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Dependence of Macropore Formation in n-Si on Potential,
Temperature, and Doping
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Subijecting illuminated n-type silicon wafers to anodic bias in an HF containing electrolyte results in the formation ofresacropo
under certain conditions. In this paper the formation of randomly nucleated macropores is studied as a function of the applied
potential, the temperature, and the doping levels of the samples. A large number of micrographs was evaluated by computerized
image processing and the data obtained are compared to predictions of pore formation models. It was found that the formation of
randomly nucleated macropores involves a prolonged nucleation phase. Starting from a polished surface, first macropores occur
after a certain amount of Si has been homogeneously dissolved. In this nucleation phase the thickness of the homogeneously dis-
solved Si depends strongly on the doping level and the temperature, but only weakly on the applied bias. In a second-phase of st
ble pore growth, the density of pores is investigated as a function of temperature and anodic potential. For low-doped material
strong influence of the space-charge region on the average macropore density is observed in accordance with existing models; an
increased anodic bias,g.,decreases the density of pores. For highly doped silicon the situation reverses; increasing anodic bias
increases the pore density, in contrast to predictions. The pore growth in this region is not very sensitive to the spaggerharge

but seems to be dominated by the chemical-transfer rate.
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Electrochemical etching of silicon in suitable electrolytes may It should be noted that the six kinds of pores defined do not cover
produce pores in a bewildering multitude of sizes and shapes, cf. trall archetypical manifestations of pores in Si (bsi-macropores on
reviews!3 Among the many different kinds of pores, the “nano- {111} substrates, for example, have morphologies totally different
pores” (also called “micropores”) with typical dimensions in the 1 from those on {100} substrat®%) and that mixtures of two pore
nm range and obtained on moderately doped p-Si or n-Si in eledypes are possible (bsi-macroporegy., may contain nanoporous
trolytes containing HF and at current densities below the so-calledayers).

PS peak (see Fig. 1a), received overwhelming attention since Can- There is a general lack of quantitative models that explain the for-
hant and Lehmann and Géseldiscovered the quantum wire nature mation mechanisms of the various kinds of pores enumerated, not to
of the remaining skeleton of these pores, and Canham showed thattention the total lack of a unified model that explains all pore for-
nanoporous Si layers exhibit strong photoluminescence. The advemation (for recent review see Ref. 2). Whereas several qualitatively
of Si optoelectronics seemed to be at hand, cf. Ref. 6. However, aftalifferent kinds of formation models may be distinguished, they all
8 years of concentrated research, the detailed mechanism of the phguffer from shortcomings with respect to old and emerging experi-
toluminescence is still debated, optoelectronic devices based omental findings. In short, the “quantum wire modélvhile possi-
nanoporous Si are elusive, and not overly much is known about thely explaining the formation of nanoporous Si, has nothing to say
formation mechanisms of the nanopofes. about the formation of all other pores. The “space-charge region

Nanopores are but one of many manifestations of pores in Sinodel,” first invoked by Lehmann and F8lyhile explaining some
Around the time of the discovery of the quantum wire aspects obf the features of bsi-macropores, does not seem to work at extreme
nanoporous Si, other types of pores were known and discussed in ti@.g., high doping or high potentials) parameters, as shown in this
literature®-11 For the sake of clarity and to avoid excessive use ofpaper, and does not directly address nanopores, mesopores, or p-
quotation marks, we first shall define and use specific denominationsacropores. Bealet al?° invokes space-charge region effects by
for different types of pores. Besides the term “nanopores” which is=ermi level pinning at the electrolyte-silicon contact for nanopores
already sufficiently clear, we use the term “bsi-macropores” when-n p-type Si in a purely phenomenological approach. The “passivat-
ever addressing the pronounced pores with diameters in the 1 ued surface model” presented by Parkhtkiland Santos and
region obtained in back-side illuminated (bsi) n-type Si at mediumTeschké? and the “hole diffusion model” of Smitét al,?® while
potentials (see Fig. 9 in Ref. 9 as an example for typical bsi-macroreproducing some observed properties of macropores or mesopores
pores or Fig. 2 in this paper), while “breakthrough pores” denote thén computer simulations, operate under assumptions that are not yet
narrow (diam < 100 nm) pores often obtained in n-type Si in the darlbacked up by detailed physical mechanisms at the solid-liquid inter-
at high potential&2 Also known in 199% but rarely published, face. The “breakthrough model” of Theunis§eby its nature,
were the “fsi-macroporesj’e., macropores obtained in n-Si under applies only to breakthrough pores. Finally, diffusion models, based
front-side illumination (fsi) condition§>14 on general interface instability analy$fs2®may have some bearing

