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Fractal-like model of porous silicon
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A geometrical model of a porous silicon structure is proposed. The resulting size distribution spectra are
analyzed by their relation to photoluminescence and Raman scattering. Both experimental data are investigated
and compared to those results. The model well describes the presence of a low-energy part of the photolumi-
nescence spectra with wavelength compatible to bulk crystalline silicon. Shapes and positions of Raman and
photoluminescence lines are within the frames of model flexibility and indicate similar values of parameters,
especially the minimal size of crystallites where Raman scattering and radiative recombination reveal the
activity.
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I. INTRODUCTION tions and makes the discussion and comparison to experi-
mental data difficult. The intent of this paper is to introduce
Since the discovery of visible photoluminescence froma model of porous geometry corresponding more closely to
porous silicon there have been many investigations concerihe real material and to verify it with photoluminescence and
trated on optical properties of this material. The result isRaman experiments in terms of size distribution. This
dominating opinion that assumes this effect is due to quanh€thod does not resolve the Sctliger equation for total
tum size-related processes occurring in nanosized remains &fructure but it is allowed when crystallites may be approxi-
silicon, which are formed during anodic etching of wafers. mately treated as insulated.
A large number of experimental works reports data that al-
low to analyze the correlation of nanocrystallite size with Il. EXPERIMENTS
photoluminescence. Because this relation revealed by vari-
ous experiments is not quite clear, many authors try to dis- Samples were prepared on dXlem p-type silicon wafer
cuss the nature of this effect and describe it as caused bf an HF:HO:ethanot=1:1:2 anodic etching solution under
chemical species of Si-O complexes existing at giant sura current density of 50 mA/cfrfor 5 min. After etching,
faces of materiat: A similar way is to relate the recombi- plates were oxidized in a two-step process. The first step
nation to the presence of radiative defects in the silicon or omised to maintain the porous silicon structdreas carried
the surfacé° Particular behaviors of such defects may leadout in a 300 °C oxygen atmosphere for 10 min. The second
to insensitivity of the photoluminescence on the crystallitestep was performed to improve surface and structure
dimension’ but it is often neglected that small crystallite size properties—samples were oxidized in an 800 °C oxygen at-
means a high surface/volume ratio and also a resulting shomaosphere for 20 s. Both steps were executed in the rapid
time of consuming it by oxidation, which is apparently a way thermal annealing processor. The photoluminescence mea-
to decrease size. In such structural conditions that porousurements exhibited a typical for porous silicon, intensive
silicon represents, it may oppositely occur a decrease of lowline at 700—900 nm caused, as usually interpreted, by the
dimensional share after the exposition to oxygen. Thereforeguantum size effect from smaller crystallites and a second
from many points of view, a good model of porous geometry/line in the region characteristic for energy gaps of silicon, as
giving the relation between crystallite size and other physicapresented in Fig. 7 below. Spectra were collected with a
properties of material, could confirm the role of quantumcooled germanium detector.
confinement. The Raman-scattering experiments were performed with
An initial model of porous geometry was proposed by3.5-eV excitation at room temperature with collection by a
Canham in 1990. The existing nanostructural species wagharge coupled device camera. An asymmetric line at about
established as a system of pores perpendicular to an etch8@0 cni* was observed, as shown in Fig. 6 below. The ini-
wafer surfacé. This geometry does not describe the volumetial half width of 8.2 cm* was noticed for the bulk crystal-
morphology of porous silicon well enough to compare mi-line substrate.
croscopy or weight measurements with optical properties. The spectra were typical for such substrates and etching
The case in which this material seems to be built withinconditions. The second photoluminescence line is usually not
frames of a nanocolumn network is very rare; in generalobserved with spectra measured by photomultipliers that are
more complicated structures are observed with a variety ofisually blind to wavelengths higher than 0.9xf.
crystallite dimensions. There are some works presunaing
priori size distribution of crystallité@ but .such presump- Ill. MODEL DESCRIPTION
tions usually do not have reliable foundations. On the other
hand there are some attempts to analyze more strictly defined Typical porous silicon formation as indicated by electron
geometries? the way of calculating electronic states makesmicroscopy?® is constructed in a more complex manner than
results sensitive to the details of model geometry assumphe simple type of representative nanocrystals surrounding
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:fxov’(x)dx, (2

