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Abstract. Porous silicon obtained on n-type silicon by photoelectrochemical etching in HF, is

formed of a macroporous silicon layer beneath a nanoporous silicon layer. Microstructural

investigations and chemical analysis at the aiomic level of the nanoporous silicon film (obtained

from a highly doped (Ill) oriented Si substrate) have been done by high resolution transmission

electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS) using a scanning
transmission electron microscope (STEM). We have found that the nanoporous Si consists of a

regular Si macroarray with triangular geometry. Nanometer-size tangled wires are contained

within and attached to the macroarray. HRTEM images clearly demonstrate the existence of

quantum-sized Si wires made of a crystalline core covered with an amorphous layer. Electron

energy loss spectra (EELS) have been recorded for different positions of the incident probe across

the quantum-sized Si wires. The results obtained in the low-loss region and at the Si L~, edge have

been compared with those recorded on reference specimens (Silsio~ interface and hydrogenated
Si sampie). Although they do net exclude the presence of one or a few monolayers of foreign

species, of hydrogen in particular, on the outer surface, our results generally support the quantum-
confinement model to mterpret the observed photoluminescence m nanoporous Si.

1. Introduction.

The remarkable nature of the conversion, by electrochemical or photoelectrochemical anodic

dissolution, of a monocrystalline silicon surface into a porous layer, that emits visible light at

room temperature well above the eV energy of the indirect band gap of silicon Ii has
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stimuiated many studies for bath theoreticai and experimental reasons [2]. These studies are

motivated by a fundamental interest in the involved physical properties (morphology, structure

formation, evolution, size quantization and luminescence) and their potentiai application to the

fabrication of iight emitting silicon devices mtegrated with the weii developed silicon

technoiogy [3, 4]. However, this extensive experimental and theoreticai work has resulted in

scattered interpretations and controversiai debates that have not yet provided an unambiguous
description of the exact mechanism underlymg this effect [2].

Under the genenc name of porous silicon there are different and complex materiais whose

properties structural, optical, electrical, surface and mechanical critically depend on

many parameters [5-7], such as Si conductivity type, resistivity, crystailographic orientation,

current density eiectroiyte nominal concentration, pH and iight intensity (for n-Si). A porous

silicon surface layer is in generai formed on p-type (iightly (p-) and highly (p+) doped) and n+

type Si by electrochemical oxidation under anodic polarization of silicon in aqueous HF

eiectroiyte (electrochemicai etching : «
EC-etching »). For n-type Si, illumination is necessary

(photoelectrochemicai etching
«

PEC-etching»). Most pubiished work with anodized Si

concems the p-type material whiie very few studies of the nature of the surface Si rayer on n-

type Si have been reported until now.

In previous papers we have reported for the first lime details of the morphoiogy and surface

chemistry of photoelectrochemically etched (PEC-etched) n-type Si in HF and shown that it

leads to the formation of a surface with unique features, different from those obtained by the

EC-etching process [7- ii ]. Two different layers of porous silicon, near the surface of the n-

type Si electrode were simultaneously formed. The top surface layer is highly resistive. It can

easily be dissolved by KOH. For (100) oriented Si, this layer shows X-ray and electron

diffraction patterns similar to the parent silicon [9]. Room temperature photoiuminescence
originated in this layer and the luminescence spectrum was shown to shift with change of the

doping density of the silicon [12]. Transmission eiectron microscopy (TEM) studies have

reveaied nanometer sized tangied Si wires in the quantum size range, contained within and

attached to a regular geometnc Si macroarray. They have also shown subtle variations in

morphology between top surface porous layers obtained with various doping ievels, which

could explain the blue shift in the spectrum of the low doped specimens thinner and more

ngid irreguiar wires as compared to the highiy doped specimens
-.

This top surface rayer is

named nanoporous Si layer in opposition to the macroporous Si layer formed undemeath in

which macropores of micron size diameter are present [loi. A detaiied study of the

morphoiogy of the macroporous Si rayer reported elsewhere loi has demonstrated that the

shape of the macropores strongly depends on the doping density and crystallographic
orientation of the parent silicon. Interestingly, no photoluminescence onginated from this

layer [12].

The luminescent properties, uncharactenstic of bulk Si material but specific to the

artificiaily fabricated porous surface structures, are intimately reiated to the microstructure.

