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Based on the density functional perturbation theory (DFPT), infrared absorption spectra of porous silicon are cal-
culated by using an ordered poremodel, inwhich columns of silicon atoms are removed along the [001] direction
and dangling bonds are initially saturatedwith hydrogen atoms.When these atoms on the pore surface are grad-
ually replaced by oxygen ones, the ab-initio infrared absorption spectra reveal oxygen, hydroxyl, and coupled hy-
drogen–oxygen vibrational modes. In a parallelway, freestanding porous silicon sampleswere prepared by using
electrochemical etching and theywere further thermally oxidized in a dry oxygen ambient. Fourier transform in-
frared spectroscopywas used to investigate the surfacemodifications caused by oxygen adsorption. In particular,
the predicted hydroxyl and oxygen bound to the silicon pore surface are confirmed. Finally, a global analysis of
measured transmittance spectra has been performed by means of a combined DFPT and thin-film optics
approach.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Porous silicon (PSi) is a nanostructured material with interesting
properties, such as a huge surface area useful for sensor applications, a
tunable refractive index and an efficient photo- and electrolumines-
cence for photonic devices [1], in addition to its compatibility with the
current microelectronics based on silicon since it is the second most
abundant element in Earth's crust. The extensive surface area of PSi
makes it chemically unstable and prone to oxidation in the atmosphere.
For crystalline silicon (c-Si), the oxidation process has beenwidely stud-
ied, since SiO2 is one of the best electrical insulators [2]. Such oxidation
begins with the adsorption of oxygen atoms on the c-Si surface by
forming Si\OH and Si\O\Si bonds [3]. In order to identify the nature
of oxygen bonds on the nanostructured PSi surface under different oxi-
dation conditions, we develop amicroscopic model of PSi oxidation and
calculate its effects on the infrared (IR) absorption spectra. The theoret-
ical results are further compared with experimental measurements.

Froma theoretical viewpoint, microscopicmodeling of porous struc-
tures is a difficult endeavor. There are essentially two options: semi-
empirical, such as empirical pseudopotentials and tight-binding based
on atomic orbitals or Wannier's functions, and ab-initio approaches,
through density functional theory with GW correction or quantum
Monte Carlo calculations [4]. The former has the advantage of being
simple and able to address complex porous structures. However, it is
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not suitable for studying oxidation since the presence of oxygen atoms
distorts the structure and requires a questionable rescaling of the
involved microscopic parameters, in contrast to the hydrogen passiv-
ation case. On the other hand, the ab-initio calculations are more accu-
rate but allow the treatment of simple porous structures only. In this
article we choose the second option, i.e., modeling [5] the PSi structure
by using the supercell technique within the density functional theory
(DFT), through a double self-consistent procedure: one for the electron-
ic density distribution and another for the geometrical optimization to
determine the atomic positions of minimal energy. In addition, the cal-
culation of IR absorption spectra requires the determination of atomic
vibrational modes. The density functional perturbation theory (DFPT)
[6] provides a naturalway of inserting the dynamical-matrix calculation
into the mentioned self-consistent procedures. On the other hand, we
measure the IR transmittance spectra of oxidized free-standing PSi
layers and compare them with the calculated spectra.

2. Ab-initio modeling

PSi possesses a complex morphology and its theoretical modeling
has been carried out by using Si clusters [7], Si nanowires [8] and period-
ic porous structure [9]. In general, oxidation of the c-Si surface produces
Si\O\Si and Si\OH bonds [10], which can be detected by means of IR
spectroscopy. In order to analyze the IR modes of these bonds in the
three mentioned structures, we first performed a comparative study of
the IR absorption peaks employing supercells of 16.3 × 16.3 × 16.3 Å3

for the cluster case and 16.3 × 16.3 × 5.43 Å3 for nanowire and porous
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structures, where periodic boundary conditions are considered in the x,
y and z directions. The supercell of the porous structure was built by
joining on the x–y plane nine unit cells of eight Si atoms each.

