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Experimental study of the hydrogen coverage of a nanoporous silicon-specific surface reveals a fractal
nature of the surface of silicon nanocrystallites constituting the porous layer. A fractal model describing the
nanocrystallite morphology is elaborated. The evolution of the nanocrystallites’ fractal dimensions2.1–2.4d
along with porosity is deduced from a correlation of the model to the experimental measurements of hydrogen
concentration.
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I. INTRODUCTION

Porous materials are frequently encountered examples of
naturally disordered media. Porous siliconsPSd nanostruc-
tures and their physical properties were also objects of nu-
merous attempts to be described by fractal models.1,2 From a
comparison of electron microscopy data with computer
models,3 from small-angle x-ray4,5 and neutron6 scattering as
well as from atomic force microscopy observations,7,8 it is
known that the PS network has a fractal structure. A fractal
model of pore formation in a PS layer was recently
proposed9 by Aroutiounianet al. The fractal structure of PS
was found to govern its ac conductivity in a low-frequency
regime10 and was recently supported by Raman and photolu-
minescence spectroscopies.11 Being relatively well described
at a macroscopic scalesi.e., at the level of the whole PS
networkd, the porosity dependence of the fractal nature of the
nanocrystallites forming the PS structure was never, to our
knowledge, brought to the fore, while the fractal nature of
the nanocrystallites constituting PS layers was already quan-
titatively treated in one of our recent papers.12 Now, in this
paper we presentsid experimental results reflecting clearly a
porosity-dependent fractal nature of the specific-surface of
the silicon nanocrystallites constituting the PS nanostructure,
sii d a fractal model describing the specific-surface nanostruc-
turing, and finally, siii d the porosity dependence of the
specific-surface fractal dimensions obtained from a compari-
son of the experimental results and the elaborated model.

II. EXPERIMENTAL METHODS

A. Porous silicon formation and structural characterization

Our PS samples were produced according to a standard
procedure13 of electrochemical etching of monocrystalline
s100d-oriented boron-dopeds1–10V cmd Si wafers at cur-
rent densities, 2–300 mA cm2. The etching solutions were
9:1 and 3:1sby volumed mixtures of concentrated aqueous
hydrofluoric acids48%d and ethanol.

Depending on the current density and on the etching so-
lution composition, the porosity of the layerss40–90 %d was
estimated from the PS refractive index measurements per-
formed by means of a Perkin-Elmer GSX-2 Fourier transfor-
mation infraredsFTIRd spectrometer used in reflective back-

scattering geometry and from the correlation of the index
values to porosity by using Bruggeman’s effective media
model.14 The PS refractive indexes were deduced from the
spectral position of the interferential fingers detected in the
3000–5000 cm−1 spectral range for the optically thin PS
samples using the simple relation,

nPS=
1

2d
S 1

lk
−

1

lk+1
D−1

s1d

whered denotes the thickness of the porous layer, andlk is
the wavelength of thekth fringe. The thickness of all porous
films determined from optical microscopy measurements
was about 10mm. The diameter of the Si nanocrystallites
constituting the porous layer was estimated by Raman mi-
crospectroscopy using a method described in details
elsewhere.15

B. Hydrogen concentration measurements

Hydrogen concentration in the fresh as-prepared PS
samples was measured12 by means of absorption infrared
spectra of Si-HX stretching bonds obtained by an FTIR spec-
trometer in attenuated total reflectionsATRd measurement
mode. A germanium single crystal with a refractive index of
4 was used for the infrared wave guiding and the incident
beam angle was 45°. The ATR mode was chosen mainly
because of the extremely small volume of the studied porous
samples interacting with the testing evanescent electromag-
netic field of the infrared light, in order to avoid complete
loss of the detected signal due to a strong absorption from a
huge number of the Si-Hx bonds, as it occurs, for example, in
the transmission measurement mode.

The hydrogen concentrationNHsmmol g−1d is estimated
from the absorption spectra by using the following relation
used earlier for an estimation of the hydrogen content in
amorphous Si layers:12

NH =
1

GSrSis1 − PdEhy

a

hy
dshyd=

IS

GSrSis1 − Pd
, s2d

whereISscm−1d is the integrated absorption of the stretching
band,rSi is the monocrystalline Si densitys2.33 g cm−3d, P
is the porosity of the PS layer,ascm−1d is the absorption
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coefficient,hn is the photon energy andGSscm2 mmol−1d is
the stretching oscillator strength of the Si-H bondssits po-
rosity dependence is considered for our measurementsd
which was determined from the following relation,12 as it
was proposed for amorphous silicon:

GS = 37.63
IS

IW
, s3d

whereIS and IW are the experimentally measured integrated
absorption of the stretching and waggingsnear 640 cm−1d
bands, respectively. Our hydrogen concentration measure-
ments performed in the FTIR-ATR setup are found to be in
excellent agreement with measurements on the hydrogen
quantity thermally desorbed from the PS layer as carried out
by thermally programmed desorption mass spectroscopy.12

III. EXPERIMENTAL RESULTS

The fractal nature of the PS-specific surface can be de-
duced from the porosity dependence of the hydrogen concen-
tration in the PS samples. Indeed, as it can be seen in Fig. 1,
the concentration of hydrogen increases exponentially along
with porosity. An excellent exponential fit of the experimen-
tal data is represented in Fig. 1 by the dash-dot line. Being
bonded to the Si atoms situated at the surface of the nano-
crystallites constituting the PS nanostructure,16 the hydrogen
concentration reflects the variation of the PS specific-surface
with porosity. Taking into account that the Si atoms bonded
with hydrogen atoms form mainly monohydride dimmers as
was recently shown by Timoshenkoet al.,16 one can estimate
a mean value of the PS-specific surface assuming a mean
distance sindependent of crystallographic orientationd be-
tween Si atoms,a<0.3 nm. The values of the so-estimated
specific surface are shown at the right axis in Fig. 1. The
surface values are really huge and they take into account
numerous structural crystalline defects corresponding to the
Si bonds saturated by hydrogen which can penetrate far into
the nanocrystallite volume. Two amazing particularities con-
cerning the specific-surface evolution should be noted:sid
strong nonlinear enhancement with increasing porosity and
sii d larger values in comparison to those usually found for

such PS nanostructures.17 Both of these facts reflect the frac-
tal nature of the PS-specific surface.

First of all, almost constant values of the Si nanocrystal-
lite diameters for all porositiesssee inset in Fig. 1d mean that
the porosity increase is mainly accompanied by structural
variation of the nanocrystallites related to their surfaces. In
other words, the observed total specific-surface increase
along with porosity is only possible if an important fractal-
like surface enhancement at a nanometer scale for each
nanocrystallite is considered.

Secondly, the lower PS-specific surface valuessup to
900 m2 gd in the literature are usually measured using a ni-
trogen adsorption techniquefBrunauer-Emmett-Teller
sB.E.Td methodg,17 the molecular areasadsorption cross sec-
tiond of nitrogen being taken as 16.2 Å.17 In our case, taking
a hydrogen atom bonded to a Si atom as an elementary tile
sbond cross section:a2<9 Å2d for the specific-surface esti-
mation, we found much larger specific-surface valuessup to
1800 m2 gd and that is a typical fractal sign. Indeed, taking
Mandelbrot’s classic example of the coast line of Britain,18

one finds that the measured length depends critically on the
length of the ruler used to walk along the curve. The smaller
the ruler length, the larger will be the measured length be-
cause one can follow increasingly small detailssirregulari-
tiesd of the curve. Similar considerations can be applied in
our case in the measurement of the irregular PS-specific sur-
face with different “tile areas,” the nitrogen molecule and the
Si-H bond.

The measured porosity-dependent PS-specific surface,SS,
can be well fitted by the following exponential relation:

SS= A expSP

B
D , s4d

wherePs%d is the porosity,A and B are the fitting param-
eters equal to 37.2sm2 gd and 23.8s%d, respectively. In these
terms,A is the fitting parameter representing the specific sur-
face at P=0%. Putting A=6/rSil0 according to Ref. 12,
whererSi=2.33sg cm3d is the density of monocrystalline Si
and l0 is the Si nanocrystallite diameter atP=0%, we find
l0=69.2snmd. This diameter is an artificial parameter. These
experimental results will be used to elaborate a fractal model
describing the specific-surface morphology of the PS nano-
crystallites.