The internai structural features which can govem the optical emission properties are the grain

size m the quantum size range, the coexistence of vanous phases, the presence of impunties,
composition gradient of varying stoichiometry i, 13-19]. To assist in further understanding of

the origin of the visible room temperature luminescence, the determination of the real

microstructure and microchemicai anaiysis of the nanometer sized tangie wires forming the n-

type porous Si is necessary. In the present work High Resolution Transmission Electron

Microscopy (HRTEM) has been attempted for direct imaging of nanometer size features at

atomic resolution, together with Electron Energy Loss Spectrometry (EELS) which offers a

higher spatial resolution compared to other methods used for chemical analysis. In this paper

we have investigated directly the local surface morphoiogy, structure and chemical compost-
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tion of the nanometer size silicon layer formed in a conventional anodization process by PEC-

etching of n-type Si(1Il oriented with a phosphorus doping density of n~ =

2 x
10'~ cm~ ~.

A method of obtaining fairly large areas of plan-view specimens has been developed and used

throughout these studies. We have also resorted to ultramicrotomy to prepare cross-section

specimens of good quality in the form required for cross sectional HRTEM and high spatial
resoiution EELS investigations.

2. Experimental.

2.1 PoRous FILM PREPARATION. -The anodization was performed in a three electrode

perspex cell, under selected potentiostatic regimes, with the Si wafer as the anode, a Pt wire as

the cathode and a calomel electrode (SCE) as the reference electrode connected to the cell lia a

Salt bridge. The geometry of the cerf allows a 0.4 cm2 circular shaped area to be horizontally
displayed to the electroiyte for direct optical exposure.

Before mounting, samples were surface treated in boiling methanol for 5 min, in a mixture

of HNO~ (69 f6) : CH~COOH (95 f6) HF (48 f6)
=

16 :3 :1 (by volume) for 5 min and

subsequently well rinsed in de-ionized water. Ohmic contact was provided by painting with a

Ga-In eutectic the backside of the samples to be exposed to the electrolyte. The electrolyte was

2.8 M aqueous hydrofluoric acid (5 f6) with a few drops of a wetting agent (triton X-100). Ii

was stirred slightiy dunng the experiments using a low stream of Ar to remove hydrogen
bubbles from the sample surface.

PEC-etching was carried ont at 0. IV veisJ1s the SCE (calomel electrode), under an

irradiance (white light collimated beam from a tungsten-halogen lamp) of 50 mW.cm~~, until

a predetermmed charge of 10 C.cm-2
was passed through the sample. These conditions were

chosen in order to work in the porous Si formation range, where electropolishing is avoided.

The samples mounted in the eiectrochemical cerf were connected to a potentiostat (Wenking
model ST88), a voltage integrator (Wenking mortel EV180) and a voltage scan generator
(Wenking mortel VS 672) for supply and measurement of the charge exchanged during the

anodization. Ail experiments were conducted at room temperature.
The supply of holes at the semiconductor surface, required for anodization, was assisted by

illumination. Samples were illuminated with white light by a collimated beam from a 300 W,

20 V tungstem lamp (Sylvania) at a distance of 20 cm.

After anodization, an electropolishing step consisting of anodization at anodic overpotentials

in diluted (5 f6 HF) aqueous eiectroiyte and under illumination was performed to [[fi off the

films. The detached porous silicon layers (PSL) were both nnsed and stored in methanol (to

avoid damages due to drying of the materai in air) for structural and morphological studies by
transmission electron microscopy ITEM).

The Si wafers after anodization were rinsed in de-ionized water, dried and their surface

morphology evaluated by SEM.

2.2 PoRous FILM CHARACTERIzATION. Two sets of specimens were prepared for obser-

vation by TEM.

ai Pian-i>tew'.çpec.imen.ç. The detached platelets of PSL, floating on the methanol, were

caught on 3 mm diameter, 200mesh copper gras, and examined directly. However

occasionally the PSL platelets were reduced in thickness by dipping for a few seconds h1

diluted KOH at room temperature.

hi Cio.ç.ç-sec.tional.çpecimen.ç. Microtomy was used in order to avoid the potentially
harmful processes to the PSL films involved in conventional preparation techniques such as

mechamcal grinding or ion-beam thinnmg. A thorough discussion of this technique has been

presented in a previous paper [?0]. Briefly, discrete PSL pieces of size approximately
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1.5 mm x 2 mm were embedded in an epoxy resin, with subsequent curing of the resm at 70-

