
PHYSICAL REVIEW B 15 DECEMBER 1998-IVOLUME 58, NUMBER 23
All-porous silicon-coupled microcavities: Experiment versus theory
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A detailed study of coupled porous silicon~PS! microcavities~PSM’s! is reported. The samples are inves-
tigated by room temperature photoluminescence and reflectivity. A splitting of the eigenmodes of the coupled
cavity structure is observed, as well as a difference between the intensities of the cavity peaks related to
mismatch between the two cavity thicknesses. The results are interpreted by a transfer matrix calculation of the
optical response of the PSM, where the single PS layer is modeled by Si nanocrystals with a distribution of
sizes. Comparison of calculations and experiments allows us to deduce the PS oscillator strength at the band
gap. The oscillator strength per cell is found to bef cell;431025, i.e., small, which is consistent with the
interpretation of the visible photoluminescence of PS as being due to indirect transitions of quantum confined
electrons in Si nanocrystals.@S0163-1829~98!02139-0#
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I. INTRODUCTION

The observation of room-temperature photoluminesce
in the visible range from porous silicon~PS!1 has stimulated
much research in order to understand the basic mecha
responsible for emission of light, and to develop possi
routes towards Si-based optoelectronic devices. The vis
PS photoluminescence is believed to be due to electron
finement in low-dimensional Si structures~either undulated
quantum wires or quantum dots!.2,3 The nm scale of the S
crystallites gives rise to optical transitions the oscilla
strengths of which increase with decreasing nanocry
size,4 due to the indirect nature of the bulk Si band gap.

One of the ways to tailor the emission properties of
active medium is to place it in a microcavity with dime
sions comparable to an optical wavelength.5 Semiconductor
microcavities are formed by a layer structure similar to
Fabry-Pe´rot filter: a central active medium is embedded b
tween two dielectric multilayer mirrors. Microcavities allo
enhancement or inhibition of spontaneous emission at
energy of the cavity mode to be obtained, together wit
highly directional emission; microcavities have been used
VCSEL’s ~vertical-cavity surface emitting lasers! and diodes
with very low threshold.6,7 Porous silicon microcavities
~PSM’s! of good quality have been grown, which are sup
rior to PS layers in emission properties.8–10 In PSM’s a
double confinement occurs:~1! electron confinement in
nanometer-size Si crystallites and~2! photon confinement in
optical Fabry-Pe´rot cavities surrounded by dielectric mult
layers@Bragg mirrors, also called distributed Bragg reflecto
~DBR’s!# made of PS layers with different porosities. Th
PSM’s presented in this work are all made by PS layers

Recently, coupled cavities made of III-V semiconducto
have been grown and characterized.11–14 These structures
consist of two planar Fabry-Pe´rot microcavities, surrounded
by external DBR’s and coupled by a central Bragg mir
PRB 580163-1829/98/58~23!/15794~7!/$15.00
e

sm
e
le
n-

r
al

n

-

e
a
n

-

s

s

r

~see Fig. 1!. Coupling of the degenerate cavity mod
through the central DBR induced by the long-range, coher
optical field leads to an optical splitting of th
eigenmodes.11,14 Dual lasing has been observed in VCSE
structures containing coupled cavities.12,13 The coupled cav-
ity structure adds another degree of freedom for the tailor
of spatially confined light-matter coupling; it may lead
interesting effects related to transfer of the excitation fro
one cavity to another~which is analogous to resonant tunne
ing in purely electronic systems such as double quan
wells! or to nonlinear control of transmission.

It is interesting to establish to which extent coupl
PSM’s can parallel the performances of epitaxially grow
III-V microcavities. In addition, a study of coupled PSM
structures may yield useful information on the mechanism
PS photoluminescence and of the associated oscill

FIG. 1. Schematic sketch of the coupled microcavity structure
15 794 ©1998 The American Physical Society
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TABLE I. Thicknesses of the two cavity layers (S1 andS2) of the various samples, in units of the cavi
length lc of the balanced sample.l1, l2, FWHM1, and FWHM2 are the wavelengths and full widths a
half-maximum of the first~lower l) and second~higherl) cavity resonance, respectively.A1 /A2 (L1 /L2)
is the ratio between the integrated~peak! emission intensities of the two resonances.

