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Self-organization in porous silicon formation
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We investigate the diffusion-induced nucleation model for the formation of porous silicon. We show that
simulations based on this model can explain experimental features sUgtaa®nstant porosity profilgii) a
planar film front, andiii ) the effect of the surface roughness on the porosity profile. We show that for a critical
roughness the surface nanoporous layer disappears. Further, these simulations highlight aspects of self-
organization in the pore formation procepS0163-182@07)03832-0

The formation of porous silicon during the anodization of of this nucleation process on the porosity profile and show
crystalline silicon(c-Si) has been extensively studied for the that the model exhibits signatures of self-organized critical-
past four decade's> Several computer simulations suggestity.
that diffusion-limited phenomena play an important role in ~We observe that our simulations yield a pore front which
the pore formatiori-> Porous silicon films of thickness up to propagates uniformly in consonance with experimental stud-
500 um have been fabricated, which exhibit a constant€s. One obtains a plateau of constant porosity and observes
porositﬁ and a p|anar porous film froﬁﬁ‘ that at the poréfﬂm) front the porosity falls Sharply to zero.

The recent spurt of interest in porous silicon has beed N€ plateau and the sharpness of the film front are studied as
sparked by the observation of visible photoluminescenc& function of the pore nucleation probability (%) in our
from high porosity sampl@gporosity p=60%). The earlier model. Th_e fall in porosity at the film front is seen to be
diffusion limited models were not successful in obtainingSNarPer with decreasing;. .
high porosity structures. This limitation was overcome by the We ther) show that |n.the limit when the time _sqale_s as-
diffusion-induced nucleatiofDIN) model® The aim of this sociated with the nuclea_t!on process are made_||_’1f|n|te5|ma}lly
work is to highlight aspects of self-organization during poresmall, the system stabilizes to a constant critical porosity

. . ) structure over distances of the order of the lattice size. This
formation process and explain experimental features such Bitical porosity is seen to be determined solely by the con-
(i) a constant porosity profi(ii) a planar film front/® and

i) the off ¢ th ; . trol parameters of the macroscopic diffusion fig¢liW,1}.
(i) t g Stect of the surface roughness on the porosityrys is indicative of self-organization in porous silicon for-

profile. N _ mation.

The DIN model for porous silicon formation employs e further carry out studies on the effect of the substrate
three parameters, namefy a depletion layer widtAW, (i) roughness on pore morphologies and compare them with ex-
a drift length “1” which governs ballistic transport, an@i)  perimental results. We also explain the experimentally ob-
a nucleation probability (1p,) with which a pore can propa- served marginal decrease in porosity with increasing sub-
gate at random to nearest neighbors. Note fhas the ter-  strate roughness.
mination probability wherep;[0,1]. AW and| are two Before we proceed to experiment with the parameters of
antithetical scales, one separating the particle from the aghe simulation, let us briefly recapitulate the DIN modelr
gregate, the other driving it towards the aggregate. Tuninghe sake of completeness. The steps in the simulation are as
the relative values oAW and | produces a variety of follows: (i) The simulation is carried out on a rectangular
morphologies? In this work we shall explore the effect of lattice, one side of which represents the linear substrate. For
the nucleation process (fi) mainly in the diffusion domi- the case of porous silicon this is the HF-Si interface. Periodic
nated limit AW=>1) of the DIN model. boundary conditions are imposed in the lateral direct{op.

There is no consensus on the exact definition of selfAggregation(dissolution in the case of porous siligoac-
organized criticality? (SOQ. Nonequilibrium macroscopic curs when a particléa hole in the case of silicordiffuses
systems deemed to exhibit SOC are characterized by micrérom the interior(the bulk to the linear substrate. Initially,
scopic short-range interactions which occur as extremely fagto particles are present within a distaric@/ from the linear
responses to the external driving field, resulting in scalesubstrateAW defines a depletion layer widtkiii) The par-
invariant behavior. Self-organized criticality has been ob-ticle performs off-lattice random walks until it approaches a
served in various computer models of sandpiles, forest fireglistancel of the aggregate(iv) As soon as the particle
and earthquake's.In this context, we examine the formation comes within a distandeof the aggregate, it is driven to the
of porous silicon which exhibits a uniform density of pores surface of the aggregate and becomes a part @¥)itNext,
beyond an initial surface region. This constant porosity pro-one of the nearest neighbor sites of the newly occupied site is
file is seen in porous silicon fiims of widely differing now occupied with probability (1,). This is the propaga-
porosities® The DIN model for formation assumes the pres-tion process. The termination probabilify,e[0,1]. This
ence of a macroscopic diffusion process which triggers aepresents an etching away of the nearest neighbor site for
short-range nucleation process. We shall examine the effetihe case of porous silicon. The depletion layer boundary is
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modified to follow the new aggregate conto(vi) Step(v) is
repeated until the occupation of nearest neighbor sites is ter
minated with probabilityp;. Thus the propagation process p
leads to anucleation chain(vii) A particle is launched from i
the interior of the lattice and beyond the depletion layer 0.14
boundary defined byAW. Steps 3 to 6 are repeated. An
aggregatgporous structure in the case of porous silican
thus formed.