In the meantime, formerly unknown types of pores and surpris-on bsi- and fsi n-macropores for the special case of random nucle-
ing properties of known pores were discovered. Most exciting, peration, but so far without much predictive power. To summarize from
haps, is the discovery of rather large pores in p-type Si (diameters ithe point of view of the experimentalist: Few quantitative predic-
the micrometer range), first described by Propst and'Rahd sub-  tions exist for the outcome of experiments which are performed in
sequently in Ref. 16 and 17, which are termed “p-macropores.” Buhitherto unvisited areas of the parameter space.
also “mesopores” (with typical dimensions in the 10 nm region), ob-  Essentially only Lehmann and Fbland Lehmanret al?6:27
tained in heavily doped'pSi or n"-Si, under conditions that would make quantitative and measurable predictions for bsi-macropores in
produce nanopores in moderately dopedSinust be added to the n-Si which are based on the space-charge region model and can be
list. Finally, the recently discovered specific dependence of bsi-macehecked against experimental data. These predictions are
ropores and breakthrough pores on crystal orient&tionst be con- 1. The average wall thickneadetween bsi-macropores in equi-
sidered when addressing pore formation in Si. librium should equal about twice the depthof the space-charge

region width,i.e.
: Eimatl ni@techakunieide Bineory = 2W [1]
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2. The elaion of the poe cioss-sectional aaApye = w4
(with d = pore diameter of an indidual poe) to the pag genee-
tion araAy, from which it draws curent equals the ctent densi
ty in the extemal circuitj divided ty the curent density of the pous
silicon layer (PSL) peakjpg, i.e.

Apore/Agen = jlipst [2]

Equdion 2 also holds if the tavareas ag intepreted as thever-
ages over mary individual poes.

The fundamental assumption of Eq. 2 isttimaa stéle growth
mode &ery pore consumes a constant fpaf the aailable curent

and thathe curent density ia poe tip then is constant. Since the

current density could adjust itself to yawalue because the por
diameter is notiXed, it is reasonhle to assume thdhe curent den
sity adjusts to the one spacifalue jpg, tha stands out in the cur
rent-wltage characteistics of the system.

The first equéion is essentiafl a synogm for the spacefamge
region model per seas alead/ noted ly Lehmann and Fofl,be
cause the spacdwaige region model ony works if the spaceftage
regions betveen poes werap, demandinga < 2w. However, since
most work on bsi-maaopores has been done withegtuctured
nudei aiming for a egular and pedetemined aray of bsi-poes,
Eq.1 so &r has not beerhedked quantitéively. This is so because
with prestuctured rudei, the distance bet®en poes is not a fe
parameter All that can be epected if the distance beten poes
chosen  the pestuctured rudei is too lage or too smalljs a
branding of poes into tvo pores,or pores tha cease to pw.2’

To get average values one can geect the diameter of the s
in compaison to the wall thicknessa of the poes (& least br the
expeimental déa gven in this pper) leading t?ye, =~ a2 Feeding
this into Eq. 1 and 2 gvobtain ér the aerage diameted, and the
average distance between poes

d= 4W(j/1TjPSL)lIZ [3]
a=2w = d2(mjpg i)V [4]

The spaceftage region width w can be obtained in a Sigiently
good gproximation from the Shottky contact theor

W = (2eeqU/eN,)12 [5]

with U the junction wltage, e ande, dielectic constants of Si and
vacuum pemittivity, respectiely, e elementay chamge, and Ny the
concentation of donos. The measuable quantitiesd anda as fune
tions of the pmary etcing paametesj, jpg, U, andNp finally are
obtained as

d = (Beeq jU/meN, jps) M2 [6]
a = 2w ~ (8eeqU/eN,)*?

