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Crystal Orientation Dependence and Anisotropic Properties
of Macropore Formation of p- and n-Type Silicon
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The dependence of macropore morphology on the orientation of p- and n-type silicon samples was studied for various organic and
aqueous electrolytes containing hydrofluoric acid. Scanning electron microscopy was used studying the morphology of the
macropores. The results show that the macropore formation in p- and n-type silicon is a strongly anisotropic process. Depending
on the substrate orientatighi00) and(113) preferred growth directions could be observed. The microstructure of macropores was
studied by analytical and high-resolution transmission electron microscopy. The surface of macropores in n- and(pef)pe Si
shows{111} facets indicating thaf111} planes are stabilized against further dissolution. Breakthrough pores show very specific
anisotropic properties independent of the electrolyte. These pores consist of periodic arrangements of truncated octahedral voids
with {111} walls strung up in(100) directions. The crystal orientation dependence of pore formation reflects specific properties of
the pore formation mechanism and one of the important electrolyte parameters is the ability to form an anodic oxide. Macropores
formed in more strongly oxidizing electrolytes tend to have smoother macropore walls.
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In 1990 Lehmann and Maliscovered that very regular arrays of through pore formation on n-type silicon under back-side illumina-
macropores with extremely large aspect ratios could be obtained iion. The main macropore growth direction, eiti@00 or (113),
the n-Si/HF system.They explained the formation of these pores on depends on the surface orientation, while breakthrough pores grow
the base of a so-called space-charge region model, assuming that tldways in(100 directions independent of the surface orientation.
current(photogenerated at the back side of the specjrizefocused Propst and Kohl found that the nucleation of the p-type macropores
on pore tips because of the bending of the space-charge regioformed in hydrofluoric acetonitril€éMeCN) takes place at111)-
around the pore tip. The model has some merit for the formation offaceted pyramid-shaped pits in a generally rough sufaceertain
macropores in n-type Si, especially for the regular pore arrays agndirect orientation dependence for p-type was also found for
shown in Ref. 2. Based on this model and additional empirical re-macropores in p-type Si obtained in water-free MeCN, because no
sults, it is possible, within limits,to produce pore structures as Pores could be obtained dii11 -oriented surfaces in contrast to
desired* {100 surfaces. Ponomarest al. etched p-type macropores on both

In 1994 macropores on p-type silicon were found by Propst andsurface orientations with different organic eleptrol_ﬁeﬁhristo-
Kohl by anodic etching in a HF-containing organic electrolgtg= ~ Pherseret al. could produce macropores for the first time on 0.020—
in water-free acetonitril® The authors explained the macropore 0-060€ cm n-type silicort” too. The nucleation of the macropores
formation in a mostly chemical way; the silicon dissolution was takes place a{11l)-faceted pyramid-shaped pits in a generally
assumed to be a strong function of the crystal planes. A subsequefi@ugh surface; the pores grow in tt&00 directions defined by the
model for macropore formation on p-type silicon assumed chemicafubstrate ortientation, and the pore tips are strongly faceted on
passivation of the macropore walls via selective solvent moletules (11- . , —
or employed special effects due to the high resistance of the elec- I the present paper we extend our previous investigations re-
trolyte and the substrate in the experiments performed sblfah- gardin 1the crystal orientation dependence of macropores on n-type
mann argued that the space-charge region model used for n-type S§iliCO " t0 macropores obtainable with organic electrolytes in p-
if coupled with general diffusion properties, could also explain a_nd n-type Si. Besides FeS“"S on the_ orlentatlon_c_iependence,_ new
macropore formation on p-type silicénin the following years, k|n_ds of pore morphologles were obt_alned. In addition to the orien-
many papers were published dealing with macropores on p-type S1iat|on dependence, a direct comparison of macropore formation in

(cf. Ref. 9 and 1pand their possible formation mechanism, but the strongly and weakly oxidizing HF-containing electrolytes was made.

. - . ... Results on the influence of different organic electrolytes and of ad-
depgndence of pore morphologies on crystal orientation was nelthe(glitives in the electrolyte on macropore morphology and orientation
studied very much nor well understodt.

