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Free-standing porous silicon single and multiple optical cavities
M. Ghulinyan,a) C. J. Oton, G. Bonetti, Z. Gaburro, and L. Pavesi
INFM and Dipartimento di Fisica, University of Trento, Via Sommarive 14, I-38050 Povo (Trento), Italy

~Received 3 March 2003; accepted 9 April 2003!

Porous silicon free-standing microcavity structures, with different layer designs, have been
fabricated. Single microcavities show transmission resonances in the technologically relevant
wavelength region of 1.55mm with quality factors up to 3380. High-order cavities show sub-nm
transmission peaks over the whole stop band. Coupled microcavity structures, where splitting of the
degenerate cavity mode occurs, lead to multiple transmission peaks in a limited region of the stop
band. We also report incident angle-dependent measurements, where transmission peak blueshift
and splitting of transverse electric and transverse magnetic polarized modes due to porous silicon
birefringence were observed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1578170#
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I. INTRODUCTION

During the last decade, the optical properties of poro
silicon ~PS! have become a very intense area of resear1

The fabrication of one-dimensional photonic structures ba
on PS by means of modulation of the electrochemical e
ing current has driven applications of this material, such
dielectric mirrors,2 microcavities,3 and waveguides.4 All-
silicon Fabry–Pero´t optical microcavities~MCs!, with a l/2
layer ~optical thickness! sandwiched between distribute
Bragg reflectors~DBRs!, consisting of alternating layer
of high and low refractive indices, were mad
and characterized.5,6 The directionality, narrowing, and
enhancement of both the photoluminescence7 and
electroluminescence8 have been reported for PS MC ligh
emitting devices. Infiltration with liquid crystals was pe
formed and properties of electrically tunable PS active m
rors were discussed.9 Recently, Reeceet al.10 reported the
observation of subnanometer linewidths in MCs based
PS. The electrochemical etching of highly dopedp-type Si
was carried out at low temperatures~222.5 °C! and reso-
nances with subnanometer linewidths around the wavele
of 900 nm were realized.

MCs can act as highly selective wavelength filters. T
typical figure of merit of a Fabry–Pero´t filter is its quality
factorQ5l/Dl, wherel is the wavelength of the resonanc
peak, andDl is the resonance peak width. As an examp
filters with high-quality wavelength selection are required
dynamic gain equalization in optical networks. Such appli
tion requires devices working in the standard window
minimal optical fiber attenuation, i.e., in the 1.55mm wave-
length region.11 It is also interesting to remark that ga
equalization for optical networks with wavelength divisio
multiplexing requires a tunable wavelength as additio
feature.11 A simple way to tune Fabry–Pero´t resonance is
changing the angle of incidence.

In this article, we show that subnanometer linewidt
can be obtained in free-standing PS MCs, tuned to the op

a!Author to whom correspondence should be addressed; electronic
mghool@science.unitn.it
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network wavelength~1.55 mm!. In order to emphasize the
flexibility of PS MCs fabrication process, we demonstra
the realization of various structures. The structures prese
here are two single MCs~Fabry–Pero´t filters with an optical
thickness of the spacer equal to, respectively,l and 27 times
l!, and a structure composed of 10 coupled MCs~CMCs!.
The interest of CMCs is in the splitting of the cavities d
generacy, as already shown in two CMC structures.12 Re-
cently, we have shown free-standing PS up to ten CM
structures, consisting of more than 100 layers.13 As will be
shown next, both high-order MC structures~such as the
single 27l MC! and the CMCs have multiple transmissio
resonances, although originated by totally different physi
mechanisms. In addition, the optical properties of PS lay
~i.e., refractive index or absorption! can change in the pres
ence of certain gases and vapors. When these changes
in the active layer of a MC with a highQ factor, they become
much more significant, allowing high-performance g
sensors.14 In this work, we demonstrate that electrochemic
etching of silicon, besides its low cost, allows the fabricati
of good-quality optical devices.