In order to @in moe insight into the bsi-performation processes,
a rumber of @peiiments vere caried out with the aim to obtairki-
able dda on the érmaion and gowth dependence of andomy
nudeated or unstictured bsi-maaspores on the jgplied potential,
tempeature, and the doping iel. The tem “unstructured bsi-
macopores” refers to the simpledct tha in contast to most wrk
on bsi-poes,the rudei for the poes were not lith@raphically pre-
structured in this vork.

Experiments and Daa Processing

Specimens wre talen fom standat {100}-oriented 150 mm
diam,n-type Si vafers with four different doping leels corespond
ing to specit resistvities of 0.5,2, 5, and 20Q) cm by cutting the
wafer into 20X 20 mm pats. In some cases the nominasistance
proved not to be accate enough; in these cases the actesistance
was measud with a dur-point pobe

The specimens ere deaned i HF dips and intsduced into the
electochemical cell br etding expeliments. kgure 1b shws the
relevant feaures of the etiting gopaitus taether with a typical-U
characteistic (Fg. 1a).A simple pseuda@ference electrde (Pt wie

close to the specimen sade) vas used in all cases to ereswpro-
ducide results and quantiti@ze contol of the junction potential.if-
ure 2 shavs examples of the maopores obtained undemandom
nudeation conditions.

The electolyte was typicaly 4% HF with a dop of a commer
cially available wetting ayent. The electolyte was pumped tlough
the cell and its tempaiure was lkept constant ¥ running it though
a heaexchanger contolled by a themosta.

The curent density \&s set & = 5 mA/cn?, which is ~20% of
the peak ®luejpg, for the hiosen setting (ciHg. 1a).

The intensity of the light illumirting the bak side of the sam
ple was detemined ly relaing the induced photoctent to tha of a
previously calibrated light souce

Essentialy two seres of xpeliments vere perbrmed Pr all dop
ing levels.The frst sefes was talen d a constantggplied oltage U,
and tempeaturesT varying betweenT = 5°C andT = 30°C; the see
ond seies \aiied the anodic potential beéenU,,= 1V andU,, =
6V at constant tempeture.

All parametes were contolled by a PC unning on customid
software (developed ly Lehmann and Griinidg2) tha allows pre-
programming of the system withespect to the desid poe deth
and in the case of @stuctured bsi-poes,the poe diametes. The
program essentiall compenstes br two effects:(i) With increasing
pore deth the distance of the motip to the illuminged ba& side
deceaseswhich leads to an inease in cuent de@ending on the
minority carier diffusion length of the sample in questitecause
an inceasing patentaye of the minaity cariers genested d the
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Figure 1.(a) Typical I-U curve of an n-Si eleatde in contact with aqueous
HF. (b) Impotant feaures of the etising gpastus.
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Figure 2.A typical SEM coss-sectional miograph of mndom bsi-macr
pores. Bottleneks (maked) ae frequenty obseved formed & the top of the
macopores.

badk side can difise to the pa tip. (i) The difusion of electolyte

into deg pores is moe difficult with increasing pae depth, which

leads to a (tempature-dgpendent) eduction of the HF concetr
tion a the poe tip and to a concomitantviering of jog. Both

effects lead to an inease in the perdiametes with inceasing
depth, if the illumination is kept constantThe softvare, using Eq. 2
and empiical relations,compenstes br these dects if the temper
ature is dven as an inputariable by adjusting the illuminion

intensity and thus the aent in sub a way tha the poe diameter
stays constant. & pore depths of sgeral 100pnm the \aration of the
current density is typically a few percent of the stding curent.The

software usualy works very well, and this is nicgl demonsiated in

the extremel uniform prestuctured bsi-poes shan, e.g., in Ref. 9,

12,26,and 27.