L dependence are presented, too. Transmission electron microsco
Another model relevant to macropore formation is the “field- P P Py

incced breakioug mods? which assumes tal at some pore (M) MVESKaLons provde actonal fomation on the micr
tips the electrical field strength is sufficient to allow avalanche
breakthrough which then generates the necessary carriers for further )
macropore growth. Combinations of the space-charge region model Experimental
and the breakdown mechanisms were used to explain the transition Since p- or n_type_si specimens with orientations other than
from macro- to mesopore formatidii.Models referring to,e.9, {100 and{111} are hard to obtain, samples for experiments were
pore wall passivation!* diffusion-limited random walk? or sur-  produced by cutting slices from Si crystal heads and tails at prede-
face instabilities give general scales for the pore morphology undetermined orientationgp-type wafer: 10-2a) cm, n-type wafer~5
certain conditions/ and 0.5Q cm). For n-type Si samples with substrate orientations
Lehmann already found that macropores tend to groWl00) near{10Q, {10 1 1, {411},{311}, {322, and{111} were produced,
directions? With increasing etching voltage tk&00 directions be- while for p-type Si samples witf100, {511, {5 5 12, and{111}
come more dominating for the side pores as welnfRebeclet al™* orientations were made. The crystal orientations of these specimens
investigated the orientation dependence of macropore and breakwere controlled by Laue diffraction patterns using a modified STOE
precession camera. Furthermof&p0 and {111 oriented p- and
n-type standard wafersupplier: MEMQ with comparable doping
* Electrochemical Society Active Member. levels were included in the experiments. After polishing the result-
2 E-mail: mc@tf.uni-kiel.de ing slices with diamond paste of |Bm grain size, specimens with
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Figure 1. (a) Typical I-U curve of an n-Si electrode in contact with aqueous
HF. (b) Important features of the etching apparatus.

lateral dimensions of 2 2 cm were cut using a modified ID saw.
In the present investigation no prestructured nuclei were used.

The specimens were cleaned by a HF dip. Fig. 1a shows the

relevant features of the etching cell and a typiebl characteristic . ; . -
(Fig. 1b for n-type Si anodized in an aqueous HF-containing elec-€rally the macropores grow preferentially in tk&00y directions,

trolyte.
The electrolyte consisted of 4-10 wt % HF, adding a tenside to

lized at 20°C. Hydrofluoric DMF and aqueous solutions were
applied for the n-type macropore formation.

All electrolytes were prepared from a 48% HF solution; therefore
a certain amount of watér-4 wt %) was always present even in the
organic solutions.

The etching conditions of all measurements are summarized in
Table I. The corresponding number of each etch condition is marked
in the text with round brackets in the figure captions.

The valence of the etching process was measured via the mass
loss (Am) according to the formula

ItA,
n= (1]

eNaAm

with | the etching current,the etching timeA, = 28.08 g/mol, and
N, = 6.0221x 10°®mol %

The pore morphologies were investigated by scanning electron
microscopy(SEM) using a Philips XL30 microscope. Cross section
specimens were prepared using cleavage technique and polishing.
The microstructure and the interfaces of the macropores were inves-
tigated in cross section and plain-view samples by TEM at 300 kV
using a Philips CM30 transmission electron microscope. The
electron-transparent specimens for TEM were prepared using ion
milling at 2.5 kV.

Results

Macropores in p-type silicar-The observations of n-type
micropores show that the temporal evolution of macropore forma-
tion can be subdivided into three stagé$:“homogeneous” etch-
ing with an etch rate in the range of 0.J¢n min %, (i) surface
roughening(“redistribution phase of the macropored); and (iii )
formation of the macropore&table macropore growthThis gen-
eral behavior has also been observed in these experiments. In hy-
drofluoric DMF (with 4 wt % H,O) and DMSO(with 4 wt % H,0)
we found etch rates of-0.1 pm min ! for the “homogeneous”
etch craters. The stable growth rates a@5 pm min~* for DMF
(with 4 wt % H,O) (n = 2.2) and DMSO(with 4 wt % H,0)

(n = 2.4). Figure 2 shows a TEM image of p-type macropore tips
etched in hydrofluoric DMF. The pore walls are very smooth and the
diameter is constant over the pore depth. In contrast, using MeCN
(with 4 wt % H,0) we found no etch craters but a dense layer of
mesoporous silicofstructure size about 10 nm, cf. the TEM image
in Fig. 5).

Organic and aqueous electrolyt€$ were used for p-type Si
samples with orientations ¢100}, {511}, {5 5 12, and{111}. Gen-

only on {111 samples(100) and (113 oriented macropores were
found-reminiscent of the results in n-type*Siln contrast to n-type

the aqueous electrolytes to ensure wetting of the sample surfacéilicon in aqueous electrolytes, the switch over frgt00) to (113

The electrolyte was pumped through the cell. The temperature wat$ Not as well defined. The specific morphology and orientation de-
kept constant by running it through a heat exchanger controlled by £endence of the p-type macropores depends strongly on the choice
thermostat.

