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Abstract

In this work, density functional theory (DFT) was utilized to study the influence of the porosity on the structural,
electronic and vibrational properties of porous silicon (PS). It is based on the potential plane wave (PP-PW) method
within generalized gradient approximation (GGA). Supercell model was used to simulate nanopores structures. The
results obtained from the formation energy calculation exhibited that the most stable structure corresponds to the
highest porosity (40.62%). Moreover, a direct band gap is calculated for all porosities and enlargement of energy gap
with porosity was observed. The obtained IR spectra calculation show a resemblance between 15.62 and 40.62%
porosities and 3.12 and 28.12% porosities. In order to confirm the theoretical results, we prepared porous silicon
specimens by electrochemical etching of (001) p-type silicon wafer (1-10 Ohm cm resistivity). In addition, the IR
spectra of PS layers were measured and compared against the calculated spectra. IR absorbance spectrum obtained
for a porosity of 40.62% shows great agreement with the experimental one and confirms that the surface is
hydrogenated.
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1 Introduction investigated. Anodic oxidation of silicon is connected

with the consumption of holes at the surface. Indeed,

During the last decades, the interest in the development
of porous silicon films has stimulated many researchers
to work on electrical, optical and various properties of
this material. It is well established that porous silicon
(PS) is a promising material for several applications in
significant and varied fields (photoluminescence (PL),
electroluminescence (EL), gas and (bio) sensing,
depollution, etc.). Since its discovery by Turner [1],
porous silicon realized by the anodic etching of crystal-
line silicon in hydrofluoric acid has been extensively
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the electrochemical dissolution of porous silicon in
hydrofluoric acid solutions leads to the hydrogen-
terminated surface (Si-Hy x=1, 2, 3). In addition, using
the electrochemical etching of silicon, the porosity of
silicon can be varied from less 1% to as high as 97%
[2]. It is a critical parameter for applications such as
drug delivery [3], sensing [4], photoluminescence [5],
etc. It also has a dramatic effect on mechanical proper-
ties such as strength and hardness [6, 7], thermal and
optical properties such as conductivity [8] and refractive
index [9], respectively. Since the discovery of visible
photoluminescence (PL) at room temperature from po-
rous silicon (PS) by Canham in 1990 [5], about several
thousand papers were published in the field. This high
activity has also gained interest for the electrochemical
study of the interface of silicon-fluoride medium [10,
11]. Slimani et al have experimentally studied the
macropore creation in p-type silicon in a HF solution
and the transition between macropore formation and
electropolishing. [12]. In addition, to represent the an-
odic dissolution of p-type Si in HF/ electrolyte within
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the first plateau of the electropolishing zone a mathe-
matical model has been developed by Cheggou et al.
[13]. Moreover, using a modified diffusion limited ag-
gregation model, Matthai et al. have simulated the po-
rous silicon structure obtained by anodic etching [14].
However, there have been few theoretical works devoted
to understand the effect of the hydrogen-terminated sur-
face (Si-H) on structural, electronic, vibrational and op-
tical properties. The simulation of a porous material
presenting different structures is not clearly described,
and constitutes a very difficult but interesting challenge.
Really, from a theoretical perspective, modeling of mi-
croscopic porous structures is a challenging charge [15].

Two options can be used: semi-empirical method,
like empirical pseudopotentials and tight-binding (TB)
which are founded on atomic orbitals, and ab-initio
methods, through DFT with GW correction or quantum
Monte Carlo calculations [15]. The former presents the
advantage to be easy and able to resolve the complex
porous structures and it is suitable for the study of
hydrogen passivation of silicon. Instead, the ab-initio
calculations, which are more accurate, treat only simple
porous structures.

In this work, structural, electronic and vibrational proper-
ties investigations of PS were performed using ab-initio pseu-
do potential plane wave (PP-PW) method founded on DFT
described by the generalized gradient approximation (GGA)
included in the CASTEP program (Cambridge Serial Total
Energy Package) [16, 17]. Furthermore, the computation of
IR absorption spectra needs the calculation of atomic vibra-
tional modes, which was performed by the DFPT. The IR
spectra of hydrogenated PS layers were measured and com-
pared with the calculated spectra.