80 °C for 18 hours following a procedure developed by us. The resin block with the embedded

PSL strip was directly damped into the specimen holder of the microtome and roughly cut to a

standard pyramidal tip. Within the tip, the loyer direction was onented at various angles to the

cutting direction of the knife. Occasionally, cutting was at an angle of 15° ± 10° to ensure that

directional knife artifacts were not aligned with the loyer structure and could easily be

distinguished.
Cutting was performed using an ultramicrotome (Microtome Reichert-Jung) with a diamond

knife (diatome) 1.8 mm, mounted at the edge of a water «
boat

» at a knife angle of about 6°. A

cutting speed of 2.0 mm
s-' and an advance of 50-70 nm per cutting cycle were found suitable

in this case. The sections were collected on the surface of the water contained in the boated

knife and immediately picked up on ?00 mesh carbon film loaded copper grids by simply
touching the sections.

Typical sections varied between 45 and 65-70 nm in thickness. 5-6 sections were collected

on each gnd and among them enough transparent damage-free material was found for TEM

study.
Photoluminescence at room temperature was measured with a conventional setup equipped

with a HUET M65 monochromator. The excitation source was the 488 nm lme of a 20 mW

argon-ion laser (Ion Laser Technology). The emitted light was captured by a photomultiplier.
SEM observation was performed on plan-view specimens previously coated with a thin layer

of gold using a JEOL-JSM 840 scanning electron microscope operated at 10 kV.

Conventional medium resolution TEM images and electron diffraction pattems were

obtained usmg a JEOL-1où CXII at 100 kV. High resolution transmission electron microscopy
(HRTEM), both in plan-view and cross-section, was carried ont on a AKASHI EM-0028,

200 kV, fitted with a high resolution (C,
=

OI mm with point resolution of 0.18nm at

200 kV) pote-piece and a side-entry double tilt goniometer stage (± 10°). A slow scan camera

(SSC) using a charge-coupled device (Gatan Ltd) linked with a Macintosh Quadra 950 was

used for HRTEM image recording, on-lme processing and analysis, as the SSC image digitizer

con be used to Fourier transform the HR images for computer-automated diffractogram
analysis.

Energy loss spectroscopy was performed on a dedicated VG STEM instrument fitted with a

field emission source and a Gatan 666 parallel EELS spectrometer. In order to investigate m

detail the spatial dependence of EELS features we have used the recently developed
spectrum-fine or -image mode [21]. It consists of acquiring sequences of spectra while the

incident probe is scanned under digital control over the specimen surface, for instance across a

selected fiber in the specimen. A minimum probe size of the order of 0.5-0.6 nm can be

obtained when using the illumination parameters under optimal conditions [22]. The pixel

increment con be varied ai will and a value of 0.3-0.7 nm has generally been used in order to be

close to optimum sampling conditions. This method provides a unique opportumty for

investigating the EELS spectrum (with a typical 0.6 eV energy resolution) as a function of

position on the specimen. Two distinct energy loss domains hâve been studied extensively the

0-30 eV range covenng the mdividual and collective excitation of valence electrons and the

90-150 eV corresponding to the excitation of silicon 2p electrons. The EELS operating

parameters (angle of collection, spectrum acquisition time, energy dispersion of the diode

array.. hâve been adjusted in order to achieve optimum signal acquisition conditions for each

case.

3. Results.

3.1PHOTOLUMINESCENCE.- Figure shows the room temperature photoluminescence

spectrum of the silicon immediately after PEC-etching. Prior to PEC-etching no photolumi-
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soc
wavelength (nm)

Fig. l.-Photoluminescence at room temperature of PEC-etched Si (n~=2xlO'~cm~~,
Q"10CCD1~~)

nescence could be observed in this spectral range. The maximum of the spectrum is situated at

about 700 nm. After dissolution of the nanoporous layer in 2 M KOH, no photoluminescence
signal was detected from the macroporous Si layer.

