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Enhanced optical properties in porous silicon microcavities
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We report the experimental investigation of the optical properties of porous silicon embedded in a planar
microcavity structure in which both the active layer and the two Bragg reflectors are fabricated by electro-
chemical processing of a p-type porous silicon wafer. By tuning the cavity resonance energy around the
maximum of the porous silicon emission we have observed photoluminescence linewidths as narrow as 18-25
meV and an intensity enhancement of more than one order of magnitude. The experimental results are clarified
by theoretical calculations performed with the standard transfer-matrix approach in the framework of a porous

silicon quantum-box model.

The recent observation of photoluminescence’ (PL) and
electroluminescence®’ emission from porous silicon (PS)
samples has prompted great interest in view of possible ap-
plications of PS-based devices in optoelectronics. In addi-
tion, several models have been proposed in order to clarify
the mechanism governing the PL emission.*> Among them,
the quantum confinement of excitons in silicon nanocrystals
(dots or wires) seems to successfully explain many different
experimental results. Examples are the observation of well-
defined phonon structures,6’7 the PS transport properties,8 the
PL decay times,”'? and the dependence of the PL peak ener-
gies on the size of the silicon dots or wires.!!

In view of device applications, attention is currently fo-
cused on the enhancement of the optical and electro-optical
properties of PS samples.'?"!°> However, despite these strong
efforts, no significant and definitive improvements have been
obtained; critical issues are still the very broad spectral and
angular emissions and aging effects.

In the field of III-V semiconductors, the use of cavity
systems is a well-established tool to alter and control the
spontaneous emission in both quantum-well embedded sys-
tems and three-dimensional bulk ones.'®~'® Semiconductor
microcavities allow the analysis of the fundamental proper-
ties of photon-exciton coupling'®* and have consequences
for the performance of nonlinear optical devices®' and laser
devices since they decrease the radiative emission lifetime
and lead to strong unidirectionality of the emitted light. The
aim of the present work is to extend these studies to the PS
field. To this end we propose a system based on a PS micro-
cavity structure (PSM) in which both the active layer and the
two Bragg reflectors are produced by an anodization process
on a p-type silicon wafer. The refractive index of PS is de-
termined by its porosity, which depends only on the current
density of the electrochemical process once the other etching
parameters are kept fixed. An accurate measurement of PS
porosity can be performed through gravimetric techniques.
In this way, by controlling the current density one can con-
trol the index of refraction of PS layers; the anodization time
determines the layer width.
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The use of multilayered structures formed by PS at differ-
ent porosity has already been suggested and successfully ap-
plied, and good optical quality Bragg reflectors and Fabry-
Pérot interferences filters have been fabricated.?*~>*

Here we analyze the optical response of two PSM’s con-
sisting of a A or \/2 PS active layer of 75% porosity [index
of refraction n = 1.27 (Ref. 25) at 760 nm], where \ is the
wavelength measured in the material, enclosed between two
distributed Bragg reflectors. Every sample was obtained
from a B-doped Si wafer with a resistivity of 0.01 ) cm.
Each Bragg reflector was composed of six pairs of alternat-
ing PS N\/4 layers with porosities of 62% (n=1.50 at 760
nm) and 45% (n = 2.24 at 760 nm), respectively. The details
of sample preparation have been given elsewhere.>?* We re-
mark that the fabrication time is of the order of 1 h and that
the computer-controlled parameters of the anodization pro-
cess yield well-reproducible PSM optical features.

We have tuned the cavity mode to the photon energy cor-
responding approximately to the maximum emission of the
PS active layer by simply choosing the appropriate value for
\. This yields 598-nm and 299-nm layer widths for the A\
and A\/2 PS active layers, respectively, and 126 nm and 84
nm for the Bragg-reflector widths.

PL measurements were performed using the 458-nm line
of an Argon-ion laser focused at approximately 45° from the
z axis, perpendicular to the surface of the sample, with an
incident intensity of about 10 W/cm?. The PL light was de-
tected along the z axis and dispersed with a 1-m double
monochromator equipped with a GaAs phototube and a
lock-in amplifier. Reflectivity measurements were performed
using a 100-W xenon lamp source. The samples were ana-
lyzed between 10 K and room temperature using a closed-
cycle cryostat.

