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Depth-resolved microspectroscopy of porous silicon multilayers
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We have measured depth-resolved microphotoluminescence~PL! and micro-Raman spectra on the
cross section of porous silicon multilayers to sample different layer depths. The PL emission band
gets stronger, blueshifts, and narrows at the high porosity layers. On the contrary, the Raman band
weakens and broadens. This band is fitted to the phonon confinement model. With the bulk silicon
phonon frequency and its linewidth as free parameters, we obtain crystallite size, temperature, and
stress as a function of depth. Sizes are larger than those estimated from PL. Laser power was
reduced to eliminate heating effects. Compressive stresses in excess of 10 kbar are found in the
deepest layer due to the lattice mismatch with the substrate. ©1999 American Institute of Physics.
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The refractive index of porous silicon can be varied co
tinuously between the indices of bulk silicon and air, simp
by changing the porosity. Therefore, porous silic
multilayers,1 where the porosity varies periodically wit
depth, have been used in optoelectronic devices suc
filters,1 dielectric mirrors,2 waveguides,3 and optical
microcavities.4 For these applications it is very important
characterize the device with depth resolution, but repo
have been scarce.5 For example, Raman microspectrosco
on a cross section has been applied previously to po
silicon single layers.6 However, experiments in multilayer
have been limited to top and bottom surface measureme7

In this letter we report microphotoluminescence~PL!
and micro-Raman spectra taken on the cross section of
rous silicon multilayers to get direct depth-resolved inform
tion. We will find important parameters such as crystall
size, temperature, and stress as a function of depth and
rosity.

Porous silicon multilayers were etched in the dark
~001! boron-doped~p-type, 0.1–0.5V cm! silicon wafers
with a 1:1 HF~48% in weight!/ethanol~98%! solution. Sev-
eral multilayered samples with different porosities we
formed by alternatively switching the current density~etch-
ing time! between two values: 20~120!/200~20!, 40~100!/
150~30!, and 20~100!/75~30! in mA/cm2 ~s!. Estimated po-
rosities ~thicknesses inmm! are,8 respectively, 57%~2.4!/
97%~2.5!, 61%~3.4!/86%~3.0!, and 57%~2.0!/69%~1.7!. In
the following, we will concentrate on the second samp
Samples were cleaved along a~110! plane to expose a cros
section perpendicular to the layers~see Fig. 1!.

PL and Raman spectra were taken along the cross
tion with a Renishaw ramascope 2000 microspectrome
To sample different depths, a motorized stage was used.
exciting wavelength was 514.5 nm from an argon ion las
To avoid laser heating, power density on the sample w
smaller than 2 kW/cm2. Spatial resolution was around 1mm.

Figure 2 shows the micro-PL and micro-Raman spec
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taken at different layer depths in a three-dimensional vie
Porous layers extend down 28mm. In contrast to the sub
strate they emit some luminescence and the Raman pe
broadened.

Figure 3 gathers the most relevant parameters from
PL @Figs. 3~a!–3~c!# and the Raman@Figs. 3~d!–3~g!# spec-
tra. In this sample the integrated PL intensity@Fig. 3~a!# for
the low porosity~LP! layers is much weaker than for th
high porosity ~HP! layers, because their porosity is ve
close to the threshold of 65% for light emission.9

The PL emission band peaks at 1.82 eV~1.78 eV! for the
HP ~LP! layers @Fig. 3~b!#. The shift with porosity agrees
with the origin of PL at quantum states confined in the s
con nanocrystals. Assuming nanospheres,10 the energies cor-
respond to diameters of 3.28 and 3.35 nm for the HP and
layers, respectively. Within the layers the energy var
monotonically, indicating a positive~negative! gradient of
the porosity with depth for the HP~LP! layers.