3.2 MORPHOLOGY AND MICROSTRUCTURE.-SEM plan-view micrographs of the outer

surface (Fig. 2a) and inner surface (Fig. 2b) of the nanostructured Si layer, together with the

corresponding remaming Si wafer surface after detachment of the loyer (Fig. 2c) reveal the

typical morphology of the specimen. As shown m these figures, the bulk nanostructured Si

loyer exhibits different charactenstic morphologies on the two surfaces, both featuring a

dense, tnangular-like uniform macroarray which appears to be denser on the outer surface. The

mner surface (Fig. 2b) exhibits a more umform macroarray of regular triangular faceted large
features of various sizes ranging from 0.5 to ~m which contain secondary features of smaller

dimensions (~ 0.2 ~m) which appear to be attached to the side watts, faces and corners of the

pnmary macroarray. These two charactenstic features produce a porous structure exhibiting

pnmary pores of tnangular cross section about 0.5-1~m and secondary (one order of

magnitude smaller) pores propagating from the walls and comers of the main tnangular pores

(Fig. 2b). The SEM micrograph in figure 2c shows the typical morphology of the top side Si

wafer remaining after detachment of the nanostructured Si loyer called the macroporous Si

loyer loi. Basically the morphology of this surface exhibits similar crystallographic effects,

with dimensions of the triangular pores well correlated with those observed on the

nanostructured Si loyer at the mner surface. The charactenstic faceted, triangular shaped pores

illustrate an orientation dependence of the photo-anodization process of the ( Il Ii Si matenal,

probably due to the known anisotropy of Si dissolution. We hâve observed this type of

morphology with a serres of PEC-etched, n-type (1II ) HD Si over a wide range of etching

current charges.
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Fig. 2.-SEM micrographs (plan-view) of nanostructured Si layers on n-Si (i Ii) highly doped,
obtained by PEC-etching at 10 C cm-2 showing typicai surface morphology of the top side surface (ai

and interface surface (b) (c) shows the silicon wafer surface after detachment of the nanostructured Si

layer.

TEM images in figure 3(a-e) reveal further microstructural and morphological details of the

nanostructured silicon layer specimen studied by SEM in figures 2a and 2b. In trie plan-view
(see the low-mag TEM bright field (BF) image m Fig. 3a) the rigid triangular shaped

macroarray network of 0.5-1 ~m sizes, apparently made of a bulky Si material and producmg
tnangular macrovoids of 0.2 ~m up to 1~m, is dearly seen. In some places this ngid
tnangular shaped macro-array network, which appeared to be a ngid bulk material, exhibits

itself as a holey structure, displaying again triangular shaped voids with typical dimension one

order of magnitude smaller. Bound to the rigid triangular shaped framework, contained within

and completely filling-up the tnangular voids, one can see nanostructured Si, one order of

magnitude smaller or less, featunng for instance long wires of uniform diameter at this scale.

The selected area transmission electron diffraction (SAD) pattem (Fig. 3b) recorded over the

specimen area shown in figure 3a is well representative of the whole specimen. It exhibits a

single crystal spot pattem characteristic of a perfect bulk Si materai havmg, as expected, the

original il11) orientation of the Si wafer on which the PEC-etching has been performed. No

diffuse ring, feature giving an indication of the presence of an amorphous phase, is visible.

This SAD pattem shows weak Il1) (220) and (3 Il ) rings together with the (220) and (422)

spots.
Figure 3c shows a general view of the high resolution imaging performed on this specimen.

illustrating the morphology and the dimensions of the individual crystalline Si nanostructures

existing within the triangular volas shown in figure 3a. The very thin wirelike structure

observed in figure 3a exhibits, ai higher magnification, tangled Si wires of varions diameter

sizes of 3 to ?0 nm, which often undulate in width. Furthermore, these very thin filaments are

non rigid and adopt various orientations probably due to infernal stresses during the pore

formation. As a marrer of fact, most often j220) planes (d
=

0.192 nm for the il ) original

zone axis and sometimes (11Ii planes (d
=

0.313 nm ) for the il10) zone axis, more clearly
visible on such a medium magnification picture, are observed. The existence of a certain

number of nanowires with different orientations may explam the weak rings observed on the

SAD pattern (Fig. 3b). The (3 II planes have an interreticular spacing of 0.165 nm which is

too low to be imaged in the microscope.

Detailed structures of two single tangled wires are shown in figure 3d il11) orientation)

and figure 3e il10) orientation). Firstly, these HRTEM images confirm that the core of the

wires consists of crystallized Si of a few nm width. The microstructure shown in figure 3d is

typical of the general il ) orientation of the specimen. The figure 3e shows a wire which has

turned until reaching the il10) orientation. Secondly, the crystalhzed core of the filament is

clearly surrounded by a zone exhibiting typical granular contrast of a noncrystalline matefial.

