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The anodization of Si 
100� and 
111� wafers in dilute HF solutions has been investigated, with particular reference to probing
the surface chemistry and features between the porous and electropolishing regions (the ‘boundary transition’ region). Conditions
have been found for inducing the formation of ordered arrays of columnar (or ‘pillar’) artefacts, shown to occur only in this region,
and whose formation depends crucially on electrochemical parameters and anodization times. Detailed atomic force microscopy
(AFM) observations confirm this suggestion, and demonstrate that the arrays consist of relatively ordered long grooves and
trenches, though the pillars forming them vary greatly in size. AFM also shows that the best anodization time for maximum
ordering of these arrays is ca. 12 min, both low (4 min) and high (40 min) anodization times giving rise only to disordered surface
structures (though still columnar even after 40 min). These arrays form pseudo-planes which attenuate the absorption of X-rays by
(111 ) and (100 ) reflections, whereas the non-pillared ones do not. Relevance to current pore formation theories is discussed.

The rediscovery of photoluminescence in porous silicon by a 100 W tungsten lamp placed at 15 cm from the sample. The
thickness of films was measured using SEM. Samples wereCanham in 19901 led to a boom in the research literature of

investigations aimed at clarifying pore formation mechan- prepared utilising the conditions listed in Table 1 and are
shown in the ln J vs. ln [HF] plot of Fig. 1.ism(s).2 In most reports, the major concern has been with

formation of a labyrinth of interpenetrating pores,3 and more
recently the use of supercritical fluids has allowed porosities
beyond 95% to be attained.4 Despite these advances in increas-
ing porosization and its relationship to luminescent character-
istics, there has been less interest in determining the range of
experimental conditions leading to organisation of surface
arrays. As part of a long-standing interest5 in fine-tuning
luminescence characteristics through the various regions (elec-
tropolishing, porous and transition regions2) it has been found
recently that working in the boundary transition region (i.e.
between the porous and transition regions of ref. 2 ) amorphous
Si deposited on alumina templates can give rise to photolumi-
nescent columnar surface artefacts (‘pillars’).6 Subsequently, we
found both Si (111) and Si(100) crystal surfaces can also give
rise to pillar-type artefacts and that these are oriented in
arrays in such a way as to cause anomalous X-ray diffraction
effects.7

We here give more details on the preparation conditions
necessary for obtaining such structures, which are shown to
lie close to the boundary transition region (with or without
light stimulation). The organisation of the surface artefacts is
examined utilising AFM (atomic force microscopy).

Experimental

Materials and electrochemistry

All n and p-doped Si 
100� and 
111� wafers were commercial
Czochralski-grown samples having resistivities of
4.5–0.01 V cm, and were used as received.

The cell for anodic etching was of a conventional design
consisting of a PTFE sleeve (i.d. 1.6 cm) attached to a silicon
wafer (4 cm diameter) containing an aluminium sample holder
which also acted as an anode (Fig. 1). The cathode was a Pt
(or Nb) wire and the reference electrode a Pt ring. Typically,
anodisation of each Si wafer was carried out in a HF solution
with an anodic current of 1–20 mA cm−2 for 1–40 min. Typical

Fig. 1 Anodization cell utilised (a); definitions of anodization con-anodization conditions were: 1–40% m/m aqueous solution of ditions (b); detailed ln J vs. ln [HF] plot, showing the boundary
HF acid at a constant current density, as controlled by a transition region conditions utilised (c) (+, sample 1; $, sample 2; &,

sample 3)potentiostat. Anodization was also performed under light from
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Table 1 Processing conditions

substrate sample no. C (%) J/mA cm−1 t/min d/mm X-ray attenuation

n-type Si 
111� 1 5 5 4 1 1.6
2 5 10 2 1 2.0
3 5 2 10 1 1.2
4 5 20 1 1 1.0
5 5 5 12 3 2.8
6 5 5 40 11 3.5

n-Si 
000� 1 1 5 4 1 1.0
2 1 2 10 1 2.0
3 10 10 2 1 2.4
4 10 20 1 1 2.3
5 10 50 0.5 1.2 1.0
6 10 2 10 1 1.0
7 40 20 5 5 1.0
8 40 10 5 2.5 1.0

p-Si 
100� 1 5 5 10 2 1.93
2 5 7 10 2.5 2.3
3 5 3 15 1.5 1.0

X-Ray diffraction was carried out on a Siefert 3000
diffractometer utilising Ni-filtered Cu-Ka radiation (l=
1.5418 Å). Diffraction was examined on the etched part and
on adjacent areas of pristine Si for both 
100� and 
111�
faces. Typical raw X-ray measurements are shown in Fig. 2,
and Fig. 3 expresses intensity changes with anodization current
for several HF concentrations. The coefficient KA is:

KA=Io/Ii
where Io=peak intensity of untreated Si surface; Ii=peak
intensity after anodization (intensities rather than areas are
valid for Si surfaces).

A commercial atomic force microscope (Digital Instruments
Nanoscope III) in ambient air conditions was used for monitor-
ing the surface films produced. Images were made by scanning
the samples with Si3N4 cantilevers having integrated pyramidal
tips with spring constants of 0.12 and 0.58 N m−1. The
microscope was operated in contact mode and the contact
forces between tip and surface were calculated to be ca. 30 nN
or less. Nanographic images were obtained using a scanner
with a maximum operational area of 15×15 mm2 and micro-
graphs with one having 120×120 mm2 maximum operational
area.

Fig. 3 Changes in X-ray attenuation in Si
100� with (a) anodisation
current (×, 10% 
111�; &, 5% 
111�; +, 1% 
111�; $, 5% 
100�)
and (b) time

Results and Discussion

Initial XRD measurements immediately brought to light sig-
nificant attenuation of the d111 or d100 reflections for X-rays
incident on the electrolysed area for each type of Si with

Fig. 2 X-Ray surface diffraction patterns; Si 
111� (a); Si 
100� (b) respect to those on the adjacent unelectrolysed surface (see
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Table 2 X-Ray attenuation for n- and p-type Si (111)

X-ray
sample no. d/V cm−1 C (%) J/mA cm−1 t/min d/mm attenuation

1 n 0.6 1 5 4 1 1.0
2 n 0.6 1 2 10 1 1.1
3 p 4.5 5 5 10 2 1.47
4 p 4.5 1 1.2 25 1 1.0
5 n 0.6 5 5 4 1 1.7
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Plate 1 Typical AFM micrograph (dimensions in nm) of the pillared n-Si 
111� surface in clinographic projection to underline surface trenches
(a) and the same sample, cut perpendicular to the 
111� face (b). (c) Section analysis along the white line of the projection (same sample)
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Fig. 2, the data correspond to a porous silicon thickness of ca.
1 mm). Examination of the points in the topological ln J vs.
ln [HF] plot of Fig. 1 shows that the effect is observed only
for porous silicon films formed in a boundary with the trans-
ition regime for porosity (as defined by Zhang et al.,8 and
shown as a shaded region in Fig. 1 ). Both Si 
100� and Si

111� surfaces show attenuation, as detailed in Table 2,
although most work described below is concerned with Si

111�. Further, the effect occurs only for surfaces treated under
specific conditions and was found to depend on three factors:
(i) the % HF in the electrolysis solution (X-ray absorbance
attenuation observed for all HF concentrations less than 10%
m/m in aqueous solution); (ii) the current density; and (iii) the
time of electrolysis (which also determines the final film thick-
ness). As shown for Si 
111� in Fig. 3, X-ray attenuation
reaches a maximum at high HF concentrations.

A typical dependence of KA on anodization time for Si

100� is also shown in Fig. 3. As expected, the surface becomes
increasingly modified as anodization proceeds, the X-ray
attenuation effect reaching a maximum after 40 min. In
addition, Si 
111� appears to more readily form pillar struc-
tures and these generally also give higher X-ray attenuation
than do those prepared on Si 
100�.