All experimental parametergcurrent, voltage, and electrolyte - /
temperaturb were Computer Contro”ed, and the Specimens wereVery small and regular pores with constant diameters between 700
subjected to anodic etching under the following conditions.

1. p-Type silicon samples: Constagalvanostatig current den-
sity between 0.5 and 2 mA/dnstabilized electrolyte temperature of €ters. It is not easy to define their main growth direction.
20°C without back-side illumination. The following organic electro- Macropores etched in hydrofluoric acetonitrile have larger pore di-
lytes were usedwhich have already been described as an organicameters than in DMRwith 4 wt % H,O) and DMSO(with 4 wt %
solvent for HF for p-type macropore formatfoh9: acetonitrile

(MeCN),

dimethylformamide (DMF),

and dimethylsulfoxide

(DMSO). In the case of MeCN, diethyleneglyd@G) for supplying
hydrogen has been added on occasion. For aqueous HF-containingesoporous silicon has a preferential orientation al@@f) near
electrolytes the etching conditions described in Ref. 8 were used. the macropore center; this orientation changes to almost normal in-
2. n-Type silicon samples: Constant external B#&¥) and con-
stant current density of 4 mA/chachieved by PC-controlled back- along the(110) zone axes prove the remaining silicon to be crystal-
side illumination adjustment. The electrolyte temperature was stabiline, with diameters on the scale up to a few nanometers. The crys-

of the electrolyte(Fig. 3, Fig. 4.
DMF (with 4 wt % H,0) and DMSO(with 4 wt % H,0O) lead to

and 1000 nm(Fig. 4). In contrast to these pores the macropores in
the HF-HO system are very wavy with strongly changing diam-

H,0) and the growth directions are not as well defined.
The nucleation layer as well as the filling in some macropores
consists of mesoporous silicon as ascertained by TE#®L 5. This

cidence near the pore walls. High-resolution TEM images taken
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Table I. Etch condition of the samples?

Sample Substrate Doping Etch voltage Etch current Electrolyte
number orientation N: n-type silicon V) (mA/cn?) 4 or 10 wt %
P: p-type silicon (for back-side illuminatiop hydrofluoric acid
Substrate resistance
(2 cm)
1 (100 P 10-20 2 DMF(4)®
2 {511} P 10-20 2 DMF(4)°
3 {5512 P 10-20 2 DMF(4)®
4 {111 P 10-20 2 DMF(4)°
5 {100 P 10-20 2 DMSQ(4)°
6 {5512 P 10-20 2 DMSQO(4)°
7 {511 P 10-20 2 DMSQ(4)°
8 {111 P 10-20 DMSO (4)°
9 {100 P 10-20 2 MeCN4)°
10 {100 P 10-20 0.5 Aqueoutl0)
11 {100 P 10-20 2 MeCN+H,0 (4
wt %)°
12 {111 P 10-20 2 MeCN+H,0 (4
wt %)°
13 {100 P 10-20 2 MeCN+DG (4
wt %)°
14 {11 P 10-20 2 MeCN(4)°
15 {113 P 10-20 2 MeCN+DG (4
wt %)°
16 {100 N5 4 4 Aqueoud4)
17 {100 N5 4 4 DMF (4)°
18 {1013 N5 4 4 DMF (4)°
19 {411 N5 4 4 DMF (4)°
20 {311 N5 4 4 DMF (4)°
21 {212 N5 4 4 DMF (4)°
22 {322 N5 4 4 DMF (4)°
23 {111 N5 4 4 DMF (4)°
24 {100 N 0.5 2 4 DMF (4)°
25 {56512 P 10-20 0.5 Aqueouél0)
26 {322 N5 4 4 Agueous4)

aElectrolyte temperature: 20°C. All n-type Si samples were etched potentiostatic under back-side illumination and all p-type Si samplestigalVaaosta
i ps Peaks for the aqueous solutions after Ref. 4 are: 4 wt % HF, 38 neAknd 10 wt % HF, 150 mA/ch For the organic solutionevith ~4 wt %
waten we find a new characteristic peak in the iv curves.

® With 4 wt % H,0.

