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Abstract

Spark-processed Si (sp-Si) is a porous solid-state material. Due to the nature of its structure and morphology, the traditional methods fo
porosity measurements cannot be utilized. Using the measure theory and the expected value theorems of stereology, we have calculated |
porosity of sp-Si to be 43%. Stereological analysis was applied to sp-Si specimen, prepared within a fixed set of growth parameters. Over 6
cross-sectional scanning electron micrographs of the specimen were utilized in this work. The sp-Si sample has a characteristic cylindrice
symmetry due to the uniform surface resistance of the Si substrate and to the random nature of spark processing. However, sp-Siis not isotropi
uniform and random (IUR), exhibiting radial and axial anisotropy of porosity. To avoid bias in the calculation, we chose random areas of the
cross-sectional surface of sp-Si and calculated their porosities. The calculated values entered into a weighted statistical distribution, in whic
the statistical weights were determined from the symmetry properties of the sample. The statistical approach and the fact that volume is a
additive quantity, allowed us to use a two-dimensional population of points in the calculation of the three-dimensional pore volume fraction
and to satisfy the requirement for IUR sample.

In the course of the present work we examined fourteen sp-Si samples, prepared under different processing conditions. Ten of these sampl
were studied qualitatively by measuring the area of the pores relative to the total area in a cross-sectional cut of the sample. Four sample
were studied quantitatively using the stereological method outlined above and exhibited porosities in the neighborhood of 43%. One of thes
studies is described in detail in the present paper and provides a consistent value for the porosity of sp-Si materials, processed in air.

Small-spot X-ray photoelectron spectroscopy studies of sp-Si were used in the calculation of its density. In the case of inhomogeneou:
materials, the density is a weighted (with respect to volume) average of the densities of all participating phases. Taking into account the alread
calculated porosity, we have estimated the density of sp-Si to be 1.38.@ammain contribution to this value comes from amorphous SiO
which occupies most of the volume of sp-Si.
© 2003 Elsevier B.V. All rights reserved.

Materials studied: Spark-processed silicon; Silica; Porous media; Phosphors
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1. Introduction lenges in the attempts to study their local atomic structure
and other physical properties closely related to it. The rea-
There are a variety of Si-based materials, which offer a va- son for that is the inhomogeneous structure of such ma-
riety of physical properties ranging from insulating to highly terials. Light-emitting Si achieved by laser ablatifi,
conductive. A subclass of these materials has light-emitting porous Si[2] and a variety of porous silic§3—8] have
properties and has been an object of increasing interestlight-emitting properties and are inhomogeneous in most
in the past decade. However, the physical nature of thecases. The bulk of these materials usually contains mixtures
light-emitting Si-based materials has presented some chal-of phases—crystalline, amorphous, surface oxide layers and
the frequently present voids (pores).