Sample S1 S2

l1

~nm!
l2

~nm!
FWHM1

~nm!
FWHM2

~nm! A1 /A2 L1 /L2

c Lc1Lc/50 Lc2Lc/50 701.4 729.4 5.2 5.5 0.1 0.11
b Lc1Lc/100 Lc2Lc/100 734.6 760.5 8.9 8.1 0.42 0.4
a Lc Lc 738.9 764.9 4.7 5.7 0.6 0.71
d Lc2Lc/100 Lc1Lc/100 733.9 763.0 6.2 6.8 0.96 1.1
e Lc2Lc/50 Lc1Lc/50 757.9 784.7 7.4 11.4 0.97 1.5
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strength; it also allows a detailed characterization of sam
quality and determination of material parameters~index of
refraction, the presence of absorption, etc.!.

In this work we show that growth of coupled PSM’s wi
good optical properties is possible. We perform photolum
nescence and reflectivity experiments for various cav
thicknesses and study the splittings and relative intensitie
the spectral structures~associated with the cavity modes an
with the sidebands of the Bragg mirrors! and also the trends
as a function of a mismatch between the two cavity thi
nesses. A theoretical modeling is done by assuming a di
bution of oscillators corresponding to emission from
nanocrystals with different sizes. Particular attention is
voted to the determination of the oscillator strength and ot
material parameters.

In Sec. II we describe the samples and the experime
procedure. In Sec. III the experimental results are presen
Section IV is devoted to the theoretical model and to
interpretation of the results. Section V contains conclud
remarks.

II. EXPERIMENTAL DETAILS

The experimental details on how to construct PSM’s
reviewed in detail in Ref. 10. Briefly, PS is formed by a
anodic dissolution of a Si wafer in HF. The properties of t
resulting PS layer depend on the etching parameters, in
ticular, the current density determines the porosity of the
layer and the etching time its layer thickness. As the refr
tive index,n, of a porous layer is scaled from that of the
crystal through the porosity, the current density determi
the refractive index of the etched PS layer. PSM’s are
tained by periodic variations of the current density during
anodic etch ofp-type doped~0.01 V cm! Si wafers. The
electrolyte is constituted by an ethanoic solution of HF w
an HF concentration of 15% in volume.

Let us call H the high refractive index layer~etching
parameters: 1.9 s and 5.75 mA/cm2) with nH52.24,
L the low refractive index layer~etching parameters
5.0 s and 49.73 mA/cm2) with nL51.5,S1 and S2 the
first and second cavity~or spacer; etching parameters: 13.
s and 82.79 mA/cm2) with nc51.27. Then the layer se-
quence used to form the coupled PSM’s is as follows:
HL . . . (38) . . .HL-S1-LH . . . (34.5) . . .L-S2-LH . . .
(38) . . .LH substrate. The final structure is depicted in F
1 and is composed of three DBR’s formed byl/4 stacks~top
mirror DBR1, central mirror DBR2, and bottom mirror
le
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DBR3) and twol/2 cavity regions,S1 and S2. In the bal-
anced PSM, i.e., in a sample whereS1 andS2 are equal, their
thickness isLc5lc /(2nc), where lc is the Fabry-Pe´rot
wavelength in vacuum andnc is the refractive index of the
cavity regions~the wavelength of the cavity mode may diffe
from lc due to the dielectric multilayers: see Sec. IV!. The
various samples are characterized by different values of
thicknesses ofS1 andS2 as detailed in Table I.

III. OPTICAL SPECTRA OF COUPLED PSMS

In Fig. 2 the reflectivity spectrum of the balanced coupl
PSM is shown. The characteristic high reflectivity region d
to the stop band of the three DBR’s extends from about 6
to 840 nm, as indicated by the two pronounced reflectiv
minima. Note, however, that two weaker structures arou
650 and 800 nm are present: they should not be taken
indications of a narrower stop band, and are rather due
structural disorder in the DBR’s, as discussed for simi
structures in Ref. 10 and in the next section. Within t
wavelength (l) region of the stop band, two reflectivit
resonances are observed at 739 and 765 nm due to the
nant coupling between the optical modes confined in the
and second cavity. A maximum transmittivity of 0.44 an
0.27 is associated with the low and highl resonance, respec
tively. Even though the two cavities are equal, a differe
transmittivity is observed due to the residual absorption
the central DBR at these wavelengths.