IV. FRACTAL MODEL DESCRIPTION AND DISCUSSION

Consider a single PS nanocrystallite with a fractallike sur-
face as schematically shown in Fig. 2sad. The nanocrystallite
fractal structure is modeled in the following way. The semi-
spherical zero-order pits with radius,r0, k times smaller than
the radius,l0/2, of the initial spherical nanocrystallite,r0
= l0/2k, are firstly generated at two smooth semispheres of
the nanocrystallite. Each large zero-order pit generatesn
similar first-order pitsk times smaller in radius,r1=r0/k,
each of them producingn new once smaller second-order
pits sr2=r0/k2d, and so on. Then, the radius of pits,rm, will
be: rm=r0/km and their number isnm=nm. Therefore, the
fractal structure of the nanocrystallites is thus determined by

FIG. 1. Porosity-dependent hydrogen concentration in as-
prepared PS and the PS estimated specific-surface area.
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the pair sk,nd, which is porosity-dependent and defines the
fractal dimension of the pit network,DP, as commonly ac-
cepted, byDP=lnsnd / lnskd. Such a fractal representation of
the PS nanocrystallites is found to be quite close to the real-
ity. Indeed, according to the transmission electron micros-
copy sTEMd image given in Fig. 2sbd, a single PS nanocrys-
tallite obtained from the grinding of a PS layer with high
porosity s.95%d has a fractal shape which can be easily
recognized. Clear and dark regions on the image correspond
to the low-order pits and to the solid Si phase, respectively.

The total surface,ST, of such a single nanocrystallite can
be easily deduced,

ST = S0F1 +
1

2o
i=1

mmaxS n

k2DiG , s5d

whereS0=pl0
2 is the surface of the initial smooth nanocrys-

tallite as it can be imagined atP=0%, andmmax is the maxi-
mal iteration number corresponding to the smallest possible
pits with radii equal to the mean distance between Si atoms
sa=0.3 nm as mentioned aboved. The integer value ofmmax
can be obtained from the following relation:mmax
=flnsl0/ad / lnskdg deduced from the iterative procedure of the
fractal structure formation established above.

Before the calculation of the PS-specific surface,SS, ac-
cording to

SSsm2/gd =
ST

mcr
, s6d

we calculate the mass of a single nanocrystallite,mcr, which
can be generally defined as

mcr = rSisV0 − Vpitsd, s7d

whereV0 andVpits are the volumes of the initial nanocrystal-
lite and that of the pits contained in it after the fractal struc-

ture formation, respectively.Vpits can be easily determined in
analogy with Eq.s5d,

Vpits = V0o
i=1

mmaxS n

k3Di

, s8d

whereV0=pl0
3/6.

To carry out numerical calculations in Eqs.s5d and s8d,
the values of the parameterk should be firstly determined.
We obtain it using Raman spectroscopy measurements. In-
deed, the nanocrystallite diameters estimated from Raman
peak shiftssee the inset in Fig. 1d is assumed to correspond
mainly to the nanocrystallite cores with diameters oflc as
indicated in Fig. 2. Indeed, structural variations of the
strongly low-dimensional fractal part of the nanocrystallite
should slightly influence only the kinetics of the low-energy
wing of the Raman spectra and have almost no influence on
the peak position reflecting the main phonon frequency of
the nanocrystallite core. Using the measured diameterlc as a
function of porosityssee the inset in Fig. 1d, the value ofl0
deduced from the hydrogen concentration experiments and
the following estimation issued from the geometrical presen-
tation in Fig. 2sad,

lC = l0 − 2lP = l0F1 −o
i=1

` S1

k
DiG = l0

sk − 2d
sk − 1d

, s9d

we obtain the porosity dependence of thek parameter, which
is plotted in Fig. 3. This parameter is almost constant in all
porosity ranges and its mean value of 2.1 is used for further
calculations. Error bars take into account the uncertainty of
the mean number of hydrogen atomss0.5–2d bound to one
atom of silicon that is situated at the PS surface.

Replacing parametern in Eqs. s5d and s8d by n=kDP,
whereDP is the fractal dimension of the pit network, using
k=2.1 as found above, and correlating Eqs.s6d and s4d, the
porosity dependence ofDP can be deduced. The function

FIG. 2. sad Schematic two-dimensionals2Dd view of a single PS
nanocrystallite with a fractallike specific surface.R0, r1, andr2 are
the radii of the zero-, first-, and second-order pits used for modeling
of the fractal surface formation.l0 is the diameter of the initial
nanocrystallite corresponding toP=0%. lp is the depth of the fractal
surface penetration inside the initial nanocrystallite.lc is the diam-
eter of the remaining larger dimensional nanocrystallite core after
the low-dimensional fractal surface formationsat PÞ0%d; sbd TEM
image of a single PS nanocrystallite. Clear and dark regions on the
image correspond to the low-order pits and to the solid Si phase,
respectively.

