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Influence of Additives on Alkaline Etching of Silicon(111)
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ABSTRACT: Apart from temperature and alkaline concentration, the surface morphology of silicon surfaces after wet
chemical etching is also profoundly influenced by the presence of additives in the etchant solution. In this study, the influence of
several organic (aprotic, protic, and ionic) additives on the density and shape of etch pits on etched Si-(111) surfaces is
investigated using optical microscopy and the Lichtfigur technique. For all the additives used, the number density of the pits
increases by 1-3 orders of magnitude. The triangularity of the pit shape, expressed by a dimensionless number, Rab, increases
substantially as well. These alterations are attributed to local desolvation of reaction products by the organic additives in a thin
“surfactant” layer in the vicinity of the silicon surface. Chemisorption of additive molecules does not play a role in this process.

Introduction

The development of silicon technology for use in the
modern day IC industry has led to many applications and
can be considered as a major revolution in manufacturing.
Besides its electronic properties, silicon also has useful
mechanical qualities, which can be exploited in micro electro
mechanical systems (MEMS). Ideally, these properties can be
integrated in small scale systems, such as micro sensors and
Lab-on-a-Chip applications. The increasing demand for
MEMS has boosted the research in the fundamentals of the
wet-chemical anisotropic etching process, required to produce
such devices.1-4 Like IC-technology, MEMS technology
follows the same challenge of downsizing scales for small
dimension applications.

An important aspect in improving process reliability is the
control of the etch rate ratio of the {100} faces and the {111}
faces of silicon, the latter being significantly slower in alkaline
solutions. This difference in etch rates of the two crystal
orientations in silicon is exploited in manufacturing complex
structures by using lithographic techniques and aqueous
etchant solutions of potassium hydroxide (KOH) or tetra
methyl ammonium hydroxide (TMAH). The etching of crys-
talline silicon at open circuit conditions (OCP) in KOH solu-
tions is a complicated process; however, the following overall
reaction is generally accepted in the literature:5-7

Siþ 2H2Oþ 2OH- f SiO2ðOHÞ2-2 þH2v ð1Þ
Although the detailed mechanism is not fully understood, it is
generally accepted that first OH- attacks the Si-H surface
bond under formation ofH2, followed by a subsequent step in
which H2O reacts with the subsurface bonds in which the
surface atom dissolves. Understanding the reaction mechan-
ism and the role of additives therein is of great importance in
understanding the surface development during etching.

For Si-(100), many investigations on the wet chemical
etching process and the surface morphology obtained have
been conducted.8-10 Si-(111), however, received comparably
less attention, despite the fact that its etching behavior is

highly important in controlling the etch rate ratio of the two
major planes, and thus the final shape of the etched structures
after alkaline etching. As shown in our previous study,11

numerous shallow triangular or rounded pits are formed upon
etching Si {111} faces in aqueous KOH solutions. Defect
delineation, using different dislocation etchants, showed that
these pits are not related to defects in the crystal. We proposed
that the presence of reaction products locally increases the etch
rate, resulting in the formation of point-bottomed etch pits.
The etch rate in aqueous KOH solutions is found to be
dependenton the solutionandadditives therein.1,12The surface
morphology of Si-(111) also changes under different etching
conditions: additives and time have a significant influence on
the pit morphology observed on the surface after etching.11 In
order to influence the silicon etching process, the use of
numerous additives, such as pyrocatechol and ethylene dia-
mine,7 hydrogen peroxide,13 and etchants, such as TMAH,14,15

NH4OH,16,17KOH, andhydrazine,18 have been reported in the
literature. One of the most commonly used additives for KOH
etching is isopropanol.19 It is often used to prevent under-
cutting or to produce smoother etched surfaces.

