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Abstract. Morphology features of porous lavers consisting of silicon nanowire amrays, which
were grown by metal-zssisted chemweal etehing, have been analveed by means of digtal
processmng of thewr seanmng electron meroscopy (SEM) 1mages. Informahenal-enfropie and
Founer analy=is have been applied fo quanfitatively descnbe the degree of order and chaos 1
nanostruchmre distnbufion in the layers. Self-sinulanty of the laver morphology has been
quantitatively desembed via its fractal dimensions. The applied approack allows uws to
distimpuich mophological features of as-called "black™ (msore ordered) and "white” (less
ordered) sihcon layers charactenzed by minimal and maramal ophieal reflechion, respechvely.

1. Introduction

Porous silicon (51) nanostmictures as nanowires (IWWs) are mtenﬂveh studied m view of their pnsslble
applhcations in optoelectronics, photomes, and sensones [1-3]. S5iINWs are prospective for
biomedicine and advanced energy and enviromment applications [6-9] because of thewr umque
electncal and optical properties depending on thewr porosity, thuckness, size distnbution of pores.
Nanocluster semuiconductor films grown in non-equilibnum conditions have fractal and nmlti-fractal
structure [10-13]. Such systems can be quantitatively descnibed on the base of mformational-entropic
and fractal analysis. Time derivative of entropy tends to its minimal value at self-organization, and
enfropy decreases at self-crgamization of a system [16]. Ordermg of different complex systems
{umiverse, galaxies, oscillatory systems, etc.) on different spatial scales also can be descmibed using
entropy [17-22]). For the desr:nptmn of non-equilibrium states we should consider the Shanmon
entropy. Fractal analysis of images let us describe singulanties of cluster stcture of films [23-24].
Studies of the relation between fractal dimension and porosity have been descnbed i Befs. [25-27].
However, in general, the desired relationship 1s ambiguous, because objects contamming fractals with
different mumber of iterations of their parts have the same values of fractal dimension but different
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values of porosity. Thms, descnption of physical processes mm nanostructures charactenzing by
quanfum properties 15 possible on the base of comprehensive analysis of thewr scale-invanant (fractal),
mformational-entropic, topelogical, and spectral characteristics.

The present work 15 aimed to quantitatively descnbe the scale-mvanant structure of porous SINWs
layers and to develop an adequate techmigue for distinguishing films of "black”™ and "wiute” sihicon by
their morphology.

1. Experimental

Samples of porous layers were obtained by metal-assisted chemical etchmg (MACE) [6-9]. As a
substrate we used (100) p-type c-51 wafers with resistivaty of 1-10 ©-cm The treatment was camed
out in three stages: deposition of catalyst metal particles on substrate surface, chemical etching of the
substrate and removal of residual metal particles. As a catalyst we used Ag nanoparticles precipitated
on the surface of c-51 substrates from a muxture of 0.02 M agueous solution of AgNO; and 5M
aqueous solution of HF m the volume ratio 1:1 for 45 sec. The MACE treatment was done by
immersing the samples in a mixture of SM HF and 30% H:0: (volume ratio is10:1). lmgth of SINWs
(layer thickness) was deternuned by etching time. To obtain samples of "black” and "wlite™ the
MACE treatment was performed during 1-10 mumutes and 0.5-6 howurs, comrespondingly. After the
MACE, the samples were immersed in 45% concentrated HNO; for 15 mumutes to remove residoal Ag
parficles and washed i de-iomzed water and dred i air. Structural properties of the samples were
studied by means of SEM using an ULTRA 55 FE-SEM (Carl Zeiss) muctoscope.

3. Analysis of SEM images

3.1. Porosity evaluafion

Porozity of a SINW layer can be expenmentally determuned by gravimetnc measurements of the
substrate before and after MACE [7.8]). However, this method 15 charactenized by relatively low
accuracy when the mass measurement occurred at a nanoscale. While porosity of a film with SiNWs
can be defined wia its optical density [6], it gives only an average porosity and 1t can be applied for
films only with low Light scattering In our study porosity of SINW layers was estimated by SEM
mmages processing. Firstly, a square part of a SEM mage with sizes 700 * 700 pixels was selected
(Figure 1(a)). Then, the selected area was converted into the “black and white” format (Figure 1(b)).
The comesponding histogram of pixel mtensity 15 shown m Figure 1{c). The honzontal axs
{:mrespnndj to pixel mtensity 1n the range from 0 (black pixels) to 255 (white pixels), and the vertical
axis represents number of the pixels. Porosity of the films was calculated as

N,

N_+N,
(1)
where N, and N, are mumbers of black (pores) and white {51 nanucr}'stal] pixels, comrespondently.

PO

n=1-

BCd

LT
=

a:l A ' E:l 0 (2] i} 15} k] il
Figure 1. (a) The fragmtnt of SE'-.-i m:lage selected for pmn:esmng (b) the segma]t image with high
confrast contaiming only white and black pixels; (c) lustogram of distnbution of pixel mtensities in the

image.
3.2 Information enfropy analysis

SEM mnages of the mvestigated silicon films show that they have porous structure and contain sets of
quanfum nanowires with complex mtenal structure. These sets form separated clusters with different
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shape and chaotic distmbution. The information entropy 15 widely used to charactenize the chaotic state
of an object. We have defined 1ts numeric value via the following well-known formmla:

N N
S(x.y)=-2.2 F,(x.y)lnE (x.y)

: @
where F  is the probability of pixel with a certain intensity proportional to histogram counts (Figure
1()), which comespond to a segment of the original image in (x, y) plane.

