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INTRODUCTION

The X�ray diffraction from porous crystals remains
little studied. This is related both to the absence of sta�
ble and guaranteed model samples for study and to the
difficulties in describing the scattering processes in
3D�locally inhomogeneous structures. The pores in
layers of single�crystal substrates are similar to amor�
phous particles of various shapes or defects with zero
polarizability. Generally, the scattering from such lay�
ers has Bragg and diffuse components. One specific
feature of the diffraction from these objects is that,
even despite the fairly high (>80%) porosity and large
size (several nanometers) of pores, the remaining sin�
gle�crystal framework is not distorted and can dynam�
ically scatter radiation.

Most experiments with X�ray diffraction and scat�
tering from porous materials were performed on sili�
con layers and films in view of the wide application of
this material in micro� and nanoelectronics. The first
successful attempts of numerical simulation of rocking
curves within the dynamic theory of scattering were
carried out on thin porous р+�Si(001) layers [1, 2].
Then it was shown that structural information can be
derived from porous р–�Si layers and porous superlat�
tices [3, 4]. An increase in the porous layer thickness
leads to an increase in the diffuse component contri�
bution to the total scattering. When studying porous
structures, this scattering component is traditionally
used only to estimate the average pore size and corre�
lation length [5]. The diffuse scattering from a

microporous structure on the Ge substrate surface was
simulated in [6].

In recent years, X�ray diffraction methods have
also been used to study porous layers of A3B5 alloys [7–
10]. These porous structures have been less studied;
however, they also exhibit interesting optical proper�
ties. In particular, porous InP layers revealed addi�
tional photoluminescence shifted to shorter wave�
lengths [11–13]. It was established that a porous InP
buffer layer makes it possible to significantly decrease
the number of defects during the heteroepitaxial
growth of structures with a large lattice mismatch [13,
14] and it has anisotropic electrical properties [12].
The shapes of pores and their modifications, which are
related to the technique of layer growth, were found to
be very diverse [13, 15, 16]. The contribution of the
diffuse scattering component to the structural data
becomes the determining factor in this case [9, 10].
Adequate theoretical approaches should be developed
for such systems to extract extensive information from
the X�ray data.

The purpose of this study was to develop a tech�
nique for the structural diagnostics of multilayer
porous systems formed by electrochemical etching on
n�InP(001) substrates and analyze their optical prop�
erties. The diagnostic technique is based on an analysis
of X�ray diffraction scattering intensity within the for�
malism of statistical dynamic theory.
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EXPERIMENTAL

Multilayer porous structures were obtained on
standard n�InP(001) substrates (doped with Sn to
[ND–NA] ~ 1018 cm–3) by electrochemical etching in
an aqueous HCl solution. Anodic oxidation was per�
formed without illumination in a four�electrode cell at
23°С. The sublayer thickness (from ~0.1 to ~1 µm)
was determined by the etching time, while the shape of
pores and their angle of inclination to the sample sur�
face were set by the etching mode. It is known [16] that
the potentiostatic mode yields current pores oriented
perpendicularly to the surface, while the galvanostatic
mode gives rise to crystallographic pores, which make
an angle to the surface. It was shown [15] that crystal�
lographic pores in InP(001) have a triangular cross
section and are oriented in the 〈111〉, 〈221〉, or 〈223〉
directions, depending on the probe potential and tak�
ing into account the polarity of faces. The cross sec�
tion of current pores in InP(001) layers is close to rect�
angular [9, 16].

The X�ray diffraction analysis was performed on
the E2 Station of German Electron Synchrotron
Source DESY using the high�resolution (triaxial)
technique. The X�ray radiation with an energy of
10 keV (λ = 0.12398 nm) was formed by a twofold
Si(111) monochromator and a system of slits. The exit
collimator slits were 0.05 and 2 mm in size in the scat�
tering plane and in the normal direction, respectively.
The beam monochromaticity and divergence were,
respectively, Δλ/λ ~ 1.3 × 10�4 and Δθ ≤ 10 arcsec. The
intensity distribution near reflection 004 from InP
substrate at fixed angular positions (ωi) of the sample
were recorded by a position�sensitive detector
(MYTHEN). The geometry of the experiment pro�
vided a detector angular resolution of 40″/channel.
The scan step was Δω = θ–θB = 0.125°, where θB is the
Bragg angle. The collection time of each scan was
100 s. The data sets obtained were used to plot 2D
scattering intensity maps. The measurements were
performed at two azimuthal sample positions corre�
sponding to qx ||  and qx ||  (positions I and
II, respectively), where qx is the scattering vector com�
ponent along the sample surface. In view of the anisot�
ropy of the sphalerite lattice, the  direction is
polar, while the  direction is nonpolar. The com�
ponents of the vector q are related to the angles of crys�
tal rotation (Δω) and scattering (Δθ) as follows:

(1)

where k0 = 2π/λ (λ is the X�ray wavelength).