The present study focuses on the wet chemical etching of
Si-(111) in standardKOHsolutionsandmixtureswithdifferent
additives. The surfaces obtained are investigated using the
Lichtfigur method and differential interference contrast micro-
scopy (DICM), to obtain information on the average pit shape
and density. First “clean” solutions are used at different KOH
concentrations and temperatures as a reference. The surface
morphologies of these crystals are compared with the patterns
obtained after etching in KOH solutions containing different
organic additives. The choice of the additives is mainly based
on miscibility with water, molecule shape and size, and being
ionic, protic, or aprotic (see Figures 1 and 2). The results are
interpreted in terms of desolvation of reaction products enhan-
cing pit formation and physisorption or chemisorption of the
additives at the crystal surface during etching.

Experimental Section

Etching Procedure. The samples investigated were cut from
p-type silicon-(111) Cz wafers Okmetic, Boron doped, diameter
100 ( 0.5 mm, thickness 525 ( 25 μm, resistivity 5-10 Ω 3 cm,
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miscut <0.5�. The silicon used was as-grown and not subjected to
any further heat treatment. Sample sizes varied between 2 and
4 cm2. Prior to etching, the samples were washed with high Ohmic
(F ∼15 MΩ 3 cm) ultra pure water to remove dust, followed by
cleaning in 69%HNO3 for 15min to remove organic contaminants,
followed by rinsing in ultra pure water. A dip in diluted HF (5% in
ultra pure water from 48%HFMerck, p.a.) was used to remove the
native oxide layer on the silicon, followed by a rinse in ultra pure
water. Subsequently, the samples were placed in a Teflon beaker
containing an aqueousKOHorKOH/IPA solution with or without
additives, sealed with parafilm to avoid evaporation and etched for
20 h in duplo by placing the beakers in a thermostatic bath with an
accuracy of 0.1 �C. Etching was stopped abruptly prior to micro-
scopic and Lichtfigur examination, to obtain well-defined surface
patterns. For this purpose, after separation from the etching solu-
tion, the samples were rinsedwith ultra purewater and subsequently
immersed in concentrated sulfuric acid (98%) for at least 15 min.
After this, the specimens were rinsed in ultra pure water and dried in
a flow of dry nitrogen.

The etching experiments in cleanKOH solutions and in solutions
containing IPA additives were carried out for four different
concentrations (0.1, 0.5, 2.0, and 5.0 M KOH) and eight tempera-
tures ranging from 30 to 90 �C with 10 �C intervals. The IPA
concentration was kept at 1.0 M, which is undersaturated for all
KOH concentrations used. Two different alkaline concentrations
(0.5 and 5.0MKOH)were used at 50 �C for the additives other than
IPA. These organic compounds (all pro-analysi), aprotic, protic,
and ionic ones, were added to the etching solution in a 1.0 M
concentration. The ionic compounds were added as potassium salts.
As reaction products are known to influence the etch pits observed
on the etched Si-(111) surface, also etchant solutions were prepared
in which reaction products are dissolved. This etchant was prepared
by dissolving ∼50 g/L of grinded silicon to a 0.5 and 5 M KOH
solution at 50 �C. The solutions obtained were used in the same
manner as previously described.

Surface Characterization. The etch pit patterns obtained were
examined using differential interference contrast microscopy
(DICM) in reflection mode. Using this optical method, the shallow
etch pit patterns with side wall inclinations of less than one degree
can be easily resolved. Using this technique, the number density of
the etch pits as well as the detailed morphology of individual pits
were determined. Quantitative information on the shape of a num-
ber of individual pits was obtained by optical profilometry, using a
Wyko NT 1100 phase shifting interferometer. To gather informa-
tion on the average pit shape, the Lichtfigur method was used. The
Lichtfigur technique is a simple and old technique to investigate the

symmetry and slope distribution of surface patterns after crys-
tal growth or etching.20,21 The setup is schematized in Figure 3.
A parallel beamof laser light (HeNe, 10mW, λ=632.8 nm, Spectra
Physics Inc.), 2.5 mm in diameter, is reflected from the etched
Si-(111) surface. The reflected beams are projected on a translucent
screen via a beam splitter and the image obtained in this way is
recorded using a digital camera. The method yields average
information about the population of etch pits as the diameter of
the laser beam is about 2 orders of magnitude larger than the
average pit size.

