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Abstract—A stepwise scheme has been proposed for gaining insight into the nanopore formation process in
silicon during electrolytic etching in hydrofluoric acid solutions. We have studied the influence of the con-
centration and nature of dopants (phosphorus, arsenic, and antimony) in silicon, current density, electric
field strength, and etching time on the axial and radial pore sizes and the pore distribution density. The
dopants have been shown to play a predominant role in the nanopore formation process. The shape and spa-
tial orientation of nanopores in Si substrates with the (100) and (111) crystallographic orientations have been
interpreted in terms of specific features of the electrochemical etching of silicon in hydrofluoric acid solu-
tions, related to the action of the etching ion (HF,)™. The observed discrepancy between the experimentally
determined and calculated radial nanopore sizes has been accounted for by the low probability (=6.25%) of

simultaneous interaction of the fluorine atoms of an (HF,)™ ion with the corresponding silicon atoms located

at vertices of a cube of the crystal lattice.
DOI: 10.1134/S0020168515080014

INTRODUCTION

Recent years have seen increased interest in nano-
materials and related nanostructures, motivated first
of all by the unique properties inherent in such mate-
rials, which allows them to be used in devices for a
variety of practical applications. One such material is
nanoporous silicon (NS). Possessing a diversity of
attractive characteristics, such as a large inner surface
area, unusual electronic structure, large adsorption
capacity, and biocompatibility, NS has already found
application in the fabrication of current microsources,
matrices for various sensors and detectors, and a great
diversity of medical and biotechnological research
directions [1—4]. However, practical application of
NS requires nanomaterials possessing certain charac-
teristics: surface structure, nanostructured layer thick-
ness, and radial and axial pore sizes. In view of this, the
study of the pore formation process in silicon, which
underlies the formation of nanostructured layers, and
the electronic structure of the silicon surface, is of par-
amount importance.

Extensive studies concerned with nanopore forma-
tion conditions and the structure of NS layers [5—8]
have shown that these factors are influenced by a
rather large number of process parameters. The main
factors are as follows: the conductivity type of the
unprocessed silicon; the degree of doping with donor
and acceptor impurities; the nature of the dopant; the
crystallographic orientation of the substrate; the qual-
ity of substrate surface processing; the chemical com-
position of the etchant; the etching current, time, and

temperature; and the illuminance of the substrate.
However, it has not yet been found out with certainty
which of the above factors determines the NS forma-
tion process. Results presented in different reports and
describing nanopore and nanolayer formation pro-
cesses on the whole are often contradictory [7—9],
which suggests either that the processes have a more
complex character or that one has failed to take into
account other factors and processes occurring in par-
allel with the chosen ones in the course of etching. In
connection with this, the parameters of the forming
layers and nanopores in the process of their prepara-
tion are rather difficult to accurately predict. Given
the complexity of the general nanopore formation and
development process in Si and the fact that this pro-
cess is influenced by many factors, it is reasonable to
address this issue in several steps, choosing factors that
determine a given step among the diversity of factors
that influence the entire pore formation process.

The purpose of this work was to study the mecha-
nism of nanopore formation in Si under the action of
the (HF,)™ ion, which predominantly etches silicon at
HF concentrations above 1 M [10].

EXPERIMENTAL

We used n- and p-type (KEF, KES, KEM, and
KDB) silicon wafers with resistivities in the range pg; =
0.01—-100 € cm, oriented along the (100) and (111)
crystallographic planes. The wafers were etched with a
hydrofluoric acid solution (45 wt % HF) in water in
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Fig. 1. Thickness of NS layers as a function of etching
time at etching current densities of (7, 4) 10 and (2, 3)
30 mA/cmz.

the volume ratio 2 : 1 in a galvanostatic mode. The
etching cell, made of Teflon, allowed for one-sided
horizontal etching. The anode used was a polished
massive copper plate, and the cathode had the form of
a thin platinum plate. The electric field applied during
etching was varied by using diaphragms of various sizes
and changing the electrode separation.

The nanopore size, shape, and orientation and the
thickness of NS layers were determined using a JEOL
electron microscope and a POLAM R 312 optical
microscope.

