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Abstract— The specific features of formation of micro- and nanorelief on the (001) surface of silicon single
crystals upon treatment with widely used etchants HF-HNO;-H,O and with poorly studied etchants HF-
KMnO,-H,O were studied. The relief of the etched surface was examined by optical, scanning electron, and
atomic-force microscopy. The polishing properties of the etchants and the silicon etching rates were studied
in relation to the oxidant content. The polishing properties of the etchants were compared by analyzing
statistical distribution of such characteristics of the relief of the etched surface as the height and length of

micro- and nanowaves.
DOI: 10.1134/S1070363207030085

Growing attention is given today to the physical
and chemical properties of the surface of single-crys-
talline silicon, the main material of modern electronics
and a promising material for the electronics, optics,
mechanics, and analytical chemistry of the future.
These properties determine not only the principle of
functioning of micro- and nanodevices, but also their
manufacturing procedure. The solution of many tech-
nological problems is associated with the ability to
form the required type of the micro- and nanorelief of
the single crystal surface. In particular, in view of the
tendency toward miniaturization of silicon devices for
various purposes, preparation of nanosmooth and
atomically smooth surfaces becomes an important
problem of modern silicon technology. One of meth-
ods allowing solution of such problems is liquid
chemical etching. Acid etching allows the surface
reconstruction to be performed at ultimately low tem-
peratures, and only under these conditions it is possi-
ble to obtain atomically smooth surfaces and to form
nanoobjects ordered with an atomic accuracy [1].
However, physical and chemical aspects of etching of
perfect single crystals of silicon in acid solutions have
been studied inadequately, despite wide use of this
process in microelectronics technology, with empiri-
cally chosen conditions for various steps of produc-

1 Reported at the Third Russian Conference (with participation
of foreign scientists) “Surface Chemistry and Nanotechnology,”
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tion of modern semiconductor devices. The existing
kinematic and molecular theories of dissolution of
single crystals describe this process insufficiently
adequately. The results of experimental studies of
dissolution of silicon single crystals are contradictory
and difficultly reproducible in detail [2].

Here we report on a comparative study of specific
features of the relief of the (001) surface of silicon
single crystals upon etching in widely used solutions
HF-HNO;-H,O (in the range extended toward low
HNO; concentrations) and in poorly studied etchants,
HF-KMnO,-H,0.

HF-HNOs-H,O Etchants (I)

Etching rate. In experiments with etchants I under
the above-indicated conditions, we determined the
dependence of the dissolution rate of the (001) surface
of single-crystalline silicon on the HNO; content
(including the region of its low concentrations, which
was not examined previously). The shape of the de-
pendence obtained (Fig. 1) is consistent with the pre-
vious data [2]. The maximum of the etching rate is
observed at HNO; concentrations of 3-4 M. An in-
crease in the dissolution rate with an increase in the
oxidant concentration from 0.17 M is determined by
the rate of silicon oxide formation, and the subsequent
decrease in the reaction rate with an increase in
[HNOs] to 11.0 M is due to formation of poorly solu-
ble reaction products preventing the diffusion of the
complexing agent to the reaction surface.
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Fig. 1. Etching rate of the (001) surface of silicon single
crystals in HF-HNO3-H,O solutions at 20°C as a func-
tion of the HNOj3 concentration.

Surface morphology. An example of the relief
formed by etching of the silicon surface in etchants I
is shown in Fig. 2. It is seen that the relief consists of
waves of different lengths and heights. Analysis of the
statistical distribution of these parameters shows that
the wave height increases with a decrease in the
HNO; concentration in etchants I (Fig. 3). For exam-
ple. at [HNO;] 11.0 M the prevalent wave height is
1.5 nm, and at [HNO3] 9.1 M, 4.5 nm (the prevalent
height of waves on the surface of the initial samples
is 9 nm).

This dependence of the relief of the etched surface
on the HNO; concentration is due to a change in the
dissolution mechanism in the examined range of
HNO; concentrations. At low HNO; concentrations,
the autocatalytic oxidation with HNO, as catalyst is
the rate-determining step. In the process, as a rule, the
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Fig. 2. Topography of the (001) surface of single-crystal-
line silicon after etching in HF-HNO3;-H,O (10.9 M
HNOj) to a depth of 1 um (AFM pattern).

surface becomes rougher. At high HNO; concentra-
tions, the dissolution becomes diffusion-controlled,
which results in formation of a smooth surface [3].

