APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 7 16 AUGUST 1999

Depth-resolved microspectroscopy of porous silicon multilayers
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We have measured depth-resolved microphotoluminesa@&igeand 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 substratel 989 American Institute of Physics.
[S0003-695(199)02833-9

The refractive index of porous silicon can be varied con-taken at different layer depths in a three-dimensional view.
tinuously between the indices of bulk silicon and air, simplyPorous layers extend down 28m. In contrast to the sub-
by changing the porosity. Therefore, porous siliconstrate they emit some luminescence and the Raman peak is
multilayers! where the porosity varies periodically with broadened.
depth, have been used in optoelectronic devices such as Figure 3 gathers the most relevant parameters from the
filters! dielectric mirrors> waveguides, and optical PL [Figs. 3a)—3(c)] and the RamafFigs. 3d)—3(g)] spec-
microcavities® For these applications it is very important to tra. In this sample the integrated PL intendiBig. 3a)] for
characterize the device with depth resolution, but reportshe low porosity(LP) layers is much weaker than for the
have been scarceFor example, Raman microspectroscopyhigh porosity (HP) layers, because their porosity is very
on a cross section has been applied previously to porousiose to the threshold of 65% for light emission.
silicon single layer§.However, experiments in multilayers The PL emission band peaks at 1.82 @V78 eVj for the
have been limited to top and bottom surface measurementsHP (LP) layers[Fig. 3b)]. The shift with porosity agrees

In this letter we report microphotoluminescengel) with the origin of PL at quantum states confined in the sili-
and micro-Raman spectra taken on the cross section of p@on nanocrystals. Assuming nanosphéfase energies cor-
rous silicon multilayers to get direct depth-resolved informa-respond to diameters of 3.28 and 3.35 nm for the HP and LP
tion. We will find important parameters such as crystallitelayers, respectively. Within the layers the energy varies
size, temperature, and stress as a function of depth and poonotonically, indicating a positivénegative gradient of
rosity. the porosity with depth for the HRLP) layers.

Porous silicon multilayers were etched in the dark on  The PL full width at half maximun{FWHM) [Fig. 3(c)]
(001) boron-doped(p-type, 0.1-0.5Qcm) silicon wafers reaches a maximum of around 0.35 eV for LP layers and a
with a 1:1 HF(48% in weighj/ethanol(98%) solution. Sev- minimum of around 0.29 eV for HP layers. Similar narrow-
eral multilayered samples with different porosities wereings of the PL band with porosity have been reported
formed by alternatively switching the current dengigich-  previously*!
ing time) between two values: 2020/20020), 40(100)/ For all samples the integrated Raman intengiyg.
15030), and 2@100/75(30) in mA/cn? (s). Estimated po- 3(d)] is stronger in the LP layers, probably due to the larger
rosities (thicknesses inum) are® 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 sample.
Samples were cleaved alondHLO plane to expose a cross
section perpendicular to the laydisee Fig. 1

PL and Raman spectra were taken along the cross sec
tion with a Renishaw ramascope 2000 microspectrometer
To sample different depths, a motorized stage was used. Th
exciting wavelength was 514.5 nm from an argon ion laser.
To avoid laser heating, power density on the sample was
smaller than 2 kW/ct Spatial resolution was arounduim.

Figure 2 shows the micro-PL and micro-Raman spectra

FIG. 1. Optical micrograph of a cleaved cross section for a 61%/86% po-
rous silicon multilayer. Dark bands correspond to high porosity layers. Con-
3E|ectronic mail: far@icmm.csic.es trast has been computer enhanced.
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FIG. 2. 3D view of microphotoluminescen¢eL) (a) and micro-Ramaitb)
spectra at different layer depths along the cross section shown in Fig. 1.

scattering volume. In this sample the seventh layer shows ¢
weaker contribution due to focusing effects during the map-
ping, which do not affect the following discussion.

The phonon Raman band in porous silicon is broadenec
on the low energy side due to quantum confinement of
phonons in the silicon nanocrystals and to the presence o
amorphous silicori? Confinement relaxes thg=0 selection
rule and phonons outside the center of the Brillouin zone
(q#0), with lower frequency, become allowed. The result-
ing line shape can be related to crystallite size with the pho-
non confinement modéf:**

Using this model, with the usual expressions and assum
ing spherical nanocrystaté we fitted the Raman band to get
the crystallite diameter as a function of depth. To account for
the amorphous contribution we added a Gaussian. Its posi
tion and FWHM were left as free parameters, although we
got almost constant values of 487 and 60 ¢nrespectively,
corroborating the amorphous origin. The relative integrate
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intensity, which is proportional to the amorphous fraction, porosity layers.

does not change with depth. To get a good agreement, the
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IG. 3. Depth dependence of the most relevant parameters from the PL
a)—(c) and the Ramarid)—(g) spectra. Gray vertical stripes mark high

phonon parameters g&=0 were also varied with depth, pro-
viding new physical insight.

The phonon frequency a@=0 (vy) corresponds to the
bulk value. At 300 K it is 520cm’. At higher
temperature$ or under compressive stréSé decreases or
increases, respectively. For LP lay¢Fg. 3(e)] the shift is

very small, proving that heating is negligible at this laser
power. At higher powers decreases appreciably. For ex-
ample, at 200 kW/cfthe shift is 4 cm?, indicating® a tem-
perature of 200°C. At this power, heating effects are still
unobservable on the substrate because heat dissipation is
much more efficient.
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