where v’ (x) is the volume density for considered pores of
FIG. 1. Cross-sectional scanning electron microscopy photograSiZ€X meaning the volume of pores afin dimensions per

phy of a porous silicon layer, from Ref. 13. unit of size dimension

. 1 1
columnar pores. It seems that the most dominant structure V' (X)= _X'(;1 n/in k(_ x2~(Inn/ink) (3)
occurs when the primary pore, which is perpendicular to the ¢ Ink

surface, has microns of length and generates a second gefhe volumew in both discrete and integral calculations be-
eration of smaller pores, which generates the next one, etggmes finite under the condition

Smaller pores are about perpendicular to pores of the previ-
ous file—the exemplary morphology is presented in Fig. 1.
Sometimes a few generations of pores are visible. Often mi- p< 1,
croscopy photographs give a view of a spongelike structure.
Let consider the pore system model as shown in Fig. 2S0
The largest first-order pore produces perpendicular pores
with proportionally smaller sizes, each of them generating In_n<3
the next perpendicular pores, etc. This system suggests a Ink ™
fractal-like structure that seems to be close to observed pore
networks and, as demonstrated, can give a solution of the The behavior of facton’(x)~x*~("""¥ exhibits pow-
size distribution problem, explained by experimental photo-€rlike dependency with the index varying froml to 2.
luminescence and Raman results. Commonly used material coefficients to describe the porous
Let us state that each pore has the shape of parallelepip&tructure is the porosity, defined as the ratio of empty volume
with a square base and a proportion of the shorter to théo the total volume of a materigborosity presumed this way
longer edge equal ta It generates poresk-times smallerin  is 0<p<1). It's convenient to normalize the integ(&) to p
dimension. Let the initial pore widtkshorter edge of first- through multiplication ofy’ by the numbeiN of first-order
order poré be x,, the nextx;=xq/k, and so on. Then the pores in a unit volume and divide it by unit volume to obtain
dimension of poreg,, will be x,=Xo(1/k)™, their number is the desired value of porosity instead of the total volume

n,=n", and their entire volume etched from one pore:
Xo 1\m 1\m]2 pym V(X):N-V(X)/Cm3
=) Yol k) | < lia @D with
The factorn/k® could be treated as a material coefficient JXOV'(X)dX: p.
depending on the real morphological structure. 0

For further calculations the problem can be made contm_u:ll.he final formula forv’ (x) can be written as
ous and the total volume of etched-from-one-pore material
can be calculated as a function of the pore dimengiand V'(x)=p-(3—Inn/in k)-xg'” Nk =3 y2=innink (4
other model parameters:

and it means the volume of pores of siz@er unit size per

unit volume.

1-st 2-nd

order pore orderpore | [ g Electron microscopy indicates that filled and empty vol-
umes are similar in shape and measure, meaning that the
overall view is similar to the one presented in Fig. 1, in

m% which exchanging etched volume and the remaining material
c do not affect the view. The real conditions suggest the as-
R § Ei'? sumption that the distribution of etched volume is similar to
iE bl the distribution of the remaining size, so assignifgto the
Ei—ig remaining silicon volume can be done. Therefore, bel,
SEEE will designate the “volume density” of remaining silicon.
Obviouslyp should be replaced by-ip:
FIG. 2. Proposed porous silicon structure network: cross section V' (X)=(1—p)-(3—Inn/Ink)-xg" "k =3.x2=(nn/ink)
of the layer. (5)
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for silicon spheres; in related calculations the bulk silicon radiative
FIG. 3. Resulting distribution profiles for various i(n(k) ra- lifetime 7, was a variable parameter.

