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X-ray investigation of nanostructured stain-etched porous silicon
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The structure of porous silicon layers was accurately investigated by diverse x-ray methods. A series
of samples with etching times varying from 1 to 10 min was produced by chemical etch using a
HF/HNO3-based solution assisted with NaNO2. The porosity determined from low-angle x-ray
reflectivity spectra was found to fluctuate from 35% to 55% as the etch proceeds. Reciprocal space
mapping around the �004� Si lattice point revealed that the Si crystallites are deformed due to a
distribution of in-plane compressive strain caused by the neighboring pores, which leads to an
expansion of the perpendicular lattice parameter. No signature of mosaicity was found. The
perpendicular strain could be precisely determined by fitting the x-ray-diffraction spectra, measured
in the triple-axis configuration, to a set of Voigt and Gaussian distributions. These strain
distributions are certainly associated with the different population of crystallite sizes formed during
the stain etching process. We were able here to determine the temporal evolution of the strain inside
the nanostructured porous silicon. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2162273�
I. INTRODUCTION

Porous silicon �PS� has been widely studied as an inter-
esting material with potential for many device applications,
such as optical components, gas sensors, and biotechnology.
Since the discovery of PS room-temperature luminescence,1

many studies have been performed in order to understand its
formation process and properties.2–5 Electrochemical etching
as well as stain etching processes are usually used for pro-
ducing PS on monocrystalline silicon. By stain etching, a
solution containing HF, HNO3, and water is used in a process
where an oxidation of silicon atoms occurs by hole injection
from nitric acid and, simultaneously, its reduction produces
NO and water. The stain etching can be an advantageous
method in the formation of porous silicon layers,6–8 mainly
for substrates with higher doping level.

Promising applications are related to the photolumines-
cence of micro and nanostructured porous Si. The origin of
this phenomenon is mainly attributed to quantum confine-
ment effects in nanometer size silicon crystallites.9–12

Raman-scattering spectroscopy, together with the phonon
confinement model, has been demonstrated as a powerful
technique to investigate PS structure.13–15 Furthermore, high-
resolution x-ray techniques have been applied to obtain in-
formation about the peculiar structure and strain of porous
Si.16–19 However, the determination of size and shape distri-
bution of crystallites in PS layers is still a subject of intense
interest.

This article reports on an investigation of porous silicon
layer structure using several x-ray techniques. The samples
were produced by stain etching with etching times varying
from 1 to 10 min. The porosity, determined by grazing inci-
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dence x-ray reflectivity, exhibited an oscillatory behavior as
a function of etching time. Rocking curves, which are �
scans with the open detector fixed at the respective 2� angle,
were measured around the �004� Si Bragg reflection. Besides
the bulk Si peak, a diffraction band relative to the porous
material was observed at the lower-angle side. In order to
distinguish changes in orientation of the lattice planes from
variations in the lattice spacing, reciprocal space mapping
around the �004� lattice point was performed. Subsequently,
we have carefully measured � /2� scans around the �004� Si
Bragg peak in the triple-axis configuration with a longer in-
tegration time to increase accuracy. The perpendicular strain
inside the crystallites that from the porous layer was deter-
mined from a best-fit procedure using a set of Voigt and
Gaussian distributions. The results from this x-ray analysis
asserted the stain etching as a competitive process with dif-
ferent population of Si crystallite sizes associated with each
etching stage.

II. EXPERIMENT

Porous silicon layers were produced by chemical �stain�
etching on �001� silicon wafers of 15�15 mm2, boron doped
�p+-type� corresponding to a resistivity of 0.01–0.02 � cm.
A solution composed of HF and HNO3 in a volume ratio of
500:1 was used to etch the samples.8 The Si wafers were
etched in a disk of 11 mm in diameter. Since the etching is
very sensitive to the type and doping concentration of the
silicon wafer,20 a small amount of NaNO2�0.1 g/ l� was
added to the etch solution in order to homogenize the stain
etching, according to the procedure described by Kelly et al.7

A series of PS samples with etching times ranging from 1 to
10 min was produced. The porous Si layers were 1–4 �m
thick as evaluated from scanning electron microscopy.