In our xpeliments the pas were not pestuctured; the softare
thus uns on gpectdions of aerage values. In essenchowever, for
the poe depths used in ourxpeliments,the corective efect of the
contol unit on the etaing curentj, while still insuing contolled
conditions,is neligible in compaison to the dects of mdedtion
and eoganizaion of the“random”bsi-pokes in our case

The contol unit in our case thusekps the curent nedly constant
at the peselected alue However, in contrast to pestuctured bsi-
pores,this task can oglbe atieved if the intensity of the biside
illumination is varied to a considable degree This intensity can be
recoded and used as an indioa for changes in the alencen of
the electochemical pocess as a function of the leiteg time or poe
depth, respectiely. Since the compentsan for the tempeature-de
pendent dfusion of electolyte in and out of the pes is still vork-
ing (on aerage), ary strong tempesture efects obsered in our &-
petiments nust lesult fom nondifusional efects.

The etbed samples are investigated with espect toi] the stg
height betveen the dginal surfice and the eted surace (vhich,in
contrast to vha seems to be kmen from prestuctured bsi-poes,is
not zro), (ii) the aerage distance beteen poes, (iii) the aerage
diametes of poes,and (v) the de@th distibution of poes,i.e., their
appeaance in coss section.

Step heights beteen the dginal surbice and the eted surdce
were detemined ty a Dektak 800 ’imVEECO.

Average poe diametes and distances ete obtained in tw
ways: The suréce of the samplesas either left as dted if the
nudeation phase of maopor gowth was to be xamined thus
showing all poes. If the phase of dike pore gowth was of inteest,
typically 20 pum was polished dfby medanical polishing with a
diamond suspension with amegage gain siz2 of 6 um in oder to
remove poes thadid not gow into the deth of the sampleSecond
scanning electm micioscoly (SEM) miciographs were talen d
typically 1000-3000 times ngmification. The esulting micographs
could be gouped into thee céegories

1. Pore distibution patems which were dealy irregular and
most likely linked to pefered rudedion a surface iregulaities,
e.g.,, contamindéion rings from evaporated weter dioplets or other
chemicals. Kyure 3a shars an @ample Micrographs of this kind
were discaded and not useaif daa acquisition.

2. Random asys of deally visible macopotes. Miciographs of
the as-eteed surhce then gnerlly shav well-developed poes
(strong dak contrast) intemixed with smaller and lessgrounced
(gray contrast) poes.An example is @ven in Hg. 3h Cross-section
al images of these samples indiegha this image is due to a mix
ture of fully developed poes (most with “bottleneds”) shaving
strong contast and shalle depressions or shopore rudei causing
the weak contast. Samples ere pats of the suidce lger (and thus
the bottlenek pat) was emoved result in ¢ear micographs, of
fully developed maapores as shon in FHg. 3c

3. Maciopores intemixed with beakthough poes gpear &
higher \oltages.A typical pictue is gven in Rg. 3d Micrographs
belondng to caegories illustiated in Rg. 3b, ¢, and d vere selected
for an automic evaluaion of the poe densityN and the pa diam
etess. After digitizing the micographs, a piogram witten for this
paticular pupose identied poes (induding beakthough poes)
and detemined the poe genestion aeaA,, belondng to an indi
vidual poe by constucting the indiidual WignerSeitz cell of the
pore. The poe genegtion areas detenined in this vay could be
visualized in color br a quik optical hek of the perbrmance of
the pogram.The essentialesults obtained in thisay were the dis
tributions of the par geneetion arasthe average distance betaen
pores,a = (Age)/2 or the poe densitieN = 1/Ay, respectiely.
Figure 4 illustites the ppcedue and gves an idea of thesults tha
could be obtained

Pore aeas f,oe) could be obtained in ndgrthe same ay,
yielding a poe diameter distibution. They have to be used with cau
tion, however, because the SEM mimraphs do not alays shov
the tue siz of a poe due to secondarelectons which were
badkscatered from the inside of p@s.

Results

Nudeation phase of the mampores—From the vork on pe-
structured poes? it is knavn tha small ett pits or ag other kind of
damage on an otherwise-polished Si sg# lead to the immede
nudeation and gowth of a sthle macopore & the damge site; no
pores ae rudeaed da unintended siteS his obsevation holds gen
in the case Were the spacing beten midedion sites is lager than
twice the spacekauge width?” From this it might be corieded tha
nudeaion of macopores on polished swates is not an easyquess.
The pesent imestigation suppots this viev. Stdle macopore
growth on suréces without mstuctured rudedion sites is peceded
by a polonged rudeation and edistibution phase of pes.