For an ideal collection of trigonal pits with planar side walls
of identical slope, the Lichtfigur consists of only three dots, reflect-
ing the trigonal symmetry of the Si-(111) face. In reality, the shape of
the pits ranges from rounded to triangular to concave and the slopes
of different pits vary to some extent. So the actual Lichtfigur pattern
is in fact an extended distribution of many “tiny” reflections.

To express the average pit shape in one number, we here
introduce a shape factorRab, which is the ratio of distances between
pit center and its edges in the two opposite directions [211] and [211].
These distances are denoted as a and b in Figure 4, and are inversely
proportional to the small pit slopes R and β in the same direc-
tions. Rab can readily be determined from the Lichtfigur pattern
(see Figure 4) as Rab ≈ β/R=2hβ/2hR≈ b0/a0, where h. a and b is
the distance between crystal surface and projection screen and
a0 and b0 are the outer dimensions of the Lichtfigur image in the
appropriate directions. Figure 5 displays a number of observed
Lichtfigur patterns for pit shapes with different Rab values.

Results

KOH and KOH-IPA Etching. Before carrying out the
etching experiments, the influence of oxygen on the surface
morphology and pit density was verified by etching under
argon atmosphere. TheKOH solutionswere first thoroughly
flushed with argon, and then the silicon specimens were
etched under an argon atmosphere for 20 h at 40 �C. As
compared to etching under ambient conditions, no signifi-
cant difference in pit density and pit shape was found for the
2 and 0.5 M KOH solutions used. Therefore, further experi-
ments were conducted under normal, atmospheric condi-
tions.

Typical etch patterns, obtained at T= 50 �C and 5.0 and
0.5 MKOH concentration, are displayed in Figure 6a,b. An
increase in pit density and triangularity can be recognized for
the lower concentration.As reported in our previous study,11

the etch pits formed after KOH etching are not related to
dislocations, stacking faults, and point defects. This was
confirmed once more in this study by application of Sirtl22

and Gabouze23 defect revealing etchants to several KOH
etched specimens.

Figure 1. Nonionic additives used in the wet chemical etching of
silicon (111) in alkaline solutions.

Figure 2. Ionic additives used in the wet chemical etching of silicon
(111) in alkaline solutions.

Figure 3. Schematic drawing of the Lichtfigur setup.
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Figure 7a shows the pit density as a function of etchant
temperature and KOH concentration without additive. It
can be clearly seen that the number of pits per unit surface
area is minimal between 60 to 70 �C, regardless of KOH
concentration. Further, the density increases several orders
of magnitude upon lowering the temperature from 60 to
20 �C at higher KOH concentration or by decreasing the
KOH concentration at elevated temperatures. The triangu-
larity, expressed by a decrease of Rab, increases largely for
lower concentrations, but shows aminimum around 50 �Cas
presented in Figure 8a.

The effect of adding IPA to the solutions onpit density and
triangularity is summarized in Figures 7b and 8b. The major
effect of IPA is a decrease inRab, that is, an increase in trian-
gularity of pit shape, at higher temperatures. Concave shapes
(Rab < 0.5) are observed for T> 60 �C and [KOH] < 4M.
The pit density variation resembles that observed in standard
KOH solution, but the average pit density is roughly 1 order
of magnitude higher.

To compare differences in absolute etch rates, with and
without IPA, Si-(111) specimens with thin Si3N4 masks were
used. After etching, the height difference between masked
areas and bare, etched silicon areas were measured by opti-
cal profilometry. Results, as well as measured pit slopes for
0.5 and 5M solutions are given in Table 1. A more elaborate
study of absolute etch rates including experimental details
will be given in a forthcoming paper.24 The data shows that

at the lower alkaline concentration IPA reduces the etch rate
by a factor of 2.8, whereas for 5 M KOH solutions no
significant difference is found.