II. EXPERIMENT

We have usedp1-type ~0.01 V cm! doped Si~100!-
oriented substrates. Anodization was performed at a ro
temperature in a solution of 30% volumetric fraction
aqueous HF~48 wt %! with ethanol. The current density wa
controlled by a computer controlled Keithley 2400 curre
voltage source. High porosityl/4 layers, calledH layers,
were obtained with a current density of 50 mA/cm2 for a
time of 5.9 s; they had an effective refractive indexnH

;1.4. Low porosityl/4 layers, calledL layers were obtained
with 7 mA/cm2 for 21.5 s, which results in an effective re
fractive indexnL;2.1. LayersH and L were periodically
repeated to form DBRs. We created bothl/2 andl optical
cavities using the same current density as forH layers but
with twice and four times longer duration, respectively. T
structures were designed to show microcavity resonance
l;1.55mm. Thel-cavities provide thinner resonances th
the l/2 ones. An etch-stop step of zero current was app
il:
4 © 2003 American Institute of Physics
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for 1 s after each layer formation to allow HF concentrati
regeneration.15 In addition, a magnetic stirrer was used
order to enhance the exchange of solution during the wh
duration of the etching process. This allowed us to gr
structures with more than 110 layers without observa
natural drifts in the growth direction, thus skipping the co
sideration of high values of artificial drifts, which were us
before to compensate for the thick multilayer structures.13

An anodic electropolishing current pulse~0.4 A/cm2 for
2 s! was applied at the end of the growth to detach the str
ture from the substrate. The sample remained stuck to
substrate in the borders, thus allowing an easy drying pro
dure. After rinsing in ethanol and pentane, successively,
drying in air, the structures were pasted on a plastic hol
thus obtaining free-standing PS structures. The schem
diagram of the aforementioned procedure and an optical p
tograph of a free-standing CMC are presented in Fig. 1.
high optical quality of the microcavities is confirmed by th
transmission measurements, which we will detail in the f
lowing. The availability of free-standing structures allows
to measure the transmission of the samples in contrast
the more commonly used reflectivity measurements.

Cross-sectional scanning electron microscopy~SEM!
analysis of the multilayer structures demonstrates flat in
faces between the layers~Fig. 2!. As SEM does not provide
information on the concomitant variation of the refracti
index, the optical parameters of CMCs were investigated
transmission~T! measurements.

The optical characterization of PS microcavities was c
ried out in two different setups. A Varian Cary-500
ultraviolet-visible-near-infrared~UV-VIS-NIR! spectropho-
tometer with halogen VIS-NIR lamp source and a collima
beam spot size of 1 mm was used to obtain transmission
reflection spectra in a wide range of wavelengths~800–2500
nm!. The overall wavelength resolution of the system wa
nm.

A second setup was developed for more detailed tra
mission measurements with a NetTest TUNICS-BT 1560
tunable laser in the wavelength range from 1500 to 1610

FIG. 1. Schematic diagram of free-standing PS microcavity sample fab
tion ~left-hand side panel!: ~a! before the high current step,~b! after the high
current step, and~c! taking PS off the substrate after drying. A photograph
a free-standing PS coupled microcavity~right-hand side panel!.
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The laser was coupled to a multimode fiber of 115mm di-
ameter ~Fig. 3!. We used a microscope 253 objective to
focalize the laser beam in a spot of 35mm diameter on the
sample surface. This way we were able to illuminate a v
small area on the sample, thus highly reducing the broad
ing of peaks due to lateral inhomogeneities. A 1 mm dia
eter pinhole was placed just after the objective in order
reduce the numerical aperture of the input light. A fib
bunch was placed far from the sample~;15–20 cm! which
allowed us to collect the signal with a very small numeric
aperture~;0.0075!. An InGaAs detector coupled to the fibe
bunch was used to measure the transmitted intensity.
sample was mounted on a rotating table to carry out an
dependent transmission measurements. The tunable lase

a-

FIG. 2. Cross-sectional SEM micrograph of a few periods of a
multilayer structure. Flat interfaces between the high~dark gray! and low
~light gray! porosity layers are observable. The silicon substrate can be
on the left-hand side.