S With 4 wt % HF.

talline nature of the filling of the macropores could also be con- Influence of oxygen and hydrogen availabilityAcetonitrile is
firmed by the presence of distinct diffraction spots in selected areaknown as an organic solvent remaining irértin contrast to
(see Fig. 7 in Ref. 21 DMSO?? and DMF. The role of the availability of oxygen and hy-
drogen for the electrochemical reactions was studied in the MeCN
system by adding 0. Most prominent is the observation that pores
in pure hydrofluoric MeCN(containing only the amount of water
form the 48% HF solution for preparing the etch solutjoae filled

with mesoporous silicon. The valence of the electrochemical reac-
tion in hydrofluoric MeCN(with 4 wt % H,0) is n = 45 Upon
increasing the amount of water in the electrolyte to 8 wt % the pore
filling disappears. The gravimetric measurements then yield
n = 3. Instead of a porous nucleation layer, now an etch crater with
the same depth as the mesoporous nucleation layer is formed. The
macropores with MeCNwith 8 wt % H,O) tend to grow more
uniformly in comparison with the pores etched in HF-MeQ@ith 4

wt % H,0).

Adding 5 wt % DG to MeCN(with 4 wt % H,0) does not
change the pore morphology much: the pores remain filled and a
(thinnen mesoporous nucleation layer is still present. However, the
pores are much more regular than in the standard HF MeCN system
(cf. Fig. 6) and the reaction valence drops stronglynte= 2.5.

The valencen has been measured in all experiments with p-Si,
and the results are shown in Fig. 7. In increasing the concentration
of water in MeCN a significant reduction of the valance is fogefd
Figure 2. A TEM micrograph of a macropore tip etched in hydrofluoric Fig. 7b). For different electrolytes correspondingly strong changes
DMF (with 4 wt % H,0). (sample 1 Very smooth pore walls are visible. in the valance occuiFig. 73. In contrast, the surface orientation of
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dimensions of the facets are between 20 and 100 nm depending on
the etch solution. For example, the facets etched with a DWith

4 wt % H,0) solution measure about 100 nm, while approximately
40 nm facets result for macropores etched with Me@MNh 4 wt %

H,0) solution. However, near the macropore tips in n-and p-type Si
the faceting is not observed.

Propst and Kohl found é111} faceting of the surface during the
nucleation of p-type macropores etched in hydrofluoric MECN,
while Christopherset al. found a similar kind of pore nucleation
for macropores on highly doped n-type silic8hThese are earlier
<511> <100> <511> <100> indications that 4111} faceted surface plays an important role in the
formation mechanism of macropores in p-and n-type silicon.

20 um

20 i } i Orientation dependence of macropores obtained in n-type
' J silicon with organic electrolytes—In a second series of experiments
n-type silicon was etched in organic electrolytes using back-side
illumination. A typical example for §100-oriented n-type silicon is
shown in Fig. 9. Under all condition@ncluding those where per-
fectly straight and unbranched macropores were obtained in p-type
g / 7/ / %) Si) the macropores formed were strong and showed “rough” pore
20 pm 2 walls, an effect otherwise only observed in aqueous electrolytes at
much higher voltages. Figure 9 shows that the branches form sym-
metrically around the main pore in a regular fashion. Quite remark-
able pore morphologies emerged from the n-type Si sampl¢kOof
11}, {114, {113, {211}, {223, and{111} orientations(Fig. 10. In
all samples pores with these distinctly different features can be

<100> <55 12>

Asiig> 211> <100

found.
] e K- , 1. Many “breakthrough” pores with diameters of approximately
20 “"‘ ‘ 00> | . 250 nm(in Ref. 23 dubbed “dendritic poreg”are found between

the macropores.