Our results show that etchant compositions provid-
ing formation of the smoothest relief of the (001) sur-
face of silicon single crystals correspond to the upper
limit of the examined range of HNO; concentrations.

HF-KMnO,~H,0O Etchants (II)

Etching rate. When studying a series of HF-
KMnO,-H,O solutions, we observed an increase in
the etching rate with an increase in the oxidant con-
centration (Fig. 4).

The linear dependence of the etching rate on the
oxidant content indicates that the dissolution kinetics
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Fig. 3. Distribution of wave heights on the etched surface at HNO3 concentrations of (a) 10.9 and (b) 9.1 M (etching depth

1 pm).
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Fig. 4. Etching rate of the (001) surface of silicon single
crystals in HF-KMnO4-H,O solutions at 20°C as a
function of the KMnO, concentration.

is controlled by the same process throughout the ex-
amined range of KMnO, concentrations. This process
is presumably diffusion of the reaction component.
This conclusion also follows from the dependence of
the height of the surface relief on the oxidant concen-
tration in etchants I (Fig. 5).

Surface morphology. Analysis of the statistical dis-
tribution of the heights and lengths of waves formed
by dissolution of the silicon surface in etchants II
shows that the wave height increases with an increase
in the KMnO, concentration (Fig. 5). For example,
at the oxidant concentration of 0.01 M the prevalent
wave height is 0.2 nm, and at its concentration of
0.1 M, 1.4 nm.
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Our results show that etchants with the minimal
oxidant content are characterized by the best polishing
properties.

Comparison of Etchants I and Il

Comparison of the polishing properties of the best
etchants among those we studied shows that etchants
IT provide formation of a smoother relief than etchants
I (Figs. 3a, 5a, 6). This difference in the effect of
etchants with different oxidants is due to the greater
significance of the diffusion constituent in the set of
surface reactions of silicon dissolution in etchants II.
We intend to study in more detail the features of dis-
solution of single-crystalline silicon surfaces with
various crystallographic orientations in etchants of
different compositions.

EXPERIMENTAL

Specimens (5 x5 mm?) with the (001) surface
orientation were prepared from dislocation-free single-
crystalline p-type silicon wafers with a resistivity of
4.5 Qcm. The single crystals were grown by the
Czochralski technique. The polishing properties of
HF-HNO;-H,0 (etchants I) and HF-KMnO,-H,0O
(etchants II) solutions were studied in relation to the
oxidant content. The concentration range examined
was as follows: HNO; 0.17-11.0 and KMnO, 0.01-
0.18 M (HF 28.0 M). The choice of these concentra-
tion ranges was governed by the following factors.
At HNOj; concentrations below the lower limit of the
indicated range, a nonuniform relief is formed at a
low dissolution rate, because of the kinetic control of
the surface reactions of silicon dissolution (autocata-
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Fig. 5. Distribution of wave heights on the etched surface at KMnO, concentrations of (a) 0.01 and (b) 0.10 M (etching depth

10 pm).
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Fig. 6. Distribution of wave lengths on the (001) surface of silicon single crystals treated in following solutions: (a) etchant II
(0.01 M KMnQy, etching depth 10 um) and (b) etchant T (10.9 M HNOg, etching depth 1 pm).

lytic oxidation limits the dissolution rate). At HNO;
concentrations above the upper limit, insoluble oxida-
tion products formed. At KMnO, concentrations
below the lower limit, the dissolution was hindered
by formation of unidentified insoluble products, and
this phenomenon requires a more detailed study. The
upper limit of the KMnO, concentrations is deter-
mined by its solubility under the experimental condi-
tions.

The dissolution was performed in a Teflon vessel
at 20°C with continuous stirring. The morphology of
the etched surface was examined with an MII-4 inter-
ference microscope, an LEO-1420 scanning electron
microscope, and an NT-206 atomic-force microscope.
The polishing properties of the solutions were com-

pared by analyzing the statistical distribution of the
size of the relief components (height and length of
micro- and nanowaves) on the etched surface.

REFERENCES

1. Yukhnevich, A.V., in Khimicheskie problemy sozdaniya
novykh materialov i tekhnologii (Chemical Problems
of the Development of New Materials and Techno-
logies), Minsk: Bel. Gos. Univ., 1998, p. 483.

2. Sangwal, K., Etching of Crystals: Theory, Experiment,

and Application, Amsterdam: North-Holland, 1987.

3. Soedineniya ftora: Sintez i primenenie (Fluorine Com-

pounds: Synthesis and Application), Ishikawa, M., Ed.,
Moscow: Mir, 1990.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.3 2007