Organic Additives. Although IPA is one of the most
commonly used additives in silicon etching, its effect is not
unique and other additives can cause similar effects during
etching. Different organic compounds, both aprotic, protic,
and ionic (see Figures 1 and 2), were added in 1 M concen-
tration to 0.5 and 5 M KOH etching solutions at 50 �C. The
results, that is, pit density and triangularity, for the various
additives are presented in Figures 9 and 10, respectively.
Figure 6c-h displays several DICM micrographs of the pit
patterns obtained in this way. Most importantly, it can be
concluded from the graphs that for all the additives applied,
both the pit density and the pit triangularity show a sub-
stantial increase as compared to the pure KOH solutions.
This holds for both the 0.5 and 5MKOHsolutions, the effect
being somewhat stronger for the 0.5 M KOH solutions. No
relation between molecular size and pit density or Rab was
found for the nonionic additives. The three ionic additives
suggest an increase in pit density and triangularity for
increasing molecule size. Finally, the average pit density
and triangularity do not differ much for the ionic and
nonionic additives.

Comparing Figure 9 and 10 suggests an increase of pit
triangularity for higher pit densities. Plotting Rab as a func-
tion of log (pit density) for all the experiments confirms such

Figure 4. Schematic drawing of side and top view of an etch pit (left). Schematic drawing of a Lichtfigur reflection from a pit. In reality, h is
2-3 orders of magnitude larger than a and b (right). For clarity, the pit slopes R and β are highly exaggerated in the figure; the actual
inclinations are about 0.5 degrees.

Figure 5. Lichtfigur pictures obtained for the different pit shapes represented schematically.
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Figure 6. Morphology of Si-(111) etched for 20 h at 50.0 �C in aqueous KOH solutions: (A) 5 M KOH, without additives; (B) 0.5 M KOH
without additives; (C) 5 M KOH with 1 M IPA; (D) 0.5 M KOH with 1 M IPA; (E) 5 M KOH with 1 M dioxane; (F) 0.5 M KOH with 1 M
dioxane; (G) 5 M KOH with 1 M acetate; (H) 0.5 M KOH with 1 M acetate.
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a relation [Rab=1.1- 0.114 log (pit density)], but the correla-
tion coefficient of R=0.72 is not high.

Silicon Reaction Products. To mimic the effect of reaction
products in an alkaline etching solution, silicon was dis-
solved in a 0.5 and 5 M KOH solution and etching experi-
ments were performed at 50 �C. Results are shown in
Figures 9 and 10. It can be seen that the “silicate” additives
lead to an increase in pit density, which is similar to that for
the organic additives. The pit triangularity does not show a
large change, which is similar to that for the pure KOH
solutions, but different from the organic additives.

Discussion

Pit Density. In a previous paper,11 we concluded that the
etch pits formed after KOH etching of silicon {111} result
from an autocatalytic process in which an accumulation of
silicate reaction products at the pit bottom locally enhances
the downward etch rate. Defects in the crystal lattice are not
involved in pit formation. In this study, we found that the
addition of organic, water-soluble compounds to the etching
solution results in a large increase in pit density. This increase
amounts to a factor of 10-103 for the 5 M KOH solutions

Figure 7. Etch pit density at different temperatures and KOH concentrations without (left) and with 1 M IPA added to solutions (right). The
numbers are powers of 10 and indicate the number of pits per mm2.

Figure 8. Etch pit triangularity, expressed byRab, at different temperatures andKOHconcentrations without (left) andwith 1M IPAadded to
solutions (right).

