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Formation mechanisms of self-organized Si-needles generated by anodic etching of lowly doped p-type silicon wafers in an aqueous
HF solution in the transition region (region between the pore formation and the electropolishing) is studied through surface SEM
images taken after different etch times. Impacts of current density, substrate resistivity range in the lowly doped region, and electrolyte
additives on morphology of needles are also investigated. A simple model based on pore formation models is presented to describe
formation of self-organized needles during anodic etching of lowly doped p-type silicon in an aqueous HF solution in the transition
region. The validity of the model is discussed by comparison to experimental results.
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Anodization is a well-known technique for porous silicon (PSi)
formation or electropolishing of silicon (Si) wafers. Although the
technique is known for several decades, it has attracted renewed in-
terest since 1990 resulting from discovery of luminescence properties
of PSi.1 The technique has also emerged in micromachining due to
its low cost, easy implementation, and compatibility with standard
microelectronic processes.2 Usage of the anodization technique to
create needle-like Si surfaces for room temperature Si-Si bonding ap-
plications has currently attracted attention.3–5 Additionally, the tech-
nique has a good potential to easily replace complicated and costly
processes, such as inductively coupled plasma reactive ion etching
(ICP-RIE),6 interference lithography combined with Reactive Ion
Etching (RIE) technique,7 metal-assisted etching (MAE) technique,8

and laser micro/nano-processing,9 which are commonly used to gen-
erate Si needle-like antireflection coating surfaces for visible and (near
infrared) NIR applications.

Using the anodization technique, needle-like surfaces can be ob-
tained by anodic etching of lowly doped p-type Si in aqueous HF
solutions in the so-called transition region, the region between pore
formation and electropolishing.3–5 Although formation of PSi and
electropolishing of p-type Si are quite well-understood, formation
mechanisms of self-organized needles in the transition region, where
both pore formation and electropolishing are competing for control
over the surface,10 is still unclear since instabilities in space and time
are occurring in this region.11 Even though formation mechanisms of
needles generated by anodization of p-type Si are briefly described
in,12,13 no model for their formations has been reported yet. In this
work, formation mechanisms of self-organized needles generated by
anodic etching of lowly doped (<1015 atoms/cm3)14 p-type Si in an
aqueous HF solution is investigated in detail. Impacts of current den-
sity and substrate resistivity range in the lowly doped region, and
electrolyte additives on morphology of surfaces are also discussed. A
simple model based on the Current Burst (CB) model,15 the Zhang
model (distribution of the electric field at different regions of a pore),16

and the Lehmann macro-pore formation model17 is then presented to
describe formation of needles in the transition region.

Experimental

Current density-voltage characteristic.—Anodic current density-
voltage (J-V) characteristic of the Si-electrolyte interface for a quarter

zE-mail: kesh@hs-furtwangen.de

of a lowly boron doped (12–17 �cm) CZ 4-inch <100> p-Si wafer
with a circular anodization aperture with an area of 5.7 cm2 and
back side sheet resistance of 16 ± 0.3 �/� (achieved by the thermal
diffusion method) in a 7.2 wt% aqueous HF solution (see Fig. 1)
was obtained through the linear sweep voltammetry method using a
potentiostat (Bio Logic SP-150) with scanning rate of 100 mV/s. For
this purpose, a tiny cylindrical platinum (Pt) reference electrode (with
radius of R = 250 μm and length of L = 5 mm) was positioned
2 mm away from the Si surface in a double tank cell. Positions of
current peaks (JP S : below which pore formation occurs and JEl : above
which electropolishing occurs) on the obtained J-V curve were then
used to find the pore formation region, the transition region, and
the electropolishing region in relation to the current density for this
specific condition.16

Similar wafers were then anodized with the same condition for a
fixed anodization time of 40 minutes with different constant current
densities in a range of 30–70 mA/cm2 to verify these regions. Figure 2
shows generated surfaces, which dried through ethanol and then pen-
tane for 15 minutes each to reduce capillary effect and induced stress
on surfaces. The constant current density of 30 mA/cm2 resulted in
two PS layers (see Fig. 2a), a layer with large pores in the μm range
(macro-pores) covered by another layer with much smaller pore size
(micro/meso-pores). The micro/meso-pores layer had entirely cracked

