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Cathodoluminescence enhancement in porous silicon cracked in vacuum
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An increase of the cathodoluminescei(Ct) signal of porous silicofPS cracked in vacuum of up

to three orders of magnitude has been achieved. Under high electron-beam currents, the samples
cracked in interconnected pieces of tens of microns, exposing new surfaces to the electron beam.
This treatment enhances the radiative intensity in PS associated with a broadband peaked at 720 nm,
which is highly stable while the sample is kept in vacuum. Cross-sectional CL observations show
that most of the light is generated in the top surface of the porous layer. The spectral depth
dependence of the emitted light reveals a relatively weak blue emission in the region closer to the
substrate. ©1999 American Institute of Physids§0003-695(99)02112-9

The structure and properties of porous silicon have at- Porous silicon samples were prepared by anodization of
tracted the attention of many researchers since the discovepytype (100 silicon wafers with a resistivity of 12 cm. The
of its strong photoluminescen¢BL).! The origin of the po-  electrolyte used was a HF:ethanol solution mixture and the
rous silicon(PS luminescence has been extensively investi-samples were etched at a current density of 25 mA/fom
gated and many of the experimental results have been egimes ranging from 1 to 60 min. CL measurements in the
plained in the frame of a quantum confinement mddel, visible range were performed in two different SEM, a Hita-
although the presence of oxides is known to influence the€hi S2500 at temperatures between 77 and 300 K with a
emission properties, e.g., Refs. 3 and 4. In spite of the gerPeam accelerating voltage of 20 kV, and a Leica Stereoscan
eral knowledge available on the mechanisms of PS lumineg#40 at room temperature with voltages from 3 to 20 kV, and
cence, many questions remain unexplained, partially due tBrobe currents from LA down to 1 nA. The photomultipler
the strong dependence of the properties of the PS on thHésed was a Hamamatsu R928 with a spectral range of 185—
fabrication procedure and the stabilizing treatméses Ref. 900 nm, with low sensitivity above 850 nm.
5 for a recent review on this matieMost of the experimen- At room temperature the samples showed a weak CL
tal work on PS emission has been performed by photommisignal that decreased rapidly during the observation in the
nescence techniques. On the contrary, cathodoluminesceng&M. The electron-beamo %egradation of luminescence has
(CL), which is a well-established technique for characteriz-P€€n previously repgrtescjl. “*In our case, the signal degra-
ing semiconductor&has been less frequently applied to pg dation made impossible the acquisition of any spectra or CL

This is partly due to the weak CL signal and its poor stability/mage in any of the samples investigated. By decreasing the

often found during the electron irradiation of PS. The specSample temperature the CL emission was enhanced, but also

tral distribution of the generated light strongly differs for cL 1€ resistivity of the porous layer increased, with the subse-
and PL signals and, in general, a higher output of the CI_quent charging of the sample. Under these conditions, the

signal in the blue spectral region has been described in thl-éample cracks when high probe currents are used. This effect

literature. Blue-green CL bands in oxidized PS have bee epends on the porosity of the sample, appearing rapidly in
attributed in some cases, e.g., Refs. 3 and 7, to the presen%%mples anodized for anggr times while it is Qifficult to
of oxides while other au’thcﬁg’ did not obser\,/e a relation achieve after short anodization times. The resulting appear-

) : ance of the sample can be observed in the lower part of Fig.
between blue CL and the oxide layer. Since some of the C:ll(a). This structure is similar to the one described in Refs.

observations, including the lack of stability of the Iumines—1 12, and 13, and is commonly related to stress. In these
cence emission under electron irradiation, seem to be relategé’eS the crack formation is supposed to arise from the cap-
to surface reactions, the use of clean surfacgs .Of PS CO_“F ary tensions due to the liquid—vapor interfaces that appear
enable the study of crystallite-related CL emission. In thlsduring the drying process of the porous material. In our case

work, PS samples have been cracked by the effect of thﬁhe only possible sources of stress are thermal or electrical

electron beam inside the chamber of a scanning electron Mfiscontinuities, the first being the most probable ones. After
croscope(SEM) and the CL of the fresh exposed surfaces,e preaking of the surface, the CL intensity increased up to

has been inve_stigated, revealing high radiative efficiency anﬂwree orders of magnitude as compared with the initial CL
a stable CL signal. signal. The emitted light could be seen by the naked eye
even at room temperature. CL images show that the emission
¥Electronic mail: piqueras@eucmax.sim.ucm.es arises from the cracked regions of the sample, as observed in
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FIG. 2. Cathodoluminescence spectra of thejust broken porous silicon
and(b) of the same zone after 60 days in air.