In a frst ste, Si dissoles homgeneous) resulting in a ste of
heighth from the oiginal surfice to the suaice of the etwed SiWe
refer to this frst piocess as utleaion phaseAt the end of this
nudeation phaseshallav maciopores in a eldively high density a&
formed As soon as Wk dissolution stops tlyegrow into the deth
of the sample

In a second sfea edistibution piocess stas, because the den
sity of the maawpores gowing in this phase is noky the equilibr
um densityDuring the edistibution pocess some pes stop gow-
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ing and teminae, wheras other p@&s contime to gow with
increased diameterAs soon as thisedistibution piocess isif-
ished the phase of shée poe gowth stats yielding an aangment
of pores thais stdle and does nothang very much arymore. FHg-
ure 5 shavs the thee stps stiemaically.

SEM anaysis of may specimens sheed tha during the lager
patt of the nudeaion phase oyl a mughening of the suate is vis
ible, macopor rudei are rarely obseved Toward the end of the
nudeation phase m@ macopores star to deselop, and with in
creasing time their density ireasesapidly. The time inteval dur
ing which first macopores occur is longr for more heaily doped
Si in compaison to lighty doped samples.

The thiknessh of the dissoled rudeaion layer was measwad
with a DEKTAK 800 as a function of dopingoltage, tempeature,
and time parametes tha were found to stongly influenceh. Fg-
ures6-8 shaev the measwad elaionships.

Figure 6 illustates tha h eventually saurates & a sauration
thicknesshg, which depends on the dopingJel (for the sak of
clarity only the cuves Pr the etreme doping ieels ae shavn); hg4

increases considahly with deceasing dopingThat this efect is not
due to the dferent \oltages useddr the two doping leels shavn is

demonstated in Hg. 7,whetre it can be seen ththe infuence of the
junction ltage (as meased via the eference electide) onhgy is

rather weak. In contast,the tempeature T has a ppnounced déct
on hgy, as shan in Hg. 8.

Redistibution phase of the mampores—The density and the
size of the maapores in the bginning of the edistibution phase
was meased as a function of dopingempeeture, and junction
voltage using the afrementioned tdmique Typical results ae
shavn in Fg. 9 and 10Wheras the ma lightly doped meeral
does not she a ponounced deendence of the perdensity on olt-
age or tempeature, the situdion is diferent for the highy doped
maerial. As mentioned befre, the efect of the tempeture on the
pore density is not caused the difusion of the eactants in the liq
uid and thus mst be due to some kinetidett d the interace

Stable growth phase of the mampores—Systeméc investige
tion of the poe density as a function of junctiooltage, doping and

Figure 3. SEM miciographs of \arous
maciopor arays & 1000-3000 times
magnification: (a) imegular poe distibu-
tion not suitale for automéic evalugion,
and (b)“good” random poe distibution.
Only micrographs of this kind were used
for the d#&a acquisition. (c) and (d)
“Good” arays after polishing dfabout 20
pm. (d) Mixtures of macopores and
breakthough poes a larger wltages
(breakthough poes ae cioss-shped).
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definition by software, (c) constuction of theWignerSeitz cells(d) resulting histgrams br the poe aea (equals the szof WignerSeitz cells). Histgrams

for the poe sizs and densitiesere obtained ¥ the same fcedue.

tempeature were made Only samples with wll developed‘ran
dom” pore pdatems (excluding the ones shn in FHg. 3a) were used
for anaysis after the edistibution layer has beenemoved The
results obtained arshevn in Ag. 11 and 12.

area of the solid-liquid interface
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Figure 5. SEM miciograph and shemadic drawing of the poe rudeation
and gowth phases(a) the“crater” formed bebre macopores ae nudeated,
(b) redistibution phasgand (c) sthle pore gowth.

Figure 11 shws the density of pesN vs.the gplied wltage. For
sale of darity the theoetical cures fom Eq. 1 a& not induded but
it is dear tha the density of p@s should deease abl increases and
that this is ¢early not the caseof the samples with higher doping{e
els. Since the spacéage region model pedicts unambiguougtha
the poe density st decease with inaasing wltage, the results br
the moe highly doped meenal are demitely not within the scope of
tha model.