Figure 1 shows the room-temperature reflectivity spec-
trum of the A PSM (upper panel) and its PL spectrum (lower
panel, solid line). For comparison we have also plotted in the
lower panel the PL spectrum of a A-thick PS layer without
reflectors (dotted line). We observe strong changes in the
spectral response: first, a dramatic reduction of the full width
at half maximum (FWHM) of the PL emission from 320
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FIG. 1. Room-temperature reflectivity spectrum of a A porous
silicon microcavity (upper panel) and photoluminescence (PL)
spectra of a porous silicon layer (lower panel) without any reflectors
(dotted line) and of a N porous silicon microcavity (solid line). The
first edge of the Bragg reflectors stop band is not visible in the
reflectivity spectrum due to the low efficiency of the detection sys-
tem in this energy range. Excitation laser light intensity is ~10
W/cm?. PL is detected along the axis perpendicular to the surface of
the sample.

meV to 22 meV (the latter energy width being entirely de-
termined by the quality of the cavity). Second, the PL peak
emission intensity is increased by a factor of ~16 in the
microcavity sample. These two features are a consequence of
the enhancement of the spontaneous emission originating
from the states resonant with the optical mode of the Fabry-
Pérot resonator and of the inhibited radiative decay of all
other states. A second peak around 1920 meV is detected and
corresponds to the edge of the Bragg reflectors stop band. At
this energy the reflectivity of the whole structure becomes
particularly low and a fairly strong PL emission from the A\
PS layer and from the two reflectors can be detected.

In Fig. 2 we report the PL emission spectra at 30 K and at
room temperature for both the N (solid lines) and A /2 (dotted
lines) microcavities. The inset shows the temperature depen-
dence of the normalized integrated emission intensitv of both
microcavities and, as reference, that corresponding to the PS
A\ -thick layer. We have observed a small shift (a few meV) of
the PL peak towards lower energies as the temperature in-
creases, probably owing to variations in the refractive indices
and layer thicknesses. No significant dependendence of the
FWHM on temperature can be revealed, confirming that the
linewidth is determined only by the resonator finesse. The
different PL peak energies of the N and \/2 microcavities can
be ascribed to small deviations of the resonators’ effective
thickness from the nominal values, following small discrep-
ancies in the porosity and thickness calibration. The stronger
emission of the N PSM is related to the larger active thick-
ness although the normalized integrated emissions of the two
microcavities become equal upon increasing the temperature
as the hopping-mediated and thermally activated nonradia-
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FIG. 2. Photoluminescence spectra of the N (solid lines) and
/2 (dotted lines) porous silicon microcavities at 30 K and at room
temperature (the stronger emissions correspond to 30 K). The inset
shows the temperature dependence of the photoluminescence inte-
grated emission of the N (dashed line) and A/2 (dotted line) micro-
cavities and of a reference PS A-thick sample (solid line) normal-
ized to the corresponding lowest temperature photoluminescence
integrated spectra.

tive processes more than compensate the thicker active layer
of the \ cavity.

Microcavity effects are also revealed by the temperature
dependence of the integrated PL (inset of Fig. 2). A different
behavior is observed. In the A-thick reference sample, as in
usual PS samples,?® the integrated PL emission behavior is
explained with the help of concurrent measurements of the
PL lifetime and is thought to be the result of two opposing
processes: the thermally activated promotion of excitons
from the low-energy dipole-prohibited exciton triplet state to
the high-energy dipole-allowed exciton singlet state,?” which
increases the PL intensity and dominates at low tempera-
tures, and the thermally activated nonradiative recombina-
tion, which decreases the PL intensity and dominates at high
temperatures. These trends are strongly modified by the pres-
ence of the cavity. A detailed explanation would require the
measurements of the temperature dependence of the lumines-
cence time constants, which we plan to perform in the near
future. Here we suggest that the major effect of the micro-
cavity is to shorten significantly the singlet radiative lifetime
so that recombinations from the singlet state predominate
also at low temperature. This effect could be enhanced by a
reduction of the phonon-scattering rates determined by the
different densities of state for the dressed excitons, which is
now governed by the coupled exciton-photon mode
dispersion.?®

To clarify the optical behavior of the PSM we have cal-
culated reflectivity and absorption spectra using a transfer-
matrix approach® and assuming a quantum-box model and
exciton confinement in a Si-nanocrystal inside the PS layer.
The first step is the computation of the first-order suscepti-
bility given by
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where P(w,) is the distribution of oscillators (excitons) as a
function of frequency. The susceptibility of a single exciton 0.0+ -
x(w,w,) is given by
0.18 | 4

_ fog
X(w,wo) O)g—wz_irw, (2)
where f is the oscillator strength and I" the thermal broaden-
ing factor that is assumed to depend linearly on temperature.