The time scale of the simulation is defined as follows:
Each step of the random walk is defined to be one time unit.
Once nucleation starts, a single nucleation chain is assume
to take one unit of time. In order to examine the effect of the
nucleation process, we vary the probability, keeping the
control parameter§AW,I} constant. This corresponds to
changing the time scale of the nucleation at a single site. !
This is easily understood as follows. We consider the mean 0 200 400 600
size () of the nucleation chainas the average number of 7z
sites dissolved. This is given by

100

0.36 —

60 -

P (Z) (%)

1 FIG. 1. Porosity profiles in the diffusion regimeW>1. The
(I=—. inset shows a typical porosity profile in the diffusion regime
Pt AW=>1, which can be divided into three regior{s: An initial zone
Since this aggregatio(issolution for porous siliconof the ~ AZ;, indicated by the shaded region, of high porositi. A zone
whole chain occurs in unit time, the average time associatedZ. of constant porosity. . (ii) A growth zoneAZ, representing

with a single site occupatiofdissolution is the film front. The graph depicts porosity profiles for different val-
ues ofp, . As the termination probabilitp, is lowered the width of

1 the plateau regiol\Z, increases with little change in the plateau
Td= m =Pt porosity p. . The depthZ is expressed in lattice units.

As p, goes to zero there is an infinite separation between the g giscussed in the previous paragraph a valug fl is
microscopic nucleation process and the macroscopic diffupgcessary to obtain the plateau region. However the value of

SI0n process. the mean porosity, in the plateau region is otherwise inde-

_We now present the results based on our model. Thgenqent ofp, . This is illustrated in Fig. 1 where we plot the
simulations are carried out on a 28800 lattice with the rosity profiles obtained withW=8, | =2, andp; varying

shorter side representing the interface. The plots presenttfpgm 0.36 to 0.14. The number of random walkers was kept
have been typically averaged over five runs with varying, o in these simulations. Figure 1 indicates thatpass
initial conditions of the random number generator. We havedecreasedzi) the initial interface zon& Z; remains constant,
ensured t_hat t_he results prese_nted are robust by going ) the plateau zonA Z increases in lengthjii) the plateau
larger lattice sizes and averaging over a larger number orosity remains constant, ar(i) the growth zoneAZ,
runs. ) representing the film front decreases. The termination prob-
Figure 1 represents the porospyZ) versus deptiz ob- ability p, simply serves to define the extent of the plateau

tained forAW=8, | =2 for various termination probabilities. :
' ; : ; . regionAZ.. The fact thatp. does not depend op; maybe
Note thatAW>1 and this as discussed in an earlier work understood as follows. The diffusion-limited process has a

represents the diffusion-limited regime. The inset depicts i o —r : ;
) . . : . ; gher probability of picking out the tips of the growing
typical porosity profile obtained in the DIN model. This plot aggregate for further nucleation. Lateral dissolutioncle-