- Technological application of the above materials requires
* Based on a dissertation submitted by J. Polihronov as a partial deposition of metal contacts or other thin films on their
fulfillmgnt of the requjrements for the degree of Doctor of Philosophy at g\ rface. In such procedures, surface and volume porosity of
the University of Florida. the underlying material is quite important, since it can allow
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fax: +1-352-392-6350. or disallow smooth and continuous surface coverage. Thus,
E-mail address: rhumm@mse.ufl.edu (R.E. Hummel). structural characterization and understanding of morphology
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are vital if one is to develop a successful contact deposition measurements. There were a number of attempts to utilize
process. this technique, but these efforts did not yield useful results.
The present work represents a study of light-emitting, The main obstacle was the porous surface of sp-Si, which
spark-processed Si (sp-Si) and its topological and struc-contains features varying in dimensions from the microm-
tural properties. sp-Si has stable photoluminescence (PL)eter scale to the nanoscale. The volume could not be mea-
[9], which is highly resistant against aging, UV irradia- sured with sufficient precision since the upper surface could
tion and thermal annealing up to 1100 [10]. In addition, not be mapped correctly. Additional difficulties arise from
sp-Si based electroluminescent devices have successfullithe fact that the sp-Si material is not simply deposited on a
been built[11-13]and are currently undergoing a process Si substrate but extends into it, thereby occupying a certain
of optimization. Electroluminescent sp-Si devices are usu- volume in the substrate, which is not easy to estimate. In
ally prepared in air, utilizing short spark processing times other words, the underlying surface between the sp-Si and
(10-20s). The material used in the present work was pre-the Si substrate cannot be mapped correctly either.
pared under identical conditions. Solution to these problems was achieved by the applica-
The bulk of sp-Si is highly inhomogeneous and porous. tion of stereological measurements. The expected value the-
Its morphology and structure have not been studied so far.orems of stereology allow the calculation of volume fraction
Understanding of these properties has value from a physicalof phases, surface area per unit volume, average feature size
point of view; it can be also used to provide further insights and feature perimeter, to name a few. Detailed description
for improved metal contact deposition techniques. of the various stereological techniques can be found in Ref.
[14] and the references therein.
In the measure theory, the voluiv&? of a set of points
2. Method £2 (in three-dimensional space) is defined as a measure of
the setf2. The measure of2 can also be expressed as a
The study of sp-Si porosity presents a serious challenge.functionf, which associates a numb¥r2 with the sets2:
The traditional methods for porosity measurements cannot Vo = A(2) @
be applied due to the nature of sp-Si growth and morphol-
ogy. Surface atom adsorption techniques are not applicableUsing the Peano-Jordan measure in three-dimensional
since sp-Si contains a large portion of internally embedded, space, we can state that the volusi@ of the sets2 is pro-

closed poresKig. 1). The techniques that involve pore fill-  portional to the number of points if2, and the functional

ing are excluded for the same reason. In addition, the bulk dependencé (Eg. (1) has an integral form:

contains pores with dimensions in the order of nanometers.

Filling of such pores with liquid may not be complete and Vg / dp = / dxdydz, 2
2 2

would introduce an unpredictable error in the measurement.
Calculation of the porosity through mass measurements iswhere g is the density of points in three-dimensional space,
possible, however this method requires also precise volumedp = dxdydz. The Measure Theory will then allow the

Fig. 1. Cross-sectional SEM micrograph of sp-Si at a magnification ok1230is the axis of symmetryX is a radial axis.
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calculation of the ratio of two volumes of three-dimensional This process of random selection provided us with 32

sets{2; and $2;, as a ratio of their corresponding measures: tiles with numbers 4, 9, 13, 18, 23,..

Vo, f(21) (7) SEM micrographs at magnifications 6_‘»5@vere _tgke_n

Vo = Fon 3) for each of the 32 random tiles. At this magnification,

2 f(§22) nanopores could not be studied.
Applied to the case of sp-Si, this ratio will be (8) Linear grids were placed over the images of each tile and
) . the porosity was calculated froEy. (5) The numerator

(PoyPorOStY _ V(.VO'dS) __ N ('VO'dS) is the number of grid intersections over voids (marked

V(entire sample  f(entire sample with bright circles Fig. 2), while the denominator in (5)
fvoidsdp B fvoidsdx dydz v is the total number of grid intersections.

Jentiresampl®P  Jentire sampidx dy dz Since sp-Si also contains pores with nanometer-scale di-
(4) mensions, they have to be taken into consideration when
porosity is calculated. Since a magnification of 658 in-
whereV, is the volume fraction of porosity. The above equa- sufficient for counting of nanopores, we prepared a second
tion can be applied directly for calculation of porosity of set of SEM micrographs of the above 32 tiles, captured
sp-Si and its form will be: at a magnification of 3000 and appliedEq. (5)to calcu-
late the nanoporosity={g. 3). The magnifications of 3000
— 2 showed sufficient detail and were not improved with in-
measure of the set of pointsin the entire sample ¢rga5e of magnification. To avoid duplicate pore counting,
=V (5) all high-resolution micrographs were captured from random
areas (within the given tile) that do not contain macropores.
Thus, the total porosity?’®@ measured on a tilé, is
determined to be

measure of the set of pointsin the porous phase

( Pp) porosity__

where Py, is the so-called “point fraction”. This equa-
tion allows us to study the properties of a population of
points in two-dimensional space and apply the result to the _
three-dimensional structure of the sample. plotal — pmicro  phano (6)