FIG. 2. Reflectance spectrum of the balanced all-porous silic
coupled microcavity~samplea!. The arrows point to the cavity
modes.
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In order to study the coupled PSM in a deeper way
series of samples with different mismatch between the
cavity layers has been studied. Figure 3 shows the phot
minescence spectra at room temperature for the var
samples. Some information extracted from these spectr
also summarized in Table I.

The overall shape of the luminescence spectra is sim
for all samples and very different from the typical one of P
As a comparison in Fig. 3 central panel, the luminescenc
a PS sample etched with the same parameters of the c
layers is reported. Instead of the characteristic wide emis
band of PS, in PSM’s several peaks are observed corresp
ing to the reflectivity minima of the PSM structure~see, e.g.,
Fig. 2!. At the wavelengths of the coupled cavity modes, t
narrow and sharp peaks are observed, the intensities of w
depend on the mismatch between theS1 andS2 cavities. The
emission in the stop band is not completely flat, since sev
peaks are present: note, in particular, that the structure
650 and 800 nm of samplea, which correspond to the wea
reflectivity structures in Fig. 2, are much more prominent
PL than in reflectivity. Therefore the size of the stop ba
cannot be derived from PL. The peculiar features of the P
luminescence compared to that of PS are a consequen
the photon confinement in the cavity structure and have b
discussed at length in Refs. 8–10.

Here we concentrate on the phenomena introduced by
coupled cavity structure. For the balanced sample labelea

FIG. 3. Luminescence spectra of coupled microcavities for
various thicknesses of the cavity layers (S1 andS2) indicated on the
left. The spectra are in relative units. The dotted line in the cen
panel refers to a luminescence spectrum of a reference PS sa
grown with the same etching parameters as the cavity layers.
spectrum has been normalized to its maximum and should be
tiplied by a factor 0.09 to be reduced to the same relative unit
the spectrum of the PSM.
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~central spectrum in Fig. 3!, two narrow peaks are observe
at 739 and 765 nm corresponding to the transmittiv
maxima measured in the reflectivity spectrum shown in F
2. They are therefore the fingerprint of the two coupled c
ity modes, which have an equal probability of being loc
ized in each of the two cavities. By varying the mismat
betweenS1 andS2, several features can be observed:

~1! The growth process is well controlled as similar spe
tra are observed for the various samples, so we can conc
that the variations are due to the different etching parame
used.

~2! The peak intensities vary as a function ofDLc ~the
thickness difference betweenS1 and S2). In particular, the
high l peak is strongest for samplec and the lowl peak is
strongest for samplee. In the balanced samplea, an intensity
difference between the emission of the two cavity mod
~hereafter referred to as ‘‘intensity asymmetry’’! is observed
due to a residual absorption present in the structure an
the wavelength dependence of the PS emission band.

~3! The spectral position does not change as a function
DLc , except for samplec ~samplee!, where the two cavity
peaks as well as the sidebands are shifted to shorter~longer!
wavelengths.

~4! The linewidth of the luminescence peaks is almo
independent ofDLc and significantly smaller than that typ
cal of PS.9

IV. THEORETICAL MODELING OF COUPLED PSMS

The theoretical modeling of the experimental results
done by assuming a dielectric functione(v)5e`

14px(v) in each layer, wheree`5n2 is the background
dielectric constant, andx(v) is a resonant contribution aris
ing from optical transitions close to the band gap. We
sume for each PS layer a model of nanocrystals with a
persion of sizes, and take the energies of spatially confi
oscillators to be distributed according to a Gaussian func
centered atv0:

P~v!5
1

DAp
expS 2

~v2v0!2

D2 D . ~1!

