an etched
optical plane. The roughness is evaluated within a 20 20 m area (white
square) centered on the expected position of the core of the single mode optical
fiber that will used for the optical characterization.

Fig. 5. One dimensional Fourier transform of the measured profile (along the
white dashed line of Fig. 4(b) showing that themeasured roughness is dominated
by large scale harmonics.

varying the size and the position of the measurement area, and
by repeating the measurement on other test structures.
The one dimensional Fourier transform of the measured pro-

file is also calculated, following the diagonal of the area of in-
terest (i.e., the white dashed line in Fig. 4(b)). Its amplitude,
presented in Fig. 5, indicates that the measured RMS rough-
ness is mainly dominated by large-scale harmonics (i.e., low
spatial frequency roughness). This is an important parameter
since it can be demonstrated [34] that the model of [8] is valid
for large scale roughness harmonics , respecting the crite-
rion , where is the higher refractive index
of the assembly (i.e., in the present case). The roughness
measurement method should therefore be chosen carefully in
order to ensure that the measured overall RMS roughness con-
tains mainly large scale roughness harmonics, which cause scat-
tering and are taken into account by the model. For example, as
described in [35], atomic force microscopy measurements tend
to contain mainly small scale harmonics that are not take into
account by the current model.

IV. EXPERIMENTAL VALIDATION

A. Fabrication of Deep-Etched Fabry–Perot Resonators by
Contour Lithography

In order to compare the developed models for roughness
and divergence with experimental results, a new generation
of Fabry–Perot refractive index sensors previously described
in [6] was fabricated. Instead of using single lithography
and DRIE steps, the two masks contour lithography method
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Fig. 6. Schematic representation of the fabrication process used for the
Fabry–Perot refractometer of Fig. 8. (a) 1st lithography & DRIE, (b) Dry
oxidation, (c) 2nd lithography & Buffered HF etching, (d) Isotropic SF plasma
etching & O Resist stripping, (e) Buffered HF etching.

TABLE II
DRIE PARAMETERS

proposed in [9] was used to fabricate separately the optical
parts (multilayer mirrors) and the larger features (optical fiber
alignment grooves, microfluidics). The fabrication steps are
summarized here but [9] should be consulted for further details,
if needed.
A schematic representation of the fabrication process is

presented in Fig. 6. The mirrors and the contour of the larger
openings (optical fiber grooves, microfluids) are first etched
to a depth of 80 m by deep reactive ion etching (step a)
in an ICP180-100 plasma reactor (Oxford Instruments inc.).
The chamber parameters for the etching and passivation steps
(applied 415 times each) are given in Table II. After a dry
oxidation step ( 150 nm SiO ) to protect the optical parts (step
b), a second mask is used to define the larger openings (step c).
The oxide is etched in buffered hydrofluoric acid (HF) and the
larger features are etched by isotropic SF plasma etching in
the ICP plasma reactor (step d). The remaining oxide is finally
etched in buffered HF (step e).
The contour lithography method was originally proposed as

a technique to integrate nanoscale trenches with wider openings
that require significantly different plasma etching conditions.
We would like to outline another advantage of the technique,
which was not reported in [9], and which motivated its use in
the present case. When the mirrors are etched separately from
the larger features, all the openings of the first photomask (used
for step a in Fig. 6) have the same width. This width will change
upon fabrication because of diffraction during photolithography
and undercut during plasma etching. However, since they all
have the same initial width, all the air layers that form a set
of mirrors can be assumed to have the same final thickness.
Conversely, all the silicon layers in Fig. 6 can also be assumed

Fig. 7. Calculated reflectivity of a 2.5 periods mirror having a constant sil-
icon-air period of 4.7 m, as a function of wavelength and of the air layers
thickness. High reflectivity (>0.9) covering the desired wavelength range (1500
to 1600 nm) occurs for air layers thicknesses around 3.5 or 4.15 m.

to have identical thicknesses. Moreover, the thickness of a sil-
icon-air period in Fig. 6 becomes a constant that is not affected
by diffraction and undercutting. There is therefore only one un-
known (i.e., the air layers thickness) to consider during the de-
sign of the photomask and much more predictable optical char-
acteristics can be obtained.
For the results presented in the next section, the silicon-air

period of each device on the photomask was fixed to a constant
value of 4.7 m. Several different air layer thicknesses were
designed to ensure that some devices yield a high mirror reflec-
tivity in the wavelength range (1500 nm to 1600 nm) used for
characterization and refractive index sensing. Indeed, as pre-
sented in Fig. 7 for silicon-air periods of 4.7 m, high mirror
reflectivity is expected in the targeted range for air layers thick-
nesses around 3.5 m or 4.15 m.