The thickness of this surrounding matefial is about 5 to 2 nm.
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As a conclusion, such HRTEM images unambiguously demonstrate the existence of Si

wires, with the required quantum-size range, consisting of a crystailine core embedded within

an amorphous shell material.

3.3 LOCAL CHEMISTRY AND ELECTRONIC PROPERTIES. Unfortunately the analysis of the

sheii materai by HRTEM is not straightforward and spatiaiiy-resolved EELS studies [23] have

been performed in order to improve our knowiedge of the local chemistry of these nanowires. It

is now weli estabiished that one can investigate atomic bonding, and both filled and empty
electronic states in inhomogeneous materials with a sub-nanometer spatial resolution from

electron energy loss scattenng data. Several examples concerning silicon and Si-derived

compounds have been published by Batson et ai. [24], Ugarte et ai. [25], Batson [26].

5 nm

Fig. 3. TEM micrographs of nanostructured Si layers on n-Si (111 ) hi ghly doped, obtained by PEC-

etching at 10 C cm-2, (a) bright field plan-view image, (b) selected area diffraction pattern of the same

area, (c) general view of a HRTEM imaging of the wires (at this relatively low magnification on the pont

the (220) planes are very faintly visible), (d) HRTEM image of a il11) onented filament, (e) HRTEM

image of a (i Jo ) oriented filament.
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Fig. 3 (continued~.

The useful information arising from the electronic structure can be identified in the low

energy loss region (from about 2 to 30 eV), as well as in the fine structures occunng on core

ionization edges, 1-e- essentially the Si L~~ edge corresponding in the present case to the

excitation of the silicon 2p electrons to empty states. As a matter of fact, the precise location of

the Si L~~ core iomzation onset, its detailed shape within a few eV of the threshold, the

intensity distribution over the first 10 to 30 eV above edge usually called Energy Loss Near

Edge Structure (ELNES), offer several keys to investigate charge transfer, empty conduction

band states, local bonding symmetry and distance to nearest neighbours.
In the low energy-loss region, m the case of semiconductors and insulators, the observed

spectral intensity distribution partially results from direct interband excitation. However, the

local change in bath the conduction and valence bands cannot easily be detected because this

electron excitation demain is dominated by collective processes, bulk plasmons, interface

plasmons, so that a very detailed analysis of the data is necessary to extract unambiguous facts.

As mentioned above, EELS spectra in this work have been recorded for these two energy
loss ranges (0-30 eV over 1024 channels of 30 mev width and 80-180 eV over 1024 channels

of 100 mev width) using the lme-spectrum mode. This technique unambiguously correlates

the spectroscopic information to the subnanometer topography of the specimen. Therefore one

acquisition consists of a set of spectra recorded at given positions, separated by a calibrated

incremental distance of the order of 0.5 nm, across a selected Si nanowire. Recording times are

of the order of 50 ms per spectrum in the Iow Ioss range and a few 100 ms for the fine structures

on the Si L~~ edge. It constitutes a satisfactory compromise between signal to noise

considerations and stability of the probe with respect to the specimen. Let us recall that the

spatial resolution itself is mostly governed, for such thin specimens, by the probe diameter, i e.

aise about 0.5 nm for the used illumination parameters.
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Data can then be displayed as a 3D intensity-plot along two axis, one corresponding to the

energy loss scale and the other to the incident beam position. Figure 4a shows the detailed

shape of the Si L~~ edge onset across an isolated nanowire, similar but slightly broader than

the one shown m the high resolution electron micrograph. This perspective display of aII Si

L23 edges shows very similar shapes, positions and fine structures whatever is the probe
position. In order to demonstrate it more clearly, single spectra can afterwards be selected from

the above sequence. It has been clone m figures 4b and 4c for a more refined study of the Si L~~
edge, neon the outermost extemal surface of the wire, and in an intermediate demain close to

the boundary between the crystalline core and the amorphous coverage respectively.

o

52

53

AE s4
(eV)

20 s~

ss

ioo

90 120 130
~~

x(nm) Energy L0ss (eV)

a) b)