The samples were characterized by x-ray reflectivity and

diffraction measured in a Philips X’Pert MRD high-
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resolution x-ray diffractometer. The grazing incidence x-ray
reflectivity measurements were performed with the apparatus
in the following configuration: x-ray tube in line focus; Sol-
ler slit, 1 /32° divergence slit and an attenuator in the primary
optics; parallel beam collimator, 0.1 mm antiscatter and flat
crystal graphite monochromator as secondary optics. Before
starting measuring, the sample height and the goniometer
zero points �2�=�=0� are precisely adjusted. The attenua-
tor is used for angles lower than the critical value, where
total reflection occurs, to avoid the detector damage due to a
very intense incident radiation. The attenuator factor is auto-
matically computed, allowing a dynamical scale of eight or-
ders of magnitude during continuous measurement. For the
diffraction measurements, the Cu x-ray tube of the diffracto-
meter is changed to point focus. A four-crystal Ge �220�
monochromator is placed in the primary optics, leading to an
axial divergence of 12 arc sec for the incident beam. There
are two possible configurations for the diffracted beam. It
may go directly to an open detector with an aperture of 1°
�rocking curve configuration�, or may pass through a crystal
analyzer placed between the sample and detector, which re-
duces the acceptance angle of the detector to 12 arc sec
�triple-axis configuration�.

III. RESULTS AND DISCUSSION

The grazing incidence x-ray reflectivity profiles of all the
PS samples were recorded with an � /2� scan from �
=0.1° to 2° . The upper panel of Fig. 1 shows the reflectivity
spectra in a logarithmic scale for the porous Si samples with
1, 5, and 8 min of etching times. In x-ray grazing incidence
geometry, the beam undergoes a total external reflection for
incidence angles smaller than the critical angle ��c� due to a
refractive index whose real part is slightly smaller than unity.
For angular values larger than the critical angle, the beam
penetrates the material. The presence of pores and crystal-
lites in PS layers leads to a diffuse scattering of the incidence
beam, which determines the decrease of the specular reflec-
tivity for angles larger than �c, and hence no interference
fringes could be observed for these samples. The critical
angle for total reflection is given by �c=�2�, where � is
related to the electron density of the medium. It is the angle
value at which the intensity of the reflectivity curve falls to
its half.21 The lower panel of Fig. 1 plots the reflectivity
curves of the PS samples in a linear scale from 0° to 0.36°
along with the spectrum of a bulk silicon, for comparison.
We have obtained from this graph the value �c=0.228° for
bulk Si, close to the theoretical value �c=0.223°. Critical
angles for the PS samples with etching times of 1, 5, and 8
min were �c=0.184°, 0.154°, and 0.160°, respectively. Note
that the critical angles of the PS layers are always smaller
than the one for bulk Si due to their lower density.

The critical angles determined from the x-ray reflectivity
profiles are used to determine the porosity of the PS layers.
This important property of the porous material can be deter-

18
mined by the following relation:
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P = 1 − ��c
PS

�c
Si �2

,

where �c
PS layer and �c

Si are the critical angles in radians of
the PS layer and of bulk silicon, respectively.

The porosity of all the PS samples was calculated and
the results are displayed in Fig. 2. It does not show a mono-
tonic behavior with etching time, but it oscillates. An in-
crease from 35% to 48% is observed, as the etching time

FIG. 1. Grazing incidence x-ray reflectivity profiles of porous Si samples
with 1, 5, and 8 min of etching time. The upper panel shows the whole
spectra in a logarithmic scale and shifted to help visualization. The lower
panel plots the reflectivity curves in a linear intensity scale from 0° to 0.36°
together with the spectrum of bare silicon.

FIG. 2. Porosity, as obtained from x-ray reflectivity, for stain etchinged
porous Si as a function of etching time. The experimental error is within the

square size.
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increases from 1 to 3 min and the porosity oscillates in the
range from 40% to 55% for etching times ranging from 3 to
10 min. This behavior may be related to the formation of the
PS layer as the etch proceeds. It is important to notice that
x-ray reflectivity measurement probes only a depth of 250
nm from the surface, as estimated from the attenuation
length of the Cu K� radiation incident at an angle of 0.3° in
the Si surface. In this sense, it probably probes the porosity
change in this depth due to a nonuniform PS thickness
formed by nanostructure and islandlike surface morphology.
This result indicates that the stain etching is a continuous
process, and the porous Si surface is submitted to a competi-
tive etch as the etching time increases.22

In order to measure the x-ray-diffraction curves of the
PS samples, the diffractometer was firstly changed to the
rocking curve configuration. The rocking curves �RC’s�,
which are � scans measured with the open detector fixed at
the desired 2� angle, were measured around the �004� Si
Bragg diffraction peak of all the PS samples. Figure 3 shows
the �004� RC’s for the PS samples with etching times of 1, 5,
and 7 min. The spectra exhibit an intense and narrow diffrac-
tion peak corresponding to the bulk Si substrate, and, at
lower angles, a less intense band derived from the diffraction
in the Si crystallites of the porous material. This band ex-
tends down to 0.3° relative to the bulk Si peak position and
seems to have a structure composed of different peaks. For
example, in the sample with 7 min of etching time, we can
identify even two peaks with different widths and intensities
in this diffraction band. The scattered intensity is observed
only for angles lower than the Si substrate peak, which indi-
cates that the lattice of the crystallites that compose the po-
rous Si is distorted with an in-plane compressive strain that
leads to an expansion of the perpendicular lattice parameter.
Since the x-ray diffraction in the porous material appears as