FIG. 3. Schematic diagram of the small-spot transmission setup with
able laser operating in the wavelength range between 1.5 to 1.6mm ~the
different optical components have been drawn not in scale!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tating table, and the InGaAs photodetector were interf
controlled through a computer. The transmission spe
were normalized with respect to the signal recorded with
the sample.

III. SINGLE MICROCAVITY

In Fig. 4, the schematic structure~top! and the normal
incidence transmission spectra of a singlel-cavity, sand-
wiched between 9.5 period DBRs, are presented. Figure~a!
shows the transmission spectrum measured in a wide spe
range with the spectrophotometer. Here, one can notice
wide stop band between 1300–1800 nm and the sharp r
nance at about 1560 nm. More precise measurements o
transmission resonance can be carried out with the s
sketched in Fig. 3. Figure 4~b! shows the transmission spe
trum recorded by this setup, where a narrow resonance p
at 1559 nm with a transmission of 50% is observed. T
Lorentzian fit of these data gives a linewidth@full width at
half maximum~FWHM!# of 0.46 nm which corresponds to
Q factor higher than 3380. This sharp resonance compa
with the broad peak of Fig. 4~a! demonstrates the importanc
of illuminating a small area on the sample as well as red
ing the numerical aperture of the collecting system.

FIG. 4. Transmission spectra of a singlel microcavity: Solid dots are the
experimental data and the lines are the simulations:~a! Measurements with
1 mm spot in a wide wavelength range,~b! measurements with 35mm spot
with a high-resolution tunable laser source. The top diagram shows
structure of the microcavity.
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Using the transfer-matrix method,16 the propagation of
light through a PS multilayer structure can be simulated17

Numerical calculations of the transmission spectra~Fig. 4,
lines! have been carried out to reproduce the experime
data. Good results for both upper and lower graphs in Fig
are obtained with the nominal growth parameters for
thickness and with refractive index values of 1.43 and 2
for the H andL layers, respectively.

The simulation of the transmission spectrum of an id
~no losses! structure predicts a FWHM of 0.12 nm. The be
fit was obtained considering an optical loss coefficient of 1
cm21 at the peak wavelength. As the microcavity is cente
in the infrared where PS is almost transparent, the absorp
losses play a much less important role than other loss me
nisms, such as light diffusion or scattering by the pores a
by the interfaces between layers. Note that no disorde
inhomogeneities have been introduced to fit the resona
linewidth and intensity as was commonly done in the pas12

This is due to probing a very small spot on the sample.
Doping inhomogeneities, which occur during the grow

of the Si wafers, cause laterally inhomogeneous elec
chemical etching.10 As a result, the porosity of the layer
varies in the plane of the sample surface. These inhomo
neities can be observed as concentric colored lines on
sample surfaces. Figure 5 reports the effect of these do
variations on the microcavity resonance position. The p
position shifts of more than 15 nm within a 200mm region.
This fact demonstrates the importance of the use of a v
small spot size to accurately measure the optical spectr
PS microcavities.

We have observed that the microcavity mode pe
slightly blueshifts with time due to the aging of the samp
Oxidation of the pore walls in air occurs and the effecti
refractive indices of the porous layers slightly decrease. T
reduces the optical path and, consequently, blueshifts
cavity peak. Figure 6 shows the peak position change o
microcavity structure as a function of time. An exponent

e

FIG. 5. Microcavity peak position dependence on the spot position on
sample surface. An illuminating spot size of 35mm was used.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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fit of the data is also shown in Fig. 6. The resonance pea
cavity shifts about 1.5 nm, which means that the change
the effective refractive index of the cavity layer is ve
small. This is consistent with the fact that in PS formed
highly dopedp-type Si substrates, the extent of oxidation
of the order of;1%.18 The microcavity peak shift saturate
in time, and after 1 h, stable conditions are reached.