35

39

43

47

90 100 l10 120 130

Energy L0ss (eV)

d

Fig. 4. (a) Sequence of EELS spectra acquired as the incident electron probe is scanned across a

single Si wire. It displays the behaviour of the Si L23 edge at 100 eV, explored with pixel increments of

the order of 0.5 nm. (b) Selection of spectra extracted from the above sequence (see numbers indexing the

individual spectra), close to the outermost surface of amorphous materai. (c)Selection of spectra
extracted from the above sequence, at different positions within the wire. Ail vertical scales correspond to

the number of counts in the relevant energy loss channel and pixel position.
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When approaching the specimen from the vacuum (spectrum 56 in Fig. 4b), the first

spectrum exhibiting a distmguishable signal, that is recorded within about 0.5 nm of the

surface (spectrum 55 in Fig. 4b) displays a clear edge at 100 eV with a first maximum at about

TOI.5 eV. This behaviour remains constant across the whole wire (see spectra n° 35, 39, 43

and 47 at different positions within the wire). There is no detectable chemical shift, such as

observed for Si atoms bound to different electronegative hgand atoms such as B, P, C, N and

O [27]. In particular as demonstrated further on, the chemical shift for SiO~ is of the order of

6 eV.

o

37

AE (eV)
~~

43

17 ~~

38 5 10 15

Ax (nm)
~ Energy Loss (eV)

a) b)

5 6 9

Energy Loss (eV)

C~

Fig. 5. la) Sequence of EELS spectra in the 2-25 eV range, acquired as the incident probe is scanned

across two adjacent Si wires. The energy loss scale has been truncated at about 1.5 eV to get ad of the

very high intensity of the zero loss peak. lb) Selection of spectra corresponding to the probe being

scanned from the inner part of a wire towards the outside. The bulk Si plasmon peak is at 17 eV.

(c) Details of the absorption edge at about 3 eV, on the same spectra, after subtraction of the zero-loss

decreasing intensity. The vertical intensity of the different spectra has been renorrnalized over the 3 to

5 eV range m order to demonstrate the reproducibility of the structure, whatever is the exact probe

position.
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Figure 5 shows data for the Iow loss region which are dominated first by the strong decrease

of the zero-loss peak. Although its fuit width at half maximum is of the order of 0.5 eV, it

extends to higher energies (for instance up to 2 eV at Ill 000 of the maximum intensity) and

can therefore hinder the visibility of weak features in the eV energy loss demain. However one

detects first an onset of transitions at about 2.8 eV with two clearly identified bumps at 3.7 and

4.8 eV followed by a continuum of transitions of variable intensity, then a weak edge at

10.5 eV and finally the dominant Si volume plasmon peak loss at 17.0 eV. This latter peak is

quite characteristic of the bulk crystalline silicon spectrum. When moving the probe from the

vacuum into nanoporous Si fibers, two major behaviours have been observed

the energy position of the volume plasmon does net shift noticeably, as long as it can be

identified (see Fig. 5b) ;

the two first structures at the onset of interband transitions are aise quite identical across

the whole structure (see Fig. 5c).

4. Discussion.

The factors which cause the formation and variations in the peculiar porous silicon morphology
and which yield the luminescence are complex and diversified. Although they have been

extensively investigated with many different spectroscopical trois, the physical engin of the

luminescence has net yet been fully resolved.

A quantum confinement mortel il, 13] has been proposed to explain light emission in the

visible range. The presence of nana-sized crystallines wires would widen the gap compared to

bulk silicon. Moreover the confinement of electron-hale pairs in real space would lead to a

spread of wave functions in the reciprocal space SO that radiative recombination would occur as

a first order process. Support for this model has been provided by the optical absorption

measurements performed on loyers of different porosities. Theoretical calculations of the

carrier confinement energy and of the radiative recombination time [2] seem to agree with

expenmental results.

Alternative models attribute the luminescence to the presence of different surfaces species
such as SiO~ il 8], ~iloxene-like compounds [14, 15] or amorphous silicon il 9]. The central

question is therefore to investigate whether the engin of luminescence is predominantly of bulk

or surface nature. The trois used in the present study cannot answer directly this question.
However as they have proved to be very effective to investigate on a very local scale the

structural, electronic and chemical properties of the nanoporous silicon, they can help us,

together with the support of other high resolution spectroscopies, to corroborate the rote of the

quantum ~ized crystalline Si.

4.1 EXISTENCE oF QUANTUM-sizED CRYSTALLINE Si sTRucTuREs. The existence of quan-

tum-sized crystalline Si structures is clearly demonstrated through the medium and high-
resolution electron micrographs studies. Moreover, it is aise shown that they are generally
covered with a thin (typically 1nm) layer of amorphous materai.