0

10

20

30

40

50

60

70

80

90

100

110

0 1 2 3 4 5 6 7 8

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
²)

Voltage (V)

Pore formation Transition Electropolishing

Needle-like surfaces

Figure 1. Measured J-V curve of a quarter of 4-inch <100> CZ 12–17 �cm
p-type Si wafer with a circular anodization aperture with an area of 5.7 cm2 in
a 7.2 wt% aqueous HF solution.
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Figure 2. SEM images of surfaces anodized with different constant current
densities in a 7.2 wt% aqueous HF solution for a duration of 40 minutes using
quarters of a 4-inch <100> CZ 12–17 �cm p-type Si wafer.

and broken to smaller pieces because of the large capillary stress in-
duced on the surface due to its high porosity and thickness.18 Current
densities of 50 mA/cm2 and 60 mA/cm2 resulted in needle-like sur-
faces with different morphologies (see Figs. 2b and 2c) in which
single needles stuck together at the top forming clusters of needles.
Due to stochastic nature of pore geometries and morphologies14 and
clustering behavior of needles, clustered needles with inhomogeneous
length, diameter, and separation were obtained. However, current den-

sity of 70 mA/cm2 resulted in complete electropolishing of the surface
(see Fig. 2d). Positions of current density peaks (JP S and JEl ) on the
obtained J-V curve (see Fig. 1) and morphology of generated sur-
faces (see Fig. 2) were clearly indicating and confirming generation
of self-organized needle-like surfaces in the transition region.

Formation mechanisms of needles.—Formation mechanisms of
needles were monitored by taking surface SEM images after different
etch times during anodization of similar wafers (<100> CZ 12–17
�cm p-type Si) with a constant current density of 50 mA/cm2 in
a 7.2 wt% aqueous HF solution. For this purpose, three wafers were
cut into twelve quarters, and each quarter was anodized for different
durations between 1 and 40 minutes. Top-view SEM images of sur-
faces obtained at various etch times are shown in Figure 3. A slight
inhomogeneous dissolution was occurring at the beginning of the pro-
cess prior to pores initiations (see Fig. 3a). Initiation of needles was
starting by nucleation of pores, where the surface was roughened and
pitted due to inhomogeneous etching of Si (see Fig. 3b). Ununiform
dissolution of the surface was resulting in random creation of irregu-
lar islets with varied sizes and heights (see Fig. 3c). With increasing
time, small and short islets were etched away, and new larger size
islets were generated instead (see Fig. 3d). Further etching of the sur-
face reformed shapes of large irregular islets to pyramid-shape islets
by slightly narrowing their side walls and increasing their heights
(see Figs. 3e and 3f and Fig. 4). As the time increased, side walls
of pyramid-shape islets were narrowed more, and their heights were
increased further (Fig. 3g and Fig. 4). Further etching of side walls
was resulting in formation of semi-cylindrical needles in which their
tips were attached together and made clusters of needles (see Fig. 3h).
At this stage, with increasing time, only lengths of needles were in-
creased, and no significant reduction in diameter of needles were
observed (see Fig. 3i and Fig. 4). Some of these characteristics can be
clearly seen from height information of formed structures (asperities,
irregular islets, pyramid-shape islets, and clustered needles) during

Figure 3. Top-view SEM images showing formation mechanisms of needles during anodic etching of <100> CZ 12–17 �cm p-type Si wafers at different etching
times in a 7.2 wt% aqueous HF solution with a constant current density of 50 mA/cm2.