tios, Xo=100 nm. To make the picture more clear, particular curves
(except the curve for Infink=2) are arbitrary normalized to the spherical shape can be used. The dependence of the radiative

same value at=120 nm. recombination rate on the particles’ energy gap applied for
further evaluation is shown in Fig. 4.
The “volume density” of silicon remain¥’ versus crys- Thex(Eg) relation may be simply derived according to the

tallite sizex for x,=100 nm, and a few values of fdinkis  effective-mass approximatidrtere the change from spheri-
shown in Fig. 3. The structure allows to find quite different ca) to a wire geometry leads to a relatively sniglidecrease
distributions with an increase in the volume of the pores withof the confinement energy, and as mentioned, the spherical

a decrease of the size, or the opposite. shape was chosen. The resultl 6,) calculations based on
these relations for a few values of the parametem)li(k)
IV. PHOTOLUMINESCENCE AND RAMAN SPECTRA andxy=100 nm is shown in Fig. 5.

Because of the limitation of applied approximations at

It is possible to calculate electronic states of such a strugg,\, dimensions. to obtain photoluminescence spectra de-
ture directly by resolving the Schinger equation as in Ref.  gcriping the porous silicon structure, the minimum value of
11, but this is not the aim of this paper. When the proportionne x dimension should be used. The spectra should be a
of length to cross-sectional dimension is high, crystallitesgitaple cutoff at a corresponding wavelength.
may be treated as insulated and simple evaluation of the The same procedure may be carried out for Raman scat-

photoluminescence may proceed. o . tering. The intensity formula should be taken into account:
The only structural parameter used in this evaluation is

the size distribution. The photoluminescence intensity spec- ,
tral (E) should be in such circumstances in accordance with ()= V')l (@,x)dx, @)

the formula . . . .
wherel (w) is the Raman-scattering cross section relative to

the given wavelength, and w,x) is the cross section corre-

1(Ey)~ v/ 9.5 (6) sponding to a wavelength and a crystallite size.
9 H(Ey) W dEg | T I(w,x) may be resolved in terms of spherical Gaussian
_ L L phonon confinemertf which analyzes the contribution of
where 1#(Eg) is the radiative recombination rate correspond-
ing to a given crystallite energy gap anggg) is the depen- 1

= In(n)/In(k)=2.45
0.8 "~ In(n)/in(k)=1.6
= In{(n)/in(k)=1

z
dence of the crystallite dimension on its energy gap. The §
factor S arises from the nonradiative recombination that £

could be size dependent especially in case of surface-relatedy

'Q =
recombination. This recombination may be evaluated as pro- g 0.6+ 0.5
portional to the surface/volume ratio, so it is proportional to 2
the reverse ok. £ 0470 Crystaline silicon band-gap
This paper will not concentrate on thngg) and X(Ey) E
calculations that are provided in usually tight-bindiny & %2

local-density approximatidfi” and linear combination of

atomic orbitald* or effective-mass approximatiofsThe 7 0
value used was determined according to the tight binding
calculations. However, the evaluation depends on the crys-
tallite geometry; results based on quantum dot and quantum FIG. 5. Calculated recombination curveE,) for the porous
wire geometry turn out not to be very significantly different. structure. The bulk radiative time,=0.5 s was used. Curves are
Our case is an intermediate one, so in a first approximation aormalized to the same value at 1.85 eV.