2 Computational Details

Supercell model was used to simulate nanopores in porous
silicon structure [18, 19] by taking out columns of atoms in
the [0 0 1] direction on c-Si crystal. We begin from a supercell
of 32 atoms formed by connecting four cubic cells, each with
eight Si-atoms and lattice constant a = 5.43 A. The lattice con-
stants of the supercell (2x2x1) are of A=B=2aand C=a.
To obtain different porosities P (ratio between the number
of removed atoms to their total in the supercell), number of 1,
5,9, 13 and 15 central Si atoms were removed from the
supercell, which produced a porosity of 3.12, 15.62, 28.12,
40.62 and 46.87% successively as illustrated in Fig. 1. These
chosen porosities ensure the same square shape of the pore
along z-axis and the same space group P4 2 m (N°.111) for
different tetragonal structures studied. H atoms were used to
passivate all surfaces dangling bonds in silicon pores [20].
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Ab-initio pseudo potential plane wave (PP-PW) method
founded on DFT (implemented in the CASTEP software)
was employed to accomplish structural and electronic proper-
ties of PS.

The exchange correlation effect was processed using the
generalized gradient approximation developed by Perdew-
Burke-Ernzerhof (GGA-PBE) function. The pseudopotential
of Vanderbilt-type ultra-soft was utilised to compute the po-
tential seen by the valence electrons. Valence electronic wave
functions were expanded in a plane-wave basis set truncated at
a maximum plane-wave energy of E. o= 900 eV. Brillouin
zone integrals were converged with 1x1x3 Monkhorst-Pack k-
point mesh [21], which was sufficient to ensure energy con-
vergence for (2x2x1) supercell. All structures were optimized
to their basal state by modifying the atomic coordinates and
the supercell shape through the Broyden— Fletcher—Goldfarb—
Shanno BFGS algorithm [22, 23]. The convergence tolerance
was fixed to 107 eV/atom for energy, 0.002 eV/A for maxi-
mum force, 0.02 Gp for maximum stress, and 10° A for
maximum displacement.

The vibrational modes and the IR absorption spectra were
calculated using DFPT and norm-conserving pseudopotentials
with the same convergence criteria [24].

3 Experimental Procedure

In order to confirm the ab-initio results, nanoporous silicon
specimens were processed. Porous silicon (PS) was achieved
by electrochemical etching of (001) p-type silicon wafer (1-10
Ohm cm resistivity). The pro The Ohmic contact on the back
side of the Si anode has been achieved by rubbing Galn eu-
tectic. Anodization of p-type substrates was performed under
galvanostatic conditions in a simple O-ring cell in the dark,
with a Pt wire as counter electrode and saturated calomel
electrode as reference (SCE) using a Biologic VMP3
potentiostat/galvanostat as described elsewhere (Fig. 2) [25].
The etching solution was prepared by adding 30 vol.% of
ethanol to 70 vol.% of HF aqueous solution (49 wt.%). The
wafer was etched at a current density of 10 mA/cm? and etch-
ing time of Smn to obtain a porosity of approximately 40%
[26, 27]. The IR spectra of the prepared samples were mea-
sured by a thermo Nicolet Nexus FTIR Spectrometer. All FT-
IR spectra were registered in absorbance mode in the IR re-
gion 4004000 cm ' at 4 cm™ ' resolution.

4 Results and Discussion
4.1 Structural Properties

The step of geometry optimization of all studied structures
conducts to the optimized structural parameters mainly, the
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Fig. 1 Porous silicon model where yellow and blue spheres represent Si and H atoms, respectively. A represents 32 atoms supercell of c-Si, and B, C, D
and E are full H passivated porous silicon with 3.125%, 15.625%, 28.125%, and 40.625% of porosity, respectively

lattice constant (A, B, C), the angle (x, {3, v), and the unit-cell the porosity that can be created in the chosen supercell. In fact,
volume V for tetragonal structures. For each porosity, at zero  the selected size of the supercell model imposes a limit to the
pressure, the precedent parameters are reported in Table 1. number of removed Si atoms.