EXPERIMENTAL RESULTS

Our data on the effect of etching time on the thick-
ness of nanostructured NS layers demonstrate (Fig. 1)
that, for all samples, increasing the etching time leads
to an increase in the thickness of the layer. In almost all
instances, the largest increase in the thickness of the
layers is observed during the first 20—25 min of etch-
ing. When the etching time increases further, to
120 min, the thickness of the layers increases substan-
tially more slowly. A distinctive feature of the curves
presented in Fig. 1 is that the thickness of the NS layers
produced on the n-type silicon samples (curves 1, 2)
considerably exceeds that on the p-type silicon sam-
ples (curves 3, 4). Increasing the etching current also
increases the thickness of the NS layers (Fig. 2). This
correlates well with previous results [11]. At optimal
etching currents and durations, the maximum thick-
ness of the NS layers produced on p-type silicon did
not exceed 40—45 um, whereas that on n-type silicon
under identical conditions was 230—250 um. The NS
layers on the p-type substrates almost always cracked

ABRAMOVA et al.

350
* KEF 4
300
250 - = KEF 0.7
g
=1
% 200 - A KEF0.01
[}
)
kY,
2 150 X KEF 10
=
o
E 100 X KEF 0.1
g
50
| 1 1 | | | |
0 10 20 30 40 50 60 70

Etching current, mA

Fig. 2. Thickness of NS layers as a function of etching cur-
rent: etching time, 60 min; (100)-oriented substrates.

and peeled off from the surface immediately after dry-
ing, whereas this was not so on the n-type substrates
(Fig. 3). These features are probably the consequence
of the fact that different mechanisms underlie the sili-
con etching and nanopore formation processes in the
n- and p-type samples. Given this, as well as the more
pronounced formation of NS layers, which structur-
ally have the form of individual pores in an n-type Si
single crystal, and their high stability to environ-
mental effects, the n-type samples were used in
further studies.

Microscopic analysis showed that the structure of
the NS layers produced on #-Si approached a system
of individual nanopores in a single crystal (Fig. 4). The
density of their distribution (Fig. 5) depended on elec-
tric field strength, which had a particularly strong
effect on pore walls, whose thickness was comparable
to or greater than the pore size.

Figure 6 plots the thickness of the NS layers against
the resistivity of n-Si doped with various impurities
(P, As, and Sb), and Fig. 7 presents such dependences
for the thickness of the NS layers produced on KEF
(phosphorus-doped) silicon at various etching times.
In the resistivity range 0.01—5.0 QQ cm, the thickness of
the layers increases monotonically, regardless of the
nature of the sample and etching time. Note that the
NS consists almost entirely of individual nanopores in
the single crystal (Figs. 4, 5) and the pore size
increases linearly (Fig. 8) with an increase in the resis-
tivity of the substrate and a decrease in the density of
the nanopore distribution.

Further increase in the resistivity of the silicon to
p> 5—8 Q cm is accompanied by an increase in the
amorphous content of the surface region of the layers,
Vol. 51 2015
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Fig. 3. Scanning electron microscope (SEM) images of the surface of NS layers on (a) p-type KDB 10 Si (1 h after preparation)

and (b) n-type KEF 1 Si (100 h after preparation).

Fig. 4. SEM images of the surface of NS layers on (a) KEF 0.01, (b) KEF 5, (c) KEF 7.5, and (d) KEF 110.

whereas their thickness remains essentially unchanged
(Figs. 4,6, 7).

The present results demonstrate that the variation
in the thickness of the NS layers, their structure, and
the pore size are insensitive to the nature of the dopant
in n-Si. At the same time, the doping impurity con-
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centration at initial resistivities of silicon in the range
0.01-5 Q cm has a significant effect on the thickness
of the NS layers and the pore size (Figs. 1, 2, 7, 8). The
etching current and time have no significant effect on
the general character of the variation in the thickness
of the layers (Figs. 1, 2, 7), whereas the electric field,
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Fig. 5. SEM images of the surface of NS layers produced at different electric field strengths: (a) 10 and (b) 2.6 V/cm (KEF 7.5,

(100) crystallographic orientation of the surface).

which ensures electrolytic etching, has a significant
effect on the nanopore distribution density (Fig. 5).