This anaysis has been done twidacluding and nglecting the
breakthough poes as shen in Fg. 3d The second@proad yield
ed much better esults,since smooth cwes as a function of poten
tial could be dund This mg indicae tha breakthough poes ae
not really different fom macopores and constitute just a fdifent
manifestdion of the same undging phenomena. Ngecting the
breakthopugh poes educes the density of s and thusven in
creases the disgpany between the theatical \alue accading to
Eqg. 1 and ourxpeiimental esults.

Figure 12 shass the tempeture dgpendence of the perdensity
As alread/ pointed outthe tempeature dgoendence of the difsion
of the eactants into and out of the pds compensad ly the soft
ware of the conwller. Accordingly, within the spaceiftaige region
model,no tempesture dgpendence wuld be &pectedAgain, as in
the redistibution phasepronounced déations from this epecta
tion are esident for the moe highly doped samples.

The time-dpendent &lence of the maopore ething pio-
cess—As mentioned mviously, the illuminaion intensity needed
to obtain a nedy constant etuing curent density \&s ecoded as a
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tion conditions; the biashowever, is not impotant for hgy, as shan in
Fig. 7.

function of the etising time a typical esult (Ig of the bak-side
illumination intensity is plotted) is sk in Hg. 13.The rumber of
holes gneeted per second is @ictly propottional to the light inten
sity. Only a pat of the photgenested holes eahes the font side
and allavs the poe formaion. Taking into account the difsion and
recombindion processes in the silicorulk, the rtio of the illumk
nation-induced cuentl, and the cuent eading the poe tipsl oq,
is goproximately given by Ref 29
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Figure 8.The s#uration thicknesshg, of the ett crater as a function of tem
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wher L is the difusion lengthd,, the thikkness of the wafer, andl

the length of the pes.According to Eq. 7an ponential eduction
of |5, as a function of time isxpected 6r a constant eting curent
letery Provided tha the \alencen of the eaction &the poe tips is
constantThis prediction @rees vell with the esult in kg. 13 in the
phase of stale poe gowth, i.e,, after a time of pa rudedion, a
exponential &ll in the cuve can be obseed
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Figure 9.Density of poes in the edistibution phase as a function of tc
ing potentialU and the doping iel of the méeerial.
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Figure 10.Density of poes in the edistibution phase as a function of tem

perture and doping heel.

However, duiing the udedion phase of the pes,a nealy con
stant light intensity isdund which allovs detemination of exactly the
time when stale pore gowth stats. It mg also indicée thd the \al-
ence of the mcesses in thiegime is diferent from the \alence dur
ing stéle pore gowth, but this would need aditional consideation.

Discussion

The most intiguing results needing discussion can be summa

rized as 6llows
1. Nudedtion of macopores is not an easy guess and geends
strongly on doping and tempature.
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Figure 11.Density of poes in the stale growth phase as a function of btc
ing potential and dopind’he rumber of poes,as epected deceases with
potential br low-doped meerial but increases ungectedy for high-doped
material.
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Figure 12.The density of stide poes as a function of tempture and
doping

2. After some time of horrgeneous dissolutiotfiirst macopores
form. Their diameter maincrease ér some time (bottlen&effect).
Their density is gneally larger than the density dag the stale
growth phase and gends on thepplied \ltage and tempeture.
In a redistibution phase the equiliim concenttion is ahieved
because some pes stop gowing. The sinks ér the curent in this
stating phase a the tips of nascent pes, but also the sugce &
large, dissolving homgeneous}.

3. The elaion between maavscopic curent density and the
average poe spacing asigen in Eq. 6 is abest corect for low-
doped Si ht not for high-doped Si.

4. The (stble) macopore density gnerlly increases with in
creasing tempeture; this efect is not due to the tempiure dpen
dence of difusion pocesses ofeactants to the pertips.
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Figure 13.Typical cure of the lgarithm of ba&-side illumindion intensi

ty vs.etdhing time (br a 52 cm sample eteed & 3V bias).A process with
a constant&lence leads to a atght line In the cater formation phase (fst
30 min) the cure deiates fom the constantalence cwe of the sthle

growth phase; thealence in this @a is smaller
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5. The average distance beteen poes in highy doped samples
is aways laiger than pedicted; it inceases with in@asing junction
voltage (Fg. 14).