For the porosity of 46.87%, we observe a distortion and A good accord was observed between theoretical and ex-
phase transition in this structure. This constitutes the limit of  perimental lattice constants of the c-Si [28]. A very small
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Fig. 2 Anodization cell used for porous silicon elaboration [25]
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Table 1 The variation of the lattice parameters (A, B, C), the angles («, {3, v) and the unit-cell volume V for each porosity
Lattice parameters (A). Volume V (A%). Angle(c,,y) (deg)
A=B C
Bulk Si (cSi) 10.880 5.440 644.030 90
Porosity 3.12% 11.023 5.453 662.667 90
(P) % 15.62% 11.205 5.487 688.933 90
28.12% 11.014 5.526 670.293 90
40.62% 12.012 5.174 746.459 90
46.87% A=9.6796 12.360 590.680 ax=7v=90 deg.
B =4.966 [3 =83.85 deg

relative difference (0.16%) was observed between the calcu-
lated value (5.44 A) and measured value (5.43 A). For all
porosities, the PS structures expand when compared to that
of ¢-Si due to the hydrogen-hydrogen interaction as notified
by Cisneros et al. [29].

The obtained supercell volume from GGA for all porosities
rises with the increase of porosity when the form and orien-
tation of the pore are similar. Actually, there are two different
orientations of our chosen pore shape. The first one for 3.12
and 28.12% structures (orientation 45 deg.) and the second
one for 15.62 and 40.62% structures (orientation 0 deg.).

To illustrate the effect of the porosity on the stability of the
PS structure; we have calculated the formation energies E¢ by
the expression [18]:

Ef:EpS_ Z niu; (1)
i=Si,H

Where Epg is the ground-state energy (total energy) of the
passivated PS, n; indicates the number of the atomic species
per supercell, and y; is the chemical potential of the atomic

species. The chemical atomic potential, which is negative for a
stable compound is obtained in the ground-state bulk phase of
Si. The chemical potential of hydrogen py is determined from
half of H, molecule energy.

After the step of geometry optimization of all studied struc-
tures, the values of calculated formation energy for all porosity
used are shown in Fig. 3. It shows that all formation energies
are negative, indicating favourable structures. The lowest en-
ergy value corresponds to the structure having the porosity of
40.62%, which is the most stable.

Unfortunately, attempts to increase porosity over this value
were failed due to the reduced atoms number in the 32 atoms
supercell.

4.2 Electronic Properties

Figure 6 shows the band structures in the Brillouin zone
(BZ) for high-symmetry points of Si crystal and PS
with different porosity. The corresponding points of high
symmetry, k-point paths, in BZ (Fig. 4) are: Z(0, 0, 0.5) —

Fig. 3 Formation energy trends
vs porosity for full H passivation ASE g

Formation energy (eV)
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Fig. 4 Brillouin zone of the
porous silicon. The high
symmetry line of the band
structure is represented by the
blue line

A(0.5, 0.5, 0.5) — M(0.5, 0.5, 0) - G(I')(0, 0, 0) — Z(0, 0,
0.5) —R(0, 0.5, 0) — X(0, 0.5, 0) — G(0, 0, 0).

The band gap energy E, was determined as the differ-
ence between the highest point level and the lowest point
of valence band (HVB) and conduction band (LCB), re-
spectively. The calculated E, value is 0.575 eV for bulk
Si indicating an indirect band gap because both HVB
and LCB were located on different symmetry points in
the Brillouin zone.

Comparison between the experimental band gap for bulk
Si, 1.12 eV [27] and calculated value, 0.575 eV shows an
underestimation. This is well known and obtained systemical-
ly in GGA. Nevertheless, this result has no impact on the
energy band and electronic structure analyses.

To examine how the band gap of PS changes with the
porosity, we plotted in Fig. 5 the total and projected density
of states (TDOS and PDOS) calculated for c-Si and PS. In this
figure, the vertical dashed line illustrates the Fermi energy
level. We can observe from Fig. 4a, b, that the calculated
PDOS in the valence band is separated into two zones; the
first zone from —12.5 to —5 eV displays a strong influence
coming from states of Si (s-Si), with a minor influence of p
states (p-Si). The second part from —5 to 0 eV results from p-Si
states with a little role of s-Si states. The conduction band
results from p-Si states and a minor part of contribution de-
pends from s-Si. Compared to pure Si (Fig. 5a), for the differ-
ent porosity (Fig.5¢c, d, e, f) we note an increase of band gap
widths.

