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Defect-deformation mechanism of spontaneous nucleation
of an ensemble of pores in solids and its experimental verification

V.I. Emel’yanov, K.I. Eremin, V.V. Starkov

Abstract. The defect-deformation (DD) mechanism of spon-
taneous formation of ensembles of seed pores during etching
of semiconductors and metals is developed. The mechanism is
based on the concept of generation and DD self-organisation
of interstices and vacancies during etching. For p-Si, good
agreement between theoretical and experimental results is
obtained. In particular, a quasi-hexagonal order in the
arrangement of micropores on the surface is revealed, which
was predicted by the DD model, and a control of the
properties of the ensemble by means of external forces is
demonstrated.

Keywords: micropores, surface etching, self-organisation.

1. Interest in the physics of formation of ensembles of
micropores in semiconductors and metals upon electro-
chemical etching is explained by applications of micro-
porous Si, in particular, in a new laser technology involving
photonic crystals [1, 2]. However, the physical mechanism
of spontaneous formation of ensembles of micropores is not
conclusively established so far. Indeed, similar systems of
micropores are formed both in semiconductors and metals,
for example, in Al [3], whereas the hole models of their
formation are valid only for semiconductors [4, 5]. Note
also that the spatial distribution of pores on a surface was
considered random up to now.

2. In this paper, we develop a universal defect-deforma-
tion (DD) mechanism of spontaneous formation of a seed
ensemble of pores on the surface of semiconductors and
metals, which consists in the following. Consider the surface
of a solid z =0 (the z axis is directed into the medium) in
contact with an etching agent. During an elementary etching
event, a surface atom (ion) located in the crystal lattice of
the solid loses its bonds with neighbouring atoms and passes
either to the etching agent [with the probability 7y, (s™H] or
to a near-surface interatomic plane with the formation of an
interstice [with the probability y; (s')]. This is accompanied
by the appearance of a vacancy, which can be considered
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remaining at the interface z = 0 because of its low mobility.
Then, mobile intrinsic interstices diffuse deep in a sample,
thus forming a near-surface layer enriched with interstices if
the diffusion rate is higher than the rate V' of spatially
homogeneous etching: D;/a > V = (y, + 7;)a, where a is the
sample lattice constant and Dj is the diffusion coefficient of
an interstice.

The dependence n; = n;(z) of the concentration of inter-
stices in the coordinate system moving with the surface
z=0 can be found from the equation On;/0t — VOn;/0z =
D;0%n;/dz* with the boundary condition —D;(0n;/0z)._, =
yi/a2, whose stationary solution gives ni(z):a_3[yi/(yi+
ylexp(— Vz/Dy).

3. An interstice-enriched near-surface layer can be
treated as a ‘film’ with the effective thickness / (see below),
which is rigidly connected with a part of a crystal (‘sub-
strate’) located below. As shown earlier (see reviews [6, 7]),
in such a film the DD instability develops when the interstice
concentration exceeds the critical value ng ~ 10" cm™.
This results in the formation of a stationary relief modu-
lation grating {(r) = A exp[igr] + c.c., where {(r) is a local
displacement of the surface along the z axis ({ > 0 corre-
sponds to the relief hollow), 4 is the amplitude, and ¢ is the
grating vector; the interstices with the dilatation potential
0; > 0 being piled up in the relief protrusions ({ < 0). The
surface vacancies generated during etching are collected in
the relief hollows (0, < 0), by producing a surface grating n,
of the vacancy concentration, which is in phase with the
relief grating: n,(r) = A|f| expligr] + c.c, where |S| > 0[6, 7].

The effective thickness / of the interstice-enriched film is
determined from the condition n;(h) = n,.. This yields & =
(D;/V)In[a "y, /ne(y; + 7). The period A =2n/q of the
surface interstitial and, hence, vacancy grating is propor-
tional to the “film’ thickness / and depends on the spatially
homogeneous interstice concentration n;y: A = hf(n;,). For
sufficiently large n;, the period is independent of the inter-
stice concentration and is equal to 24 [6, 7].

A nonlinear computer analysis [8] of the film DD model
[6] showed that a hexagonal periodic DD structure is formed
on the isotropic surface due to the DD instability. Such a
structure can be treated as a superposition of three DD
gratings with the period A = 2/ and vectors ¢, which form
an equilateral triangle on the surface. Therefore, a cellular
hexagonal distribution of the vacancy (seed pore) concen-
tration with the characteristic period

A:ZD' In {&} )
vV ncr("/i +Ve)




474

V.I. Emel'yanov, K.I. Eremin, V.V. Starkov

is formed on the surface moving at the velocity V" due to the
DD self-organisation.