DISCUSSION

The present results demonstrate that the degree of
doping of silicon with P, As, and Sb donor impurities
in the resistivity range 0.01—5.0 2 cm has a crucial
effect on the structuring of the NS layers and the pore
distribution density.

These results can be interpreted as follows: Surface
impurity atoms have a significant effect on the poten-
tial energy distribution of charge carriers in a two-
dimensional chain of atoms on the silicon surface.
With increasing impurity concentration (decreasing
distance between impurity atoms), such distortions
form a single system of a field with a periodically vary-
ing potential. Because of this, negatively charged
etchant ions will tend to migrate to regions of a
reduced negative surface potential of the substrate,
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Fig. 6. Thickness of NS layers as a function of the resistivity
of n-Si containing P, Sb, and As.

producing pore nucleation sites there. With decreasing
impurity concentration (increasing distance between
impurity atoms), the structure of the electron poten-
tial energy distribution on the surface assumes a cha-
otic character, contributing to surface amorphization
in the course of etching.

Using the NS layer thickness and the weight of the
silicon removed by etching, we calculated the pore
diameter as a function of the donor distribution den-
sity on the wafer surface (Fig. 8):

Ams; = (1 pore) /4 iayee NaPsis (1
where d,,. is the pore diameter, /., is the layer thick-
ness, Ny is the donor distribution density on the wafer
surface, pg; is the density of single-crystal silicon, and
Amg; is the weight of the silicon removed by etching.

According to Eq. (1), the pore diameter is propor-

tional to 1/ JNy, in agreement with previous results
[11]. However, the experimentally determined nanop-
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Fig. 7. Thickness of NS layers as a function of the resistivity
of silicon (KEF) and etching time: etching current density
of 50 mA/cmz; etching time of (/) 15, (2) 30, and (3) 60 min.
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Fig. 8. Radial nanopore size as a function of the resistivity
of the silicon at an etching current density of 25 mA and
etching time of 30 min: (/) experimental data, (2) calcula-
tion results. The radial nanopore size was calculated for
cylindrical nanopores. The difference between the values
of the size of the area of the square and the corresponding
rectangle close to the square does not exceed 12—15%.

ore size turned out to be a factor of 8—10 greater than
the calculated one (Fig. 8). This may be related to spe-
cific features of the structure of the main etching ion
(HF,)~ and the nature of the etching process for nano-
pore formation.

As shown earlier [10], pore formation in silicon is
due to the presence of (HF,)™ ions in the etchant,
whereas the presence of only F~ ions in the etchant
(HF concentration < 1 M) does not cause pore forma-
tion. The (HF,)~ ion has an almost linear structure
and is 2.27 A in size [12, 13]. Given the above, the
mechanism of the interaction between the (HF,)~ ion
and silicon can be thought of as follows:

From the viewpoint of the relationship between its
geometric size and the length of the Si—F bond (1.6 A
[13]) resulting from the interaction between one of the
fluorine atoms of the (HF,)™ ion and a Si atom on a
lattice site in silicon (with a lattice parameter of 5.43 A
[14]), the most likely interaction will be that of the two
fluorine atoms of the (HF,)™ ion with Si atoms resid-
ing at vertices of a cube in the crystal lattice (1.6 A +
2.27 A + 1.6 A = 5.43 A) (Fig. 9). Such interaction of
the silicon atom 1 (Fig. 10a, atom Sil), partially ion-
ized by one of the possible external influences (pho-
ton, heat, etc.), with one of the fluorine atoms of the
(HF,)~ ion leads to the formation of a Sil—F covalent
bond (Fig. 10b). According to Hund’s rule, a new,
unsaturated bond should form between the silicon
atoms 2 and 3, and an electron not participating in
chemical bonds between silicon atoms should form at
atom Si2 (Fig. 10b). However, since atoms Sil and Si5,
which reside at vertices of a cube in the crystal lattice,
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Fig. 9. Relationship between the unit-cell dimensions of
Si, the size of the (HF,)™ ion, and the Si—F bond length.

are not linked by a direct chemical bond, to ensure
interaction between the other fluorine atom of the
(HF,)~ ion and atom Si5 (Fig. 10b), with allowance
for geometric considerations (S—F bond length and
(HF,)~ ion size (Fig. 9)), it is necessary that the new,
unsaturated bond formed between atoms Si2 and Si3
pass to atom Si5 in the shortest way, through atoms Si3
and Si4 (Fig. 10b). Given that each Si atom has four
bonds with other atoms, the probability of unsaturated
bond switching in the direction indicated in Fig. 10
decreases from atom to atom.