Figure 3. The orientation dependence of macropores on p-type $106, 2. While the (100 d|_rect|on is the main g'fthh dlre_ctlon, in
{511}, {5 5 12, and {111} oriented samples for two organic electrolytes. SOME cases a preferential growth(113) is also visible(cf. Fig. 10a
Samplega) 5, (c) 6, (e) 7, and(g) 8 were etched in HF containing DMSO and 10j.
(with 4 wt % H,0); Sampleg(b) 1, (d) 2, (f) 3, and(h) 4 were etched in HF 3. The directions of the branchdand of some main porgs
containing DMF(with 4 wt % H,0). Both electrolytes show the same ori- however, are not always easily identified; a naive interpretation of
entation dependence; tK&00 direction is the main growth direction. On the SEM pictures can be misleading. In Fig. 10f, for example, the
(111 samples113 and{(100) growth directions exist. pores seem to grow in th@11) direction perpendicular to the sur-
face, which would be in blatant contrast to the general observation
that{111} planes are the most stable ones. In higher magnifications
the samples has almost no influence on the valence of the chemic#Fig. 11) the nature of the “disturbing{111) branches can be iden-
reactions(cf. Fig. 73. tified as a new feature of pore etching not reported before.
. I Upon close inspection of the micrograptiearing in mind that
Macropore surfaces-TEM investigation of the macropore he cleavage surface is no longer necessarilyld) surface, it can
walls in cross-sectlonal specimens show_that the pore surfaces %e seen that there is still a main pore growth i160) direction, or,
pore walls at some distance to the pore tips are faceted on a smalj gccasion, in 4113 direction. While these pores usually emit
scale on{11% planes for n-and p-type silicofFig. 5 and 8. The  (jearly defined side poreéin (110 or (113 directions, these
branches are the starting points for new pores. They may alterna-
tively grow two-dimensional cavities which branch out from a main
pore and are bounded H¥11} planes on one side, whereas more
regular(100 pores emerge from the underside. Figure 12e gives a
schematic comparison between these branches and regular side
pores, and Fig. 11a-d show relevant micrographs.

Anisotropic properties of breakthrough poresln all experi-
ments on n-type silicon under back-side illumination, breakthrough
pores(defined in Ref. 3 and)4were produced simultaneously with
the heavily branched macropores. In contrast to the n-type
macropores etched in organic electrolytes, they show a well-defined
orientation dependendsee Fig. 13 The main direction is always
(100 as in aqueous electrolytes, and it is independent of the sub-
strate orientation. Growth of breakthrough pores etched in a%ueous
electrolytes along(100) has been reported by Osalet al;?
however, no detailed analysis of the pore structure has been pub-
lished.

d) Our investigation of the breakthrough porege Fig. 8 and 14,
and Ref. 2] showed that the pores always consist of connected
Figure 4. Macropores in p-type silicon etched in different hydrofluoric- octahedral voids. The quasi-periodic arrangement of octahedral
containing electrolytesia) p-type Si DMF(with 4 wt % H,0) (sample ; voids with {111} facets is shown schematically in Fig. 15. This
(b) DMSO (with 4 wt % H,0) (sample 3; (c) MeCN (with 4 wt % H,0) general form of the breakthrough pores is independent of the choice
(sample 9; (d) H,O (sample 10 of the electrolyte. In Fig. 16 breakthrough pores are shown which
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Figure 5. TEM bright-field micrographs
of macropores in p-type silicon etched in
hydrofluoric MeCN(sample 9. The left
side shows an overview. The pores are
filled with silicon fibers. The inlay
shows a macropore wall which is cov-
ered with {111} facets. The right side
shows the mesoporous nucleation layer.
The pores grow preferentially per-
pendicular to the surface in th€l00)
direction.

Tum

—_——

(b)

were etched in hydrofluoric DMEwith 4 wt % H,0). Such break-  able considering that n-type macropores etched in an organic elec-
through pores etched in organic electrolytes tend to show sharpelfolyte show a quite irregular orientation dependence in comparison
structures compared to breakthrough pores etched in aqueous elet® breakthrough pores.
trolytes as shown in Ref. 20. Obviously th&11} planes are the
most stable planes against the electrochemical dissolution. Even in
apparently straight100 oriented pores, the pore walls are faceted
in {111} if viewed at high magnification.

The high-resolution SEM micrographs in Fig. 13 confirm this

Discussion

The results obtained show that the crystal orientation influences
pore growth in Si in many ways, some rather surprising, and most

finding for breakthrough pores in n-type silicon etched in hydrofluo- 4,0 MeCN v
ric DMF (with 4 wt % H,0) using back-side illumination. As men- 35 v v v
tioned previously, macropore@vith branches and breakthrough ’
pores were etched simultaneously. The breakthrough pores grov 3,0+
strictly anisotropically ir(100) directions, and111} planes always 2 5- A A DMSO
form the edges of the individual octahedral voids. This is remark- 8 ’ 4 ™ A
c20] = DMF o
ﬁ 1 15_ ]
> = HO =
1,04 :
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Figure 6. The influence of oxidizing and protonizing additives to hydrofluo-
ric MeCN electrolytes was studietg) MeCN (4 wt % H,0) (100 (sample
9), n = 4, nucleation layer thickness;2m; (b) MeCN + DG (100) (sample
13), n = 2.5, nucleation layer thickness im, (c) MeCN + H,O (100
(sample 11, n = 3, no nucleation layed) MeCN (with 4 wt % H,0O) (111)
(sample 14, n = 3.5; (e) MeCN + DG (111 (sample 15 n = 2.25; (f)
MeCN + H,O (111 (sample 12 n = 1.8.