E110 Journal of The Electrochemical Society, 165 (3) E108-E114 (2018)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

5

10

15

20

25

0 5 10 15 20 25 30 35 40 45

dh
/d

t

H
ei

gh
t o

f 
st

ru
ct

ur
es

 -
h 

(µ
m

)

Anodization time - t (minute)

Height of structures dh/dt
Poly. (Height of structures) Poly. (dh/dt)

Figure 4. Measured height of formed structures (asperities, irregular islets,
pyramid-shape islets, and clustered needles) and its first derivate in respect to
etching time (dh/dt) as a function of anodization time.

the 40 minutes anodization (see Fig. 4). Height of structures is nonlin-
early increasing by increasing etching time. Assuming a constant etch
rate over a time and dividing etching, which occur at a time into two
components: “planar etching” responsible for surface area etching and
“vertical etching” responsible for depth etching, the vertical etch rate
(first derivate of height of formed structures over anodization time
(dh/dt)) is nonlinearly increasing with increasing etching time. The
vertical etch rate is slowly increasing at the beginning of the process
(between time 1 to 8 minutes) and raising faster (with higher slop) by
formation of large islets (between time 8 to 40 minutes).

The average dissolution valence (nv) of the chemical reaction be-
tween Si and the electrolyte (the ratio of exchanged charge carriers per
dissolved silicon atom during the etching process) during 40 minutes
anodization can be calculated through:19

nv = I × t × mSi

e × �m
[1]

where I is the applied current (A), t is the anodization time (s), �m is
the dissolved mass of Si (mg), e = 1.602 × 10−19 C is the elementary
charge, and mSi = 4.6637 × 10−23g is the atomic mass of silicon.

The average dissolution valence calculated from experimental re-
sults is nonlinearly decreasing from nv = 3.11 for the short anodiza-
tion time (1 minute) to nv = 2.78 for the long anodization time (40
minutes) during the anodization process as it is shown in Figure 5.
This indicates that the indirect dissolution of silicon via oxide for-
mation (see reactions described by Eqs. 3 and 4) is almost dominant
at the beginning of the process; however, with increasing time, the
direct dissolution (see the reaction described by Eq. 2) becomes more
dominant.

Impact of current density on morphology of needle-like
surfaces.—4-inch <100> CZ 10–20 �cm p-type Si wafers with
back side sheet resistances of 18.3 ± 0.5 �/� were anodized in a
7.2 wt% HF aqueous solution with various constant current densi-
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Figure 5. Calculated average dissolution valence number as a function of
anodization time for <100> CZ 12–17 �cm p-type Si wafers anodized in a
7.2 wt% aqueous HF solution with a constant current density of 50 mA/cm2.

ties (45–55 mA/cm2) in the transition range for a duration of 40
minutes to study the impact of current density on morphology of
needle-like surfaces and geometrical properties of needles. Generated
needle-like surfaces (see Fig. 6) were dried through ethanol and then
pentane for 15 minutes each. Single needles were typically stuck to-
gether at the top forming clusters of needles through a self-attaching
mechanism, due to either strongly induced capillary forces between
them during rinsing and drying processes or their formation process.5

Due to nonuniformity of pores pitches and sizes, configurations of
macro-pores,12 and clustering behavior of needles, clustered needles
with inhomogeneous lengths, diameter, and separation were obtained.
Morphology of needle-like surfaces was investigated through surface
SEM images. Geometries of clustered needles, such as clustered nee-
dle density, diameter of clustered needles, length of clustered needles,
and distance between adjacent clustered needles were extracted using
SEM images (see Fig. 7). The clustered needle density and length
of clustered needles increased by increasing the current density. The
distance between adjacent clustered needles decreased by increasing
the current density. The diameter of clustered needles showed a slight
decrement in respect to increasing current density.