We calculated the probability of the indicated tran-
sition of an unsaturated bond formed at atom Sil to
atom Si5. Since all possible transitions of the bond are
equally probable, we have

A=3P PP, 2)

where A is the total probability of the event, P, is the
probability that a new unsaturated bond will be located
between two neighboring silicon atoms (Si2 and Si3),
and P, and P; are the probabilities of its switching to a
neighboring silicon atom (Si4 and Si5). The factor 3
reflects the equal probability of processes that, in
accordance with the structure of the crystal lattice of
silicon, may take three shortest paths from atom Sil to
atom Si5. Clearly, the probability P, is equal to Ps, so
the formula for expressing event A takes the form

A=3PP}. (3)

Using expression (3), we can calculate the probability
of the switching of the unsaturated bond from atom
Sil to atom Si5. Since atom Si2 has one localized elec-
tron and one unsaturated bond, the bond may be
located in one of three positions; the next two transi-
tions of this bond are 1/4 because each next silicon
atom has four bonds. Accordingly, the probability of
event Ais A=3x1/3 x (1/4)*>=0.0625.

Thus, the probability of simultaneous interaction
of two silicon atoms (Fig. 10, Sil, Si5) with the fluo-
rine atoms of a (HF,)™ ion is 6.25%. It is worth point-
ing out that there is also a probability that an unsatur-
ated bond between silicon atoms will switch to a



752

(@)

ABRAMOVA et al.

Displacement direction
of an unsaturated Si—Si bond

(b)

o

Displacement direction
of an unsaturated Si—Si bond

~o

Fig. 10. Schematic diagram of possible interaction between the etching ion (HF,)™ and silicon atoms in the course of electrolytic

etching.

neighboring Si atom at a cube vertex of the lattice not
through the shortest path. This probability, however,
will obviously be still lower in comparison with the cal-
culated one. The fact that only 6.25% of the total
number of (HF,)™ ions that reacted with Si simulta-
neously interact with silicon atoms by both of their flu-
orine atoms seems to account for the discrepancy

between the calculated and experimentally deter-
mined radial nanopore sizes (Fig. 8).

Since, because of its linear structure, the (HF,)~
ion acts along the edges of the cubic lattice of silicon,
the pore orientation in the bulk reflects the orientation
of the silicon wafer: along the normal to the (100) sur-
face in the case of Si(100) and at an angle to the sur-
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Fig. 11. SEM image of the surface of an NS layer produced
on KEF 0.7 and photographs of fracture surfaces: etching
current, 25 mA/cmz; etching time, 30 min.

face in the case of Si(111), which underlies the ten-
dency of the pores to have a square shape (Figs. 4,
5, 11).

CONCLUSIONS

The donor impurity content influences the
structuring of NS layers and the pore distribution
density in n-Si.

The participation of the (HF,)™ ion in electro-
chemical etching possibly accounts for the pore shape
and the influence of the crystallographic orientation of
the substrate on the spatial orientation of the pores.

The low probability of simultaneous interaction of
the two fluorine atoms of a (HF,)~ ion with silicon
atoms seems to account for the discrepancy between
the experimentally determined and calculated radial
nanopore sizes.

Nanoporous silicon layers produced on p- and
n-type silicon substrates under identical conditions
differ in mechanical strength, thickness, and stability
to external influences, which is probably related to dis-
tinctions between their structures.

Varying the preparation conditions of NS layers
makes it possible to obtain NS with tailored parame-
ters (axial and radial pore sizes and pore distribution
density), which offers the possibility of using it in
devices for various practical applications.
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