In addition, using a scintillation detector with a
20″�slit before it, we recorded the cross sections of InP
sites 000 and 004 in the Δω�scan mode (at a fixed slit
position, 2Δθ = 2(θ – θB) = 0) and in the Δω/2Δθ�
scan mode. The relative density νn of the surface layer
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was estimated from the magnitude of the critical angle
of the total external reflection to be ~0.75.

The thickness and structure of porous layers in the
samples under study were monitored by scanning elec�
tron microscopy (SEM) on a JEOL JSM 7401F
microscope. The sample images (cleavages) were
obtained at an accelerating voltage of 5 keV.

The photoluminescence (PL) spectra were
recorded in the synchronous detection mode using an
SR8300 device on a spectrometer equipped with an
optical cryostat, providing operation in the tempera�
ture range from 3.8 to 295 K, and a 1�m�grating
HR1000 monochromator. The radiation was detected
by an R636 photoelectron multiplier with a GaAs
photocathode. PL was excited by an argon laser with
the radiation wavelength λ0= 514.5 nm.

DISCUSSION OF THE RESULTS 
AND PROCESSING TECHNIQUE

X�Ray Diffraction 

The experimental scattering intensity maps near
site 004 of the reciprocal lattice for samples 245 and
249 in two azimuthal positions (I and II) are shown in
Figs. 1a and 1b and Figs. 2a and 2b, respectively. The
scattering intensity map from the initial InP(001) sub�
strate is presented in Fig. 2d. Figures 1c, 1d, and 2c
show the theoretical scattering intensity maps, fitted
according to the mathematical model. It can be seen
that the experimental scattering intensity maps differ
significantly both in the dependence on the sample
position and from sample to sample. This fact indi�
cates the presence of layers with differently oriented
pores in the samples. In particular, sample 245 exhibits
a pronounced azimuthal dependence on its position
(Figs. 1a, 1b).

For sample 249 (Figs. 2a, 2b), this dependence is
weakly pronounced. One characteristic feature of the
maps is the presence of higher intensity areas (“rods”
oriented at an angle β with respect to the qx direction).
As was shown in [9, 10], these rods are Fourier trans�
forms of the scattering object shape (boundaries or
their projections on the scattering plane). The angle β
of rod inclination with respect to the abscissa axis is
related to the angle of inclination of boundaries to the
sample surface, α, as follows: β = 90 – α. In particular,
the walls of crystallographically oriented pores play the
role of such boundaries. For one layer with anisotropic
crystallographic pores, a rotation from position I to
position II makes the rods disappear [10]. The scatter�
ing caused by only current pores does not reveal any
significant azimuthal dependence.

When analyzing the scattering intensity maps from
sample 245 within the above�mentioned model, one
can see a complex form of diffraction scattering. For
example, the change in the angle of inclination of
diagonal rods from α ∼57° (I) to α ∼ 47° (II) and in
their shapes upon the azimuthal rotation of the sample
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indicates an anisotropy in the distribution of crystallo�
graphic pores and the presence of pores with different
crystallographic orientations. According to this esti�
mate of α, positions I and II exhibit crystallographic
pores in the [111] and [223] directions, respectively.
When the sample position changes, the projections of
crystallographic pores of each type contribute to scat�
tering in the qx direction. In this case, the half�widths
of intensity distributions along qx differ barely (by no
more than 10%). The “long” current pores should
scatter in the same direction [9]. However, the radia�
tion scattered from these pores is apparently concen�
trated closer to the reciprocal lattice point and has a
lower intensity. Therefore, vertical pores are not
explicitly observed in the sample. The scattering along
qz is related to the strains in the porous layer lattice and
the presence of small crystallites oriented along the

normal to the sample surface. There are no solid
grounds to state that these crystallites are parts of cur�
rent�pore walls or projections of crystallographic�pore
walls without additional information. One can only
suggest that there are many pores oriented along the
normal to the surface, because the contribution of
crystallographic pores to the scattering into this part of
reciprocal space is small. We can preliminarily con�
clude that the surface layers of sample 245 contain a
large number of differently oriented crystallographic
pores. Poorly shaped current pores may also be
present. There are no additional oscillations in the
scattering intensity map that would confirm the exist�
ence of a periodic multilayer porous structure.