In a recent paper, Dumas et a/. [28] have reported the nanometer-resolution mapping of

visible light emission using a STM tip as a local source of electrons to excite cathodoluminesc-

ence. The simultaneous topographic and light intensity profiles reported by these authors

reveal features with lateral dimensions on the scale of to 5 nm that emit visible light in the

600 to 900nm wavelength range. However, a clear relationship between these STM

topographic structures and our TEM images cannot be established, as the STM tip used by
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these authors to probe the surface of the specimen is net well suited to explore such a 3D

geometry with a complex distribution of wires and hales. The vertical scale in the STM image
which exhibits height variations below nm over a lateral surface of 40 nm demonstrates that

the topographic information obtained by this technique is only very partial. As it investigates
only the top surface of the porous layer, it does net constitute a clear evidence of the quantum-

sized nature of the specimen.

4.2 IDENTIFICATION oF THE NATURE oF THE AMORPHOUS COVERAGE. i) TO rule eut the

identification of the amorphous layer as a silica thin film, we have recorded under similar

expenmental conditions a fine-spectrum sequence across a well identified Si-SiO~ test

interface, onented parallel to the incident electron beam.

Figure 6 shows the evolution of the Si L23 edge which exhibits a quite clear and

characteristic change from the Si to the SiO~ area. In the amorphous silica, it displays three

peaks at 106.0, 108.5 and 115.5 eV with no absorption over the 100-105 eV range, which is in

agreement with previous measurements on test specimens [29]. The first peaks have been

interpreted as due to a Si-2p core exciton at 105.7 eV followed by the L~ absorption edge at

107.1 eV [30]. In our test experiment, we notice that the spectrum recorded within 0.5 nm of

the apex of the interface exhibits a residual jump at 100 eV followed by the charactenstic oxide

fines 6 eV higher in energy.

