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Abstract

Porous silicon (PS) presents efficient photoluminescence and electroluminescence with po-
tential applications in the optoelectronic industry, in particular in photovoltaic devices. It is
now generally accepted that the interesting optical properties of PS are due to two combined
aspects: on the one hand, the quantum confinement and on the other, the surface states.
Although there has been a great effort to study PS, its transport properties are still not well
understood. Due to the complex structure of PS an averaging theory to describe its effective
properties is justified. In this work the effective dielectric function, effective absorption coeffic-
ient and effective refractive index are calculated using the volume averaging method for a model
of periodic columns with different surface coatings simulating porous silicon. This approach
allows analytical results within certain approximations and the analysis of surface contribu-
tions. The method uses parameters to characterize the bulk and the surface. We choose for the
bulk c-Si, and cover it with three different possible surfaces: siloxane, a-Si: H and SiO,. The
results are compared with experimental data and other theoretical approaches for silicon wires.
We obtain good agreement with some experimental results showing the important role of the
surface in the effective response of porous silicon. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Human skill to build new materials from the around one hundred elements in
nature is amazing and, from new materials, new technologies and applications
develop. In particular, the growth of nanocomposite materials is having considerable
impact on physics. These structures which are on an intermediate scale between the
small molecules, traditionally studied by quantum chemists, and the crystalline solids,
studied by solid state physicists, exhibit qualitatively new phenomena. This revolution
in material science is somehow similar to the one due to the use and study of
amorphous and disordered materials. Porous silicon (PS) has both features: it is
a disordered nanostructure which presents efficient photoluminiscence and electro-
luminescence, and has potential applications in optoelectronic devices [1,2]. Its
possible application has stimulated the research in photodetectors [ 3,4], silicon-based
LED [5] and solar cells of PS on ¢-Si [6,7].

PS can be grown starting from crystalline silicon c-Si [8] by means of an electro-
chemical dissolution in hydrofluoric acid. Such reaction originates pores in the c-Si,
and the new material presents an efficient luminescence at room temperature [9]. It
has been observed that the properties of PS depend on the acid concentration, the
current intensity and the concentration and type of the dopants of the crystalline
substrate [ 10]. There have been many experimental efforts to characterize the struc-
ture of PS using a great variety of techniques. Scanning electron microscope studies
have revealed a structure of coral-like columns [11], where the columns have dia-
meters of the order of nanometers and heights of microns. The surface of the silicon
columns is passivated, mainly with hydrogen. One could say that the PS is formed of
¢-Si in the bulk, some compound of silicon with hydrogen or oxygen with a certain
degree of amorphicity on the surface and air surrounding the columns.

From the theoretical point of view, an interesting debate was originated with regard
to the mechanism that produces the luminescence in PS. It can be explained using
a quantum confinement argument [9], but it can also be attributed to surface states
[12], for instance, interfacial oxide-related defects [ 13]. First principles calculations in
quantum wires of silicon indicate that the band gap energy increases and becomes
direct [ 14], giving a possible confinement explanation for the optical properties of PS.
However, it has been experimentally seen that PS has an indirect band gap [15]. On
the other hand, the surface effects cannot be ignored. For example, the efficiency of the
luminescence in PS is linked with the surface passivation with hydrogen and aging
changes the luminescence of the samples. While the red luminescence could be
explained by means of quantum confinement, the blue luminescence has been related
experimentally to the oxidation of the surface [16]. Therefore, in order to describe the
optical properties of PS it is necessary to develop a theoretical framework that
considers not only the bulk but also the surface contributions.

As we have already mentioned, besides being photoluminescent, PS also exhibits
electroluminescence. Its conductivity is very difficult to measure because PS is a very
fragile material. There are some results that indicate that PS presents high resistivity
[6,17-19]. This last property has suggested that it is a suitable candidate to manufac-
ture c-Si insulator structures, which are very important in the minimization of electric
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losses in solar cells and in the microelectronics industry [8]. In order to avoid optical
reflection in solar cells, PS could also be used as an antireflection layer.

For all these applications it is important to model the effective optical properties
of PS. In previous works we have calculated its effective conductivity proper-
ties including surface contributions [18-22]. There are already some theoretical
approaches to the effective dielectric function of PS [23,24] and the effective
absorption coefficient [25], but neither of them studied the role of surface effects
specifically.

Here, we have calculated some effective optical properties: the effective dielectric
function, the effective absorption coefficient and the effective refractive index for
a periodic arrangement of columns of ¢-Si, using a classical approach: the theorem of
the volume averaging method (VAM) [26]. It averages point transport equations over
a volume whose radius is much larger than the characteristic length of the microstruc-
ture, but much smaller than the macroscopic scale. This effective theory includes
in an easy way the surface effects through the theorem of the surface average [27].
The average transport equations are written in terms of effective parameters, which
include the physical properties of the components and the specific geometry of the
microstructure.

