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Surface relaxation effects on the properties of porous silicon
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~Received 14 March 2001; accepted for publication 5 December 2001!

In this article, surface relaxation and its effects on the electronic and structural properties of porous
silicon are studied by using the total-energy pseudopotential formalism within the density-functional
theory. Our model is based on a 32-atom supercell, where columns of atoms are removed and
saturated with hydrogen atoms. Samples with 4.4%, 13.6%, 16.8%, 28.9%, and 41.3% porosity are
analyzed in detail. The results show a clear expansion of the system along the pore direction as the
porosity increases. Moreover, this expansion is very sensitive to the hydrogen-atom concentration
and a linear dependence is observed. The dependence of the band gap and the effective mass on the
porosity are also analyzed. Here, the hydrogen-atom number and pore shapes are observed to play
a fundamental role. ©2002 American Institute of Physics.@DOI: 10.1063/1.1446658#
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I. INTRODUCTION

Porous silicon~por-Si! has been studied extensively fo
the last ten years, since the discovery of its efficient visi
luminescence at room temperature.1 The optical properties o
por-Si are quite different from those of crystalline silico
(c-Si). It has been suggested that quantum confinement
surface effects are behind this difference. Recent exp
ments using x-ray techniques have shown an increase in
lattice parameter perpendicular to the pore-growing surfa
Buttardet al.,2 studying por-Si samples with porosities ran
ing between 35% and 84%, found an increase in the lat
parameter along the normal direction of the sample surf
as the porosity increases. Gru¨ning et al.3 studied mechanica
stress during the drying of por-Si and observed an increas
Dc/c of between 1024 and 1023 after the process fo
samples prepared fromp1 silicon, and of a few parts pe
thousand in samples prepared fromp2 silicon. Sugiyama
and Nittolo4 also report an increase in the lattice paramete
their samples after annealing.

Two theoretical models have been proposed to inve
gate the properties of this material: isolated Si quantum w
and columnar pores. Semi-empirical5–8 and first-principles
local-density9–12 calculations have been performed with
the first model, while the second one is not so widely us
although it has the advantage of being able to incorporate
interconnectivity of the system. When the columnar po
are distributed periodically, it is called the supercell mod
and it has been used by Cruzet al.13 within the tight-binding
approximation.

The aim of this work is to combine the supercell mod
and a first-principles calculation to understand the effects
surface relaxation on the structural and optical propertie
por-Si. An interesting comparison is made with results o

a!Electronic mail: jtag@servidor.unam.mx
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tained from the quantum wire model. The computation
method is anab initio total energy pseudopotential techniqu
within the density functional theory~DFT! in the generalized
gradient approximation~GGA!, as implemented in the
CASTEPcode.14

II. MODEL AND THE COMPUTATIONAL DETAILS

Starting from an eight-atom cubic unit cell of Si, w
construct a 32-atom supercell by taking two units in thea
and b directions. The structure of this supercell has be
optimized to have a fully relaxed unit cell with aP1 sym-
metry. From this starting point, we generate four differe
samples removing columns of 1, 4, 5, 9, and 13 atoms o
in the c ~@001#! direction, producing samples with 4.4%
13.6%, 16.8%, 28.9%, and 41.3% porosity, respective
These samples have been built removing neighboring
umns of atoms, but in the four-atom case, the seco
neighbor columns are involved, producing more dangl
bonds per column of atoms removed. In this work, the p
rosity ~p! is defined as the ratiop5(rpor-Si/rc-Si)3100,
where rpor-Si and rc-Si are the densities of the porous an
crystalline silicon samples, respectively. It would be wo
mentioning that the samples with 13.6% and 28.9% poro
require a higher number of hydrogen atoms to saturate
dangling bonds. After creating the pores, we introduce
drogen atoms to saturate the dangling bonds of the Si on
surface of the pores. An initial relaxation with molecul
mechanics has been done allowing only the hydrogen at
to move.

The calculations have been carried out using theCASTEP

codes developed at Cambridge University.15 The program
uses the density-functional framework16 with local density
approximation ~LDA !/GGA for exchange and
correlation,17,18 and norm-conserving, nonlocal, Troullier
Martins pseudopotentials19 generated by the Kerke
method.20 The electronic wave functions are expanded in
5 © 2002 American Institute of Physics
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TABLE I. Parameters used in the calculations.