Impact of substrate resistivity on morphology of needle-like
surfaces.—An aqueous electrolyte with 7.2 wt% HF at temperature
of 21◦C, a constant current density of 50 mA/cm2, and an anodization
time of 40 minutes were considered as the starting condition to study
the impact of the wafer resistivity on morphology of needle-like sur-
faces. Full 4-inch CZ <100> p-type Si wafers with various resistivity
ranges (1–5 �cm, 5–10 �cm, 10–15 �cm, 15–20 �cm, 20–25 �cm,
and 25–30 �cm) in the lowly doped range (<1015 atoms/cm3) were
anodized with above parameters. Figure 8 shows SEM surface images
of generated surfaces. Specific morphologies of obtained surfaces and
their homogeneities at this specific process condition were sensitively
dependent on resistivity of the wafer. Needle-like surfaces obtained
only from the 10–15 �cm wafer and the 15–20 �cm wafer. Needles
obtained from the 10–15 �cm wafer stuck together at the top and
made clusters of needles (Fig. 3b); whereas clusters needles obtained

Figure 6. Top-view SEM images of needle-like surfaces generated by anodization of <100> CZ 10–20 �cm p-type silicon wafers in a 7.2 wt% aqueous solution
with various constant current densities in the transition region for 40 minutes.
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Figure 7. Impact of current density on needle density and geometries of needles generated by anodic etching of <100> CZ 10–20 �cm p-type Si wafers in a
7.2 wt% aqueous HF solution for a duration of 40 minutes.

from the15–20 �cm wafer had covered by an additional flat surface
(probably by a thin micro/meso-pores layer) at the top (Fig. 3c). Nee-
dle density and homogeneity of needles were higher in the needle-like
surface obtained from the 10–15 �cm wafer compared with the one
obtained from the 15–20 �cm wafer. However, length of needles in
the 15–20 �cm wafer was a little bit larger than the one obtained from
the 10–15 �cm wafer.

Impact of electrolyte additive on morphology of needle-like
surfaces.—To achieve uniform pore formation, and consequently uni-
form needle-like surfaces, a surfactant agent like ethanol was added
to the aqueous HF electrolyte to diminish the hydrogen bubble for-
mation at silicon/electrolyte interface and to allow full infiltration of
the electrolyte into pores.20 For this purpose, 4-inch <100> CZ 10–
20 �cm p-type Si wafers with back side sheet resistances of 18.1 ±
0.4 �/� were anodized in 7.2 wt% aqueous HF solutions containing
5 wt% and 15 wt% ethanol with different constant current densi-

ties in a range of 20–40 mA/cm2 for a fixed duration of 40 minutes.
The solution containing 15 wt% ethanol resulted in complete elec-
tropolishing for all applied constant current densities. The solution
containing 5 wt% ethanol resulted only in mountain-like structures
(height <10 μm) with different shapes and sizes. These showed that
using ethanol as surfactant agent bans the needle formation. This
could be due to changes in the electrolyte properties (e.g., conductiv-
ity or viscosity) and the semiconductor/electrolyte interface,21 which
varied dissolution kinetics through improved/worsened passivation
kinetics;14 thereby, prohibited the needle formation.

Modeling Formation Mechanisms of Needles in the Transition
Region in Respect to Pore Formation Models

During anodic etching of Si in a double tank cell electrochemical
setup, the Si is acting as the anode. The current flow between the

Figure 8. SEM images of surfaces obtained from anodization of <100> CZ p-type silicon wafers with different resistivity values in the lowly doped region in a
7.2 wt% aqueous solution with a constant current density of 50 mA/cm2 for 40 minutes.
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Figure 9. Formation of pores due to correlation of current bursts in time. Time is increasing from left to right. Black dot: active current bursts and hallow circles:
inactive current bursts which dissolve oxide bumps (retrieved from3).

cathode and the anode releases free holes from the Si-surface to the
electrolyte. Arrival of a hole at the Si-electrolyte interface leads to
breaking of a Si-Si bond and injection of an electron under certain
circumstances, e.g., by ripping off a second bond.11 In the case of
anodic etching of Si in an aqueous HF solution, following chemical
reactions may occur:22

Si + 2F−
ad + xh+ → Si F2 + (2 − x) e− (x < 2) [2]

Si + 4O H−
ad + xh+ → Si O2 + 2H2 O + (4 − x) e− (x < 4) [3]

Si O2 + 6H F → H2 Si F6 + 2H2 O [4]

Si F4 + 2H F → H2 Si F6 [5]

where O H−
ad and F−

ad are adsorbed ions, h+ and e− are representing
holes and electrons respectively, and x is a coefficient.