FIG. 3. X-ray rocking curves measured around the Si �004� Bragg peak for
porous Si samples with 1, 5, and 7 min of stain etching. The spectra are
shifted in the ordinate for a better visualization.
a band, we may infer that there is a strain distribution inside
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the crystallites, which depends on their size, instead of a
homogeneous strain. It is also important to comment that the
rocking curves displayed here for the stain etched porous Si
samples showed a different form than the ones measured for
anodic porous Si obtained by the standard electrochemical
process. In the latter case, the RC’s exhibit two narrow dif-
fraction peaks �one of the Si substrate and another at lower
angles due to the porous Si layer� over a broad hump attrib-
uted to diffuse scattering.17 This result indicates that there are
significant structural differences between stain etched and
anodic-etched porous Si materials. At this point, we are able
to affirm that there is a lot of information about the PS struc-
ture inside the x-ray rocking curve. Unfortunately, since the
RC’s are measured with an open detector, it is not possible to
distinguish changes in orientation of the lattice planes �mo-
saicity� from variations in the lattice spacing �	d /d�.

In order to resolve these differences, it is necessary to
measure the so-called reciprocal space map �RSM�, using the
diffractometer in the triple-axis configuration. The RSM of a
specific reciprocal lattice point is obtained by measuring sev-
eral � /2� scans with different � offsets. The map is usually
plotted in reciprocal space coordinates Qx and Qz that can be
obtained from the Bragg angle � and the angle �, measured
between the incident beam and the sample surface, using the
following relations:

Qx = −
2



sin�� − ��sin �, Qz =

2



cos�� − ��sin � ,

where 
 is the incident x-ray wavelength, in this case 
 of
Cu K�1 radiation. We measured the reciprocal space map of
the diffracted x-ray intensity around the symmetric �004� lat-
tice point of the PS samples. Figure 4 shows the two-
dimensional map for the PS sample etched during 7 min,
with isointensity contour lines plotted in Qx along the �110�
in-plane azimuth �parallel to the sample surface� and Qz

along the �001� direction �perpendicular to the sample sur-
face�. It is important to point out that, in RSM’s, the scat-
tered intensity due to changes in lattice spacing is observed
along the Qz direction, while mosaicity produces a broaden-
ing in the scattered x-ray intensity in the Qx direction. Be-
sides the bulk Si Bragg diffraction peak observed at Qx=0
and Qz=0.7367 Å−1, the RSM exhibits scattered x-ray inten-
sity down to Qz=0.7300 Å−1 due to the porous Si layer. Note
that the map extends over a range of 6�10−3 Å−1 along the
Qz axis, while along the Qx axis it lies only in a range of 1
�10−4 Å−1. Therefore, all x-ray intensity is almost scattered
along the Qz direction, with only a small broadening in the
Qx direction. This fact is clearly seen in the three-
dimensional surface of the �004� RSM shown in the upper
part of Fig. 4. The diffuse scattering observed by Buttard et
al.17 for porous Si produced by anodic etching appears in the
�004� RSM as a narrow streak along Qx or as isotropic scat-
tered intensity, depending on the morphology of the porous
layer. Therefore, we can conclude that no significant diffuse
scattering takes place during the diffraction measurements on
our stain etched porous Si samples. Furthermore, the RSM
analysis confirms that the crystallites of the porous Si are
under a distribution of in-plane compressive strain, which

leads to an increase of the perpendicular lattice parameter.
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The distortion in the crystalline lattice of the porous Si is
basically in the lattice parameter, presenting almost no sig-
nature of mosaicity.

Structural parameters of such porous material may be
analyzed and evaluated from a more accurate x-ray method.
We have carefully measured � /2� scans around the �004� Si
Bragg reflection in the triple-axis configuration, due to its
higher resolution. This measurement corresponds to a scan
along the Qz direction at Qx=0 in the RSM of Fig. 4, made
with a longer integration time to increase the accuracy. Fig-
ure 5 shows the � /2� scan measured in the triple-axis con-
figuration for the PS samples with etching times of 1, 5, and
7 min. Triple-axis spectra have shown a more resolved struc-
ture of the diffraction band relative to porous material than
the corresponding rocking curves of Fig. 3. It is evident that
a relative narrow peak is close to the Si bulk peak, and one
extra broader peak shows the diffraction band. In order to
reproduce the x-ray-diffraction curve measured in the triple-
axis configuration, it has been fitted with a combination of
different distributions. The best distribution combination