The electron band structures (Figs. 6¢-f) show, for the dif-
ferent porosity, the feature of direct band gap in contrary to the
¢-Si (Figs. 6a), which possesses an indirect band gap. This was
caused by the supercell model when a big unit cell conducts to
folding of the Brillouin zone where its size is reduced (Figs.
6b). This causes the lowest point of the c-Si conduction band to
move towards the centre of the Brillouin zone, which makes the
band gap turns into direct [30]. This feature was also found by
Cisneros et al. [28]. Moreover, Trejo et al. [20] mentioned this
observation and reported that this direct band gap was not only
observed in supercell model but occurs in real porous

semiconductors too. They suggested that, particularly in PS
with high porosity, the existence of interconnection column
skeleton producing alternative connections, which induces car-
riers and could find paths from one nanopore to others.

Otherwise, as shown in Fig. 6, an increase in porosity leads
to the increase in the band gap energy values. It is noticeable
that higher porosity needs higher formation energy to be cre-
ated with greater quantum confinement in the resulting
structure.

To define the relationship between enlargement of the band
gap Eg, the width of the pore (d) and the confinement distance
between pore boundaries (L), we have chosen porosities lead-
ing to the same square shape and symmetry as mentioned in
Figs. 7 and 8.

A linear trend between energy band gap and the width of
pores is observed (Fig. 9). The positive slope confirms that the
band gap increases with porosity and pore width. The broad-
ening of porous silicon band gap with the porosity is attributed
to the effect of the pore surfaces on electron wave functions
which cause a sort of quantum confinement and consequently
a band-gap broadening [31]. Finally, wave functions with
wavelengths wider than the distance between nodes will not
be reachable for the system [32]. In addition, Zhe Chuan Feng
and Raphael Tsu [33], attributed the broadening observed at
lower porosities to the reduction in effective crystallite size
and it may also be due to loss of long-range order due to
misorientation and microscopic stress. Moreover, the enlarge-
ment of the band gap was shown when the confinement dis-
tance between pore boundary decreases as reported in Fig. 9.
This is in agreement with other cases of Si porous structures
[20] where for high porosity, when pores touch each other (L
become small), the quantum confinement becomes complete
[34].

After the geometrical optimization, calculation of the vi-
brational modes and the IR absorption spectra were performed
by DFPT [24]. IR spectra for different porosity with full H
passivation are shown in Fig. 10. It can be divided in three
ranges (Table 2). In the wavenumber range of 2000—
2300 cm ', for all porosities the calculated IR indicates the
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Fig. 5 Total density of state (TDOS) and partial density of state (PDOS) projected onto s and p orbitals for Si and H atoms for a) bulk Si, b) Si supercell
(2*2*1), ¢, d, e and f) porous silicon with 3.125, 15.625, 28.125, 40.625% porosity, respectively. The vertical dashed line corresponds to the Fermi level

@ Springer



Silicon (2019) 11:2505-2515

25

20

15

Energy (eV)

2k P=40,62%

Z R X

Z A M T
Fig. 6 Electronic band structure for a) bulk Si, b) bulk Si with supercell model (2¥2*1), ¢, d, e and f porous silicon with 3.12, 15.62, 28.12, 40.62%
porosity, respectively

presence of relatively high intense peaks, with some shifting
corresponding to Si-H stretching band. For the two porosities
0f 40.62 and 15.62%, we observe other peaks, which can be
attributed to SiH, bonding.

The second narrow range comprised between 840 cm
and 900 cm™ ', observed only for the two porosities of 15.62
and 40.62%, shows single peak with slight shifting, assigned

1

x T

to the presence of SiH, bonding. The third wavenumber range
comprised between 590 and 680 cm ™ is present for all poros-
ity. The principal peak showing a high intensity is assigned to
Si-Si vibration. We note that other weak peaks, which can be
attributed to SiH, bonding, are also present in this range. In
this zone, we also observe a shift in the absorbance peak to
higher wavenumbers when the porosity increases. This is
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Fig. 7 Evolution of band gap
energy with porosity
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0

probably due to the different orientation of the pore shape
created in the chosen studied supercell.

