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 INTRODUCTION

In the last few years, much interest has been shown
in the application of micro� and nanostructures
(nanowires, nanodots, nanotubes, synthetic opals,
etc.) in photonic optics. Porous silicon (PS), which is
composed of linked coherent crystallites, is a promis�
ing material for these applications. By forming crystal�
lites of certain shapes and arrangements, one can not
only locally or periodically change permittivity but
also induce, for example, optical anisotropy in a
medium where birefringence is observed [1].

Currently, the most widespread way for forming PS
layers is electrochemical anodization. The structural
parameters of layers (porosity, thickness, strain, pore
morphology, crystallite size, etc.) are easily varied in
this process. Thus, one can form not only layers with
pores of different types [2], but also multilayered and
surface periodic structures. Electrochemical etching
was used in [3] to prepare superlattices with nanopo�
rous layers on p�Si(001) substrates. Bragg structures
for optical range were formed by modulating current
density [4–6]. Lerondel et al. [7] demonstrated the
possibility of lateral pore ordering in Si and InP layers [8].

High�resolution X�ray diffraction is a high�power tool
for studying the real structure of surface layers of single
crystals and multilayered heterostructures, including
such nanoobjects as quantum wells, wires, dots, tori,
etc. [9]. Note that the main mechanisms of interaction

between X rays and homogeneous materials have been
studied fairly well for continuum layers [10]. In the
case of multilayered structures, a quantitative analysis
of the diffraction reflection intensity far from the exact
Bragg angle makes it possible to extract extensive
information about the internal structure of a sample
with a high spatial resolution [11]. For crystals that are
locally inhomogeneous in density, the problem of for�
mation of a coherent X�ray wave remains open
because the phase shift of the waves reflected by the
crystallites involved in scattering must be correctly
taken into account. In addition, the “porosity” effect
weakens the interference and, as a consequence, leads
to a partial loss of structural information.

PS is a model object with crystallites containing
coherent crystalline layers; these crystallites are sto�
chastically distributed and differ in shape. It was
experimentally proven [3, 12] that in some cases the
parameters of thin single�layer and multilayered peri�
odic structures of PS can be determined in a wide
range of porosities based on continuum models. A
successful attempt at simulating rocking curves from
several�micrometer�thick uniform PS layers was made
in [13]. However, the occurrence of new 3D locally
inhomogeneous materials and PS structures [14]
requires developing the existing techniques. An addi�
tional complexity in analyzing the scattering from PS
layers is related to their strain and sensitivity to envi�
ronment.

In this paper we report the results of an experimen�
tal and theoretical study of the specific features of dif� † Deceased.
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fraction reflection from multilayered long�period
n�type PS structures by the methods of double� and
triple�axis X�ray diffraction and reflectometry.

EXPERIMENTAL

Multilayered periodic PS structures were formed
by the electrochemical anodization of n+�Si(111)(Sb)
substrates (ρ ~ 0.01 Ω cm). The treatment was per�
formed in a Teflon two�chamber cell with platinum
electrodes filled with a solution of ethanol and hydrof�
luoric acid (1 : 2) with a periodic stepwise change in
the current from 5 to 50 mA and the formation time for
a pair of steps was from 15 to 5 s, respectively. A sche�
matic diagram of the modulated PS structure with a
total thickness L is shown in Fig. 1. It consists of three
superlattices formed by the layers lP1 and lP2 with
porosities Р1 and Р2, respectively; these superlattices
are separated by layers D1 and D2, which have a poros�
ity Р2.

The real structure of the samples was studied on a
TRS�1 diffractometer (Special Design Bureau, Insti�
tute of Crystallography, Russian Academy of Sci�
ences) using an X�ray tube with a copper anode. The
radiation incident on the sample was formed by a gap
monochromator with a threefold Si(111) reflection
and a system of slits with output sizes of 0.3 and 2 mm
in the scattering plane and oriented perpendicularly to
it. Double�crystal rocking curves from Si(111) were
recorded in the (n, –n) geometry. A flat analyzer crys�
tal Si(111) was installed behind the detector to record
the cross sections of intensity distribution near the
reciprocal lattice point 111 c�Si. A 2D intensity map
was plotted based on the data obtained in the coordi�

nates of deviation components of the scattering vector
q(qx, qz) from the reciprocal lattice point, which are
related to the rotation angles Δω and Δθ of the sample
and analyzer crystal as follows:

(1)

where k0 = 2π/λ, λ is the X�ray wavelength, and θB is
the Bragg angle. The reflectometry curves were
recorded in the θ/2θ scan mode with an output colli�
mator slit of 20 μm and a 0.04 degree slit installed
before the detector.