6. The elaion between poe aeas and cuent densities accdr
ing to Eqg. 2 holds within the un¢amnties of the ealudion of the
mean poe aea in our methad

We discuss thesesults ony briefly, because & ae not yet ale
to explain them in a cohent modelAs far as the ndeation is con
cemed it is dear tha nudeaion pits ae ethed bebre poes vere
formed The time bedre stdle pore gowth occus can be quite long
(for low-doped meerial up to 30 min) and is a function of the fetc
ing paametes.

Lévy-Clementet all3 reported on the drmation of rudedtion
pits preceding fsi-maapores, which dgends on the amount of
transkmred dage. The formaion of the mdedion pits was dis
cussed in tens of an electpolishing eaction with a alencen
smaller than 4 and assod with a coll@sed nanopaus silicon
layer. This leads to a mitilayer stucture stating with a“crater,” a
nanopoous laer, and a maa@pormus lger, benedh. In contast to
these esults ve did not ind a nanopaus lgyer, which may result
from the diferences ér front-side and baeside illuminaion. Sut
a nanopasus lger, however, was bund in the ndeation phase of
maciopores on p-type silicon in ganic electolytes3©

The esults of Lévy-Clemenet al. concening rudeation of
macopors, however, are ¢enerlly consistent with our esults;
taken tagether and taking into account th&peimental esults
which demonsste a stong cistal anisotopy for macopore rude-
ation and brmation,!8 as vell as the ristence of maapores in p-
Si15 they indicae tha the electochemical eactions aithe silicon-
electolyte interface ae still not well undestood

The gowth phase of stde bsi-macopores is discussed re
First we compae the déa of Hg. 10 against the pedictions of Eq. 1
and 2.This is most eagjldone ly replotting Fg. 11 in a brm where
compaison is staightforward. We use the theetical arerage dis
tanceayeqy between poes (= 2w) divided ty the measwed average
distance &> = 1/<N>12 (calculded from the density of pes N) as
a function of the jplied wltage U. According to the spacehage
region model,this should be a siight line & aeqy/<a> = 1. The
result is shan in Hg. 14. Itis ¢ear tha the expectdion of the space-

LA BN EELLE LN B B L L
g |V 20 Qcm

g ® 5Qcm

< | ® 2Qcm

= A (0.5Qcm

[+%]

1 5

)

2 v

= I v _
S 1 N ——
~ v v
§ i v

3 . o

) .,J/‘/i.

St g g

=) ‘. | N

=" A&

—t AL

3 At

S e

%]

s 0 PR | [l | 1 |
20 1 2 3 4 5 6
~—

U [Volt]

Figure 14.Replotting the poe distancess.the ething potential nanalized
to the pedictions of the spacdialge model.The déa demonsate unam
biguousy tha this model does nopaly to highly doped mterial.

chaige model is metdr doping leels coresponding to %) cm or
smaller lut tha for increasing doping keels or deceasing wltage
levels,Eq. 1 does not hold gmore. The average distance beteen
pores is considebly larger than gpected ér small wltages and
higher doping leels.This is a ¢ear indicdion tha the spacettage
region model does not full explain bsi-macopore ething & high
doping and/or lar voltage conditions.

The sameesult is obtained ém the tempeture dgpendence of
the average poe densityThe expected (esidual) indpendence o
is only seen ér the lav-doped samplespf the high-doped samples,
the average density inoeases with in@asing tempeture, meaning
that the arerage distance deenses.

The obseration tha the aerage distance beteen poes br
high-doped Si is ¥ far lager than gpected is aather unvelcome
finding because it implies thdahe gowth of prestuctured bsi-
maciopores with sub-miameter dimensionsof goplicdions in,
e.g., photonic cystal eseach?”28may be nmuch mote difficult than
ervisaged

The spacettaige region model implies thaholes cannot pene
trate the aeas betwen the pas.All holes difusing fom the bak
side to the font side of the samples should beused on the pertip;
pores,therefore, could ony grow into the deth kut not laerally.