It is very important to note, that the expression (5) is
valid only for samples, which are IUR, i.isotropic uniform
random. The application of (5) to a sample, which is not
IUR will lead to a biased result.

sp-Si presents a challenge, since the sp-Si sample is n
IUR, but exhibits anisotropy of porosity along tkg(radial
anisotropy) andr axes (axial anisotropyig. 1). To avoid
bias, we need to calculate an average porosity of the sample
which removes the anisotropy effect. Therefore, we have
proceeded as follows:

One also needs to take into account the fact, that the sp-Si
sample has cylindrical symmetryi. 1) with an axis of
symmetryY. The cylindrical symmetry is contingent upon
the characteristics of spark processing. Normally, the Si sub-

Ogtrate is uniformly doped and therefore its resistivity is the
same throughout its bulk. Once a spark event occurs at a
given point of the substrate surface, the resistivity of this
particular locality increases, since spark processing creates
clusters of highly resistive surface compourid®]. The
next spark event will most probably occur at another surface
(1) A sample of sp-Si was cut in a cross-sectional manner point with lower resistivity. Each spark occurs at a surface
(Fig. 1). spot such, that the resistance between the sparking tip and
(2) The sample was embedded in a resin and fine-polishedthe spot is minimal. This fact guarantees the circular surface
with diamond powder to produce a smooth cross-sectionapattern, observed after spark processing of Si.

surface. Since each tile is positioned at some distance from the
(3) The image of the cross-sectional surface was capturedY-axis (Fig. 1), it represents a volumaV;
using scanning electron microscope (SEM) at a magni- AV; = 27hR; AR @)

fication of 120« (Fig. 1).

(4) A line gr|d was p|aced over the image_ The Spark-proce- WhGTERi is the distance between ti¥eaxis and the geomet-
ssed area (defined by the surface and the interface linedical center of the tilé and.z = AR is the tile side. Then,
in Fig. 1) was divided into 154 numbered tiles. Each tile t0 each tile we associate a statistical weight
is a square having a side of 44.. AV;

(5) The set of 154 tiles was subdivided into 32 groups of " = 532 A (8)
consecutive tiles. Each group contains four or five tiles. (=t allsztle | |
(6) From each group, we selected randomly one tile as fol-  The total porosity of the sp-Si sample will be
lows: 32 _
tile number 4; Pspsi= Y. (P4 Py, 9)
tile number (4+ 5); i=1, all32iles
tile number (94 4); which takes into account the fact that the volume is an ad-

tile number (13+ 5), etc. ditive quantity.
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b)

Fig. 2. Selected tile images of the sp-Si sample at a magnification of.658e right column displays rectangular grids positioned over the images of
the material. The bright circular marks denote that the grid intersection resides over a void. (a) Near-surface image; (b) image of the sp-Sichbulk; and
near the interface sp-Si/Si.
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Fig. 3. Selected tile images of the sp-Si sample at a magnification ofxa000e right column displays rectangular grids positioned over the images of
the material. The bright circular marks denote that the grid intersection resides over a void. (a) Near-surface image; (b) image of the sp-Sichbulk; and
near the interface sp-Si/Si.

3. Results and discussion In all cases when a grid intersection was positioned over
a bright pore-edge area, we proceeded as follows:
The point count measurement contains a certain error. (i) the corresponding mark was counted into the porosity if
It is due mainly to microscopy edge effects near the pore the intersection was positioned within the inner (towards
boundaries, which appear brighiig. 2). the pore) lying half of the bright area;
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Fig. 4. Radial distribution of porosity in sp-Si. The lines are a guide to the eye. Each data point is calculated with an average accuracy of 4%.