Eanhbe divided i.n:]o three r%?io]?@) AT ir;]itial z;;eﬁza of ation) can effectively eliminate further diffusion into the po-
igh porosity with a possible fractal characishaded re- o5 strycture on account of the presence of the drift length
gion). This zone has been termed “nanoporous” in the PO This is similar to the “pinch off" effect in the phenom-
rous silicon experimental literatufeii) A zoneAZ, of con- enological Beale modél.We have also examined the
stant porosityp.. This plateau region has been termed asyengjry density correlation functio(z). Like the poros-
‘macroporous.” (iii) A growth zo_neAZg representing the i, hrofiles of Fig. 1 it is constant in the plateau region. Thus
film front. Here AZi+AZ +AZy=Z4 represents the total ne correlation lengtli=AZ,, i.e., the extent of the plateau

depth of the porous silicon layer. In the case of porous sili-,one \ve have confirmed this by performing calculations for

con it has been experimentally observed that the porgsity larger lattice sizes.
remains approximately constant with the depth beyond a thin - \y/e eyt examine the dependence of the correlation length
surface regionAZ; of Fig. 1). This has been successfully ¢ on the termination probabilitp,, and consequently the

reproduced by our model. A straightforward diffusion- fime scale associated with the short-range nucleation process.
limited aggregation implementatioAW>1 and p;=1.0) In Fig. 2 we plot¢ versusp, on a log-log scalésolid line,

would yigl?/aa monotonically decreasing porosity profiie empty boxes They are seen to be related by the power law
[p(Z)=Z"*"]. Note that the constant porosity plateau re-

gion AZ. is obtained only if there is a finite probability for g
pore propagation, i.ep;<1. S (1)
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FIG. 3. Porosity profiles for three different values of the rough-
. . ness parameter. We are interested in the interface region and hence
FIG. 2. Dependence of the correlation lengtbn the termina-  he depth ranges up to 350 lattice units in the figure. The simula-

tion probability p; (solid line, empty boxes This length which is  {ions were run on much larger lattices of size XBD0. The depth
also a measure of the plateau zag, of Fig. 1 is seen to diverge 7 g expressed in lattice units.

for small p; with an exponent of=1.5. The broken ling(filled
boxes depicts the dependence of the rate of fall of the porosity in
the growth zoneAZ, (p, right handy axis) on the termination
probability p, . This rate diverges for small, with an exponent 0.6
(*0.1). Note that the plots are on a log scafeis expressed in
lattice units.

Roughening results in a linear porosity profile in the re-
gion 0<Z<Z,. The depletion layer boundary is then suit-
ably modified to follow the new interface contour at a dis-
tance AW. The resulting porosity profiles in such
simulations with varying values &, are depicted in Fig. 3.
| The numerical values of the other parameters &&= 3,

I =5, andp;=0.4. The initial rough surface is seen to retain

a linear porosity profile even after the etching process. This
is indicative of the lack of penetration of the diffusing par-
ticle into the initial roughened zone. We also see that for a
critical roughness, the “nanoporous” Si laye&xZ; disap-
pears. This happens when the initial rough zone has a poros-

narrow. A simple nucleation process in the absence of diﬁ‘ult,y va.lue chse tope. On increasing Ithe rqugljchnessé furthher
sion resembles “Eden” modellike growth and is expected to("e" |r_1creasmg_2.r), a macroporous fayer 1S forme at the
give a planar film front. Therefore gy is decreased, diffu- top, V‘_"th porpsmes Ies; thqpc. This is indicated by the
sion effects become less dominant and we can expect tH¥Prosity profilez, =120 in Fig. 3.

film front to become sharper. It would be useful to examine 1 here exists experimental confirmation of this result by
the rate of fall in the porosity in the growth region Lehmanfi who hypothesizes a critical current density where

all charge transfer takes place through the pore tips. Experi-
P mentally, it has been possible to etch a pattern on the sub-
P=A7 strate, which can be made to grow linearly inward, for spe-
9 cific values of the anodization current and electrolyte
wherep. is the plateau porosity. Figure 2 also depicts a plotconcentration. The critical porosity established on the sur-
of p with p, (broken line, filled boxes It is observed that ~ face is thus maintained constant into the bulk in a manner
similar to our simulation.
p~p; " 2) Another experimental study due to DiFran@iaemon-
strates that the mean porosity of the porous silicon layers
The exponenty depends oW andl [ y=y(AW,l)]. Inthe  decreases marginally with the interface roughness. Our re-
diffusion-limited regime discussed in this worlA{YW>1), sults can be used to explain the observation. DiFrancia de-
we find thaty=0.6(=0.1). This suggests thatZ,—0 as fines the mean porosity to be

Here the exponent 3 depends on AW and
[B=B(AW,)]. In the diffusion-limited regime AW>-1),

we find that3=1.5(=0.1). Hence the correlation length di-
verges ag,—0 in a power law fashion. In porous silicon
one finds a constant porosity la§fef thicknesses as large as
500 um. Further it is experimentally observed that the film
front is sharp. In other words the zoneZ, of Fig. 1 is

p—0.
We now examine the effect of substrate roughness on the __ Mass of Si wafer-Mass of PS film
self-organized state. Roughening is implemented as follows: P= Mass of Si Wafer .

