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Influence of etching modes on the morphology and composition
of the surface of multilayer porous silicon
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Based on X-ray reflectometry and ultrasoft X-ray spectroscopy data, the opportunity of controlling surface
porosity using multi-stage electrochemical etching modes is presented. It is presented how, with an increase in the
porosity index of the near-surface layer, the morphology changes and the degree of oxidation of multilayer porous

silicon samples increases.
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1. Introduction

Porous silicon (por-Si) is a complex multiphase mate-
rial, the composition and functional properties of which
strongly depend on its porosity [1-3]. It is known that,
depending on the preparation method, por-Si can have an
extremely large specific pore surface area, high reactivity
and intense photoluminescence in the visual wavelength
range. The opportunities of creating gas sensors, optical
sensors, and humidity sensors have been demonstrated
using porous silicon structures. The use of multi-stage
modes of formation of a porous layer on single crystal
silicon can also be promising for fine-tuning its surface
and volumetric functional characteristics for the purpose
of further formation on its surface of thin layers of such
modern nanoelectronic materials as metal oxide structures
or structures of type A"'BY [4,5].

X-ray reflectometry (XRR) occupies a special place in
the methods for calculating the porosity of por-Si. The
advantage of using XRR is that it allows to measure the
porosity of the near-surface layer of the sample, which
determines many of the functional properties of por-Si. In
addition, in works [7,8] it was revealed that the porosity
index also depends on the depth of analysis and on sample
exposure to the atmosphere. The purpose of this work is
to develop a technique for forming samples of multilayer
porous silicon with different porosities and to analyze the
relationship between the porosity index of near-surface
layers and their composition.

2. Experiment procedure

Porous silicon samples were obtained by electrochemical
etching (ECE) of single crystal silicon wafers doped with

1*

phosphorus in a solution of fluoric acid and isopropyl
alcohol [9]. The porosity of the samples was varied by
a stepwise change in the current density during the ECE
process; the etching solution did not change (see the Table).
The studies were carried out 6 months after obtaining the
samples. To measure porosity values, X-ray reflectometry
of por-Si samples was carried out using an ARL X’TRA
X-ray diffractometer in Bragg-Brentano geometry (CuKy).
The position of the critical angle of total external reflection
(TER) is proportional to the average electron density of
the medium [10]. Therefore, knowledge of the critical
TER angle of porous silicon 6¢.ps and silicon substrate Oc.g;
allows to calculate the porosity index using the relationship:
P(%) = [1 — (6cps/Ocsi)?] - 100 [11].  The penetration
depth of X-ray radiation into por-Si near the critical angle is
several tens of nanometers [8,12]. Analysis of sample chips
was carried out by scanning electron microscopy (SEM) on
a JEOL-JSM 6380LV device.

Ultrasoft X-ray emission spectroscopy USXES is used to
study the electronic structure of disordered systems [13].
Si L, 3-spectra of porous silicon samples were obtained
on a RSM-500 X-ray spectrometer-monochromator. The
depth of sample analysis was 60 nm, which is comparable
to the depth of analysis using the XRR method. At
simulation of the Si L 3 spectra of the por-Si samples, the
reference spectra c-Si, a-Si:H, low-ordinated silicon Sijc,
SiOx (x ~ 1.3) and SiO; [12,13] were used. The simulation
error did not exceed KD 10%.

3. Results and discussion

Figure 1 presents SEM images of sample chips of
single- and multilayer porous silicon with different surface
porosities. On sample chips, we can observe that an
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Figure 1. SEM images of por-Si sample chips with different porosities.
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Figure 2. XRR profiles of por-Si samples and silicon substrate (a). The dotted lines indicate the critical angles of total external reflection
and porosity values. USXES — spectra of porous silicon samples of various porosities (b).

increase in the ECE current density leads to an increase
in the thickness of the porous layer and pore diameter,
while a stepwise change in the current density during the
ECE process leads to the formation of a multilayer porous
structure and allows to control the surface porosity within a
wide range (see the Table).

Figure 2,a shows XRR curves and calculated porosity
indicators of the surface layer of por-Si samples obtained in
different modes. The experimental measurement of the cri-
tical angle for a single crystal silicon substrate was 0.223°,
which is in good agreement with previously obtained
results and with theoretical calculations (6. ~ 0.22° for

A =1.54A) [11]. The results of calculating the porosity
index por-Si demonstrate that controlling the ECE current
density allows to obtain samples with porosity in the range
from 5 to 80%.

Figure 2,b shows USXES Si L3 spectra of porous
silicon, taken at a sample analysis depth of 60nm. The
results of simulation of the phase composition of por-Si
samples using the spectra of reference compounds are
presented in the Table.

The results of studying the composition of porous silicon
with different porosity factors using the USXES method
showed that after long-term storage in the atmosphere,
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Distribution of phase composition components in percentage terms for porous silicon samples

Density Time P o o . o, . 0 . 0 o

of the current j, mA/cm? etching, min , % c-Si, % a-Si: H/Sij¢, % SiOy, % Si0;, % Error, %
25 9 5 100 0 0 0 5
50 9 32 34 15 3 48 7
50/20/20 9 54 36 7 25 32 4
20/50/20 9 80 29 8 0 62 8

por-Si contains phases of crystalline, amorphous and dis-
ordered silicon, as well as silicon suboxide and dioxide.
Samples with a low porosity index are close in composition
to crystalline silicon, their spectra coincide by more than
95% with the spectrum of the reference c-Si, and for
samples with porosity > 30% the proportion of oxide
phases in the composition increases with the porosity index.
The percentage ratio of unoxidized to oxidized phases in the
samples decreased from ~ 50/50 to 35/65 with an increase
in surface porosity from 30 to 80% (see the Table). This
is explained by the larger pore surface area exposed to
oxidation during exposure to atmosphere.

4. Conclusion

Thus, the work shows that it is possible to control the
porosity of the por-surface within a wide range, and how,
with an increase in the porosity index of the near-surface
layer, the morphology changes and the degree of oxidation
of multilayer porous silicon samples increases. The data
correlate well with the qualitative results that we obtained
for porous silicon at the initial stages of natural aging, as
well as for micro-, meso- and nanoporous silicon in the
works [12,13].
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