B. Results and Discussion

A Fabry–Perot refractometer fabricated by contour lithog-
raphy and based on 2.5 periods mirrors is presented in Fig. 8(a).
Similar devices, based on 1.5 periods mirrors, were also fab-
ricated and characterized. The measured and calculated trans-
mission spectra, for both designs, are presented in Fig. 8(b).
As targeted, the reflection band of the mirrors span across the
1500–1600 nm wavelength range, where the sharpest resonance
peaks are visible. The results were obtained for nominal (i.e., di-
mensions on the photomask) thicknesses of the air and silicon
layers of 2.8 m and 1.9 m, respectively, and for a nominal
gap between the mirrors of 35 m.
The nominal dimensions are of course different from those

of the fabricated devices. The dimensions used to simulate the
devices in Fig. 8(b) were determined using the calculations of
Fig. 7. The silicon-air period was kept constant (4.7 m) and the
air layer thickness was adjusted to reach the best match between
the position of the simulated and measured reflection bands. For
the 2.5 P devices, the best match was obtained with air layer
thicknesses of 4.105 (i.e., 0.595 m silicon layers). The gap be-
tween the mirrors, which was designed at 35 m, was conse-
quently increased to 36.305 m. The characterized 1.5 P device
apparently experienced a little more diffraction during lithog-
raphy and/or undercut during DRIE since the best fit was ob-
tained for dimensions of 4.115 m (air), 0.585 m (silicon) and



1906 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 12, JUNE 15, 2012

Fig. 8. (a) Scanning electron micrograph of a Fabry–Perot refractometer fab-
ricated by contour lithography and based on 2.5 periods (P) mirrors. (b) Experi-
mental and simulated transmission spectra of Fabry–Perot refractometers based
on 2.5 P (green) and 1.5 P mirrors (black).

36.315 m (gap). This difference could be due to slightly in-
homogeneous plasma and/or photomask-wafer contact during
photolithography.
To include the effect of surface roughness, a thickness of

nm RMS is subtracted from each layer and a
2 thick absorbing layer, described by (9), is added at each sil-
icon-air interface. The devices are characterized using cleaved
Corning® SMF-28™ single mode optical fibers. The effect of
divergence is therefore taken into account by performing the
simulations with a 5 m Gaussian beam waist.
As shown in Fig. 8(b), the simulations correspond closely to

the measured transmission spectra. The maximum transmission
of the main resonance peaks (i.e., the peaks located between
1500 nm and 1600 nm) is estimated correctly, within an av-
erage error of 1.3 dB. The finesses of the resonance peaks
also correspond to the measurements, within an average error
of 25%. The difference between the simulated and experimental
results may be due to the glass-air interfaces of the cleaved op-
tical fibers, for which the exact positions are unknown, to the
uncertainty on the dimensions of the layers on the photomask
(<50 nm according to the mask supplier, Benchmark Technolo-
gies), to the uncertainty on the amount of surface roughness (5
nm RMS), or to other imperfections that are not taken into ac-
count in the model (see next section).
The model was also used to interpret other structures that are

not presented to lighten the text. It allowed the prediction of
the finesse within less than 30% of uncertainty and of the losses
within 3 dB of uncertainty for the main peaks of the Fabry–Perot
tunable filter presented in [5]. It also allowed the interpretation
of the loss of the Gires–Tournois interferometer presented in
[36] within less than 3 dB of uncertainty. Finally, one-dimen-

Fig. 9. Peak transmission (a) and finesse (b) of a
Fabry–Perot resonator of infinite beam waist as a function of surface
roughness and for different numbers of Bragg periods (P) in each mirror.

sional photonic crystals fabricated by other groups [26], [32]
were also simulated. The model allowed the prediction of a de-
crease of the reflectivity in the bandgap region due to light scat-
tering, an effect that could not be predicted in [32] by treating
roughness as a random variation of the layer thicknesses.
In Fig. 8, the highest finesse is obtained at
nm for the cavity based on 2.5 periods mirrors. This is a

70% increase (see Table I) compared to previous works on re-
fractive index sensors [6] having similar dimensions. It is pos-
sible that the contour lithography fabrication method allowed
lower surface roughness on the silicon surfaces that face large
openings (optical fiber alignment grooves, microfluidic chan-
nels), as previously reported [9]. It is also possible that the ox-
idation step of the contour lithography method (Fig. 6, step b)
reduced surface roughness at the silicon-air interfaces [28]. The
reached finesse is, however, lower than what was previously ob-
tained with Fabry–Perot cavities based on smaller gaps [4], [5]
or incorporating focusing optics [7]. The impact of divergence
was most likely less important in these cases, which allowed
higher finesses, as predicted in Fig. 3 for shorter cavities (lower

).
In Fig. 8(b), the finesse reached with 2.5 P mirrors
, is 70% higher than with the 1.5 P device .