Table 1. Absolute Etch Rates of Si-(111) at 60 �C in 0.5 and 5 M Solutions, with and without 1 M of Additive IPA
a

[KOH] (M) IPA (M) vertical etch rate vV (nm/min) pit slope R (mrad) horizontal etch rate vstepf [211] (nm/min) Rab κ equation 2

5.0 9.0 ( 0.6 6.3 ( 0.3 1400 0.98 1.06
5.0 1.0 8.4 ( 0.5 9.8 ( 0.5 850 0.87 1.55
0.5 13.2 ( 0.5 5.5 ( 0.3 2400 0.87 1.55
0.5 1.0 4.7 ( 0.5 4.7 ( 0.2 1000 0.72 3.16

aThe pit triangularity Rab and step curvature κ are also listed.
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and 102 to 103 for the 0.5 MKOH solutions. The increase in
pit density is not introduced by differences in molecule size,
proton donor capability, ionogenity, or the possibility to
form chemical Si-additive bonds. If so, then not all the
organic compounds added would increase the pit density.
Therefore, we conclude that this multiplication effect is not
due to a specific physical or chemical interaction of the
additives with the substrate surface. The increase in pit
density is most likely explained by an increase of the number
of accumulated silicate reaction products, like silicate colloid
particles,25,26 which promote etch pit formation. This in-
crease can be realized by adding organic additives, which
lower the solubility of the silicon reaction products. Deso-
lvation of the reaction products was confirmed by adding
IPA to aqueous KOH solutions in which a considerable
amount of silicon was dissolved. In contrast to the solu-
tion without IPA additive, this leads to a substantial pre-
cipitation of solid silicate products after some time.Aswill be

elucidated in the following section, this effect is enhanced by
the presence of a “surfactant layer” with increased concen-
tration of additive, which further reduces the solubility of the
reaction products near the surface. The above-mentioned
role of reaction products of silicon etching in promoting pit
formation is confirmed by the increase of pit density if KOH
solutions containing dissolved silicon are used.

Although adding organic additives increases silicate pro-
duct accumulations and thus etch pit density, their catalytic
action in downward etching is not increased. For the 5 M
solutions the vertical etch rate is not changed, for the 0.5 M
KOH solutions the etch rate is decreased, which might be
explained by an interaction of the additive with the crystal
surface, thereby hindering the access of the reactants H2O
and OH- and removal of reaction products. A decrease in
overall etch rate is not necessarily in conflict with an in-
creased number of etch pits, as pits are always formed if the
accumulated reaction products introduce a local increase in
etch rate at the pit bottoms. These local differences determine
pit formation and not the overall, absolute etch rate.

Pit Triangularity. The addition of organic compounds
increased the triangularity of the etch pits for all the experi-
ments carried out in this study. For pure KOH solutions at
50 �C the pit shape is almost rounded, but upon adding the
organic compounds they turn more faceted, bounded by
steps propagating toward <112>, that is, monohydride
(SM) steps.27,28 This indicates a change in the etching
process.

(a) Kinks and Step Curvature. The monohydride steps on
the (111) face of silicon are bounded by triple bonded Si-
atoms; the kinks on these steps involve double bonded Si-
atoms. The propagation velocity of the steps and the shape of
the etch pits are determined by the rates of step atom removal
Pst, and kink atom removal,Pk (figure 11). If the ratioPk/Pst

is high,which implies stripping off the steps by quick removal
of kinks, steps tend to be straight and the observed shape of
the pits is faceted. This was found in the cases of alkaline
etching with additives. On the other hand, if Pk/Pst is small,
which implies a comparable removal rate of kink and step
atoms, the resulting pit shape is rounded, as is observed in the
case of pureKOH solution. In theAppendix the propagation
velocity of the monohydride steps, vst, is related to the
product of the step-atom and kink-atom removal rates and
increases for increasing Pk 3Pst. Furthermore, the relative
radius of step curvature, κ, decreases for decreasing values of
Pk/Pst. Here κ is defined as the quotient of the radius of

Figure 9. Pit triangularity at 50 �C, KOH concentration 0.5 and
5Mand 1Morganic or ionic additive added to the solution. Etching
period: 20 h.