Figure 11 shows, the FTIR spectrum measured from
Si sample anodized at current density of 20 mA/cm?
and etching time 20 min. The FTIR absorption spectrum

Fig. 8 Pores width (d) and
confinement distance (L) between
pore boundaries for different
porosities for a) P=3.25%; b)
P=15.62%; c) P=28.12%; d)
P=40.62%
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in the range 580-640 cm ' of a PS layer depicts intense

peaks at 607 and 617 cm ', which are assigned to Si—C
and Si—Si stretching modes, respectively [35] and a
peak at 628 cm ' attributed to bond-bending mode of
Si-H [36] which is close to Si-Si vibration. The peak at
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Fig. 9 Variation of energy band
gap of PS as a function of pore 14F o
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675 cm ' is assigned to stretching mode of Si-H,. In
addition, the spectrum displays characteristic peaks of
the Si-H stretching modes, namely, the bands at
2085 cm !, 2115 c¢cm 'and 2140 cm ! ascribed to
monohydride, dihydride and trihydride contributions, re-
spectively. The corresponding bending modes of Si-H,
bond is observed at 908 cm ' (scissor mode) [35, 37,
38]. The presence of SiH, bands in the IR spectrum are
characteristics of porous silicon. We notice that the PS
surface is oxide free due to the absence of any signifi-
cant contribution in the 1000-1200 cm™' range [33, 34].
In addition, the spectrum reveals also the absence of a

Band gap (eV)

broad OH stretching vibration band v(OH) in the 300—
3600 cm ' indicating no traces of water into the pore.
One can note that all the attributed IR bands and peaks
are in good agreement with those obtained in the liter-
ature (reported in Table 3).

Moreover, the comparison of the calculated vibrational
properties of porous silicon with a porosity P =40.62% with
experimental IR bands acquired from porous silicon with a
porosity of about 40% were found in good agreement as
shown in Table 3.

In comparison with experimental FTIR data, the vi-
brational band of SiH; does not appear in this

Fig. 10 IR vibrational spectra for 4000
porous silicon with different P=3,12 %
porosities 2000
0 - A
3000 | P=15,62 %
> 1500 | AA
=
E 4000 A k A Al
= P=28,12 %
= 2000 |
P=40,62 %
2000 |-
0 IM 1 ] ] ] ] 1 .A 1 A
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm'l)
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Table2 Main IR vibrational frequencies of PS Table 3  Main IR vibrational frequencies of PS with p =40.625%
Bonds Frequency (cm ') Bonds Frequency (cm ™)

Porosity (This calculation) Porous silicon with Experimental Ref

p=40.625% (This work)

3.125% 15.625% 28.125% 40.625% (This calculation)
Si-Si 594.13 639.64 627.75 642.32 Si-Si 642.32 617 620 [34]
SiH 602.23 616.29 617.84 644.20 SiH  644.20 628 626 [35]
SiH, 642.55 676.73 SiH, 676.73 666675 662 [35]
SiH, / 845.01 / 889.92 SiH,  889.92 908 880-910 [35-37]
SiH 2218.24 2196.41 2127.75 2149.89 SiH  2149.89 2085 2084-2112 [33, 34, 37]
SiH, / 2185.97 / 2184.83 SiH, 2184.83 2115 2082-2121 [34, 35, 37, 38]

SiH; / 2140 2130-2140 [35, 36]

calculation. In fact, the process of creating pores in the
chosen supercell model while respecting the symmetry
does not allow the formation of SiHj.

5 Conclusion

In this paper, we have performed an ab initio quantum
mechanical study of the hydrogen effects and porosity
variation on the PS structure and its electronic and vi-
brational properties. Structural, vibrational and electronic
properties study of PS were performed using pseudo
potential plane wave (PP-PW) method founded on the
DFT with the GGA-PBE approach.

The formation energies obtained from DFT calcula-
tion confirm that the stability of PS structure is related
to its porosity and high porosities have the lowest en-
ergy formation values. In addition, the electronic band

structure of all PS structure shows direct band gap
semiconductors for all studied porosities.

The calculated IR in the energy range of 2000-—
2300 cm ', showed for all porosities the presence of
relatively high intense peaks with some shifting, corre-
sponding to Si-H, stretching band, characteristic of po-
rous silicon, in good accord with the literature. In this
range, the shift in the absorbance peak to higher
wavenumbers, as the porosity increases, has been
assigned to the different orientation of the pore shape
created in the chosen supercell. In addition, the IR spec-
tra obtained for different porosities show resemblance,
on the one hand, between 15.62 and 40.62% porosities
and, on the other hand, between 3.12 and 28.12% po-
rosities with some shifting as reported.

Finally, the IR absorbance spectrum obtained for a
porosity of 40.62% shows a good agreement with the
experimental one.

Fig. 11 Experimental FTIR 0.8
spectrum of porous silicon
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