The calculations were carried out within DFT through the general-
ized gradient approximation with the Perdew–Burke–Ernzerhof func-
tional and norm-conserving pseudopotentials. A full geometry
optimization was performed using the Broyden–Fletcher–Goldfarb–
Shanno minimization algorithm for the three structures, where a cutoff
energy of 830 eVwas used. TheMonkhorst–Packmesh of 1 × 1 × 1was
used for the case of molecule and 1 × 1 × 3 for the nanowire and porous
structures. All the ab-initio calculations in this article were performed
with the CASTEP codes developed at Cambridge University within
Accelrys Materials Studio 7.0 [11] on ultrafine precision, where the con-
vergence criteria are 5 × 10−6 eV/atom for the energy, 0.01 eV/Å for the
force and 0.02 GPa for the stress. All the structure sketches in this article
are obtained after the geometry optimization. Fig. 1(a) shows the
smallest cluster structure to include Si\O\Si and Si\OH bonds. In
the nanowire case, we started with a periodic silicon wire lying along
the [001] direction with a 3 × 3 atoms square cross-section. Then,
Si\O\Si and Si\OHbondswere added to thewire sidewall at opposite
corners, while the surface dangling bonds were saturated with hydro-
gen, as illustrated in Fig. 1(b). On the other hand, the porous structure
was constructed by digging empty columns along the [001] direction
in an otherwise c-Si structure, i.e., removing 40 Si atoms from a 72
atom supercell. Fig. 1(c) is a [001] view of the resulting structure.
Once the geometrical optimization was performed, we further calculate
the structural vibrationalmodes and the IR absorption spectra bymeans
of the DFPT [6]. The obtained IR spectra are shown in Figs. 1(a′) for clus-
ter, 1(b′) for nanowire and 1(c′) for porous structure.

Based on experimental IR absorption bands of Si\O\Si in siloxanes
[12], Si\H in silanes [13], and Si\OH in silanols [12], Table 1 summarizes
Fig. 1. Sketches of Si (yellow spheres), H (gray spheres) and O (red spheres) in (a) H6Si2O2mole
boundaries of 16.3 × 16.3 × 16.3 Å3 for (a) and 16.3 × 16.3 × 5.43 Å3 for (b) and (c). The calcu
the corresponding calculated absorption peaks and bands obtained
from Fig. 1(a′–c′), where the peak with the highest wavenumber within
the band near 1000 cm−1 is associated to the Si\O\Si vibrational
modes. Observe a systematic shift towards lower wavenumbers of the
peaks corresponding to the nanowire and porous structures in compari-
son with the molecule absorption peaks. This fact could be related to
the higher mass involved in these vibrational modes for these two
structures.

Now we focus on the porous structure model to analyze the oxida-
tion process in PSi by starting from a fully hydrogenated surface and
gradually substituting hydrogen atoms by oxygen. Fig. 2(a)–(i) respec-
tively illustrate the progressive addition of oxygen atoms from zero to
eight, modeling different oxidation stages by forming Si\O\Si bonds
in an originally 32 Si-atom supercell. The corresponding calculated IR
transmittance spectra are shown in Fig. 2(a′–i′), obtained from the
same calculation procedure used in Fig. 1.

Observe the absorption band at 2070–2200 cm−1, which is related
to the Si\H vibrational modes, and that its amplitude diminishes as
the hydrogen content decreases. The 917–938 cm−1 band is associated
to coupled hydrogen–oxygen vibrational modes on the PSi surface. In
fact, this band disappearswhen the surface is fully passivated by oxygen
atoms.

Another radical found in the oxidation process of c-Si is hydroxyl
(OH) [12]. For its analysis, larger supercells are needed since the pores
contained in a 32-Si-atom supercell, as in Fig. 2, are not big enough to
fit several of these radicals without a significant interaction between
them. Thus, we resort to a 72-Si-atom supercell, as shown in Fig. 1(c),
to study the effects of OHon the IR response. Fig. 4 illustrates the studied
structures passivated by (a′) hydrogen andOH, aswell as (b′) hydrogen,
OH and oxygen. The corresponding calculated IR transmittance spectra
are shown in Fig. 4(a) and (b), respectively.
cule, (b) nanowire and (c) porous structure, where the dashed lines indicate the supercell
lated IR absorbance spectra (a′–c′) are shown for (a–c), respectively.



Table 1
Main IR absorption peaks of H6Si2O2 molecule, Si nanowire and porous structure.

Functional group Molecule Nanowire Porous structure Experiment

Si\O\Si 1067 cm−1 975 cm−1 984 cm−1 1000–1100 cm−1 [12]
Si\H 2152–2188 cm−1 2045–2136 cm−1 2051–2173 cm−1 2100–2250 cm−1 [13]
Si\OH 3701 cm−1 3613 cm−1 3662 cm−1 3200–3700 cm−1 [12]
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3. Experimental results