PS is known to be an optically anisotropic material.19,20

The observation of strongly anisotropic scattering of la
light at oblique incidence on a~100!-oriented PS layer was
reported recently and positive birefringence was observe21

We have carried out also incident angle-dependent trans
sion measurements of our structures. As expected, the m
cavity peak blueshifted when the incident angle was
creased. Moreover, a splitting of cavity mode at high incid
angles was observed~Fig. 7!. As the refractive indices for the
ordinary and extraordinary modes differ, splitting
transverse-electric~TE! and transverse-magnetic~TM! polar-
ized modes occurs, and different shifts of the resonance
observed in the transmission spectra. (l0

ord2l0
ext);6 nm at

15° angle. We believe that the widening and decrease in
intensity of the peaks for bigger angles are mainly due to
stronger light scattering when the pores are illuminated
liquely, as well as the increase of probing spot area.

IV. COUPLED MICROCAVITIES

We also fabricated multiple cavity PS free-standing m
tilayers. These are formed by a series of equal cavity lay
separated by internal DBRs~or coupling DBRs! and embed-
ded within two external DBRs~see the top schematic stru
ture in Fig. 8!.12 Optical coupling between the various cav
ties yields a splitting in the cavity modes with the appeara
of multiple resonances within the stop band.

Structures with two, seven, and ten CMCs were p
duced. These structures had the following sequence of a
nating high and low porosity layers:LHLHLHLHL
(HH)1LHLHLHLHL (HH)2¯(HH)n LHLHLHLHL,

FIG. 6. Microcavity peak shift in time due to oxidation in air (t50 corre-
sponds to the start of the drying procedure!.
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where (HH)n denotes thenth l/2 cavity. We designed the
internal DBRs to have 4.5 periods in order to obtain we
coupling.13

As mentioned herein, a magnetic stirrer was used dur
the sample preparation. We have considered 10% and
thickness changes for deeperH andL layers, respectively, to
compensate for the natural drifts. This is easily achieved
varying the duration of etch.13 In Fig. 8~a!, the transmission
spectrum of a ten CMC structure~dots! measured with the
spectrophotometer is presented. The structure shows a;800
nm wide stop band and the coupled cavity modes with
Figure 8~b! shows the transmission spectrum~dots! of the
same structure taken with the tunable laser setup. Nar
transmission peaks due to the coupled optical modes wi
splitting of 14 nm~61 nm! are observed. Only eight trans
mission resonances are observed due to the limited w
length region of the setup. Maximum transmission of 55
was obtained.

The simulation of data in Fig. 8~a! yields refractive in-
dex values of 1.43 and 2.13 for the first high and low por
ity layers. Though the same currents and etching times w
used for CMCs and the single microcavities of Fig. 4, slig
differences in the refractive index are expected due to
inhomogeneous doping of the wafers. A 10% total negat
linear drift in the refractive index of the layers through th
structure growth direction was also considered. This is du
the fact that the porosity in the layers changes with dep
This effect has been observed experimentally22,23 and inves-
tigated theoretically24 in the past. The higher porosity value

FIG. 7. Incident angle dependence of the single microcavity resona
mode. The splitting of the TE and TM polarized modes is observed.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of the top layers can be explained by considering the lat
increase of the pore dimensions caused by the long stay
in the electrolyte of the layers formed at the beginning of
electrochemical attack. An overall agreement of the simu
tions with the experimental data can be observed in Fig. 8~a!.

A slightly different set of parameters has been used
reproduce the data of Fig. 8~b! as the measurements we
performed in different setups, therefore locally, the struct
can be different due to the doping inhomogeneity of the w
fer. Numerical simulations of spectrum shown in Fig. 8~b!
yield to similar refractive index values for the top layers
those used to fit Fig. 8~a! except for only a 4% negative drif
of nH of H layers. The good agreement with experimen
data found justifies the accuracy of the considered fitt
parameters~Fig. 8, lines!.