wt.-% H,0 in MeCN

(b)

Figure 7. (a) The valence for all tested electrolytes is only a weak function

H,O-MeCN system.

of the surface orientation, but it depends strongly on the electrdlyt&he
dependence on the choice of the electrolyte is most pronounced for the
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10 m=*

10 um

Figure 8. TEM micrograph of macropores in n-type silicon etched in aque-
ous electrolyte with back-side illuminatiqgsample 16 Macropores start to
grow in the(100 direction. The inlay shows a high magnification of a pore
wall; {111} facets can be identified. At the tips of the macropores break-
through pores are formed.

. . . . . Figure 10. n-Type silicon samples witf10 1 sample 18 {114 (19),

not eas_lly predicted. This can be taker_l as_dlre_c_t evidence that thﬁ%} (20), {112)}1‘3(22), (223 (23)? and {1'23} (24])}s(urfacpe origniatig}n; W)ere
orientation dependence of pore formfitlon in Si is n(_)t W_e" L_J_nder- etched in hydrofluoric acid containing DM#ith 4 wt % H,0). The pores
stood. Among the models for explaining pore formation in silicon, show complex growth shapes and growth directions. The main growth direc-
there is a general agreement that the electrochemical dissolutiofion is still (100, but also macropores growing {113 are found.
occurs preferentially at the pore tip, and this was explained by more
physical mechanism@ocusing on the semiconductor properjies
more chemical mechanisnifocusing on the electrolyte properties
and their interactions with the bonds at the interface

It is generally accepted that silicon dissolution in general is trig-
gered by at least one hal This provides the basis for the “physi-

For n-type macroporegson low-doped substrates depletion
layer is formed surrounding each pore. Using back-side illumina-
tion, the holes diffuse from the back side to the pore. When the
holes reach the depletion layer they are accelerated by the electric

cal theories,” concentrating on the hole supply at the silicon elec-go1y to\ard the macropore tip. This was the model proposed by
trolyte interface. In order to obtain pore formation, physical models Lehmann and Ho?

must explain why the hole capture occurs preferentially at the pore Beale and co-workef& proposed that there is a barrief the

tips. Possible mechanisms ameg, enhanced diffusion to t_he pore space-charge regimehinning at the pore tip, to explain even the
tip or a locally enhanced generation of holes at the pore tips. Focusr'nicrosporous silicon formation.
ing the hole current on the pore tip by an appropriate shaping of the
electric field inside the space-charge region is generally possible and
has been used to explain the formation of p#hé3in several dis-

tinct ways.

Figure 11. (a,b Details of the branches ofi12 (sample 22 and {100
(sample 17 oriented samplegc) Details of the main pore for thEl0 1 1
oriented samplg18) and (d) for the {322 sample(23). The fundamental
difference between branch and main pore is the symmetry: The main pores
Figure 9. Macropores in n-type Siwith back-side illumination obtained grow in a preferential direction with symmetric branches in different direc-
with the optimized electrolytes used for macropores in p-types&nple 17. tions. The branch systems can be very complex, but all branches and sub-
The pores show pronounced branching. The pore walls are very rough as branches stop ofil11) planes as visible inftb). Some smooth macropores
consequence of this branching. with a diameter around 200 nm exist as well as show(tjn
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main pore

{111}
stopping
planes

<100>-
growth
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<100>-
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Figure 12. (a) The schematic illustration compares the branches and the

sidepores of macropore) An overview picture of thé10 1 1) sample(18)
shows all three structuresi) breakthrough poredjii) branches, andiii)
macropores.

Figure 14. High-resolution TEM image if110] zone axis of a break-
through pore etched in aqueous electroligample 16.

conditiond”*®for the pore formation. This approach focuses on the
diffusion (or migration within an electric fieldof all reactants par-
ticipating in the dissolution reaction.

While it appears that the physical effects, generally associated
with the space-charge regime, do play a major role in pore forma-
tion, they do not easily explain the anisotropy of pore formation
since all these models are inherently isotropic. Lehmann considers
the anisotropy of macropore formation in n-type silicon in aqueous
electrolytes under back-side illumination to be correlated with the
anisotropy ofj ,¢* (first peak in the-U curve®), while Chazalviel and
co-workers include the anisotropy into their linear stability analysis
of pore formation as a modulated “surface tensiot?’.”