In the next section we present the model and the method to calculate the axial
and transverse components of the effective dielectric function and, from it, the
effective absorption coefficient of PS, using the Chang approximation [18] and the
long wavelength limit in order to obtain analytical results. We present our results
modeling PS as a bundle of ¢-Si cylindrical columns coated with different materials.
We analyze the effects of a-Si: H, siloxane and SiO, coverages in the optoelec-
tronic properties of this model. Finally, we close the paper with some remarks and
conclusions.

2. The model and the method

The simplest possible geometry is to consider porous silicon as a periodic network
of parallel columns in square cells (see Fig. 1). These columns are composed in their
bulk by crystalline silicon and on their surface, for instance, by hydrogenated amorph-
ous silicon or siloxane thin films. PS has clearly two bulk components, namely silicon
and air.

In our geometrical model a change of porosity means a change in the width of the
columns. The periodic model of circles in squares has a percolation limit when the
porosity is approximately 21%, while it has been observed that the luminescence
appears at higher porosities such as 50%. This suggests the use of a periodic model of
square parallel columns with a unitary square cell, where percolation occurs at
a porosity of the order at 50%. However, for high porosities, the best choice is
a geometrical model known as the cell of Chang [29], which consists of a periodic
arrangement of parallel cylinders with a unitary circular cell. In this model the limit of
percolation is never attained and therefore it is only valid for high porosities, which is
the case in efficient luminescent PS samples. In the Chang cell we need the following
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(a) (b)

Fig. 1. Geometrical model for porous silicon: (a) square parallel columns in a periodic network with a unit
cell of length 2/ and (b) parallel cylinders in a periodic network with a unit cell of length 2/ and the Chang
model.

geometrical parameters:
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where r, is the radio of the unitary circular cell, P is the porosity, a, is the area per

volume unit and r, is the radius of the column.
The local problem for the electromagnetic transport is given by the wave equation
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where ¢ is the speed of the light, ¢; is the dielectric function of the ith component, p§* is
the real surface charge density,  is the frequency, ¢; is the electric potential of the ith
component, 7;; is the unit normal vector pointing from the j component towards the
i component and A" is the intercomponents’ area. It is possible to demonstrate [27]
that in the formalism of VAM, the first boundary condition is equivalent to
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where d is the effective width of the surface, ¢ is the dielectric function in the
intercomponents’ region, ¢, is the electric potential on the surface and V, is an
operator of projection, defined as

Vi= (1 - ﬁ12ﬁ12)' v, (5)

where 1 is the unitary tensor and Vis the gradient operator.
Using the relations of VAM [20] on Eq. (2) we obtain

1
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A2t

2
w _
=2 [e1 fi + &3f> + a.eld] ). (6)

Here we have defined the local microscopic deviations of the electric potential ¢; by
@i = fo>" + @i, (7

where ¢ is the effective electrical potential, f; is the volume fraction of the ith-
component, a, = A'?/V and H is the curvature of the intercomponents’ region. Eq. (9)
is not an effective medium equation, because it still contains terms with microscopic
deviations defined in Eq. (7). At this point we need constitutive equations for ;.
Following previous papers [20,27] our guess is

(ﬁi — 9 Vq—): i= 1927 (8)
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Substituting Eq. (8) in Eq. (6) we can obtain, in the long wave limit,
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with & the effective dielectric tensor.

For the chosen geometry, due to symmetry considerations, only two terms in the
effective dielectric tensor are significant. One is the axial term ] and the other is the
transverse term &,, which can be expressed as

ek=efi+ef +eda, (11)
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At this point, we can see explicitly the surface contribution in the case of the axial
component of a cylindrical geometry. However, for the transverse component, we
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need to calculate the specific expressions for microscopic fields g;. An equation for
g1 can be obtained in a straightforward way [26,30], in dimensionless form as

10 [Va(;lx] 1 %Gy,
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where 4 = ¢,/e;, A = ed/e;r; and

G, =2 (13)

The last two relations in Eq. (12) have two implications: first, the good behavior of the
G, field at the origin and second, the spatially periodic boundary condition [28].
The solution in the representative cell (see Fig. 1) is given by

&cos 0

= — . 14
Glx : N 24 ( )
P[1+ 4 — 4]
Substituting in Eq. (11) we arrive at
1—P(—1—-4A+4

where 6 = 24P[[1 + A — A]P] and P is the porosity.

It is important to verify that Egs. (11) and (15) reproduce the limits previously
calculated by other technique. Removing the contribution of the intercomponent
region (neglecting surface effects, 4 = 0) we recover the Maxwell-Garnett approxima-
tion.

For the calculation of the effective absorption coefficient, we use the well-known
relationship

I
o=2"ME (16)
nc

where n is the effective refractive index, whose value is the real part of the square root
of the effective dielectric function and Im ¢ is the imaginary part of the effective
dielectric function in a given direction (in our case axial or transverse).
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3. Results

In order to calculate the effective dielectric function — Eq. (11) — for different
porosities, we need to introduce experimental parameters for the components. There
are available results for the energy-dependent dielectric function of for c-Si [31],
a-Si: H [32], siloxane [33] and SiO, [34].