In order to confirm the ab-initio results, we further fabricate PSi
samples by means of an anodic electrochemical dissolution of boron-
doped p-type (100)-oriented c-Si wafers with an electrical resistivity
of 0.01–0.03 Ω-cm in an electrolyte consisting of a mixture of HF
(49%) and ethanol (99.9%) with a volume ratio of 1:2. A gold film of
30 nmwas deposited on the backside of c-Si wafers to ensure electrical
contact during the anodization. In the course of etching process, a dc
electrical current of 75 mA was applied for 900 s between the platinum
electrode and the wafer backside contact. To remove the PSi layer from
the wafer, an additional dc current of 1100 mA for 5 seconds was fur-
ther applied, producing a freestanding PSi film with a thickness of
28.6 μm measured by scanning electron microscopy (SEM). A mechan-
ical pumpwasused to recycle the electrolyte in order to remove air bub-
bles generated by the electrochemical reaction. The etched area was
approximately 2.6 cm2. After etching, the sampleswere rinsedwith eth-
anol and dried in air at room temperature. The freestanding PSi samples
were further thermally oxidized at temperatures of 200, 400, and 600 °C
in a dry oxygen atmosphere for 20 min, using a Carbolite MTF10 hori-
zontal electric tube furnace. The nanoscale morphology of the samples
was examined by SEM using a JEOL JSM-7600F. Fig. 3(a) shows a SEM
image of the surface (top) view, while Fig. 3(b) and (b′) are two
cross-section (side) views of a PSi layer fabricated by using the same
etching parameters as the freestanding samples. The electron accelera-
tion voltage used was 2.5 kV for Fig. 3(a)–(b) and 10 kV for Fig. 3(b′).
The top-view image was analyzed with the aid of ImageJ software in
order to obtain the PSi layer porosity, which was calculated as the
ratio of pore to total area. The pores were determined by the black
Fig. 2. Schematic representation of geometrically-optimized 10.8 × 10.8 × 5.4 Å3 supercells m
spheres) up to (i) zero hydrogen and 8 oxygen atoms, in each case substituting two hydroge
corresponding supercells 2(a)–2(i).
spots resulting from a conversion of grayscale to black-and-white im-
ages, whose thresholdwas obtained through the Rényi Entropymethod
thatmaximizes the information between the object and the background
[14]. The resulting threshold of 123 from a 0–255 grayscale gives rise to
a porosity of 48.2%, which is close to the porosity measured from gravi-
metric and nitrogen adsorption techniques [15]. Fig. 3(a′), obtained
from 3(a), presents the pore-diameter distribution in logarithmic scale
with a bin size of 0.74 nm. Notice that there are two distinctive regions
spanning (0 − 3.7nm) and (3.7 − 45.0 nm). The former, composed
of the first five bars, has a higher frequency and exponential decay
since it corresponds to small black spots made of 1 to 5 pixels, being
0.625 nm the pixel length. The latter possesses a qualitatively different
behavior that can be well described by a Weibull distribution [16]. On
the other hand, Fig. 3(b) reveals a branched structure of poreswith pref-
erential growth in the [100] crystalline direction, while Fig. 3(b′) illus-
trates the PSi layer thickness of 28.6 μm with a narrowing close to the
border of the anodization zone due to a non-uniform distribution of
the applied electrical field towards the border.

The refractive index of PSi layers can be calculated through the
Bruggeman effective medium theory, which considers a system made
up of two spherical inclusions, i.e., air and c-Si in a matrix with effective
dielectric constant ε determined by [17]

p
εAir−ε
εAir þ 2ε

þ 1−pð Þ εc‐Si−ε
εc‐Si þ 2ε

¼ 0 ð1Þ

where p is the sample porosity, εAir = 1 and εc ‐ Si = 11.63 are respec-
tively the dielectric constants of air and c-Si for a photon energy of
0.25 eV [18]. The refractive index of oxidized PSi can also be modeled
ade of 20 silicon (yellow spheres), (a) 16 hydrogen (gray spheres) and zero oxygen (red
n atoms by an oxygen one. Figs. 2(a′)–2(i′) show calculated IR absorbance spectra of the
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Fig. 3. SEM images of (a) top, (b) and (b′) side views of a fresh PSi layer, where the scale bars indicate (a) 100 nm, (b) 100 nm, and (b′) 10 μm. Fig. 3(a′) shows the pore diameter distri-
bution obtained from 3(a).

Fig. 4. (a–b) Calculated IR transmittance spectra of pore structures passivated by (a′) hydrogen plusOHand (b′) hydrogen,OHplus oxygen. The experimental IR spectra of PSi free standing
samples are shown in Fig. 4(c) for fresh, thermally oxidized 4(d) at 200 °C, 4(e) at 400 °C and (f) at 600 °C for 20 min.
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through a three-part mix of air/silicon/silica, whose relative volumes
can be determined by ellipsometric measurements [19]. The porosity
(p) is also measured through a gravimetric method given by [20]

p ¼ Δm
ρc‐SiAd

; ð2Þ

where ρc ‐ Si = 2.329 g/cm3 is the density of c-Si, d = 0.029 cm and
A = 2.6 cm2 are respectively the thickness and area of the PSi layer,
and Δm = mi − mf = 0.00832 g is the mass difference of the sample
before (mi) and after (mf) anodization measured on a Mettler Toledo
XP105DR analytic balance. The resulting porosity is approximately
48 %. Therefore, Eq. (1) yields an effective dielectric constant of ε ¼ 4:7
1 and a refractive index of nPSi ¼

ffiffiffi
ε

p
¼ 2:17.