The widthD of the distribution corresponds to the width o
the bulk PS photoluminescence.10 Both v0 andD depend on
the porosity, with a trend of increasingv0 for increasing
porosity, probably due to a smaller size for the Si nanocr
tals. However, since the distribution of the PS photolumin
cence is much larger than the energy range of interest~i.e., it
extends well outside the stop band of the PSM structure!, for
the sake of simplicity we assume the same values for all
layers. In fact, the results shown below do not depend on
precise form of the resonance frequency distribution: a
ferent form as assumed in Ref. 8 yields very similar resu
The resonant susceptibility is then obtained by a convolut
of the single-oscillator form with the resonance frequen
distribution:

x~v!5E
2`

`

P~x!
bx2

x22v222igv
dx. ~2!
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The susceptibility~2! can be expressed in terms of th
complementary error function. Reflectivity and absorpti
spectra are then calculated by solving Maxwell equati
with the usual transfer-matrix method.16,17The parameters o
the oscillator model are taken as\v051.65 eV (l05750
nm!, D5285 meV,g515 meV.

Although the nominal refractive indices and layer thic
nesses are determined by the growth parameters, their va
for a single layer may be modified in the presence o
multilayer structure, as discussed in Ref. 10. Thus we al
for small deviations from the nominal growth parameters
order to give a better description of the experimental resu
Figure 2 shows that the wavelength of the isolated ca
modes, taken as the average of the two peaks, islm5753
nm; the center of the stop band is instead atls5713 nm.15

Thus the cavity mode is at longer wavelengths than the c
ter of the stop band. In general, the frequencyvm of the
cavity mode is a weighted average of the bare Fabry-P´rot
frequencyvc52pc/ncLc and the center of the stop ban
vs :

vm5
Lcvc1L DBRvs

Lc1LDBR
, ~3!

whereL DBR is a penetration depth in the dielectric mirror
Thus we conclude that the cavity lengthLc , which deter-
mines the bare Fabry-Pe´rot frequency, must be higher tha
l/2. Keeping the refractive indices at the nominal grow
values, but allowing for different values of the layer thic
nesses, we get the following set of parameters:Lc5347 nm
for the length of the balanced cavity andnc51.27 for the
cavity refractive index;a5118.9 nm,b579.6 nm for the
DBR layer thicknesses, andnL51.5, nH52.24 for the re-
spective refractive indices. The external~central! DBR have
N15N358 (N254.5) pairs, respectively.

Useful analytic results for the double-microcavity co
figuration can be obtained by parametrizing the transfer
trix of the Bragg mirrors in terms of their amplitude refle
tion coefficients: this allows to obtain the transfer matrix
the whole structure, and to calculate the energies of the
tem eigenmodes as the poles of the global transmission
efficient t(v) ~the procedure was first applied to single m
crocavities in Ref. 18!. For a structure with two identica
cavities, the optically coupled Fabry-Pe´rot modes can be
classified in terms of their symmetric~S! and antisymmetric
~A! states; their splitting at normal incidence is calculated

DS2A5
\cA12R2

ncLeff
, ~4!

where R25124(nH /nc)
2(nL /nH)2N211 is the reflectivity

of the central mirror, andLeff5Lc1LDBR is an effective
cavity length. Using the approximate formulaLDBR

52(nLnH /nc)
2(a1b)/(nH

2 2nL
2),17,14we findLeff51.35mm

andDS2A554.5 meV: this agrees well with the experimen
splitting of about 55 meV shown in Fig. 2. This comparis
shows that coherence of the optical field is maintained o
the whole thickness of the central DBR, and therefore t
the PSM’s have a good quality that enables us to obse
coherent coupling effects of the kind first reported for III-
coupled microcavities.11
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In Fig. 4~a! we show the calculated reflectivity for th
balanced samplea, with the above set of parameters~and
with b5331025: see below!. Comparing with Fig. 2, we
see that the positions of the cavity dips and the width of
stop band are correctly reproduced. The relative intensitie
the two dips, which are similar to the experimentally o
served ones, arise from the presence of absorption in the
layer: a more detailed discussion is given below. As a g
eral remark, we also notice that the reflectivity spectra hav
weak dependence on the parameters of the PS oscillators
coupled cavity dips are determined by the phase-match
condition in each cavity and by the optical coupling, a
therefore depend mainly on the real part of the refract
indices. In particular, the position of the cavity dips is almo
independent of the oscillator strength: even forb50 ~i.e., no
oscillators in the PS layers! coupled cavity dips would occu
at the same positions.