RESULTS AND DISCUSSION

Figure 2 shows double�crystal rocking curves from
a sample in the as�prepared state (curve 1) and after
9�month exposure (curves 2, 3). It can be seen that,
along with the Bragg maximum from the substrate at
Δθ = 0, there are also intense and wide regions
(humps) of diffraction reflection from the PS struc�
ture. The angular position and shape of these humps
indicate the presence of gradient strain in the PS struc�
ture. An analysis of the rocking curves shows that the

average relative strain Δd/d =  immediately

after the PS preparation is ~2.5 × 10–3. As a result of
the sample exposure in a polyethylene packet for nine
months, the strain was stabilized to a value of 4 × 10–3

at the instant at which the 2D intensity distribution
map was measured. The diffraction reflection intensity
was continuously recorded for 5 days. The rocking
curves recorded after measuring the 2D intensity dis�
tribution map are indicative of additional strain near
the PS surface. It can be seen that the boundary of the
diffraction reflection region is shifted to smaller angles
(curves 2 and 3 differ in the angular range from–350″
to –200″), with the conservation of the shape of the
rocking curve near the Bragg maximum. The shapes of
the rocking curves from different portions of the PS
surface were the same; this is indicative of the sample
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Fig. 1. Schematic diagram of a modulated PS structure
with the sublayer thicknesses  and  and spacer thick�
nesses D1 = D2.
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Fig. 2. Experimental rocking curves from a PS sample (1)
after anodization and (2, 3) nine months later, (2) before
and (3) after measuring the 2D intensity distribution map;
111 reflection, CuK

α
 radiation.
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homogeneity both before and after measuring the 2D
intensity distribution map. The angular displacements
of oscillations during the sample exposure are mainly
related to the increase in the layer strain as a result of
impurity adsorption on the PS surface. The observed
intensity oscillations on the rocking curve from the PS
structure have an average period of ∼20″. In the kine�
matic approximation, this period corresponds to the
~0.8�μm�thick coherent�scattering region, in which
the phase delay is small and the strain can be consid�
ered constant. The total thickness L ∼ 32 μm of the PS
structure formed was estimated by the absorption
technique [12] for the average porosity  = 0.65,
which corresponds to the critical angle θc ≈ 470″ of the
total external reflection. We should note that, as was
shown in [12], the electron density for thick PS layers
determined from the average θc value is generally
underestimated because of the surface roughness
effect. Therefore, the structure thickness determined
from the X�ray data is actually its estimate from above.

Semiconductor periodic structures and superlat�
tices have been investigated for a long time, and the
shape of their rocking curves is well known. Their most
characteristic feature is the presence of additional sat�
ellite peaks. The absence of even traces of them
(Fig. 2) casts doubt not only on the coherence of PS
layers but also on the existence of a perfect periodic
crystal structure in the surface layer.

Scanning electron microscopy (SEM) was used to
confirm the presence of a periodic structure in the PS
surface layer and determine the thicknesses and mor�
phology of porous layers. The experiments were per�
formed on a JEOL JSM 7401F microscope. An image
of a sample cleavage was obtained at an accelerating
voltage of 5 kV in the “gentle beam” mode, which
allows one to decrease the accelerating voltage of the
incident electron beam to 1 kV. Secondary electrons
were recorded. The working segment (the distance
from the pole tip of the objective lens to the sample)
was varied within 1.5–2.7 mm. SEM analysis showed
that the porosity�modulated multilayered periodic PS
structure was formed as a result of anodization. The
total structure thickness Le, according to the SEM
data, was 28.5(5) μm. Examples of surface fragments
and sample cleavage images are shown in Figs. 3a and
3b, respectively. An analysis of even a surface fragment
(Fig. 3a) shows that the upper layer is partially
destroyed and has a lower density than was assumed
proceeding from the formation conditions. According
to SEM images, one can conclude that the structure
bilayers are fairly homogeneous and have a constant
average porosity and thickness. Unfortunately, the
mechanism of formation of the SEM image contrast
does not make it possible to unambiguously judge the
porosity of PS bilayers. Processing the image of peri�
odic change in contrast (Fig. 3c) on a cleavage frag�
ment (using the Origin software) allowed us to deter�

P

mine the sublayer thicknesses l1 = 0.2 and l2 = 0.43 μm
with a constant structure period of 0.63 μm.