(ii) the corresponding mark was counted into the porosity as well. As a result, the error of the nano-porosity count
and also counted as error if the intersection was posi- is larger compared to its counterpart in the macro-porosity
tioned within the outer lying half of the bright area. measurement.

Applying the Eqg. (9) we calculated the micro-porosity
of sp-Si to be 26.0% with an accuracy of 2.0%. The
nano-porosity is 16.9% with an accuracy of 4.0%. There-
fore, the total porosity of sp-Si is calculated to be 42.9%
with an accuracy of 6.0%. This should be interpreted to
mean that true porosity lies within an interval with numeri-
cal length of 6%, defined by the upper limit of 42.9% and
the lower limit of 36.9%:

Thus, the calculated total porosity is an upper limit to
the true porosity, and the error corresponds to an interval of
possible lower values.

The linear grids used in the stereological measurements
consist of lines with finite thickness. The points of intersec-
tion of two lines were therefore considered to be located on
the pixel at the upper right corner of the intersection.

The edge effects and the error associated with them
were largely absent in the high-resolution images for 35994 < Pspsi < 42.9%. (10)
nano-porosity calculation. Still, some error was generated
in these cases due to the fact, that certain localized areas Figs. 4—7show distributions of porosity in different di-
were not flat. The marks within them were counted into rections, measured by averaging over layers of the probe.
the error of the measurement and into the nano-porosity While the error of the individual points of the distributions
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Fig. 5. Radial distribution of porosity in a layer with thickness of 100 at the surface of sp-Si. The lines are a guide to the eye. Each data point is
calculated with an average accuracy of 4%.
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Fig. 6. Depth profile of porosity in sp-Si. The averaging with depth has been performed over horizontal slabs, as shown in inset. Each data point is
calculated with an average accuracy of 4%.

may vary between O and 8.3%, the average error of eachcrease of porosity, having lowest value of around a few per-
point is estimated to be 4%. cent near the sp-Si/Si interface.

Fig. 4depicts the radial distribution of porosity. The term
“radial” refers to the cylindrical symmetry of the sp-Si sam-
ple, whereY is the axis of the cylinder, and one of its radii 4. pensity of sp-Si
lies along theX-axis Fig. 1). The porosity is lowest at the
sample edges and exhibits peaks symmetrically positioned The estimate of the density of sp-Si is based on a
with respect to thev-axis. It can also be noticed that the small-spot X-ray electron spectroscopy (XPS) depth profile
porosity can occupy values higher than 80% in certain small of the material, published ift0] (Fig. 8. Since sp-Si is
localities. Another distribution is shown dfig. 5 This is inhomogeneous, its average density will be
the radial porosity distribution of a surface layer with thick-
ness of approximately 1Q0m. P occupies high values even  solid phase_ "sp'Si _ Z ( Vi ) (11)
at the edges and is peaked in the middle of the sample.psF’S' Vspsi - Pk Vspsi)
Under such circumstances, metal contact deposition on the
sp-Si surface will create a better coverage in the periph- where the sum is taken over all volumes of the various phases
ery of the sample and will be largely discontinued in its in sp-Si. The factor in the brackets represents the statisti-
center. cal weight of the density, of the corresponding phase

Fig. 6 displays a depth profile of porosity, achieved by It should be noted that (11) is calculated entirely based on
averaging over horizontal slabs with thickness of around information from the XPS measurement and as such it rep-
50um. Fig. 7 depicts a porosity depth profile, which has resents the density of the solid phase only. Then, the true
been achieved by averaging over layers with the same thick-density of sp-Si will be
ness as above. In this case, all points of the layers are equally _
distant from the surface. Both profiles show non-linear de- psp-si = ngg phas?l — Pspsi), (12)
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Fig. 7. Depth profile of porosity in sp-Si. The averaging with depth has been performed over layers, equidistant from sp-Si surface (inset). Each data
point is calculated with an average accuracy of 4%.
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where Psp s is the porosity of the material, calculated in  oxynitride materials with similar depth profiles of SiCBi

Eqg. (9) and SNy [15-23] we assume the connecting lines in the
To estimate (12), certain approximations are adopted. XPS diagram of sp-SiFig. 8) to represent data points.