Sioz

/

/

/

Si

o

AE (eV)

~~~
108

19

101

Fig. 6. Test study of the variation of the Si L21 edge when the probe is scanned across an interface

Silsio~, with experimental conditions similar to those used for the investigation of Si nanowires.

Another evidence for the absence of SiO~ coverage lies in the low-loss range. The reference

fine-spectrum across the Silsio~ test interface is shown in figure 7. The plasmon fine shifts

from 16.9 eV in Si to 23.5 eV in SiO~ with an absorption edge at 9.7 eV. The first peak in this

latter case is at 10.6 eV and has been interpreted by Laughlin [3 Ii as an excitonic resonance

superimposed on a background of interband transitions. Several weak modulations occur at 14,
16 and 20 eV up to the bulk plasmon peak. On the interface itself, a boundary plasmon mode is

visible at 6-7 eV and extends over 1-2 nm from the boundary.
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Fig. 7. Same experiment as in figure 6, but conceming the low-loss demain.

None of the features concerning the Si-2p energy loss range as well as the low-loss region on

the Si-SiO~ test interface, have been identified when moving the probe across the amorphous

layer covering the Si nanocrystals. If weak features at 10.5 eV and 106-108 eV are visible

across the whole fiber, they could be interpreted in terms of native oxide (due either to the

growth process for the original bulk silicon single crystal or to the unavoidable presence of an

oxygen surface contamination when handling the specimen in air before EM observation).

However the weight of the Si-O bond which coula be deduced from the relative intensity of

these signais remains of the order of a few percent, when compared to the weight of the Si-Si

bonds responsible for the edge shape at 100 eV.

ii) Similarly in order to identify the chemical nature of the amorphous coverage, we have

recorded the EELS fine structures on a reference sample of hydrogenated Si. As the Si L~~

edge does net seem to differ significantly between the hydrogenated and the normal silicon

spectra with a rounded edge at 100 eV, we have therefore considered more explicitly the Iow-

loss spectra. Figures 8 and 9 summanze the observed behaviours for crystalfine Si, amorphous
Si02, amorphous hydrogenated-Si and nanoporous Si. The position of the plasmon peak
exhibits weak shifts in opposite directions for the hydrogenated and nanoporous Si specimens

with respect to the crystalline Si one. However the amplitude of the shifts is so weak that the

refiabihty of this information can be questioned. The behaviour of the Iow-Ioss region close to

the interband demain is more informative, because none of the mvestigated test specimens
exhibits the same double peak absorption behaviour between 3.2 and 4.7 eV, This double peak
constitutes a clear signature for the nanoporous Si specimens, as it reveals a strong interband

excitation process in this energy demain just above the visible range,

iii) Higher energy resolution spectroscopies on the Si-2p have been recently used to

investigate the conduction band structure in nanoporous Si. X-ray absorption measurements

have been performed with a sub-0,1 eV resolution on native, oxidized and refreshed porous p-

type Si specimens [32]. They have exhibited a blueshift of the order of 0,3 eV on the porous

specimen and a loss of fine structure, In the absence of spatial resolution which would

discnminate the contribution of specimen features with different charactenstic dimensions,
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Fig. 8. -Companson oi the low-loss spectra land in particular of the plasmon peaks) in different
reference specimens with that recorded on the center of a nanoporous Si wire.
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Fig. 9. Same spectra as above but with emphasis on the onset of interband transitions m the 3 to 10 eV

energy loss range.
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these measurements, showing that the energy of the bottom of the silicon conduction band

would be raised in average by 0.29 eV, can be interpreted in accordance with a quantum

confinement description. The loss of resolution can be described as a convolution by a

Gaussian broadening function of 0.45 eV FWHM to simulate the distribution of quantum shifts

over a range of length scales.

Although it concems a different kind of luminescent Si specimens, the study performed by
Batson and Heath [33] is of great interest. It relates the fine structures observed on the EELS

L23 edge (perforrned with a 0.25 eV energy resolution on the special IBM instrument) to the

size and shape of single H-terminated Si nanocrystals. They show that for sizes below 5 nm,

the conduction band edge shape exhibits a single band edge profile, shifts to higher energies as

the inverse square of the particle radius and displays a large increase in oscillator strength, This

behaviour slightly deviates from that observed in X-ray absorption spectroscopy on porous Si

(see Van Buuren et a/. [32]) in which case the edge shift is observed without a change in its

overall shape. These discrepancies seem to result from a relaxation of the dipole selection rules

in the EELS, although the authors admit that they have not yet a detailed understanding of the

shape of the enhancement at the edge.

Finally, useful complementary arguments conceming the ongin of the luminescence can be

found in the synchrotron-light-induced optical luminescence on porous Si performed by Sham

et a/. [34]. They compare the total electron yield with photoluminescence yield measurements

on the silicon K edge at 845 eV. As they can discrimmate the X-ray absorption fine structure

of the Si sites that produce luminescence from those that do not, they demonstrate that porous

silicon is essentially crystalline silicon locally, that the surface silicon oxide constituents are

not responsible for the photoluminescence and that the luminescence is net of the same engin

as in pure siloxene, HF-treated siloxene or therrnally annealed siloxene.

iv) Considering the rote of the amorphous silicon in the luminescence process which has

been suggested by Vasquez et ai. [19] from XPS studies, it seems definitly possible to rule it

out for several reasons. These authors daim that their «valence-band spectra provide
unambiguous evidence that the hght emitting porous Si samples consist of a-Si at least in the

top few tens of angstrôms from which XPS data originate, which notably is the same length
scale as the absorption depth in non-porous a-Si of the 365 nm light which excites the

luminescence
».

First, as it is stated, this assertion does not contradict our own HRTEM

observations which demonstrate the rather general presence of a typically 1nm thick

amorphous Si layer on the crystalline Si surface m nanoporous Si.

On the other hand, two experimental observations quoted in the previous discussion seem to

deny the ongin of luminescence to the presence of a-Si, The first one is the blue-shift on the

Si L23 absorption edge, which has not been observed on amorphous silicon relative to

crystallme silicon (see discussion m Van Buuren et ai. [32]). The second one is the spatially
dependent photon signal in the STM experiments by Dumas [28]. If it had to be associated with

the presence of a-Si, our TEM observations would predict a rather homogeneous photon
intensity distnbuted over the whole surface.

In conclusion, our own HRTEM and EELS results carrying a spatially locahzed information

on the specimen, support, together with the high energy resolution spectroscopic measure-

ments which average the information over wide areas, the mterpretation of the luminescence m

nanoporous Si m terras of quantum-confinement models. Within the detection hmits of the

techniques employed, we cannot ehmmate completely the existence of an oxygen or hydrogen

content equivalent to approximately one monolayer lymg either on the interface between the

crystal and the amorphous skin, or on the outside surface.
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