The PL full width at half maximum~FWHM! @Fig. 3~c!#
reaches a maximum of around 0.35 eV for LP layers an
minimum of around 0.29 eV for HP layers. Similar narrow
ings of the PL band with porosity have been report
previously.11

For all samples the integrated Raman intensity@Fig.
3~d!# is stronger in the LP layers, probably due to the larg

FIG. 1. Optical micrograph of a cleaved cross section for a 61%/86%
rous silicon multilayer. Dark bands correspond to high porosity layers. C
trast has been computer enhanced.
© 1999 American Institute of Physics
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scattering volume. In this sample the seventh layer show
weaker contribution due to focusing effects during the m
ping, which do not affect the following discussion.

The phonon Raman band in porous silicon is broade
on the low energy side due to quantum confinement
phonons in the silicon nanocrystals and to the presenc
amorphous silicon.12 Confinement relaxes theq50 selection
rule and phonons outside the center of the Brillouin zo
(qÞ0), with lower frequency, become allowed. The resu
ing line shape can be related to crystallite size with the p
non confinement model.13,14

Using this model, with the usual expressions and ass
ing spherical nanocrystals,14 we fitted the Raman band to ge
the crystallite diameter as a function of depth. To account
the amorphous contribution we added a Gaussian. Its p
tion and FWHM were left as free parameters, although
got almost constant values of 487 and 60 cm21, respectively,
corroborating the amorphous origin. The relative integra
intensity, which is proportional to the amorphous fractio
does not change with depth. To get a good agreement
phonon parameters atq50 were also varied with depth, pro
viding new physical insight.

The phonon frequency atq50 (n0) corresponds to the
bulk value. At 300 K it is 520 cm21. At higher
temperatures15 or under compressive stress16 it decreases or
increases, respectively. For LP layers@Fig. 3~e!# the shift is

FIG. 2. 3D view of microphotoluminescence~PL! ~a! and micro-Raman~b!
spectra at different layer depths along the cross section shown in Fig.
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very small, proving that heating is negligible at this las
power. At higher powersn0 decreases appreciably. For e
ample, at 200 kW/cm2 the shift is 4 cm21, indicating15 a tem-
perature of 200 °C. At this power, heating effects are s
unobservable on the substrate because heat dissipatio
much more efficient.

FIG. 3. Depth dependence of the most relevant parameters from the
~a!–~c! and the Raman~d!–~g! spectra. Gray vertical stripes mark hig
porosity layers.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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The lattice of porous silicon expands with porosity17

The lattice mismatch with the substrate17 or between layers
of different porosities produces a residual stress. From
observed shift ofn0 @Fig. 3~e!# we obtain16 compressive bi-
axial stresses of about 4 kbar on the HP layers and of 13
on the deepest layer, due to the lattice mismatch with the
layers and the substrate, respectively. Considering the l
porosities,18 the substrate resistivity,19 and the elastic con
stants of bulk silicon, we estimate the stresses as 7 an
kbar, respectively, in close agreement with the experim
The strain due to the substrate relaxes within one layer.

We observe that the phonon linewidth atq50 (G0) in-
creases with temperature.15 At low laser powers, when heat
ing effects are negligible,G0 reaches a value in the porou
layers that is higher than in the substrate@Fig. 3~f!#. We
attribute the minimumG0 to inhomogeneous broadening
the silicon microstructures. It depends on the sample, bu
clear correlation is found with porosity within the sam
sample, in contrast with previous results.20 Porosity multilay-
ers have the advantage that different porosities are obta
under the same conditions, other than etching time and
rent.

Finally, the diameter of silicon nanocrystals,d, obtained
from the fitting, varies about 4.3–5.5 nm for the HP and
LP layers, respectively@Fig. 3~g!#. They are larger than thos
estimated from PL, because the size distribution is actual
broad function and PL is more sensitive to smaller crysta

In summary, we have shown that low power microph
toluminescence and micro-Raman spectra on a cross se
of porous silicon multilayers provide detailed informatio
Parameters like crystallite size, temperature, and stress
be studied as a function of depth and porosity. A large str
is found at the deepest layer.
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