Comparing the cavity dips in Fig. 4~a! with the experi-
mental ones in Fig. 2, a discrepancy concerning the linew
can be noticed: the theoretical dips are too narrow. The p
line shape depends on the precise values of the refrac
indices, in particular the linewidth depends on the reflectiv
of the external DBR’s and is sensitive to the contrast
tweennH and nL . Since PS undergoes a very fast and u
controlled aging process, we have tried to include this eff
in the calculations by reducing the contrast of the refract
indices of the layers of the outermost DBR. This will mim
a progressive oxidation of the structure. In addition, we ha
included nonresonant absorption in all PS layers by addin
small imaginary part to the refractive indices, and have
sumed the real parts of the refractive indices to be inhom

FIG. 4. Calculated reflectivity spectra for the balanced sampla.
~a! ‘‘Ideal’’ sample. ~b! Including the effect of PS oxidation, the
background absorption, and the spread of the refractive indices~see
text!.
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geneously distributed according to a Gaussian law: by
procedure, which accounts for lateral inhomogeneities in
sample, it was found that even a very small(;1023) spread
of the refractive indices yields a large broadening of
spectra. The result of this simulation for the reflectivity
shown in Fig. 4~b!. It can be seen that the cavity dips a
much wider, in better agreement with the experimental d
shown in Fig. 2, while the dip positions and the width of t
stop band are unchanged; in addition, the new material
rameters yield weak reflectivity features in the stop ba
which resemble the experimental ones. We stress once m
that the dip area is unrelated to the oscillator strength of
PS emitters. Since the precise peak line shape depends
number of unknown material parameters, while it does
yield any crucial physical information, in the following w
stick to the ‘‘ideal’’ structural parameters of Fig. 4~a! and do
not attempt to reproduce the experimental linewidth.

The parameterb appearing in Eq.~2! is proportional to
the oscillator strength of the optical transitions in the nan
rystals; a determination ofb is now made by comparing th
experimental PL with the calculated absorption spectru
Although the two spectra are related by the principle of
tailed balance, one might wonder about possible therma
fects in the PL spectrum. In the present framework each
layer is viewed as a set of weakly interconnected quan
dots with a size distribution; since the PL line of bulk PS
inhomogeneously broadened, there is no reason why t
malization between independent dots should occur. Ind
the nearly symmetric line shapes of the PS luminesce
spectra indicate that there is no thermalization in the oc
pation of high-energy states, unlike in other semiconduc
systems. Moreover, for our multilayer structure all cav
and DBR layers are assumed to have the same size dist
tion and are treated on equal footing: thus a calculation
absorption is expected to give a fair description of PL sp
tra, with the relative oscillator strengths of the various
gions of the spectrum being well accounted for.

When comparing with PL measurements, where only
lowest-lying states of each nanocrystal are probed,b has to
be interpreted~to within a multiplicative factor! as the oscil-
lator strengthat the band gapfor each nanocrystal in the
corresponding PS layer, averaged over the inhomogen
size distribution. This oscillator strength is known to d
crease with nanocrystal size,4 since it must go to zero in the
limit of a bulk Si crystal with indirect gap. A quantitativ
determination of the oscillator strength is one of the m
purposes of this work. In Fig. 5, the calculated absorption
different values of the parameterb ~which for simplicity is
taken to be frequency independent and the same in all lay!
is shown. Whenb,1025 absorption is concentrated in th
cavity peaks, while forb.1024 most of the absorption take
place in the side bands of the mirrors. Note that the ca
absorption is not a monotonically increasing function ofb:
whenb gets larger than;1025 and increases towards unity
the quality factor of the cavity is degraded and absorption
the cavity peaks decreases. The experimental indication
the PL intensities of all peaks are comparable~see Fig. 3!
points to an optimal value ofb between 1025 and 1024. In
the following, a valueb5331025 is assumed.

The parameterb is related to the oscillator strength by
is
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where f /V is the oscillator strength per unit volume. Takin
the volume of a unit cell, the oscillator strength per c
f cell.431025. This compares well with the values calcu
lated by Delley and Steigmeier4 for the larger nanocrystals
Also, with this value for the oscillator strength a radiativ
decay rateG52ne2v2f cell /(3mc3);2 ms21 is obtained,
close to the values calculated in Ref. 3 for a gap of 1.6 e
Thus we may conclude that the present PSM structures
characterized by nanocrystals with a small oscilla
strength; this is consistent with the explanation of the visi
PL band in terms of radiative recombination of electron-h
pairs~or excitons! at the band gap of Si nanocrystals, with
slow radiative lifetime in the ms range.