Lehmann and Geelé® explain the micropore formation by a
quantum wire effect. Due to the quantum confinement, the bandgay
is larger in the pore walls and holes again are focused by the result:
ing electrical fields on the pore tips.

Some other models solve the Laplacian problem, general

diffusion instabilities emerging even from homogeneous starting :

RED) /&' *“?){ '
Q old 1

<My

5y

Figure 13. Breakthrough pores in n-type silicdfil00; (sample 17, {113
(20), {211} (21), and{322 (22) orientations; HF containing DMRwith 4 wt
% H,0O)]. The pores are alway&l11l) octahedra connected along(®00 Figure 15. Schematic illustration of breakthrough pores based on the high-
direction. resolution TEM images of Fig. 14.
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Figure 16. Breakthrough pores in
n-type S(001) (sample 14 etched in an
organic solution.(a) Plain view bright-
field image taken alonf001] zone axis.

A breakthrough pore is an arrangement
of octhedral voids along 4111) zone
axis. (b) Cross-sectional TEM bright-
field image along110 zone axis.

(b)

The more chemically oriented models focus on the chemistry ofstacking fault often observed after irradiation of (Bie nature of
the dissolution reactions. The dissolution at the pore tip is obviouslywhich, after much investigation, is still not understpathould be
easier than at the pore walls, demanding an effective passivation ofentioned’ or the unique 3x 2 and 3x 1 reorganization of the
the walls_or an autocatalytically enhanced reaction at the pore tip(113) surface under ultrahigh-violéUHV) conditions3®3° Disloca-
Unagami’ proposed a passivation of the walls by a coating of silicic tjons have been seen aligned (13 directions, and othef113
acid. Parkhutik and Shershilskysuggest a similar model of a “vir- phenomena are occasionally mentioned in gatherings of silicon ex-
tual passivation layer” which protects the walls against further elec-perts but rarely published because of their obscurity.
trochemical attack. This layer is assumed to be a kind of oxide layer. Si’nce interface states in the bandgap must be expected to be
Kooij and Vanmaekelbergh based their model on surface interme- charged to some extent, the space-charge regime collapses due to

diates leading to an autocatalg/tlcally enhanced dissolution react|0r|1:ermi level pinning for badly passivated surfaces retaining their

; 2 130
gg;hga%?;i g%dA'll'lggg#ﬁitazgun?g dthoatthﬁ%%%’es ?Srk%lﬁlnidagtd the interface states. That part of the voltage that formerly dropped in the
§pace-charge regime now increases the electrochemical etching po-

pore tip and diffuses into the silicon substrate. The acceptor atomg" " 3 . .
are then passivated by H, causing an increase in the resistivity of thiential at the surface, which leads to an increased electrochemical

p-type material which then leads to pore formation. Rieger anddissolution. This effect is stronger in low-doped material normally
Kohl®! proposed that the chemical reactivity of the H-terminated US€d for macropore formation in p- and n-type silicon than in highly
silicon surface depends on the kind of bonds pointing into the elec-doped Si.
trolyte. Besides differences in surface passivation, back-side illumination
While all these models based on chemical reaction kinetics argnust be considered to influence the anisotropies observed. Since the
inherently anisotropic and thus have no principal difficulty with an- back side is the source of the holes and the pores must grow toward
isotropic pore growth, their predictive power is very limited in gen- the source of the holes, they have a tendency to grow perpendicular
eral and not very specifitbeyond the well-known fact th4tl11} to the surface and thus favor only tf&00 or (113 directions
planes are always very staplé particular when details of the pore extending in this direction. While the general orientation depen-
anisotropies are involved. dence for p-type macropores is the same as for n-type pores, the
Based on our results, we consider it very likely that the passiva-switch from(100) to (113 in p-type silicon is not as well defined as
tion degree and kinetics of the dangling bonds on the Si surfacein n-type silicon and branching,e., growth in all other preferred
which differ for different orientations and solvents, play a major role directions is easier.
in the pore formation, but no predictions of the actual behavior seem While arguments based on surface passivation and back-side il-
to be possible at present. As shown by Yablonovifcte degree of  |ymination apply to all situations, the experiments demonstrate, as
H-passivation or{11% surfacesas m’(_aasured in the physical quan- certainly expected, that the type of electrolyte used also influences
tity “surface recombination velocity)'is much better than ofl00, e anisotropy and other pore parameters. While the detailed influ-
surfaces. In addition, there is evidence that the kinetics of H passiznce of the electrolytésolvent molecules and additives not clear
vation is faster on 111 surface than on #100 surface. A chemi- at the moment, these experiments together with observations re-

cal attack leading to silicon dissolution is therefore more likely on : ; .
L .7 " ported in Ref. 9 and 40 suggest that properties of the organic solvent
{100 surfaces. Thu(100) directions are a preferred growth direc molecule, such as protic or aprotic, play a role in the silicon disso-

tion for macroporespore tip3. As shown by the experiments, the lution. The electrochemical parameters of the Helmholtz double-