The difference of the experimental scattering
intensity maps in the dependence on the azimuthal posi�
tion of sample 249 is less pronounced (Figs. 2a, 2b). The
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Fig. 1. (a, b) Experimental and (c, d) theoretical 2D scattering intensity maps from transform 245 for InP(004) at different azi�
muthal sample positions; the radiation energy E = 10 keV.
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scattering is mainly concentrated in the qx direction.
In this direction the distribution width is much larger
than for sample 245. This fact indicates the formation
of ordered current pores in this sample, which make
the main contribution to scattering. One striking
example is the two well�distinguishable “eyes” at qx ≈

+/–0.035 nm–1 (Figs. 2a, 2b), which correspond to
the correlation length  = 180 nm. The scat�
tering background from current pores exhibits rods
from inclined crystallographic pores. With a change in
the azimuthal position of this sample, the angle of
inclination of the corresponding crystallographic
pores to its surface changes from ∼50° to ∼57°.

In the latter case crystallographic pores are ori�
ented closer to the [111] direction (54.7°). The incon�

/2 xL q= π

sistency between the integral angles of inclination of
crystallographic pores and the angles of inclination of
crystallographic axes to the sample surface is appar�
ently caused by a fairly large number of distorted pores
involved in scattering. However, the near�surface mul�
tilayer porous structure formed in sample 249 is of bet�
ter structural quality than that of sample 245; it con�
sists of layers having both current and crystallographic
pores with fairly sharp boundaries. The length of cur�
rent pores far exceeds that of crystallographic ones,
which do not possess a pronounced orientational
anisotropy. Crystallographic pores have a large disper�
sion in the angle of inclination of their axis to the sam�
ple surface and make a small contribution to scatter�
ing.
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Fig. 2. (a, b) Experimental and (c) theoretical 2D scattering intensity maps from transform 249 for InP(004) at different azimuthal
sample positions and (d) the experimental scattering intensity map from the initial substrate (sample 27); the radiation energy E =
10 keV.
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Electron Microscopy 

SEM images of cleavages of the samples under
study are shown in Figs. 3a–3c. One can easily see
that, according to the anodic oxidation technique, the
porous structures consist of four pairs of bilayers. The
bottom layers contain pronounced pores, both current
and crystallographic. The top layer demonstrates a
random arrangement of pores of different types and

sizes. The thickness of layers with current pores far
exceeds that of the layers with crystallographic pores.
The layers with current pores in both samples have a
thickness of ~1 µm, while the thickness of the layers
with crystallographic pores varies from ~0.1 µm for
sample 249 to ~0.1–0.4 µm for sample 245. The layer
interfaces in sample 249 are fairly sharp. In sample
245, on the contrary, the interfaces between layers are
wave�like, with the amplitude increasing with an
increase in the distance from the sample surface. This
sample is also characterized by thicker sublayers.

Note that pores are randomly located in the top
sublayers, where pores nucleate. Pore nucleation is
known well in both Si and other semiconductors.
Generally this process may lead to a deviation of the
structural parameters (thickness, porosity, etc.) of the
top layer from the specified values. The nucleation
layer thickness varies from several nanometers to sev�
eral thousands of nanometers and depends strongly on
the anodic oxidation mode and the substrate type and
pretreatment. Due to the nucleation, the top sublayer
morphology (Fig. 3) differs from that of the bottom
layers. Unfortunately, the latter make a large contribu�
tion to X�ray scattering.

The images obtained indicate a difference in the
structures of porous layers in the samples under study,
thus confirming the X�ray diffraction data.

Simulation of the Diffraction Reflection
from Porous Structures 

To extract quantitative data on the pore parameters
and layer structure, it is necessary to mathematically
process the scattering intensity maps and scattering
cross sections near reciprocal lattice point. To this
end, we developed a model for diffraction scattering
from multilayers within the statistical dynamic theory.

Let us consider a multilayer porous crystal com�
posed of N layers within the approach [17]. The layers
are enumerated from bottom to top. Each such layer
(for example, with number n) has its own structural
characteristics: porosity Pn, relative lattice strain εn,
and static Debye–Waller factor fn. The layer porosity is
related to the relative layer density νn = ρn/ρ0 as fol�
lows: Pn = 1 – νn, where ρ0 and ρn are the layer densi�
ties before and after anodic oxidation.