T 3 T T
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Energy (eV)
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FIG. 6. Experimental spectra of Raman scattering of porousn n/Ink values. When Im/Ink=2.2, lifetime ratios reach 8

silicon together with calculated spectra for three cutoff sizes. x 10* and the curve only slightly worse corresponds in the
middle region to experiments.

nonk=0 phonons in the scattering process. The phonon It may be interesting to compare those results to work

wave function in crystallite of diametdr may be described presented in Ref. 11, describing the photoluminescence cal-

in the form culation for Gaussian size distribution related to plasma-
enhanced chemical-vapor deposition silicon nanocrystals

W(do,r)=WI(r,L)-®(do,r), (8 embedded in SiQ where a satisfying fit was obtained for

where W(r,L) is the envelope function and(qo.r) the oscillator strength vs energy shift dependence as

wave function of theyy,r phonon in an infinite crystal. The 17~ AE*5 (10)
W(r,L) function for the spherical crystallite may be set as '
the Gaussian The applied formuldFig. 4) is the type 1+~AE®%-®in the
B 2 2 important region. A weaker dependence will make easier to
WI(r,1)=exp(—8ro/L*). ©) fit at higher Inn/Ink values. That will be in coherence with

Calculated spectra for the proposed model of the size dist-he Raman fit that may seem as more independent of pre-

L , . A . sumptions.
tribution V' (x) are shown in Fig. 6. The initial half width of As proposed by other authors, size distributions of porous

ﬁf\gﬁje ?rfo?ncl%sltkag?eerr)irrfgr:)tgllIggt;\/as taken according Osilicon are dominated by logarithmic, logarithmic-normal,
Similarly as for thg hotolumineséence Raman s ectror sometimes Gaussiaf? distributions. The presence of a
ry P . N . P ?OW-energy emission line in photoluminescence suggests a
are sensitive to the smallest dimension limit. It is CharaCterTraCtion of large dimension crystallites and makes a typical

istic for Raman spectra, In comparison to the .phomlum'neséaussian distribution disputable. The logarithmic-normal
cence, that parts originating from nanocrystallites and Iarge&istributi on

crystallites are not clearly distinguishable. The low size limit

in this model is similar to the value from the case of X—Xo |2
effective-mass approximation for electron confinement— V’(x)~exp{—ﬁ In( ) ] (11
crystallites discontinue to be described by crystal approxima- 7 M

tions for sizes smaller than 1.5 nm. may be similar to some presented above when the initial

Both photoluminescence and Raman spectra estimationimensionx, is very small. Simple logarithmic distributions
can be compared to experimental data. The photoluminegan be close to those proposed. The Raman spectra requires
cence fit shown in Fig. 7 is built by a modulation of curves g high fraction of low-dimensional crystallites, suggesting a
from Fig. 5 by Gauss lines of half width of 70 meV. The fit |arge value of Im/In k. This type of distributior(Fig. 3) with
requires a value of the ratio of bulk silicon lifetime to the g sufficient fraction of large sizes to obtain adequate photo-
lifetime of a 2.3-nm crystallite on the level 0f810° and the  |yminescence is somewhat difficult to build on the basis of

cutoff size 2.3 nm. The In/Ink ratio best value is 1.6. |ogarithmic, logarithmic-normal, or Gaussian functions.
The Raman-scattering fit$-ig. 6) are strongly sensitive
on the smallest dimension cutoff; the resulting best fit gives V. CONCLUSIONS

almost as high as possible a ratio ofiliin k and a smallest

dimension equal to 2.5 nm. Both results are in agreement A fractal-like model of a porous silicon structure was pro-

with photoluminescence; the minimaldimensions are al- posed and compared to optical measurements. Experiments

most identical. indicated nanocrystallite and larger crystallite activity in
The lower bulk to nanocrystalline lifetime ratio in the agreement with calculations. Performed fits of model param-

photoluminescence fitting is possible to obtain for highereters to measured Raman and photoluminescence spectra
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lead to similar values, establishing almost the same minimadummary, obtained results disclosed support the idea of the
crystallite size. Because of the sensitivity of the photolumi-existence of optically active nanocrystals exhibiting quantum
nescence spectra on the radiative lifetime of nanocrystals th&ze effects and demonstrated a geometrical interpretation of
successful fit indicates the validity of applied lifetimes. In the size distribution problem.
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