Sample Si SiP 1 Hr SiP 4 Hr SiP 5 Hr SiP 9 Hr SiP 13 Hr Q. wire

k points 43434 23232 23232 23232 23232 23232 23232
Plane waves 11 099 39 240 39 240 39 808 39 240 40 565 74 871

Fourier-Transform grid 54354327 80380340 80380340 80380340 80380340 80380345 1203120340
Ecut(eV) 400 900 900 900 900 900 900
Lattice P1 triclinic P1 triclinic P1 triclinic P1 triclinic P1 triclinic P1 triclinic P1 triclinic

a 10.8 10.86 10.86 10.86 10.86 10.86 15
c 5.4 5.4388 5.4668 5.504 15 5.501 68 5.611 998 5.429 21

No. Si 32 31 28 27 23 19 9
No. H 0 4 8 12 12 20 12

r ~g/cm3! 2.369 2.268 2.046 1.998 1.706 1.436 0.36
d ~%! 0 4.4 13.6 16.8 28.9 41.3 86.7
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plane wave basis set with periodic boundary conditions an
plane wave energy cutoff. In all cases, the Monkhorst–P
method21 has been used to select thek points set, with a 4
3434 grid for the small unit cell ofc-Si and a 23232
grid for the supercells of our por-Si samples. Parameters
the calculations are given in Table I. Two different cuto
energies have been used. For thec-Si, the cutoff was set a
400 eV, while for all the por-Si samples, it was set at 900
This last value is due to the presence of hydrogen atoms
all cases, convergence was checked by increasing the c
andk point grid for some samples.

A full geometry optimization has been done within th
DFT by fixing the angles and the parametersa andb of the
unit cell, allowing relaxation of the parameterc and the
atomic positions. These restrictions are considered since
experimentally known that the crystal structure of por-Si
the same as that ofc-Si and that only the cell paramete
perpendicular to the growth surface changes. Final cell
rameters are given in Table I and some structures are sh
in Fig. 1.

Finally, calculations have also been performed for a
riodic model of quantum wires. In this case, we start fro
the same supercell of 32 atoms and remove columns o
oms in thec direction to form an isolated quantum wire o
nine atoms. The surface of the wire is saturated with hyd
gen, taking especial care that the hydrogen atoms are
rected toward the outside of the wire. The wire diamete
5.43 Å and the shortest distance between the H atom
different wires is 8.070 Å. In Fig. 2, the quantum wire us

FIG. 1. Front view of~a! 28.9% porosity supercell saturated with 12 hydr
gen atoms~open circles! and ~b! 41.3% porosity with 20 hydrogen atoms
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is shown from two different angles of view. It corresponds
a 86.7% porosity. The same relaxation procedure as be
was followed here.

III. RESULTS

The surface relaxation process leads the atoms to t
thermodynamical equilibrium positions, releasing the int
nal stress in the por-Si samples. During relaxation, the t
energy decreases while the electronic band gap increa
The relaxed electronic bands are flattened, and consequ
the effective mass increases. In Fig. 3~a!, the change in the
parameterc ~Dc, the difference between the relaxed and t
nonrelaxed structure! as a function of the porosity is plotted
The general trend is thatDc rises as the porosity increase
except in the samples with 16.8% and 28.9% porosi
which have almost the sameDc. If instead of the porosity
we plotDc as a function of the hydrogen content as shown
Fig. 3~b!, a linear behavior is obtained. This behavior, as w
as the magnitude ofDc are in agreement with the experime
tal results of Barlaet al.,22 who report an increase in th
lattice parameter when the samples are dried in air, and
larger increase when they are soaked in pentane. When
pentane is applied after the anodic reaction, it reduces
number of Si—O bonds allowing an increase of the Si—H
bonds. Hydrogen covered surfaces are known to be mutu
attracted, due to van der Waals forces, which are there
expected to contribute to the overall stress and the sur
tension.3 Due to a minimization of the surface~note the ten-
dency to circular pores in Fig. 1!, the hydrogen confined in

FIG. 2. ~a! Front and~b! side views of a quantum wire used in our calc
lations.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the pore will push to expand the Si structure in the@001#
direction. As the size of the pores grows, more hydrog
atoms are needed to saturate the broken bonds, and a s
ger expansion of the structure is observed.

As seen in Table II, our calculations on the quantum w
show that, in this case, the lattice parameterc decreases
Dc520.008 Å, when the saturating hydrogen atoms
oriented toward the outside of the wire. This behavior is
disagreement with experimental results. It is worth menti
ing that if the hydrogen atoms saturating the surface are
bedded in the wire, their effect will be to increase thec
parameter.

On the other hand, the electronic band structures
tained from the five samples of por-Si discussed before h
been calculated in the@010#, @01

21#, @011
2#, @111

2#, and @111#
directions ink space. In particular, band structures for 13.6
and 41.3% porosity are shown in Figs. 4~a!, and 4~b!. The
general behavior shows that as the porosity increases
bands become flat. This effect is first seen on the conduc
bands at low porosity. As porosity increases, the vale
bands also flatten. Table III summarizes the results of
band structure analysis. As expected, this flattening is st
ger near the band gap, but for high porosity, all calcula
bands become planar.

Both the lower conduction and the upper valence ba
edges shift linearly as porosity increases, but the latter
creases faster, as shown in Fig. 5~a!. The net effect is that the
band gap (Eg) increases linearly with the porosity as seen
Fig. 5~b!. This behavior is in agreement with the experime
tal work of Lugoet al.,23 where a linear relationship betwee
the effective absorption coefficient and the porosity is o

FIG. 3. Changes of the lattice parameterDc ~a! as a function of the porosity
and~b! as a function of the hydrogen content, i.e., the number of hydro
atoms used to saturate the pore surface.