In Fig. 4 themeasured IR transmittance spectra of freestanding sam-
ples obtained using an Fourier Transform Infrared Shimadzu IRAffinity
spectrophotometer are shown for (c) as-prepared, thermally oxidized
(d) at 200 °C, (e) at 400 °C and (f) at 600 °C for 20 min. Observe the re-
markable oscillation present in Fig. 4(c) and 4(d) with average periods
of 79.5 and 100 cm−1, respectively. This oscillation is originated bymul-
tiple light reflectionswithin the PSi layer [21]. In general, the light trans-
mittance (T) for normal incidence of a single PSi layer immersed in air is
given by [22]

T ¼ tj j2 ¼
1−ξ2

� �
e−iϕ

1−ξ2e−2iϕ

������

������

2

¼
1−ξ2

� �2

1−ξ22 cos 2ϕð Þ þ ξ4
; ð3Þ

where ξ ¼ nPSi−1
nPSiþ1 andϕ ¼ 2πnPSid

λ , being λ thewavelength of incident light.
The period (τ) of this oscillation derived from Eq. (3) is τ = 1/
(2nPSid) ≈ 80.56 cm−1, which is close to the average oscillation period
in the transmittance spectrum of Fig. 4(c). For the oxidized samples, a
larger oscillation period of 100 cm−1 is observed, which leads to a
smaller refractive index and this in turn to the smaller oscillation ampli-
tudes appearing in Fig. 4(d–f). This calculation assumes that the PSi
layer is a perfect dielectric with zero absorbance.

On the other hand, the IR absorbance can be addressed by ab-initio
quantum calculations, as presented in Fig. 4(a) and (b) for 72-Si-atom
supercells. Notice the absorption band located at 2000–2200 cm−1 in
Fig. 4(c) and (d) for fresh and 200 °C oxidized samples, which is related
to the Si\H vibrational modes, and it essentially disappears in
Fig. 4(e) and (f) for the 400 °C and 600 °C oxidized samples. This behavior
is consistentwith the ab-initio results of Fig. 4(b). In the 3000–3700 cm−1

region, there is a remarkable absorption band in the 400 and 600 °C-ox-
idized spectra shown in Fig. 4(e) and (f), which indicates an abundance
of OH radicals as in Fig. 4(a). At the end of this band there is a sharp
peak located at 3746 cm−1 with a full width at half maximum of
10 cm−1, which is associated to the Si\OH stretching vibrational mode
[23]. Finally, observe the rapid growth from Fig. 4(d) to (f) of the
Si\O\Si band at 900–1200 cm−1.

4. Conclusions

This article reports an ab-initio study of the oxidation in PSi by using
the DFPT and an ordered pore model. This model has the advantage of
emphasizing both the quantum confinement and the interconection
throughout the porous structure, which allows the calculation of coher-
ent vibrational modes in inelastic light scattering [24] as well as trans-
port properties. The IR absorbance spectrum obtained through this
pore model shows comparable results from those of cluster and nano-
wire approaches, whose difference arises from the inertial mass in-
volved. A progressive subtitution of hydrogen with oxygen atoms on
the pore surface reveals the vanishing of the band located at
2070–2200 cm−1, aswell as the appearance and further fading of a nar-
row band at 917–938 cm−1. In a parallel way, we have produced
thermally-oxidized PSi freestanding samples and measured their
porosity through image analysis and gravimetric methods obtaining
consistent results. This consistance does not necessarily occur for high
porosity samples since the gravimetric method frequently overesti-
mates the porosity. We further measure their IR transmittance spectra,
observing a good agreement with the DFPT ab-initio results. Although
the DFT is designed to treat only the ground state, this study shows
the potential of DFPT to analyze properties of low-energy excited states.
On the other hand, the oscillating behavior observed in the transmit-
tance spectrum of fresh PSi sample is accurately described by an
effective-medium electromagnetic model without fitting parameters,
in which the PSi layer is treated as a perfect dielectric. The amplitude
of this oscillation diminishes as the oxidation temperature increases,
which could be due to a lower refractive index of the oxidized PSi
layer caused by oxygen diffusion into the bulk structure as suggested
by X-ray analysis [25]. Finally, this study confirms hydrogen and hy-
droxyl species on the fresh and thermally oxidized pore surface, respec-
tively. In the case of oxygen, we observe a full absorption band at
1000–1200 cm−1 [26,27], which is difficult to decompose and compare
with the individual vibrationalmodes predicted by the ab-initio calcula-
tions. Moreover, this study tests the predictive capability of DFPT ab-
initio studies beyond ground-state properties, and the possibility of
combining the classical optics, Bruggeman effective medium theory
and quantum ab-initio approaches to study IR transmittance spectra
of PSi layers.
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