In the following, we analyze only the transverse component of the effective dielectric
function which is the one measured experimentally. Fig. 2 shows the results for this
normalized component in different cases: without skin and with siloxane, a-Si : H and
SiO, coverages for d = 10~ m. Our results calculated for 70% porosity are com-
pared with an experiment [35] done on a sample with this porosity, measured with the
technique of reflection with normal incidence. For low energies, Koshida’s results are
in better agreement with the calculations in the absence of any skin. Apparently in the
experiment the surface effects were removed, after oxidizing the sample, thus the
experimental data cannot help us to evaluate the best coverage surface choice, but it is
encouraging that they are consistent with an effective medium approach.

Our results do show that the surface has a “tuning” effect on the effective dielectric
function and that this effect is more appreciable if on the surface instead of siloxane we
place a-Si : H or SiO, on the surface. Furthermore, including the surface contribution
in the calculation smooths the peaks observed experimentally at low energies in
crystalline samples.
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Fig. 2. Imaginary part of the normalized transverse component of the effective dielectric function of
porous silicon without skin (d = 0 m) and with siloxane, a-Si: H and SiO, on the surface (d = 10~ m)
compared with experimental results [35], at 70% of porosity.
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Fig. 3. Imaginary part of the transverse component of the effective dielectric function of porous silicon
with siloxane on the surface and three different porosities 70%, 83% and 95%; d = 10~° m.
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Fig. 4. Imaginary part of the normalized transverse component of the effective dielectric function of

porous silicon for our approach, another mean field model [23] and a quantum wire calculation [14]. In
our case we use siloxane, a-Si: H and SiO, on the surface with d = 107 m and P = 70%.
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In Fig. 3 the transverse component behavior of the effective dielectric function is
shown for three porosities, with a bigger d = 10~ ? m and with siloxane on the surface.
In these plots we observe that for a surface size of the order of 10 atomic layers, the
effect of the porosity is not so relevant in the whole interval of energy.

In Fig. 4 we compare the normalized transverse component of the effective dielec-
tric function for a-Si: H, siloxane and SiO, on the surface with an effective medium
calculation [23] and a first principles calculation [14]. In the three approaches
a similar behavior is observed. Clearly, a surface based on a-Si : H or SiO, will give an
enhancement in the visible range. Our approach gives some insight in understanding
the role of the surface in a complex material as PS.

Fig. 5 shows the behavior of \/% with and without surfaces d = (10~ ' m, 0 m)
for a porosity of 74%, compared with an experimental result [ 10]. Here, without skin
the observed behavior is not reproduced. The best qualitative fitting is given by the
a-Si: H coverage but, unfortunately, we can only compare in a small energy region
where data are available.

Another important optical property is the refractive index reported with a value
of 1.33 for samples of PS with porosities of 74% [10]. In Fig. 6, the effective
refractive index is shown for PS for two porosities, a thickness of d = 10"'°m
of a-Si:H and P =(70%, 74%). The value of n is of the same order as the
experimental one.

350 -

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Energy (eV)
Fig. 5. Square root of the effective absorption coefficient a of porous silicon times the photon energy hv vs.

the photon energy, with a-Si : H on the surface, in this case the parameters are d = 0m, d = 10~ ' m and
P = 74% compared with experimental results [10].
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Fig. 6. Effective refractive index of our model of porous silicon with a-Si : H on the surface at porosities of
70% and 74%.

4. Conclusions

Materials with several components are difficult to characterize due to their complex
structure. Under certain circumstances, from the macroscopic point of view, it is
justifiable to develop a description similar to a homogenecous material that simplifies
the mathematical complexity of the problem together with the physical interpretation.
The VAM is an important contribution in the effective mean theories, since other
similar approaches do not consider, in an easy way, the surface effects. Because the
analytic results were obtained studying the volumetric and surface contribution in an
independent way, it is possible to explore the role of the surface in the effective
response. Our model depends on the microgeometry chosen. It has been solved for
cylindrical columns but it could be calculated for other geometries such as spheres or
even anisotropic shapes, although at the expense of doing it numerically.

Our results seem to indicate that the surface effects could have similar consequences
to quantum confinement, at least regarding the range of relevant energies for the
effective dielectric function, effective absorption coefficient and effective refractive
index. The surface effects may be responsible of the change in the effective optical
response energy range and not only the quantum confinement model.

In summary, we have performed a systematic analysis changing the material on the
surface of a model of PS. Experimental results are strongly sample dependent and
there are no results yet that are considered universal. However, comparison with new
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experimental data is currently in progress. We think that undoubtedly surface effects
should be taken into account in a rigorous way to understand PS.
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