To estimate the ratio of the coherent and diffuse
contributions to the total scattering, we will use the 2D
intensity distribution map (Fig. 4), where the coher�
ent�scattering region is observed along qz in the form
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Fig. 3. SEM images of the fragments of (a) the surface and
(b) a cleavage of a PS sample with layer thicknesses  =
0.43 µm,  = 0.20 µm, and D1 = 1.2 µm. A portion of the
profile of the cleavage image contrast is shown in the inset
(c).
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of an intense band: rod 1. Bands 2, 3, and 4 are caused
by the use of a planar analyzer crystal in the experi�
ment. They pass through the reciprocal lattice points
of both the substrate S and PS. Band 5 is due to the
weak tails of the X�ray beam formed by the monochro�

mator crystal and the additional contributions to the
intensity as a result of the diffraction from slits and
small�angle scattering from the pore walls. Diffuse
scattering 6 from pores and incoherent crystallites is
localized around the 111 reflection from the PS layers.
It is shaped as a triangle with a base parallel to qх (sur�
face sample). The shape of diffuse scattering reflects
the strain and depth distribution over pore and crystal�
lite sizes in the PS layers.

The cross sections of 2D intensity distribution near
the reciprocal lattice site 111 of the PS structure along
qz (normal to the surface) and along qх (parallel to the
surface) (Figs. 5a and 5b, respectively) were recorded
to select (with a high angular resolution) only the
coherent part of total scattering and compare it with
diffuse scattering. It can be seen in Fig. 5b that the dif�
fuse scattering intensity is low in comparison with the
Bragg scattering intensity from coherent crystallites.
Diffuse scattering is mainly determined by pores; the
contribution from crystallites is insignificant in this
case. This question was not considered in the literature
in detail. The average size δ of pores, which make the
main contribution to diffuse scattering, was estimated
by analyzing its distribution width (Fig. 5b). In the
kinematic approximation δ ≈ 15 nm, which is in good
agreement with the electron microscopy data (Fig. 3).

An analysis of the shape of the cross sections of 2D
intensity distribution map shows that the most signifi�
cant changes occur in the coherent scattering distribu�
tion. It can be seen in Fig. 5a that, during the measure�
ment (along with the increase in the maximum strain
due to the impurity absorption in the upper layers of
the PS structure), the strain profile in the bulk
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changed as well. A numerical simulation of the rocking
curves was performed using the recurrence relations to
analyze the influence of the parameters of the layer
structure on the shape of the coherent part of scatter�
ing from PS.

MODEL OF DIFFRACTION SCATTERING 
FROM A POROUS SUPERLATTICE

We will begin the simulation of the X�ray coherent
scattering intensity from a multilayer porous structure
with the consideration of the reflection from a porous
superlattice. It is necessary to take into account the
fact that the porous layer can significantly change the
polarizability of the medium and, as a consequence,
absorption, refraction, and reflection of X rays in the
layer. The main analyzed parameters of the layers are
their thickness ln, strain εn, porosity Pn, and the static
Debye–Waller factor fn in the nth layer.

Based on the method of recurrence relations [15],
we will consider X�ray scattering from an N�layer
porous crystal. The layers are enumerated from below.
The amplitude coefficient of coherent X�ray reflection
from the N�layer porous system can be written as the
recurrence relation

(2)

 is the amplitude reflection coefficient from
the N –1 lower layers,

,

.

Here,  and  are
dynamic coefficients, C is the polarization factor, χ0, h

are the Fourier components of X�ray polarizability,
and γ0, h are directional cosines. The layer porosity is
related to the relative layer density νn = ρn/ρ0 by the
expression Pn = 1 – νn, where ρ0 and ρn are the layer
densities before and after anodization.

The analysis of the effect of superlattice structural
parameters on the shape of rocking curves will be per�
formed on a 6.3�μm�thick model superlattice com�
posed of 10 pairs of layers with thicknesses  μm
and  μm. Furthermore, these parameters will
be invariable. A simulation will be performed succes�
sively for the static Debye–Waller factors of the first
and second layers, f1, 2; porosities of the first and sec�
ond layers, P1, 2; and the periodic and gradient super�
lattice strains, εSL and εG, respectively. A summation of
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the periodic and gradient strains yields the total strain
in the superlattice: .

Influence of the Static Debye–Waller Factor 
on the Rocking Curve Shape

Let us consider the case where the total strain is
absent. Figure 6 shows (a) the porosity distribution
P(z) over the superlattice depth and (b, c) the rocking
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curves at the static factor values f1, 2 = 1 and 0.4,
respectively. It follows from Fig. 6b that, at porosities
of 0.4 and 0.6 in the superlattice sublayers, the rocking
curves, along with thickness oscillations, should
exhibit satellites from the superlattice formed by the
variable porosity. The simulation shows that in the
presence of porosity gradient ΔР = 0.2 between sub�
layers the factor f should be reduced to 0.4 to suppress
the superlattice satellites (Fig. 6c). Formally this
means the absence of structure in silicon.