The amplitude reflection coefficient for an N�layer
porous system can be written (on the assumption that
all crystallites are in coherent positions) as the recur�
rence relation

, (2)

where е ,

, , and
 is the amplitude reflection coefficient for (N – 1)
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Fig. 3. SEM images of the cleavages of layers in multilayer
porous structures (a, b) 245 and (c) 249 on the InP(001)
substrates.
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 and

 depend on the lattice
strain, layer porosity, and static Debye–Waller factor.
The dynamic coefficients  are proportional to the
crystal structure factors ; they were determined in
[17]. Here, qx and qz are the components of the vector
q, which determines the deviation of the scattering
vector  from the reciprocal lattice point h(
are the wave vectors of the incident and diffracted
X�ray beams, respectively). The parameter  is
related to the X�ray irradiation width on the sample
surface. If pores in neighboring layers lack a vertical
spatial correlation, the diffuse scattering from an arbi�
trary (for example, nth) layer is independent of struc�
tural characteristics of the neighboring layers and can
be written as

, (3)

where S0 is the X�ray irradiation area on the crystalline
layer surface; ln is the layer thickness; and  is
the correlation area, which can be written as follows
within the model of cylindrical pores [10]:

.

Here, ,

,

where R is the pore radius, lz is the pore length, and
L(qx) is a factor taking into account the pore correla�
tion in the lateral direction [18]. If pores are oriented
at a certain angle to the surface of the porous structure,
a coordinate transformation must be performed in the
expression for the correlation area [10]. In the case of
the vertical correlation of pores in a multilayer system,
the expression for the scattering intensity is more
complicated [19] than solution (3).
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Within this theory we performed a mathematical
processing of the angular distribution of X�ray scatter�
ing intensity in the reciprocal space from the samples
under study taking into account the contributions of
the Bragg and diffuse components. As a starting
approximation, we chose the structural models com�
posed of four bilayers, according to the SEM data
(Fig. 3). It was assumed that the top layer contains
cylindrical pores oriented in different crystallographic
directions. The static Debye–Waller factor for the top
layer was varied from 0.4 to 0.1.

The processing began with fitting the X�ray scatter�
ing cross sections that are shown in Figs. 4 and 5 for
samples 245 and 249, respectively. The theoretical
scattering intensity maps obtained by this fitting are
shown in Figs. 1c, 1d, and 2c. The calculation algo�
rithm took into account the statistical spread of the
pore radii, pore lengths, and the angles of inclination
of the pore axes to the sample surface. The statistical
averaging over these structural parameters was per�
formed using a lognormal distribution [18]. The calcu�
lated parameters of pores and layers obtained as a
result of the mathematical analysis of the scattering
intensity maps are listed in the table. The average rel�

ative lattice strain in porous layers was  and

 for samples 245 and 249, respectively. The
average layer porosity, which was estimated from the
scattering factor , was 0.5 (it varied from 0.7
to 0.3).

A comparison of the theoretical and experimental
scattering cross sections (Figs. 4, 5) and scattering
intensity maps (Figs. 1, 2) shows their satisfactory
agreement. As a whole, the scattering model proposed
gives adequate values of layer and pore parameters.
The bilayer thicknesses, beginning with the surface,
were 0.9(0.1), 1.1(0.2), 1.1(0.3), 1.2(0.4) µm for sam�
ple 245 and 1.1(0.1), 1.1(0.1), 1.1(0.1), and
1.1(0.1)µm for sample 249. Note that the oscillation
period in the qz cross section (Fig. 5) corresponds to
the layer thickness Δz ∼ 0.14 µm. This value coincides
with the thickness of sublayers with crystallographic
pores within the error (Fig. 3c). It was shown in [9]
that the strain in the layers with crystallographic pores
is smaller than in the layers containing current pores.
Apparently, this strain gives rise to the oscillations.
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−

ε ≈ ×

33 10z
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(1 )h na P
±

−

Calculated pore parameters in a multilayer porous InP(001) structure, reconstructed based on a mathematical analysis of
2D scattering intensity maps near reflection 004

Sample

Average parameters of pores and their dispersion σ

Radius of
inclined 

pores Rsl, 
(σ), nm

Length of 
inclined 

pores
lsl, (σ), nm

Radius of 
vertical 
pores

R
ν
, (σ), nm

Length of 
vertical 
pores

l
ν
, (σ), nm

Ratio of the 
numbers of 

pores
Ncryst : Ncurr

Lateral
quasiperiod 
Т[110], (σ), 

nm

Lateral
quasiperiod
Т[1–10], (σ), 

nm

α, °

245 45 (15) 160 (80) 55 (25) 250 (100) 4 80 (20) 100 (45) 47–56

249 40 (15) 60 (20) 40 (15) 200 (80) 0.4 160 (50) 160 (45) 56
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The oscillations can also be due to the difference in
the sublayer polarizabilities. The presence of oscilla�
tions confirms the SEM data on sharp interfaces in
sample 249.