(i) Start with the first site on the linear interfa¢é) Choose

a random integer €[0,Z,] with uniform probability. Here assuming complete conversion of Si to porous sili¢B8).

Z, is a roughness parametéiii) Create a trench of depth The experimental study was carried out with samples of
r, i.e., etch awayr sites starting from the interfacéiv)  thicknesses 12—1am with trench depths up to 0,4Zm. Our
Move to the next interface site, repdad and (iii ). simulations show that the mean porosity of the initial “nan-
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oporous” zone decreases constantly with increasing roughsome stage, there is a complete cutoff of the diffusing par-

ness. This is manifested as a small decrease in the medinles into the structure beyond the growth zone.

porosity of the entire PS sample. In studying the nature of the self-organized state, we have
The DIN model simulates a nonequilibrium, nonconserv-considered the caseW>1. For the complementary situation

ing dissolution process. In the diffusion-limited regime | <AW, the ballistic process dominates the diffusive field.

(AW>1) it produces a statistical steady state of constanBallistic processes are known to produce constant density

porosity. In earlier studies of diffusion-limited deposition Profiles,”and hence in this case a short-range process is not

onto a linear substratd a porosity profile of the form Needed to obtain the observed density profile. Varypg
p(Z)~Z~% has been obtained wheie=0.3. In the DIN these simulations will lead to differing values of the plateau

model discussed here, this corresponds Aws| and porosityp.. Note that the roughness studies carried out with

p;=1.0. We have shown that the introduction of a short—ﬁWi: (Fig. 3), yield similar results even in the case of
range nucleation process, controlled by the termination prob- Some workers have hypothesized that silicon nanocrystal-

ability p‘<1.'0 yields a sFatisticaI steady state exhibit_ing “OMjites of diameters=15 A are responsible for the visible lu-
stant porosity. The limitp,—0 corresponds to an infinité ipascance of porous silicdh.Such small crystallites are
separation of time scales apd leads to a constant p0r03|n,{(e|y to be found in the surface “nanoporous” layer
plateau of the size of the Iatjuce._No further f|_ne tuning of the(ngZi of Fig. 1). Our results indicate that the “nanopo-
parameters or long-range diffusion process is required 10 el 5 |ayer is strongly dependent on the initial substrate
sure this. This type o_f behay!or is commonly encountered Noughnesgsee Fig. 3. Consequently one would expect the
models of self-organized criticality. photoluminescence in porous silicon to be affected by the

The DIN model however differs from conventional mod- g pstrate roughness. We suggest that experiments along
els of SOC in certain respects. For instance, this algorithnjase Jines be conducted.

does not employ a global updating step, as in the sandpile or \ye have presented a result where the introduction of a

forest fire models. Once the site is etched, it remains etCheQwort-range nucleation process into a diffusion-limited sys-
and there is no further need for relaxation or regenerationem resyits in a self-organized state. The pore density in the
The self-organization is achieved by the short-range nuclesgit organized state is independent of the nucleation process

ation process, rather than an “avalanche” of events. HOWq \yg|| as initial conditions such as the substrate roughness.

ever, the presence of power law behavior as evinced in E4§his model is used to explain experimental features such as
(1) and(2) suggests the presence of a critical state. i) a constant porosity profilgii) a planar film front, andiii )
Another difference between the porous silicon system anghe effect of the surface roughness on the porosity profile.

the various SOC models in literature is the presence of allye have predicted that for a critical value of the substrate
external diffusive driving field. In sandpiles, forest fires, or roughness, the initial nanoporous layer will disappear.
word processors, an “avalanche” can be triggered from ’

any site at random. In the case of the DIN model, the prob- We would like to acknowledge support from the Council
ability of the short-range nucleation process occurring at thef Scientific and Industrial Research, Government of India
tip sites is much larger because of the diffusive nature of thend the Department of Science and Technology, Government
external field. The self-organized state is possible because af India.
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