In Fig. 6, the calculated absorption~a! and reflectivity~b!
for the parameters of the five samples are reported. The
tensity asymmetry of the two cavity peaks for the balanc
samplea, which reproduces the observed one, is due to
presence of absorption. It is important to notice that if t
refractive index is real, a cavity mismatch alone does
yield a different intensity of luminescence peaks or of refle
tivity dips; on the other hand, a complex refractive ind
does produce an intensity asymmetry, which depe
strongly on the mismatch between the two cavities. In o
case the imaginary part of the refractive index is provided

FIG. 5. Absorption of a balanced coupled microcavity as a fu
tion of the parameterb @Eq. ~4!#. The structure is the same as th
used experimentally in Fig. 2; parameters of the calculation
given in the text.
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FIG. 6. ~a! Absorption and~b! reflectivity spectra of the coupled microcavities for the same structures used in Fig. 3. Dotted cu
upper~lower! panel in~a!: refractive indices reduced~increased! by 5% ~3%!. The labels on the spectra refer to the name of the vari
samples. Parameters of the calculation: see Table I and text.
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the resonance frequency distribution when a finite value og
is assumed; the precise value ofg is unimportant. Since the
outer cavityS1 gives the largest contribution to reflectivit
and absorption spectra, when the outer cavity is thicker
peak at higher wavelength is more intense~samplesb andc!;
on the other hand, when the outer cavityS1 is thinner
~samplesd and e! the peak at lower wavelength becom
more pronounced. For a real refractive index this canno
the case, since then time-reversal symmetry holds and
reflectivity of any structure~symmetric or not! is the same
from both sides. Comparing with the experimental resu
shown in Fig. 3 we see that the qualitative features and
trends with increasing cavity mismatch are very well rep
duced.

Obviously this calculation yields only minor changes
the peak positions with cavity mismatch. However, the pe
positions are again very sensitive to the precise values o
refractive indices: a variation of a few percent changes
peak positions by several tens of nm. Comparison of diff
ent sets of samples shows that variation of peak position
30 nm are quite common and are simply due to the lim
tions in the control of the growth: thus the variations o
served in Fig. 2 are just due to slight random deviations
the refractive indices from the nominal ones. In order
e
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f

simulate this effect, the dotted lines in the upper~lower!
panel of Fig. 6~a! show the reflectivity calculated by reduc
ing ~increasing! the refractive indices by 5%~3%!, respec-
tively: this calculation reproduces in a satisfactory way t
experimental peak positions observed in Fig. 3.

V. CONCLUSIONS

The control of the etching process in PS allows the f
mation of coupled PSM’s in which an energy splitting of th
cavity resonances is observed, as in III-V coupl
microcavities;11,14 this shows that coherence of the optic
modes is maintained over the whole structure, indicating
good optical quality of the material. Reflectivity spectra a
low for a precise characterization of the coupled cavity pe
and of the stop band. Photoluminescence experiments
samples with varying mismatch between the two cavit
show coupled cavity peaks with an asymmetry in intens
which depends on both cavity mismatch and the presenc
absorption. These findings agree well with the results o
theoretical model, in which the optical properties of t
multilayer structure are simulated by assuming a distribut
of frequencies for the quantized oscillators in the PS laye
While the precise peak line shape in both reflectivity a
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photoluminescence depends on a number of material pa
eters and is almost independent of the properties of the e
ters in the PS layers, the relative intensities of the various
peaks allow to deduce the important parameterb, which is
related to the oscillator strength and to the radiative reco
bination rate. The oscillator strength per cell is found to
f cell.431025., i.e., quite small: this value is much lowe
than that of a direct gap material because the radiative t
sition in PS is induced by quantum confinement in indir
gap silicon nanocrystals. To our knowledge, this is the fi
determination ofb not from time-resolved luminescence d
cay, where a crucial role is played by nonradiative recom
nation; the value ofb provides further support for the mode
ys

e

er
.

ys
m-
it-
L

-
e

n-
t
t

i-

of luminescence from quantum confined states in Si quan
dots. The application of coupled PSM’s for enhanced n
linear optical effects is underway.
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