In high-doped samples pas still do not gpw laterally, but thee
is nov no reason Wy holes could not difise into the aa betveen
pores. There ae thus onf two possibilities to xplain the e&peii-
mental fndings: (i) Holes ae still not pesent betwen poes due to
some other mémnism than the bent spadege region and conse
quently they are all consumedtahe poe tip; and if) holes ae pre-
sent between the pars lut the sidealls of the pogs ae “passvat-
ed’ i.e., holes eading the sideall cannot eact with the electtyte
and difuse bak into the Si until the either ecombine in the udk
or reat a eactve poe tip.

The frst possibility could be an outcome oérgeal diffusion
models?® Essential, an eisting sink br diffusion minoity cari-
ers, e.g., the poe tip, would, via Fcks law, induce a concerdtion
gradient of the minaty cariers, which & a much lamger scale than
the (bent) spacehaige region would pioduce nedy the sameesult:
cariers ae focused on the tip ofxesting poes.Whereas this could
be tue for minoity cariers, it cannot be tre for majoity cariers
which aways ae present aithe equilibium concentation, because
even small concerdtion gradients would induce ery large curents;
the curents useddr poe etding ae causedtiny varations of the
local concenttions. The fact tha pores \ery similar to the maap-
ores in n-Si a& obseved in p-type Sit530thus mg indicae tha
concentation gradients of holes due to cir diffusion is not deei
sive for the gowth of the poe tip. Havever, at presentthis med-
anism cannot beuled out with ceminty because thevarage dis
tance betwen p-maapores so &r seems to be consistent with the
space-hage region model Additional expetiments vhere gadients
in the hole concerdtion on a scale och lamger than the space-
chamge region cannot gist could help to decide hich explandion
holds. Macopores in p-type or Ti-type silicon (obtained without
illumination) with searations rruch lamger thanw could e.g., not be
easily explained ly diffusion models bt would point to a pas&i
tion medanism. Similar considations would petain to epeii-
ments emplging front-side illumingion. Consideing all resultswe
favor the vievpoint tha some passgation mehanism is opetive
during pote etting, similar to the viev of Parkhutik 2 Whereas it is
too ealy a the pesent stge of the iwestiggtion to discuss detailed
models of the undbiing passiation metanism hydrogen passia-
tion, as sugested in Ref31 mg be a lilely candidée. However, as
staed bebre, no dear decision beteen models seems to be pessi
ble & present.

Since ve find a stong eoganizaion of poes in the ndedion
phaseespecialy in the case hen macopore gowth is not ety sta
ble, i.e., a high doping leels,we hae to discuss an ddional fea
ture: Not every pore which cangrow under the xpelimental condi
tions will grow in the stale phaseTher is a cemin possibility tha
although suficient minoity cariers ae pesent (otherwise no ptip
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would hare been drmed),some poes cease torgw, thus allaving

neighboing poes to incease their diametdn consequencaot eabt

minoiity carier which reades a pag tip will lead the bemical eac

tion & this tip; thee must be a possibilitydr a carier to leare the poe

tip again and to diuse to another perThis mg be an indpendent
indication for some kind of (time-gendent) hemical passgtion

medanism.e.g., hydrogen passiation as discussed g@iously.

Condusions

Stdistical evalugion of maly pore ething epeiments per
formed with Si specimens oarous doping leels and as a function
of tempeature and bias mvided some har nev facts dout maco-
pore formation and mdeaion. The rudeaion of macopors was
found to be aaldively difficult processdepending on all pame
ters mentioned Macropores fnally result fom rudeaion pits,
which form after a spedif time of homgeneous} dissolving Si.
After a redistibution phasestable poe gowth commences with
some of the ndeaed macopores.All processes ar genenlly de
pendent on dopingempeegture, and \ltage. Whereas some of the
data obtained & consistent with the spackame model,otheis

cleally are not. Macopore formaion in high-doped Si seems to be a

more complicéed pocess than in i8-doped Si and most iy calls
for a kind of passéation metanism of the maopore walls.
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