FIG. 3. Porosity dependence of the parameterk obtained using
Eq. s9d, lc valuessfrom Raman spectroscopy measurements, see the
inset in Fig. 1d andl0 valuesfrom FTIR spectroscopy measurements
of hydrogen concentration, see Sec. IIId.
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DP= fsPd is plotted in Fig. 4. The values ofDP allow us to
determine the porosity-dependent fractal dimensions,DN, of
the Si nanocrystallites constituting the PS layer. Indeed, the
maximal number of pits which can completely fill the vol-
ume of the initial nanocrystallite having a diameterl0 is
equal tok3. The number of pits really used to form a given
fractal structure isn=kDP. Consequently, the number of pits
which could potentially fill the remaining volume of the
nanocrystallite is equal to the difference,N=k3−kDP. Thus,
the fractal dimension of the nanocrystallites,DN, determined
from the classical definition,DN=lnsNd / lnskd, is also shown
in Fig. 4. Similar to the case for thek parameter, the error
bars in Fig. 4 take into account the uncertainty concerning
the number of hydrogen atoms bound to one atom of silicon
from the PS surface.

As one can see in Fig. 4, both fractal dimensionssDP and
DNd are strongly porosity dependent, indicating an increase
of the nanocrystallites’ roughness and, consequently, of the
specific surface with porosity. They approach a value of 2 at
porosities close to 100%, meaning that the nanocrystallites at
extremely high porositiess.95%d can be represented as
complex surfaces bent in space. In other words, for the high-
porosity range, almost all silicon atoms are bound to hydro-
gen and are situated at the specific surface of the nanocrys-
tallite. This conclusion is in excellent agreement with
another simple estimation which can be done using the re-
sults of the hydrogen concentration given in Fig. 1. To illus-
trate this, let us analyze the sample with 90% porosity, hav-
ing the highest content of atomic hydrogens34 mmol/gd.
Neglecting the total mass of hydrogen in comparison with
the mass of the Si skeleton, one can easily deduce that 1 g of
the sample contains 36 mmol of Si atoms. Comparing these
two concentration values for silicon and hydrogen atoms, we
conclude that almost all Si atoms constituting the PS layer
are bound with hydrogen atoms and therefore can be consid-
ered to be situated on the PS nanocrystallite surface. It means
that the solid phase of the low-dimensional single PS nanoc-
rystallite fsee Fig. 2sbdg can be represented as an alloy of Si
and H atoms.

The found values ofDN=2.1–2.4 characterizing single
nanocrystallites at subnanoscale levels and determined for a

moderate porosity ranges40–70 %d, are in excellent agree-
ment with the fractal dimension valuess2.36–2.47d deter-
mined by Happoet al.,8 who used atom force microscopy to
analyze nanocrystallite arrangement at the submicroscale
level onto the PS layer surface. It means that the PS nano-
structure is a real fractal object with a unique fractal-
dimension value for any scale level.

According to Farin and Avnir,19 the hydrogen concentra-
tion NHsmmol g−1d found at the PS-specific surface can be
expressed as

NH = Ls−sDN/2d, s10d

where s is the Si-H bond cross sections<9 Å2d and
LsÅDv g−1 mmold is the lacunarity of the nanocrystallites
giving additional information on their fractal texture. As
pointed out by Mandelbrot,18 a fractal structure with high
lacunarity describes large-scale heterogeneity. In the case of
our fractal model, the lacunarity values provide information
on the homogeneity of pits in space and the size distribution
to form the final fractal structure. The lacunarity values are
especially important to compare fractal structures with close
fractal dimension valuessin the high-porosity range for our
cased. Taking into account our experimental and modeling
results presented in Figs. 1 and 4, respectively, as well as Eq.
s10d, we obtain thatsid the general behavior of the lacunarity
along with porosity is quite similar to hydrogen concentra-
tion evolution, andsii d the lacunarity values vary from
<68sÅDv g−1 mmold at low porosities to <217
sÅDv g−1 mmold at high porosities, reflecting the pits’ hetero-
geneity enhancement with increasing porosity.

V. CONCLUSIONS

From hydrogen concentration measurements it is deduced
that the specific surface of the PS nanocrystallites has a
strongly fractal nature. In terms of fractal geometry, the frac-
tal dimension of the nanocrystallites depends on the porosity
of the PS nanostructures and varies in a relatively large
range, 2.1–2.4. The fractal nature of the PS-specific surface
should be considered in experiments for which adsorption of
chemical species onto the fractal PS surface takes place. In
general, this work gives a new direct proof of the fractal
nature of the PS nanocrystallite morphology at nanoscale and
subnanoscale levels and can be presented as additional con-
firmation of the analysis forwarded by M. Wesolowski in his
recent paper.11
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FIG. 4. Pit networksDP,jd and nanocrystallitesDN,md fractal
dimensions as functions of the PS layer porosity.
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