All above reactions may proceed on the Si-surface and might com-
pete in rate and coverage of the surface area. The reaction described by
Eq. 2 leads to the direct (divalent) dissolution of silicon and requires
charge transfer of two electrons (valence number of 2). However, the
reaction described by Eq. 3 leads to oxide formation and involves
charge transfer of four electrons (valence number of 4). The formed
silicon oxide is not stable in the HF-based solution and dissolves ac-
cording to the reaction described by Eq. 4. This reaction is purely a
chemical reaction process and does not involve any charge transfer.
The combination of reactions described by Eq. 3 and Eq. 4 describe
the indirect (tetravalent) dissolution of silicon via oxidation.15 Oxide
free surfaces are fluorine terminated and tend to be totally covered by
hydrogen (H-termination, the reaction based on Eq. 5) if no other reac-
tions take place. H-terminated Si surfaces are then passivated against
further dissolution in a relative way.

Above reactions describe only chemical reactions occurring dur-
ing the anodic etching of Si in an aqueous HF solution. However,
nucleation and growth of macro-pores and formation of islets dur-
ing generation of needles can be explained through the current burst
model11 using above reactions with following major hypothesizes: i)
charge transfer and hence current flow is essentially inhomogeneous
in space (x, y) and time (t). This means there are times when no charge
is transferred in some area at some time. A charge transfer process
nucleates at (x, y, t) on the Si surface (or through a thin oxide) with
a certain probability, which depends mainly on the state (S) of the
surface at (x, y, t). The sequence of events occurring in this way is
called a “current burst”.11 ii) The sequence of events in a current burst
is logically ordered. It begins with the direct dissolution, followed
by oxidation, followed by oxide dissolution, and if a new current
burst does not immediately nucleate at the same spot, followed by
hydrogen passivation.11 iii) individual current bursts may interact in

space and time. This means the nucleation probability of a current
burst is not only a function of the surface state S (x, y, t), but it may
also depend on what has happened before at (x, y), interaction in
time, or on what is going on in the neighborhood at (t), interaction in
space.11

In general, a certain amount of Si-dissolution occurs prior to and
during initiation of pores.22 Such an etched layer before pores’ ini-
tiation is involved in all types of PS since the etching, which causes
roughening of the surface, is required for pores initiations.23,24 Un-
der conditions, where current is relatively large (near JP S) and the
direct dissolution is dominant, each individual current burst gener-
ates a nm-sized pore by the direct dissolution and oxide removal.11

Anti-correlation of current bursts in time is then resulting in forma-
tion of micro-pores (see Fig. 9a). This means wherever a current burst
has stopped, it is less likely that a new current burst will nucleate on
the same spot in a short time after. On the other hand, a new current
burst nucleates somewhere else (most likely between some former
bursts, where the oxide was thinnest).15 When the current exceeds
JP S , current bursts begin to correlate positively in time. This means
that likelihood of nucleation of a new current burst in the place, where
an old one had occurred, is increased and current bursts begin to
cluster. The clustered current bursts are then resulting in formation
of either meso-pores or macro-pores (see Figs. 9b and 9c) depending
on density of current burst events in a particular area, correlation in
space.25