FIG. 4. Reciprocal space map measured around the �004� Si lattice point
and plotted in reciprocal coordinate Qx parallel to the �110� in-plane azimuth
and Qz along the �001� direction. The isointensity contour lines are at
80 000, 8000, 1200, 600, 200, 40, and 8 counts/s. The three-dimensional
view of the log-transformed intensities is shown in the upper part. Note that
the scattered intensity lies practically along the Qz direction.
chosen was composed of two Voigt and two Gaussian curves.
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Figure 6 shows the best fit �solid line� to the measured x-ray
spectrum �circles� of the PS sample with 7 min of etching
time. We named the peaks that compose the diffraction band
of the PS layer as PS1, PS2, and PS3. The Voigt curves of
the Si for PS1 peaks and Gaussian distributions for PS2 and
PS3, found to reach the best fit, are also shown in Fig. 6.
This result indicates that there are at least three preferential
distributions of crystallite sizes inside the PS layer. Peak PS1
corresponds to crystallites with larger dimensions, which are
under less strain and could be fitted with a Voigt distribution
similar to the bulk Si. The other Gaussian distributions are
related to smaller crystallites which are more stressed.

In order to quantify the strain inside the porous Si layer,
this fitting process was applied to all the PS samples. The
perpendicular strain relative to each distribution �PS1, PS2,
and PS3� can be obtained using the following relation:

FIG. 5. � /2� scan measured in the triple-axis configuration around the
�004� diffraction peak for porous Si samples with different etching times.
For clarity, the spectra are shifted in the ordinate.

FIG. 6. Best fit to the x-ray spectrum of Fig. 5 for the porous Si sample with
7 min of etching time. The Voigt and Gaussian curves used to reach the best

fit are also shown.
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�� = −
	�

tan �Si
,

where 	� is the angular difference between the central po-
sition of each peak and the bulk Si peak position �Si. Figure
7 shows the perpendicular strain for the PS1, PS2, and PS3
distributions as a function of etching time. Note that the
strain for the PS1 peak is in the order of 10−4, while it is in
the order of 10−3 for PS2 and PS3.

This behavior is related to the porous Si formation spe-
cifically using chemical etching. In a different way from
electrochemical PS formation, Winton et al.22 have discussed
the stain etch as a localized formation of nanostructured po-
rous by a propagation of a discrete reaction interface into the
silicon substrate. Indeed, there is a competitive process be-
tween the nanostructures, responsible for the photolumines-
cence, and islandlike structures formed as the etch proceeds.
Silicon agglomerates or islandlike structures with different
sizes and shapes always appear in the surface and in the PS
layer depth. Consequentially, different crystallite distribu-
tions may be associated with each etch stage. The three strain
distributions determined form the x-ray-diffraction analysis
here are clearly associated with the different population of
crystallite sizes formed during the stain etching process. It is
important to emphasize that the �004� x-ray-diffraction pro-
file measured in the triple-axis configuration really probes
the perpendicular strain inside the crystallites that compose
the porous Si layers. In this sense, they are much more reso-
lute than the rocking curves and can be used to extract quan-
titative information about the PS structure.

IV. CONCLUSIONS

Different x-ray techniques were applied to investigate
the structure of stain etched porous Si layers as a function of
etching time. Grazing incidence x-ray reflectivity was mea-
sured to determine the porosity, which fluctuated between

FIG. 7. Perpendicular strain for the PS1, PS2, and PS3 peaks as a function
of etching time.
35% and 55% as the etching time varied from 1 to 10 min.
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The diffraction band, observed at the lower-angle side of the
�004� x-ray rocking curves, indicated that there is an inho-
mogeneous strain distribution inside the crystallites of the
porous material. Reciprocal space mapping around the �004�
lattice point revealed that the distortion caused by the pores
in the Si crystalline lattice is practically in lattice spacing
with no signature of mosaicity. The results of the RSM
analysis demonstrated that the crystallites of the porous Si
are under a distribution of in-plane compressive strain, lead-
ing to a respective expansion of the perpendicular lattice pa-
rameter. The perpendicular strain was accurately determined
by fitting the �004� � /2� scans, carefully measured in the
triple-axis configuration, with a composition of Voigt and
Gaussian distributions. These distributions were found to be
clearly associated with the different population of crystallite
sizes, which varies during the stain etching process. Due to
the accuracy and resolution of the x-ray-diffraction profile
measured in the triple-axis configuration, it was possible to
determine here the temporal evolution of the strain inside the
stain etched Si crystallites.
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