However, this relatively modest increase occurs at the expense
of signal losses of more than 10 dB. This result tends to indi-
cate that, for a given amount of surface roughness, there is an
optimal number of layers above which small finesse improve-
ments occur at the expense of important signal losses. This con-
dition can be predicted using the roughness model. In Fig. 9,
the finesse and peak transmission at resonance are reported as
a function of surface roughness for resonators based on var-
ious numbers of silicon-air periods. The calculations are per-
formed with nominal mirrors dimen-
sions, but the results would be essentially the same for any other

odd integers. The calculations are also valid for
any cavity length (i.e., any dimension constant). Above
a given amount of roughness, the reflectivity of the Bragg mir-
rors, and hence the finesse, is not increased anymore by adding
additional Bragg periods. For example, in Fig. 9, the finesse for
2.5 and 3.5 period mirrors is essentially the same when surface
roughness is superior to 10 nm RMS. Therefore, when Bragg
mirrors are to be used in transmission (such as for Fabry–Perot
filters) the choice of the number of Bragg periods should be
dictated by the lowest level of surface roughness that can be
reached experimentally.
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V. OTHER SOURCES OF LOSS

The correspondence between the model and the experimental
results in Fig. 8 tends to demonstrate that, for the reported de-
vices, surface roughness and beam divergence are the dominant
sources of loss. However, if surface roughness was decreased
and if a larger beam waist was used, other sources of loss would
probably become non-negligible.
For Fabry–Perot cavities based on stacked thin films reflec-

tors, curvature and imperfect parallelism between the mirrors
affect the finesse in a similar way as surface roughness does. For
example, a 10 nm deviation of the distance between the mirrors
due to imperfect parallelism—which would corresponds to an
angle of 0.06 for a mirror diameter of 10 m—is expected to
induce roughly the same decrease of finesse as the presence of
10 nm RMS surface roughness [33].
In the particular case of resonators based on deep-etched

Bragg reflectors, curvature or imperfect parallelism between
the silicon-air interfaces should also affect the finesse. In [1],
imperfect parallelism is considered to occur between the two
mirrors (i.e., verticality deviations inside the Bragg mirrors
are neglected) and is simulated by summing the amplitude and
phase of the Gaussian beam after each round-trip in the cavity.
For cavities based on 2.5 periods Bragg mirrors, a deviation of
verticality of 0.005 is expected to induce roughly the same
decrease of finesse as the presence of 5 to 10 nm of surface
roughness in Fig. 9. However, for deep-etched Fabry–Perot
resonators, the influence of imperfect parallelism between
the Bragg mirror material interfaces, rather than between the
mirrors themselves [1], [33] is not treated in the literature and
is therefore a subject that remains to be explored.

VI. CONCLUSION

Gaussian beam divergence in deep-etched multilayer res-
onators was demonstrated to induce more loss than what was
previously reported in [1]. The underestimation is especially
important for smaller beam waist, reaching around 10 dB for
the waist of cleaved single mode optical fibers. The model for
divergence was corrected and was combined with the single
layer model for surface roughness proposed in [8].
The combined model was compared with the measured trans-

mission spectra of Fabry–Perot resonators fabricated using the
contour lithography method [9]. This technique—which was
originally intended for the integration of nanometer and mil-
limeter-scale structures—is also found to greatly improve the
predictability of the dimensions of deep-etched multilayered
structures. This improvement allowed the comparison of sim-
ulated and experimental results without errors due to undeter-
mined optical layers thicknesses.
The correspondence of the combined model with experi-

mental results tends to demonstrate that surface roughness is
among the dominant source of loss in deep-etched silicon-air
multilayer resonators, at least for the reported devices. We
therefore conclude that the presence of surface roughness,
which is inherent to most silicon etching techniques, should be
taken into account during the design of deep-etched multilayer
resonators. The single absorbing layer model [8]—coupled
with roughness profiles measured by white light interferometric
surface profiling—is found to be appropriate for this purpose.

We demonstrated that it can conveniently be combined with the
corrected model for Gaussian beam divergence. It also takes
into account light scattering, which is expected to be important
for the large refractive index contrast between silicon and air.
In summary, the combined model for beam divergence and

surface roughness presented in this article is found to corre-
spond closely to experimental results. It is therefore expected
to provide useful design guidelines for the optimization of de-
vices based on deep-etched optical resonators.We also provide a
design technique—based on the contour lithography fabrication
method—that allows the fabrication of deep-etched multilayer
structures having predictable dimensions and optical character-
istics. This design technique could therefore lead to an improve-
ment of the fabrication yield of deep-etched optical resonators.
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