In a condition, where the oxidation reaction is low (e.g., in a
water free electrolyte), current bursts result in macro-pores covered
with meso-porous (transition layer) with a strong preferential growth
of both pore types in <100> direction since no oxidation reaction
removes the left-over Si between current lines.26 However, in a con-
dition, where the oxidation reaction is dominant (e.g., in an aque-
ous electrolyte), oxidation takes over current bursts and smooths the
area. This results in macro-pores with no meso-pores coverage (com-
plete dissolution of the transition layer).27 A transition layer is almost
formed in all n-type silicon (with different doping concentrations) and
its thickness layer is related to the size of pores: the larger the pores
the thicker the transition layer surface. However, for p-type Si, it is
found to be only formed in lowly doped substrates.16 In the transition
region, the surface is not completely covered by oxide; therefore, both
inhomogeneous and homogenous dissolutions may occur on different
regions of the surface.22 This may result in inhomogeneous dissolu-
tion of the transition layer and formation of small islets (remaining
bulk Si in the transition layer) above macro-pores at certain times
during the anodic etching. With increasing time, the transition layer
dissolves entirely and gives access to underneath macro-pores, which
have already widened and overlapped. Widening and overlapping of
macro-pores may occur due to comparable dissolution rates occurring
at the edge of a pore bottom due to current density Jb and at the
pore tip due to current density Jt resulting from current density vari-
ation and coverage of silicon oxide on the surface of the pore bottom
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Figure 10. Current variation and coverage of silicon oxide on surface of a
pore bottom (retrieved from1).

(see Fig. 10) according to:22

Js = Jt cos ϕ + Jb [6]

where Js is the current density on the pore bottom. It is the largest at
the pore tip where ϕ = 0 and is the smallest on the boundary of the
pore bottom where ϕ = 90.

This causes a substantial dissolution at the edge of the pore bottom
before further propagation of the pore tip and results in complete
dissolution of the wall between pores (widening or overlapping of
pores).16 The remaining bulk Si between widened and overlapped
macro-pores then result in large irregular islets (see Fig. 11) in which
their sizes are larger than the space charge region length – SCRL
described by:28

SCRL =
√

2K ε (Vb − Va)

eNA
[7]

where Vb and Va are the built-in and the applied potential (Va = 0 at
zero current), respectively, NA = 7.7 × 1014 to 1 × 1015 atoms/cm3

is the acceptor concentration for (12–17) �cm p-type Si, K = 11.8
is the Si dielectric constant at 300 K, ε = 8.85 × 10−14 F/cm is the
permittivity of free space, and e = 1.602 × 10−19 C is the elementary
charge. The built-in potential (Vb) at the interface of Si can be obtained
from:28

Vb = EG

2e
+ kT

e
ln

(
NA

ni

)
[8]

where EG = 1.12 eV is the Si bandgap, k = 8.617 × 10−5 eV/K is
the Boltzmann constant, T is the absolute temperature (here 300 K),
and ni = 1 × 1010/cm3 is the intrinsic concentration of Si at 300 K.

Assuming formed large islets with diameters or widths of ∼4.5 ±
1.4 μm (measured from Fig. 3d) as remaining and surrounding walls
of widened and overlapped macro-pores in which their thicknesses
are almost 3 to 4 times larger than SCRL (1 – 1.2 μm for 12–17
�cm p-type Si, calculated using Eq. 7), the Lehmann macro-pore

Figure 12. Left: equilibrium (V = 0, equal field and diffusion currents across
the space charge region for a macro-pore in p-type Si. Right: reduced field
currents under forward bias (V > 0). Note that due to geometric field enhance-
ment at the pore tip, the current at the pore tip is always larger than at the pore
walls (retrieved from2).

formation model17 can be used to describe growth of vicinity of
pores and reshaping of islets (etching their side walls) to needles. In
lowly doped p-type Si, space charge region is not fully depleted of
holes at zero bias and under forward conditions.17 Hence, a diffusion
current (Idi f f ) exists at the pore tip and at walls resulting from the
concentration gradient of holes, according to the Schottky’s theory.19