The values of the pore radii and lateral quasi�period
are in good agreement with the SEM data. The longi�
tudinal sizes of current and crystallographic pores are
several times smaller than the thicknesses of the corre�
sponding layers. All this indicates that scattering vol�
umes of pores are incoherent even within a single pore.
For example, the SEM photographs (Figs. 3a–3c)

demonstrate that even current pores, which are not
interrupted along the layer depth, have considerable
bendings and kinks over their length; as a result, their
average sizes derived from the analysis of the diffuse
scattering data decrease.

The angles of inclination of crystallographic pores
with respect to the sample surface only approximately
coincide with the angles of inclination of isolated crys�
tallographic directions with respect to the surface. In a
study of porous layers having only crystallographic
pores [9], the discrepancy in the angle values did not
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Fig. 4. Examples of fitting scattering intensity cross sections near InP site 004 for sample 245 in azimuthal positions (a, b) I and
(c, d) II.
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Fig. 5. Examples of fitting scattering intensity cross sections near InP site 004 for sample 249 in azimuthal position I.
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exceed 2°. We believe that the large difference in the
angles in our case is due to the “imperfect” pores. The
possible errors in determining the angle α, which are
related to the surface misorientation angle with
respect to the (001) plane, do not exceed 0.5°.

These results of studying the multilayer porous
structures can be considered as the first attempt to
characterize them based on a 2D analysis of Bragg and
diffuse scattering in the vicinity of reciprocal lattice
point. Therefore, we did not discuss the uniqueness of
the reconstructed model parameters, both due to an
error in its choice (in comparison with the SEM data)
and due to its simplification (a small number of
parameters in the description of a complex object with
a large number of defects).

Luminescence 

The PL spectra of the samples, which were
recorded at 4 K, are shown in Fig. 6 in comparison
with the PL spectrum of the initial InP substrate (sam�
ple 27). The spectra exhibit a number of specific fea�
tures which can be interpreted as follows. First, the
substrate material is highly degenerate n�InP, and the
PL is due to the interband transition involving elec�
trons below the Fermi energy Eg. In our case the tran�
sitions with k ≠ 0 may occur due to the high level of
doping with donor impurity (Sn). Second, the band
peaking at ~1.39 eV in the PL spectrum is due to the
recombination of electrons from the conduction band
with the acceptor holes. The energy position of the
maximum indicates that Mg atoms can be major
acceptors. Third, the formation of porous layers leads
to the formation of a band peaking at 1.35 eV in the PL
spectrum. The same band arises in the spectra after the
introduction of structural distortions by mechanical

treatment [20]. Therefore, the PL band at 1.35 eV can
be caused by the formation of structural defects on the
inner surface of pores during their growth. The long�
wavelength tail of the 1.35�eV band is due to the impu�
rity concentration fluctuations and to the deep states
involved in the recombination. Finally, the integrated
PL intensity from the samples with a porous layer
exceeds the corresponding value for the initial sub�
strate. Apparently, this is related to the presence of
pores, which increase the sample surface area involved
in the PL excitation.

CONCLUSIONS

Thus, the results obtained indicate that the con�
struction of X�ray scattering intensity maps is an effec�
tive tool for studying the internal structure of porous
multilayer systems. To extract quantitative data on the
pore parameters and layer structure, we developed a
model of diffraction scattering from the multilayer
structures within the statistical dynamic theory. The
theoretical and experimental scattering intensity maps
obtained at different azimuthal positions of samples
were fitted. The statistically averaged layer parameters
and pore shapes and orientations were determined. It
was established that the samples studied are multilay�
ers with a complex stochastic structure. An important
factor in numerical calculations of X�ray scattering is
the use of SEM data. On the one hand, this approach
decreases the number of variable parameters and,
therefore, the calculation time. On the other hand, it
makes the calculation results more reliable (less
ambiguous). The results of the photoluminescence
analysis indicate that this method is fairly sensitive to
the surface state and morphology of the samples with
porous InP layers. The PL spectra obtained reflect the
structural features of the multilayer porous systems
formed.

The conclusions based on the X�ray diffraction
study are confirmed by an analysis of the SEM images
of sample cleavages. Our complex analysis indicates an
insufficiently high structural quality of the porous
structures under consideration. Therefore, samples of
higher structural quality should be obtained to per�
form a more detailed verification of the diffraction
scattering model proposed here.
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