{113 planes are also preferentially dissolved and, following this layer, the space-charge region at the silicon/electrolyte interface, the
reasoning, it might be predicted thdl13 planes are the second number of surface states, and the solubility of silicon hexafluoride

least perfect and/or slowest in H passivation. A more detailed con-, ; L . .
sideration of the causes of the pore growth anisotropy within this!oNS Play & major roléand are significantly different between dif-
general frame of reasoning can be found in Ref. 33. In this contexf€"€Nt aqueous and organic electrolytes _ _
cyclavoltammogramd®3* capacitance measurements of the  1his pronounced influence of the electrolyte is most obvious
interface®® or impedance measuremeftsif done for different ~ When comparing macropores in n-type silicon growing in organic
sample orientations, may be suitable tools to investigate the pecuand agueous electrolytes: well-formed pores with smooth walls and
liarities of H passivation. almost without branches are obtained in aqueous electrolytes. Much
The prevalence of thf113 surface in addition to th€100} sur- smaller, rough, and highly branched macropores are found in or-
face in macropore formation is not understood, but not a total sur-ganic electrolytes under comparable etching conditions. This is quite
prise either. Several phenomena exist whgig3 planes play a  unexpected because back-side illumination should, by the current
special role in the silicon crystal. The so-call¢til3 defect or focusing effect, stabilize macropore growth rather than destabilize it.
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One conclusion possible from the experimental result is that the
electrolyte strongly influences the diameter of the macrop@ds
ditionally to known etch parameters such agy, current density,
fluoride concentratiofit and pH value of the solutidA). The rough-
ness and the tendency for branching in organic electrolytes may then.
be viewed as the result of a competition between different length 2-
scales impressed on the system by the diameter of the pores and the
space-charge region width, which perfectly coincide for the aqueous ,
electrolytes under certain conditions. Increasing the doping level g
and correspondingly decreasing the space-charge region of the sili6.
con, may then allow the formation of very narrow macropores in
organic electrolytes, a feat extremely difficult to achieve with n-type 7-
Si. Such macropores, with diameters smaller than 500 nm, would be8
of considerable interest for many applicatidiis.

It is remarkable that all properties of breakthrough pores do not
depend strongly on the electrolytes used. Breakthrough pores occuwo.
if the available supply of holes is extremely small compared to thell.
current the system could carty>'%?°Holes then are generated by
avalanche breakthrough in the silicon if the field strength is Iarge13
enough, and this leads to almost the same etching structures indg,;
pendent of the electrolyte@queous or organic While avalanche 15,
breakthrough may have some anisotropy, the maximum fieldis.
strength must be expected to be perpendicular to the surface, and -
appears unlikely that the observed anisotropy can be explained b%'
avalanche breakthrough alone.

While the detailed mechanism for the formation of the very pro- 5g.
nounced octahedra often seen in breakthrough pores is open to dis-
cussion, it is clear that the growth of a new octahedron start will 21.
with higher probability at its tipgpointing in a(100 direction and
not on the{111} planes of its sides. Without any secondary param- 2;
eters inducing a second preferential direction, all tips are equivalen§4:
and a breakthrough pore with branches in{a00 directions forms. 25,

Conclusions 26.

While the results obtained may induce more questions than an?’:
swers with respect to pore formation in Si, some hard new facts
about macropore formation emergétlo0) and(113 directions are
generally the major growth directions, afidL1} planes are the main  30.
stopping planes for almost all macropores under all kinds of etchings1.
conditions. The detailed dominance of crystallographic directions32
strongly depends on the choice of electrolyte. Breakthrough pores,
in contrast, show a pronounced anisotropic pore growth independen
of the electrolyte; they are quasi-periodic arrangements of octahez,
dral voids in(100) directions with{111} walls. Pore morphologies in  35.
n-type silicon etched in organic electrolytes under back-side illumi-
nation are quite different from those observed in aqueous electro36.
lytes or in p-type Si under comparable conditions.

3.
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