At thermal equilibrium and zero applied bias, the Idi f f is compensated
by a field current (I f ield ) as it is shown in Figure 12. Absolute values
of the Idi f f and the I f ield at the pore tip are larger compared with ones
at pore walls since the concentration gradient of holes and electric
field strength increases with decreasing the SCRL. When a forward
bias voltage is applied, the I f ield decreases while the Idi f f increases.
Hence, higher absolute current values at the pore tip become decisive,
and total current at the pore tip (Itip = (Idi f f − If ield )ti p) becomes
larger than the current at the pore walls (Iwall = (Idi f f − If ield )

wall ).
As a result, etch rate at the pore tip becomes higher than the etch rate
at the pore wall, and consequently the pore tip develops faster than the
pore width. However, when thickness of the pore wall reaches a value
corresponding to twice of the space charge region length (2 × SCRL),
the pore wall is passivated due to depletion of holes in the space
charge region. At this stage, only pores tips will develop by further
etching of the surface.17 Hence, with increasing etch time, when di-
ameters of remaining bulk Si between widened pores (islets) reach to
2–2.4 μm (twice the SCRL) due to further etching of their side
walls, islets which have narrowed and reshaped to needles, become
passivated. At this stage, further etching does not affect passivated
needles, and it develops only tips of their vicinity pores, and
consequently increases length of needles. These characteristics can
be easily observed from Fig. 13, where a single needle with diameter
of about 2.4 μm (almost twice the SCRL, 1.87–2.6 μm for 10–20
�cm p-type Si) and length of about 25 μm is bent, stretched, and
attached to other needles from top.

Impact of current density on morphology of needle-like surfaces
and properties of needles can be also explained qualitatively by the

Figure 11. Formation of irregular islets: a) top view of randomly distributed macro-pores with different sizes and pitches and b) top view of widened and
overlapped macro-pores, where the remaining bulk Si between them result in irregular islets.
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Figure 13. A single needle with diameter of ∼2.4 μm (2 × SCRL = 1.87–2.6 μm) and length of ∼25 μm bent, stretched, and attached to other needles from top.
Anodization parameters: current density = 70 mA/cm2, substrate = 10–20 �cm <100> CZ p-type Si, electrolyte = 7.2 wt% aqueous HF, and anodization time
= 40 minutes.

current burst model.11 Increasing current density increases etch rate
and number of current bursts events and possibility of their clustering
events (interaction in space). This results in formation of more and
smaller macro-pores on the Si surface, and consequently larger num-
ber of irregular islets with smaller distances between them. This can
explain the increase in clustered needle density and the decrease in
distance between adjacent clustered needles with increasing current
density. In addition, due to higher etch rates at larger current densi-
ties, formation and passivation of needles occur earlier and tips of
surrounding pores develop faster and for a longer time for a fixed
anodization time. These can explain the increase in length of needles
and the slight decrease in diameter of clustered needles by increasing
current density.

Conclusions

Generation of Si needle-like surfaces by anodic etching of lowly
doped p-type Si wafers in an aqueous HF solution in the transition
region, where both pore formation and electropolishing compete for
control over the surface morphology, is experimentally demonstrated.
Formation mechanisms of needles in such surfaces is studied through
SEM images taken from surface of wafers after various etch times. A
simple model based on pore formation models is presented to describe
formation of needles in the transition region for this specific condition.
Nucleation of pores and formation of irregular islets (remaining bulk
Si between widened and overlapped macro-pores) are explained by
the current burst and the Zhang pore formation models. The formation
of needles by further etching of side walls of irregular islets and their
vicinity pores are described by the Lehmann macro-pore formation
model. The model is validated in comparison with experimental re-
sults. Effect of electrolyte additives (e.g., ethanol) on morphology of
needle-like surfaces are also investigated. Addition of ethanol to the
aqueous HF electrolyte changes the conductivity and the viscosity of
the electrolyte and the semiconductor/electrolyte interface. This varied
dissolution kinetics and prohibited the needle formation. Additionally,
impact of current density in the transition region on morphology of
needle-like surfaces and properties of needles is studied. Morphol-
ogy of a needle-like surface and geometrical properties of needles
are related to the applied current density. In the case of aqueous HF
solution, for a particular wafer resistivity range, HF concentration,
and fixed anodization time, clustered needle density and length of
clustered needles increase with increasing current density. However,
diameter of clustered needles and distance between adjacent clustered
needles decrease slightly with increasing current density.
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