TABLE II. absolute (Dc) and relative (Dc/c) changes in lattice paramete
c calculated for different porosity~p! and number of hydrogen atoms (nH).

Sample p ~%! Dc ~Å! Dc/c nH

SiP 1 Hr 4.4 0.0388 0.007 14 4
SiP 4 Hr 13.6 0.0668 0.012 30 8
SiP 5 Hr 16.8 0.104 148 0.019 18 12
SiP 9 Hr 28.9 0.101 682 0.018 72 12
SiP 13 Hr 41.3 0.211 998 0.039 04 20
Q. wire 86.7 20.000 787 21.4531024 12
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tained. The energy shift of around 5 eV must be reflected
the value of the work function. Experimentally,24 an increase
in the work function is found as the porosity increases. Ho
ever, the large value of the change in energy is probably
to a decrease in the number of silicon atoms.

To analyze the confinement effect, we have defined
confinement distanced as the diagonal separation betwe
pores shown in Fig. 6, and if we assume thatEg;da, we
obtaina521.78. Experimental attempts to find a value ofa

n

FIG. 4. Electronic band structures of~a! the 13.6% porosity sample o
por-Si, and~b! the 41.3% porosity sample of por-Si.

TABLE III. Electronic band structure parameters: porosity~p!, band gap
(Eg), normalized effective mass (mh /m0), and confinement distance~d!.

Sample p ~%! Gap type Eg ~eV! mh /m0 d

Silicio 0 Indirect 0.61 0.87 0.0
SiP 1 Hr 4.4 Direct 0.77 0.91 11.18
SiP 4 Hr 13.6 Direct 1.19 1.23 9.46
SiP 5 Hr 16.8 Indirect 1.31 1.72 7.49
SiP 9 Hr 28.9 Indirect 1.80 2.62 7.47
SiP 13 Hr 41.3 Direct 2.29 3.21 3.72
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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have not been conclusive due to the inhomogeneity of
pores and the difficulty in measuring the confineme
distance.25 On the theoretical side, strong coupling resu
predicta521.39. Other calculations using experimental
sults show a complicated dependence.26 It should be noted
that our work is also not conclusive.

With respect to the effective mass in the valence ba
we have found that it increases with the porosity, as show
Fig. 7. At low porosity, 4.4%, the change is very small. A
the porosity increases, the change in effective mass gr
also, being approximately linear for porosities above 16.8
Our results also show the importance of pore symmetry
effective mass. It can be seen that the effective mass for
pore with a different symmetry~indicated by a circle in Fig.
7 and discussed in the previous section! has a slightly differ-
ent behavior. Here, although the general trend is in ag
ment with experimental results, the increase inmh starts at
lower porosity than reported experimentally.27 It is worth
mentioning that the changes with porosity in the band d
persion and in the effective mass are consistent and hi
related, as would be expected.

FIG. 5. ~a! Lower conduction~solid up triangles! and upper valence~solid
down triangles! band edges and~b! band gap (Eg), both as a function of the
porosity.

FIG. 6. Plot of ln(Eg) vs ln(d), whered(Å) is the confinement distance
between pores defined in the insert.
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IV. CONCLUSIONS

We have studied surface relaxation and its effects on
electronic and structural properties of porous silicon by us
the total-energy pseudopotential formalism within the DF
The results show that regarding the change in the lattice
rameters, the supercell model is more adequate than
quantum-wire model for describing por-Si. Furthermore,
effects of saturation and relaxation of the pore surface sho
be considered if one wishes to obtain an adequate descrip
the properties of por-Si. The results also show that not o
the porosity but also the morphology and symmetry of
pores are important. In particular, the lattice parameterc cor-
relates better with the number of hydrogen atoms than w
the size of the pore, which can be explained in terms o
minimization of the surface. This fact is in agreement w
the experimental work of Barlaet al.22

On the other hand, an increase in the work function
predicted in agreement with experimental data. At low p
rosity ~4.4%!, the conduction bands near the gap begin
flatten. As the porosity increases, this band flattening is
duced in bands farther away from the gap. The same effe
seen in the valence bands, but a higher porosity is neede
have a notable effect. At high porosity, all the bands flatt
The effective mass in the valence band increases very slo
at low porosity and faster at high porosity.

Finally, we should note that our results ofDc agree with
the experimental ones. However, we cannot quantitativ
reproduce the band gap of por-Si, as it is well known th
DFT-LDA largely underestimates the band gap values si
the many-body effects are not properly considered. Ot
sources of error are the limited size of samples and the p
odic nature of the supercell model.
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FIG. 7. Valence band effective mass as a function of the porosity.
13.6% porosity sample has a different morphology and thus a diffe
behavior~indicated by a bigger solid circle!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



d

los

yst.

ett.

3089J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Vázquez et al.
1L. T. Canham, Appl. Phys. Lett.57, 1046~1990!.
2D. Buttard, D. Bellet, and G. Dolino, J. Appl. Phys.83, 5814~1998!.
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