We consider a Gaussian size distribution for the Si nanoc-
rystals centered at d. = 34.6 A having a width o, = 1.3 A.
The emission energy E; is related to the corresponding size
d; through the power-law relation E;=FE (d./d;)" with n~
1.4,%° where E . 1s the transition energy corresponding to a Si
nanocrystal of size d.. Within these assumptions P(w,) is
given by

1 1 ) ) o, i/n 2
P(wo)oco_—dwexp - (dC/ZO'd) —(,()_ -1 .

o

It is centered in w, = E_./h and has a FWHM of 320 meV,
as deduced from the PL emission spectrum. The PS dielectric
constant is then computed as €= €;,+4mx(w), where €, is
the background dielectric constant of the layer.

The transfer matrix M for the whole PSM is obtained by
multiplying together the transfer matrices m of every single
layer. For the jth layer we have

o i o
cos ?n]-lj —n—jsm ?njlj

in. sin| —n.l gy ,
—n; SIN| —n;l; COS| —n;i;
i o it c it

where n;= \/;, l; is the width of the jth layer, and c is the
velocity of light.

From this we have calculated the reflectivity R = |r|? and
the transmittivity T = ng|t|?, where ny is the index of
refraction of the p-type silicon substrate and r and ¢ can be
calculated using®
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The absorption A is then calculated in the usual way as
A=1—-R-T.

The results are displayed in Fig. 3. The theoretical spectra
exhibit the same behavior as the experimental ones (Fig. 1),
not only for what concerns the reflectivity spectra, but also
by comparing the calculated absorption spectrum and the
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FIG. 3. Calculated reflectivity spectrum (upper panel) and ab-
sorption spectrum (lower panel) for a A porous silicon microcavity.
Also shown are the calculated absorption spectrum (dotted line) for
a \ porous silicon layer without any reflectors. The best matching
with the experimental results (Fig. 1) has been obtained with a
broadening factor I'=30 meV and with an oscillator strength
4mf=1x10"%.

experimental PL spectrum. This result was expected in view
of the nearly symmetric line shapes of the PS luminescence
spectra at low and room temperature. It is an indicator that
the thermal contribution to the occupation of the high-energy
states is not as important as in other semiconductor
systems.’! A broadening factor I" for excitons belonging to
each single Si nanocrystal is included in the linear suscepti-
bility to take into account phenomenologically scattering and
dephasing processes.

We have not performed a detailed line-shape fitting pro-
cedure and the calculated spectra of Fig. 3 have been ob-
tained with I’ = 30 meV and 47f = 1X10™%. The I value
is not critical and reasonable deviations from the reported
values do not lead to strong modifications of the calculated
spectra. The assumed value has been chosen of the order of
the thermal energy. For the f value we have found that stron-
ger oscillator strengths result in a saturation of the absorption
at the cavity resonance, yielding a calculated reflectance
spectrum which deviates more from the experimental one,
whereas even an order of magnitude lower values do not
result in appreciable changes.

In conclusion, we have shown a PS-based structure,
namely, a PS microcavity, which strongly modifies the opti-
cal properties of the PS. The effect of narrowing and en-
hancement of the porous silicon emission band was experi-
mentally demonstrated in both a A and a A/2 microcavity.
Temperature dependence of the integrated emission intensity
has been reported and discussed. Finally, we have performed
a theoretical calculation based on the transfer-matrix ap-
proach and assuming exciton confinement in Si nanocrystals.
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The experimental results for both the reflectivity and the
emission spectra have been well reproduced. The PSM rep-
resents an exciting subject of investigation also in the field of
nonlinear optical properties. Further investigations are in
progress in order to analyze the modifications of the decay
time in PSM photoluminescence and electroluminescence.
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