Based on previously published data for plasma-grown Si In detail, this assumption is based on the following:

(i) In the above references, the depth profile of N is typi-
cally peaked near the oxide/Si interface for all as-grown
samples, which have not been subjected to additional
treatment.

(ii) The quoted references show the concentration oS00
decrease in a non-linear fashion, similarly to the profile
shown inFig. 8 and the concentration of Si increases
in a similar pattern.

100L} . O

80+

Sio

6l]—_ A

crystalline Si
Unless the plasma-grown Si oxynitride films have been
subjected to a secondary treatment (annealing in N, implan-
tation, secondary plasma treatments), the depth profiles of
SiOp, N and Si exhibit behavior similar to the approxima-
tion shown orFig. 8
This approximation allows us to generate data points for
the concentration of Si§) crystalline Si (c-Si), amorphous
Si (a-Si) and SiN,, for 250 horizontal slabs of sp-Si having
thickness of Jum each (as irFig. 6, inset). As a second
approximation, we assume for,8l, x = 3, y = 4. This
Fig. 8. Small-spot XPS data for sp-Si (adapted frfir@]). allows us to use the density of38l4 in the calculation.
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Fig. 9. Depth profile of sp-Si density. The averaging with depth has been performed over 250 horizontal slabs, as shown in theignget of

The densities of the participating chemical compounds
are: p(a-SiQp) = 2.4 glen? [24], p(c-Si) = 2.3 glen? [25],
p(a-S) = 2.2 glcn? [26,27] and p(a-SgN4) = 3.0 glcn?
[28]. Using these densities arfith. (11) we determine the

material is high, reaching up to 69% in the central area of
the sample. This study was conducted for sp-Si specimen,
grown within a fixed set of processing parameters. Despite
that the variation of the growth parameters may influence

average solid phase density of sp-Si in each of the 250 slabsthe microstructure of the material, our results have general

The results are presentedkig. 9. The points of disconti-
nuity are due to the first approximation in the calculation.
decreases from the value of 2.4 gi;rorresponding to the
density of SiQ, to the value of 2.3 g/cf corresponding to
the density of c-Si.

The average density for the entire solid phase is deter-
mined byEq. (11) where the averaging is conducted over

applicability and describe a non-traditional method for suc-
cessful porosity measurements. The density of sp-Si is esti-
mated to be 1.36 g/ctnThe main contribution to the density

of this material comes from a-SOwhich occupies most of

its volume.

the 250 slabs. However, since the surface of sp-Si and theAcknowledgements

interface sp-Si/Si substrate cannot be mapped correctly, the

precise volume of each slab cannot be estimated. In order to  We are grateful to Prof. R. DeHoff for the useful discus-
avoid this obstacle, we assumed all slabs to have equal vol-sions on IUR samples in stereology and for his suggestions
umes. Mathematically, this means that their densities enterand encouragement. This work was financially supported
the sum (11) with equal weights and artificially increase the through a grant from the National Science Foundation

volume contributions from the surface and interface areas,
which are otherwise small. Therefore, the calculated value

of the sp-Si density is an estimate, which overstates the par-

ticipating amounts of a-Si©and c-Si.

Our calculation determineﬁ:ggiphaseto be 2.38g/cri
Since most of the volume of the material is occupied by.SiO
(p(a-SiQ) = 2.4g/cn?), the value of 2.38 g/chshows
that Si dioxide is the main contributor to the density of
sp-Si. The true density of sp-Si, after taking into account
the contributions from both the solid phase and the voids in

the material, is calculated Hyq. (12)

5. Conclusions

The total volume fraction of porosity in sp-Si is calcu-
lated to be approximately 43%. The surface porosity of the

(DMR).
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