spectra of PS usually show emission in the blue-green spec-
tral range whose origin, silicon nanocrystalline structures or
oxides, is a subject of discussion. Cullisal.” reported a CL
spectrum in rapid thermal oxidized PS with a weak peak at
520 nm and a more intense broadband from 600 nm to about
800 nm(detector cutoff. By comparison with the spectra of
oxides, they concluded that only the emission around 750 nm
is characteristic of oxidized PS and could be attributed to
recombination of quantum-confined carriers in the Si nano-
structures. The present results, however, show that the CL
emission of fresh exposed surfaces, which is not expected to
be greatly influenced by the oxides but due to the presence of
nanocrystalline silicon, extends in the 600—800 nm range.
The CL spectra appear similar, or comparable, to the PL
spectra of PS reported in the literature, e.g., Refs. 2, 14, 15,
and 16. The spectrum of the aged sample, in Fig. 2, shows a
shift to higher energies, similar to that reported by different
authors for the case of PL.

For cross-sectional CL measurements the samples anod-
ized for longer time¢30 and 60 mihwere used. CL images
FIG. 1. PS sample with cracked and uncracked part&)isecondary elec- in the visible range show an inhomogeneous intensity distri-

tron mode,(b) CL mode, (c) secondary electron mode of the broken part at PUtion as a function of dgpth with a higher i_nter‘Sity at the
higher magnification. top of the porous layefFig. 3. Infrared CL images also

showed, in general, an enhanced intensity from the top re-

. b). Th - found to b ble aft ﬁion. Representative CL spectra from the top and bottom of
Fig. 1(b). The emission was found to be stable after repeate e porous layer are shown in Fig. 4. Both spectra show clear

measurements on different days with the sample stored in thg¢terences as the presence of a blue-resolved emission and a
SEM chamber under vacuum. _ _ reduced signal in the bottom of the layer. Spectral variations
High magnification secondary electron images of the ir-of ps |yminescence along the porous layer cross section have
radiated aredFig. 1(c)] show a complex topographic struc- peen previously reported. Matsueaall” reported PL ob-
ture in the crack surfaces, with features of tens of nanometefapyations in which the shorter-wavelength luminescence
size. Since these structures are not present in the nonirradirises mainly from the near surface, which qualitatively
ated parts of the sample, it appears that electron irradiatioggrees with the present CL results. Mitstial® studied the
produces a high increase of the external surface area.  CL from PS at different accelerating voltages of the beam to
Figure 2 shows the CL spectrum recorded from a samplgary the excitation depth and concluded that a band at 420
shortly after the appearance of cracks and the normalizedm arises from the interface between the porous layer and
spectrum of the same sample after 60 days storage in aithe unetched silicon. It is to be noticed that the 420 nm band
Both spectra were obtained with a 20 kV accelerating voltyeported in Ref. 12 was observed at 20 K and at beam volt-
age and at room temperature. The spectrum of the as-brokemyes higher than 160 kV. In our samples the blue lumines-
sample consists of a broadband in the approximate range e&nce is observed at room temperature and with 20 kV exci-
550—-800 nm with its maximum at 720 nm. The emissiontation. This appears to be due, with the presence of the very
goes beyond the photomultiplier detection range and extendatense 720 nm band, to the specific conditions of formation
into the near infrared up to about 1600 nm, as it has beebf fresh surfaces in the samples used in this work. The spec-
measured with a cooled Ge detector. As stated above, the Gtal variations along the cross section are related to structural
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The observations presented here show that stress, and in
particular, the subsequent cracking, has a marked effect on
the optical properties of PS and has to be considered when
applying treatment to this material. Stress may take place
during rapid thermal oxidatiofRTO) or when restoring the
luminescence by introducing the PS sample in boiling water.
In both cases it does appear to be a topographic structure
similar to the one we create with irradiation. However, the
effects might differ depending on the treatment, because our
samples are transformed under vacuum and, therefore, ox-
ides would not contribute to the observed luminescence.

In summary, the formation of new surfaces of PS under
vacuum leads to an intense CL signal in the visible, with a
peak at 720 nm, and near-infrared range. The luminescence
signal is stable under vacuum even after prolonged electron
irradiation and the spectral distribution is comparable to pre-
viously reported PL spectra of PS. The origin of the observed
CL is attributed to the presence of nanocrystalline silicon.
Cross-sectional CL measurements show, in samples cracked
in vacuum, a blue luminescence band located preferently in
the bottom part of the porous layer, near the undamaged
silicon substrate.

This work was supported by the DGE®roject No.
PB96-0639 and by the Scientific Cooperation Programme
between Spain and Romania.
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