4. The first, spatially homogeneous etching stage occur-
ring at the rate 7" ends after the appearance of the surface
hexagonal cellular structure of seed pores with the charac-
teristic scale (1) and of the anti-phase hexagonal cellular
interstice structure. Then, the regime of spatially inhomoge-
neous etching begins because, due to a local increase in the
current density near the bottom of pores, the etching rate V),
of the pore bottom increases according to [5], so that
V, > Vand V, > V; (where V; is the etching rate of regions
with interstice aggregations). Therefore, etching occurs only
in the regions where seed pores are located, which should
result in the formation of the hexagonal structure of the
developed pores with the characteristic distance between
their centres determined by expression (1).

5. To verify the predictions of the DD mechanism of
formation of an ensemble of pores, we etched p-Si samples
with the surface area S=6 cm’ in a standard electro-
chemical cell. The (100) surface of samples was disoriented
by 0.5°. The (100) Si samples with the resistance above
10° Q cm, as well as 23, 10, and 6 Q cm were etched at the
constant current density J = 5.5 mA cm > at room tem-
perature in the HF:DMF=1:10 or HF:H,0:
(CH3)CHOH = 5:9:26 solution for 60 min. The SEM
photographs of sample surfaces after etching (Fig. l1a)
demonstrate the presence of an ensemble of pores, whose
number density N, increases monotonically with decreasing
sample resistance (i.e., with increasing concentration n, of
the boron impurity). The experimental dependence of the
number density N, of pores on n, is shown in Fig. 2
together with the theoretical dependence

Np = A72 = NpO(l +Bn§/3)2,

predicted by the DD mechanism, where Ny = Ay 2~ 59x%
10> cm 2 is the number density of pores on the pure crystal
surface; Ay = (2D;/ V) In[a >y /ne.(3; + 7.)] is the character-
istic scale of pores in a pure crystal; B = V,o0/Vya 2 —8x
10" ecm? is a fitting parameter; ¥, is the etching rate of a
region around the implant impurity (it is assumed that
V. > Vy); o> 1is a dimensionless coefficient characterising
the size of the region of accelerated etching around an
impurity; and ¥V, is the rate of spatially homogeneous
etching of a pure crystal (for > = 5 x 10*> cm ™, « ~ 10,
and V,/V, ~ 10°).

To verify the prediction of the long-range hexagonal
order in the arrangement of pores on the surface, we
performed the two-dimensional computer Fourier transform
of the SEM image of the sample surface after etching
(Fig. 1a). The smoothed out amplitude part |F(k,, k)| of
the Fourier spectrum is shown in Fig. 1b.

The most interesting feature of the spectrum is the
presence of pairs of maxima, the maxima in each pair
being located symmetrically with respect to the ring centre
on the lines passing through its centre. The pairs form three
groups. Each pair of maxima lying on the same diameter
corresponds to the grating of the local surface image
brightness, i.e., to the pore grating. Thus, the image in
Fig. la is formed by three groups of pore gratings with the
wave vectors ¢ having close moduli, which are directed at
certain (different from 60°) angles to each other.

The ideal hexagonal order is violated in the case under
study (Fig. 1) for the following reasons. The disorientation
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Figure 1. SEM image of the disoriented Si (100) surface (the disorienta-
tion angle is 0.5°) with the resistance 6 Q cm after etching (a) and the
smoothed out amplitude part [F(k,, k,)| of the Fourier spectrum of the
SEM image in Fig. 1a (b). Here, k, and k, are the reduced dimensionless
wave numbers; the actual wave numbers are ¢, =2nk,/L, and
qy = 2nk,/L,, where L, = 57.2 um and L, = 51.2 pm are the sizes of
the photographed part of the surface. Brighter regions correspond to
larger values of |F(k,, k,)|. For samples with other resistances, the
Fourier spectrum is similar.
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Figure 2. Dependence of the surface number density of pores on the
volume concentration of the implant impurity obtained for the HF —
DMF (o) and HF — H,0 — (CH;),CHOH (@) solutions, as well as
obtained in [5] (O). The solid curve corresponds to the theory.
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of the Si surface induces the surface stress [stretch (or
compression) along the y axis and compression (stretch)
along the x axis in Fig. 1]. This is manifested in the Fourier
spectrum (Fig. 1b) in the form of two symmetric protube-
rances of the rhombic plateau elongated along the y axis and
two symmetric hollows (‘negative’ protuberances) directed
along the x axis. The stretching (compression) uniaxial stress
‘captures’ one of the DD gratings by orienting its vector
along the stretch (compression) direction [6, 7] and making
it more intense. A pair of the most intense maxima in
Fig. 1b corresponds to this stress-selected DD grating. On
the contrary, the compressing (stretching) stress along the x
axis results in the ‘repulsion’ of the vectors of DD gratings
from the x axis direction. In addition, as follows from a
computer analysis, three DD gratings have random phases,
which also distorts the long-range hexagonal order in the
pore distribution.

Note in conclusion that the DD mechanism can be
generalised to the case of etching of meso- and nanopores.
The results obtained in this paper open up the principal
possibility of producing coherent (periodic) hexagonal
ensembles of pores upon their spontaneous nucleation.
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