Dependence of non-normalized mformational entropy on porosity of the films 15 shown i Figure 2(a).
Entropy 15 maximal 1f a process 15 mdependent on wvanables x m y, so, the expression
${x.y)/(5(x)+5(y)) provides entropy normalized to unit. Surfaces of "white" silicon observed in

the vertical direction (top view) have bigger poresity than lateral sides of the films. Enfropy of "black”
silicon films is smaller than entropy of "white" silicon films by about 50%. It means that "black"
silicon 15 more ordered than "white” silicon, 1.e. pore sizes are distnbuted according to some regulanty
and coherent absorption of photons 15 possible. Figure 2(b) shows a dependence of mformation-to
entropy ratio (JER) on porosity. Information (I(x| ) ) has been defined as a difference between full

enfropy 5(x,)) and conditional entropy S[I|:|.-']I as
I(x J':|=S|:I=J"}_5{I|J':]- 3
where x, v are honzontal and verfical coordinates.
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Figure 1. Dependence of information entropy (a) and mformation-te-entropy ratio (b) on poresity of
SINW films:o — "whte" silicon (top view); v — "white” silicon (lateral view);
® —"black” silicon (top view);¥— "black” silicon (lateral view).

The designation J(x|y) corresponds to values of nformation calculated via vanable x at known
value of y. Entropy 5(x|y) can be defined via conditional probability as P(x|y)=P(x.¥)/P(¥).
Formmla (3) descnibes the generally accepted defimbion of mformation which meamng 15 measure of
order (certainty) [16]. Conditional entropy (comespending to some order) is always less then
unconditional entropy (absence of order). so, I{x|y) is always greater than zero. In the theory of
telecommumnications fornmla (3) contains §(x) instead of S(x.y). It leads to understated values of

I{x|y). The relation of I{x|y)/5(x|y)=IER (information-to-entropy ratio) is an analog of siznal-
to-noise ratio SNR widely used in radiophysics [EE-E!-IE. Difference between these values 15 in the fact
that SNR should be calculated at a known noise level, but JER can be defined without knowing the
Jlmise level. While the entropy of "black™ sihcon 15 less than that of "white” one, the mformation 13
Arger.

3.3. Fracial dimension analysis

Fractal dimensions of the films have been defined by use of the box-counting method. As expected,
due to scale-imvanant struchure of nanostructured films values of thewr fractal dimensions differ
msigmificantly (the values belong to the range 1 .30 = 1.93). Although values of fractal dimension vary
msigmificantly because of presence of prefractals (fractals of different iterabons), porosity can vary
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DEpaSoTE HEOGPERETE B THCTAHITHONEDS 30ETHpoEsme Jerm Z7h Thamabaer, T.Yu Greviseva of al

significantly. This fact 1s evident from Figure 3 illustrating dependence of the fractal dimension on
porosity of the films.

= ol o o 4,
= | ° °
e e | - e Figure 3. Dependence of fractal dimension
. ¥ : LY e 4 of SINW films on their porosity.
L o
o 1.8 = w ;.n % " Wﬁ O — "white” s1licon (top view);
e o e v v— "white" silicon (lateral view);
- ° ® — "black" silicon (top view);
o | ¥ — "black” silicon (lateral view).
1.7=
0.4 045 (H 055 oE

mn

3.4 Fourier analysis of SEM-images

The two-dimensional Founer transform has been apphed to elements of mamx descnbing pixel
mtensihes of ongnal mmages of "black” or "white” silicon. Asymmetry m the Founer spectra
comesponds to cerfam amsotropy of structure of the films caused bnr EHPEHII].E]J[EII conditions. Thus,
the Founier analysis of SEM mmages also mdicates that the "wlite” silicon films are more 1sofropic
than the "black” ones.

Histograms descnbing distmbution of pixel mmtensities of mmages of "white” and “black” silicon films
are noticeably different- histograms correspending to "white” silicon are usually selid, but ustograms
of “black” silicon contamn sharp bursts. This difference between histograms of "white” and "black™
silicon films mdicate to the fact that "black” =ilicon has more expressed structuredness. These
charactenistic features of the histograms can be used for classification of sibicon films to "white” and
"black” silicon.

4. Conclusions

The quanfitative analysis of SEM images of nanostructured films with properties of "white" and
"black” silicon, which were formed by MACE c-51 wafers, allowed us to estimate the porosity vaned
from 42% to 33% for their lateral sides and from 46% to 38% for their top sides. Thus, the top
surfaces of “white” silicon have larger poresity than that for the lateral sides and tlus fact indicates the
gradient of morphology related to the MACE growth of 51 NWs accompamed with their gradual
chemical dissolution. The revealed difference between information entropy for "black” and "white” 51
films shows that the structure of the former 15 more ordered than that for the latter. The fractal
dimensions of the both types of nanostructured 51 layers are different due to the presence of fractals
with different iterations. The Founer analysis of SEM images- also mdicates that the "white” silicon
films are more 1sotropic than the "black” ones. This fact is confirmed by values of the scaling factor
describing colored noise typical for distribution of nanostructures. The distribution histogram of pixel
intensities in the SEM i mages of the top of 51 NW arrays reveals the Gaussian fimction and a power
law for the “white” and "black” samples, respectively. Thus, the performed mformational-entropic,
fractal, spectral, and statishcal treatments of the SEM images indicate that the optical properties of
"black”™ and "white” samples are related to the more ordered structure of the former that ensures the
stronger effective absorption of light with photon energies below the bandgap.
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