V. LARGE SPACER MICROCAVITY

We have fabricated also a PS-based Fabry–Pero´t inter-
ference filter, where a high porosity cavity layer of 27l op-
tical thickness~l51.55 mm! was sandwiched between tw
5.5 period DBRs, as shown in the top schematic structur
Fig. 9. The whole structure was 35mm thick. Due to the high

FIG. 8. Transmission spectra of a ten coupled microcavity structure,
l/2 cavities sandwiched between 4.5 period external DBRs~dots! and nu-
merical calculations~lines!: ~a! Wide range measurements with 1 mm sp
size and~b! high-resolution measurement with 35mm diameter spot. The
top diagram shows the structure of the coupled microcavities.
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thickness of the cavity layer, several optical modes can
sustained. We thus expect to observe several transmis
peaks in the stop band region. Indeed, Fig. 9~a! shows a
uniform distribution of transmission peaks. A more resolv
measurement is shown in Fig. 9~b!. Four narrow transmis-
sion peaks were observed in the wavelength range betw
1.5 to 1.6mm. The Lorentzian fits to these transmission da
give linewidth values ofDl;0.78 nm ~60.08 nm!. These
correspond toQ factors of more than 2000. We also show
both graphs, in Fig. 9, the numerical simulations for t
structure~lines! which precisely fit the data. The fitting pa
rameters were 1.5 and 2.13 for then values forH and L
layers, respectively, which are consistent with the values
tained from the analysis of the other structures. One
calculate the typical spacingDl0 between two modes at
certainl0 by the following approximate formula:3

Dl0;
l0

2

2nd
, ~1!

wheren is the refractive index of the cavity andd the thick-
ness. Eq.~1! gives Dl0;28.7 nm, which is in good accor
dance with the experimental data.

We stress that the origin of the narrow multiple peaks
this thick cavity and in CMC structures are different: The

h

FIG. 9. Transmission spectra of a PS-based Fabry–Pero´t interference filter
with 27l microcavity ~dots! and the simulations~lines!: ~a! Wide range
measurements with 1 mm spot size and~b! high-resolution measuremen
with 35 mm diameter spot. The top diagram shows the structure of the th
microcavity.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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are multiple optical modes of a single cavity and splitting
the single cavity resonances due to the optical coupling
the various cavities, respectively. The signature of the ph
cal difference is, in the former case, the uniform distributi
of the peaks over the whole stop band, whereas in the la
case the peaks are densely packed around the reson
wavelength. The spacing of the transmission resonance
the CMC peaks depends on the optical coupling stren
which is provided by the reflectance of internal mirro
~number of DBR periods!.12,13 For two coupled cavities, the
analytical expression shows an inverse dependence with
reflectance of the internal mirror.12 For a larger number o
coupled cavities, numerical calculations are necessary.
ure 10 reports the results of simulations for a ten CMC str
ture. The splitting increases as the coupling increases, i.e
the reflectance of the internal mirror decreases. In the limi
no coupling between the cavities~100% reflecting mirrors!,
all ten modes are degenerate.

VI. CONCLUSIONS

We have realized and optically characterized PS sin
and coupled cavity structures. A careful control of the et
ing parameters allows one to obtain high-quality fre
standing multilayers. We demonstrate the possibility of o
taining very narrow transmission resonances with h
transmission values for NIR wavelengths.Q factors as high
as 3380 in a singlel microcavity and 2000 in thick-cavity
structures are measured. It is very important to use sm
light spots to avoid the lateral doping inhomogeneities and
measure subnanometer wide resonances. The good a
ment between the transmission data and simulations sh
that the growth parameters are well controlled along
growth axes, which is responsible for the good optical ch
acteristics of our very thick free-standing structures.

Angle-dependent measurements show a blueshift of
resonance peak for single microcavities. Splitting of TE a
TM polarized modes is also observed due to birefringenc

FIG. 10. Calculation of the transmission resonance modes for a ten cou
microcavity structure as a function of the reflectivity of the coupling inter
mirror.
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the active layer. Therefore, PS microcavities can be utiliz
as band-pass filters with tunable peak position.

PS-based multilayer structures have potential appl
tions in channel filtering within telecommunication devic
with small insertion losses. The number and position of re
nance peaks can be designed and their linewidths contro
in the NIR range of 1.5 to 1.6mm. In addition, the porous
microstructure of the material allows infiltration of activ
media or liquid crystals, which opens many interesting a
plications of these structures for switching and electrica
controlled band-pass filters. Moreover, the high sensitivity
PS to certain gases and vapors allows the use of these
vices as optical sensors, where the narrowness of the pea
essential to detect slight shifts of the spectrum.
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