Further insight into the geometry of the surface arrays
formed in the regions of Fig. 1, in particular those responsible
for X-ray attenuation, was obtained preliminarily by SEM and
subsequently (because there is no need for sample preparation)
by AFM. Plate 1 shows a typical AFM micrograph of an n+
Si 
111� surface after 12 min anodization in the boundary
transition region. Section analysis of this scan (and many
others) shows the presence of pillar-type structures, which are
clearly arranged in long trenches and grooves. The more
trench-like give relatively flat-topped artefacts, whereas those
with more V-shaped grooves have roughly pyramidal struc-
tures, as shown in the typical section analysis (Plate 1). For
the many micrographs, the final effect is of arrays of both
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slanted or almost vertical pseudo-planes (see clinographic view
Plate 2 AFM micrographs (dimensions in nm) of n-Si 
111� after:in Plate 1). The heights are very variable for both Si 
111� 4 min (a); 40 min (b) anodizationand Si 
100�, but appear not to be higher than ca. 50 nm.

Further, there is a considerable variation in width, which
ranges between 10 and 20 nm. As shown in Plate 2, such arrays depend on the crystallographic plane under consideration, and

follow the order (100 )>(110)>(111),12 that the boundaryare not formed at lower anodization times; the surface appears
to be etched randomly with pits of varying cross-sectional transition region contains an incoherent silicon oxide film on

silicon,13 and that pit formation implies fast etching at ageometry and no evidence for the presence of trenches or
pseudo-planes could be found. The use of longer anodization point.14 We then suggest that pits are formed first (4 min)

which then join laterally after only a few minutes, althoughtimes (40 min) gives rise to much deeper etching, with pits
often >60 nm in depth (see Plate 2). Vertically cut sections of the mechanism is as yet obscure. We also note that the samples

giving the most developed pseudo-planes (i.e. after 12 min) areanodized n+-Si 
111� samples after varying anodisation times
gave no X-ray intensity attenuation effects. This suggests that also those giving the highest photoluminescence effects.

Comparison with recent AFM studies in regions other thanthe effect derives from the pseudo-planes described above (and
not from any other type of physical effect, such as particular the boundary transition region underlines the unique nature

of the arrays. For example, Tao et al.14 observed square featuresorientations of specific silicon clusters, for example). Finally,
inspection of AFM images of n+-Si 
111� sections show the on both p- and n-Si surfaces after etching, which they ascribed

to the influence of crystallographic factors in pore formation.presence of pores of differing dimensions (Plate 1). Many
‘embryo’ pores are visible with dimensions as low as 5 nm, Conversely, in slightly etched anodized p-Si, You et al.15

detected micropyramids and V-shaped grooves, but no evidencemedium-sized ones having rather V-shaped sections and very
large ones (>1 mm) with rounded bottoms. Each is for formation of quantum pillars.

Finally, Plate 3 shows the surface features of a typical Si(111)accompanied by a ‘rim’, which appears to be too ordered to
be simply an artefact caused by cutting. As the pores become surface after anodization using conditions in the transition

region (see Fig. 1 for definition). Large ‘volcano’-like featureseven larger they coalesce to give kidney-shaped pores, which
has been confirmed by SEM studies. These pore geometries are observed (diameters 10–20 mm) with relatively small-area,

high-surface rough features in fan-like arrangements; in noare very different from the dendritic pores given by degenerate
p-Si9,10 and also from those of the many anodization conditions case did scans show pillar-type arrays or deep pits. It is

established that the transition regime for forming porousin both porous and electropolishing regions investigated pre-
viously, which instead give rise to primary and secondary silicon is characterised by the presence of continuous oxide on

the surface,16 which consists of a variety of forms: SiO0.5 , SiO,dendritic growth.11
First, different levels of impurity, giving rise to preferential SiO1.5 . Much work has also been carried out on the dissolution

of these species in aqueous HF solution, concluding that higheretching of either surface, may be discounted as a source of the
surface organisation (all samples are from the same Si batch). oxides dissolve faster and that each oxide species shows

different behaviour. This provides a rationale for the observedHowever, it is well established that etching rates for silicon
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111�. The picket-fence arrays so formed cover a very broad
range of porous structures, with pillar widths ranging from 20
to 50 Å and inter-pillar porosity with pores >50 Å, as con-
firmed by AFM imaging.

The materials show anomalous diffraction of X-rays (e.g.
Cu-Ka, l=1.5418 Å), those conditions giving pillared Si show-
ing intensity reductions of characteristic Si(111) and Si(100)
reflections, whereas conditions leading to simple surface-pitted
silicon do not show these anomalies.
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under the NATO Nanotechnology project, without which this
work would not have been possible, Dr. S. Mulley for help
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