Influence of Gradient and Periodic Strains

Two contributions to the total strain 
should be taken into account when considering the
multilayered PS model. The periodic strain  is due
to the surface tension forces, which originate from sil�
icon oxides, dangling hydrogen bonds, adsorbed
impurities, and moisture. This value is directly related
to the total surface of crystallites, which increases with
an increase in porosity. The contribution to the total
strain from the gradient strain  is related to the dif�
ferent amounts of adsorbed reagents in the structure
after its formation. Let us consider the most general
case:  linearly decreases into the sample bulk. The
factor f1,2 = 1 in both sublayers at the modulated
porosities Р1 = 0.4 and Р2 = 0.6. Figure 7 shows the
dependences of the model rocking curves on  (a) in
the absence of periodic strain (  = 0) and (b, c) when
the periodic strain exists. It can be seen that the satel�

T SL Gε = ε + ε

SLε
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lites on the rocking curves (Fig. 7a, curve 3) almost
disappear even at  = 5 × 10–4. When a periodic strain

 (Fig. 7b, curve 1) is introduced into the PS struc�
ture under consideration, the satellites become more
pronounced (Fig. 7b, curve 2); they are also observed
in curve 2 in Fig. 7c.

Diffractometry of Strains in a Multilayered PS Structure

An analysis of the Bragg part of scattering from the
sample under study was performed on the basis of the
above consideration of the influence that the parame�
ters of a porous layer structure has on the rocking curve
shape. To reduce the computational time, the number
and thickness of sublayers were chosen in correspon�
dence with the values used in the previous models. The
structural parameters of the sublayers were chosen
close to the average values obtained on the basis of the
experimental data for the sample studied. Figure 8
shows the rocking curves and the corresponding strain
profiles in PS layers in the absence and in the presence
of periodic strain. One can clearly see (Fig. 8) that the
shape of the model curves is similar to the experimen�
tal one. Moreover, there are no additional maxima
from the superlattice. At the same time, the average
period of the remaining oscillations on the tails of the
rocking curves remains the same. This fact confirms
that their occurrence is primarily related to the gradi�
ent strain. A periodic strain makes interference beats
more pronounced and contrasted (Fig. 8, curves 1).
Note that the absence of periodic strain is equivalent
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to the effect of strain relaxation at the boundaries of PS
sublayers. This effect is observed as a smoothing of the
reflection intensity in the rocking curve tails and as a
decrease in amplitudes far from the Bragg maximum
from the silicon substrate (Fig. 5a, curves 1, 2). It
should also be noted that the angular positions of
oscillations in the experimental rocking curves are not
periodic in comparison with the model ones (Fig. 8,
curves 2). This fact indicates a more complex profile of
strains in the PS layers and requires additional analy�
sis.

CONCLUSIONS

A mesoporous multilayered periodic structure was
formed on n+�Si(111)(Sb) substrates by electrochem�
ical anodization. The specific features of X�ray dif�
fraction scattering from this sample were studied by
high�resolution X�ray diffraction and mapping scat�
tering near the reciprocal lattice site 111 of Si. The
average strain was found to be 4 × 10–3 and the porosity
and thickness of the porous multilayered structure
formed were estimated as Р ~ 0.6 and ∼32 µm, respec�
tively. The thickness of the PS structure, reconstructed
from the X�ray data, exceeds the thickness determined
by SEM (28.5 µm), which is explained by the strong
influence of the surface roughness and defects on the
mirror reflection. It was shown that, despite the non�
uniform strain distribution over depth, the porous
structure consists mainly of coherent crystallites and
can be described in terms of the dynamic theory of
scattering. It was established that the observed oscilla�
tions in the rocking curves are caused by not periodic
but continuous gradient strains. The inhomogeneity of
the interfaces between layers causes the relaxation of
periodic elastic stresses. The existing modulation of
porosity over the sample depth (the periodic change in
charge density) only slightly affects the formation of
the satellite rocking curve structure, which is charac�
teristic of superlattices. However, the high�resolution
X�ray diffraction method has a number of limitations
for diagnostics of porous superlattices because of the
high sensitivity to the value of interplane spacing. First
and foremost, this is related to the value of the strain
gradient and interface inhomogeneities throughout
the structural depth. Model calculations show that

even strains above 5 × 10–4 suppress the superlattice
diffraction peaks.

Thus, with allowance for the above remarks, high�
resolution X�ray diffraction can be successfully used in
diagnostics of superlattices and modulated porous
semiconductor structures.
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