Figure 10. Pit density at 50 �C, KOH concentration 0.5 and 5 M
and 1 M organic or ionic additive added to the solution. Etching
period: 20 h.

Figure 11. Step and kink positions at a monohydride step on {111}
silicon. The rate of removal of a double backbonded atom at a kink
site is Pk; that of a triple bonded atom at the step site is Pst. If Pk .
Pst the step is stripped off by successive removal of kink atoms along
Æ101æ and the step tends to be straight; if Pk ≈ Pst then the step is
more or less randomly attacked and loses its tendency to straighten.
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curvature of a monohydride step advancing in the <112>
direction and its distance from the pit center. A relation
between κ and Rab can be estimated by considering the
curved pit sides as circle segments intersecting each other
at the three corner points of the pits. A geometrical analysis
then gives

K≈ ð2R2
ab -RabÞ-1 ð2Þ

that is, the relative step radius and thus the ratio Pk/Pst

decrease with increasing Rab. As follows from Figure 9,
adding the organic compounds leads to a decrease in Rab

as compared to “clean” KOH solutions. This implies a
decrease of κ and thus an increase of Pk/Pst in all cases, but
no conclusion can be drawnwhether this is due to an increase
of Pk or to a decrease in Pst. For 1 M IPA as an additive the
step velocity is reduced and κ is increased for both the 5 and
0.5MKOH solutions (see Table 1). From this it follows that

vIPAst

vcleanst

< 1 f
PIPA
st 3P

IPA
k

Pclean
st 3P

clean
k

< 1 ð3Þ

and

KIPA

Kclean
> 1 f

PIPA
k =PIPA

st

Pclean
k =Pclean

st

> 1 ð4Þ

so that Pst
IPA<Pst

clean. This means that adding IPA to the
KOH solution reduces the nucleation rate of kinks, which
occurs by removal of triple bonded Si-atoms from the
monohydride steps. Unfortunately, no conclusion can be
drawn with regard to the relative rates of kink removal.

(b) The Role of Additives. The question that now arises is
how do the additives affect step velocity and pit shape? A
possible explanation involves chemical bondingof the additives
to the crystal surface, for instance, by the formation of Si-O
bonds in the case of IPA.19 This would block surface positions
and retard chemical etching. This mechanism might hold for
alcohols, but other, including aprotic, organic compounds
show similar morphologic effects on pit shape, but are not
capable of forming covalent bonds with the silicon substrate.

After etching using clean and IPA-containing KOH solu-
tions, in all cases the silicon surfaces were water repellent,

that is, hydrophobic. This points to a hydrogen terminated
surface, though an IPA-terminated surface cannot be ruled
out. In the latter case a Si-O bond is formed and the
hydrophobic part of the molecule points away from the
surface. Therefore, an additional experiment was carried
out, using 1.0 M ethylene-glycol as an additive. This will
have similar bonding as IPA. After etching in both 0.5 and
5.0 M KOH solutions the surface was again water repelling.
This indicates that this molecule is not chemically bonded to
the surface, as in that case one of the two OH-groups would
be pointing away from the surface making it hydrophilic.
Forming a bridged structure of Si-O-CH2-CH2-O-Si,
whichmight bewater repelling is very unlikely as the distance
between adjacent silicon atoms on the (111) surface with free
bonds is 3.80 Å, whereas the separation of the two oxygen
molecules in glycol is 2.42 Å. This observation confirms our
conclusion that chemical bonding to the substrate surface
does not explain the effect of organic additives in KOH
etching of Si-(111).

The above observation of hydrophobicy also indicates
that during etching the Si surface is mainly hydrogen termi-
nated. This agrees with the generally accepted reaction
mechanism in ref 5 and in Figure 12, reaction I. Only the
few atoms at the step and kink positions are temporarily OH
terminated, which only occurs at themoment they are etched
away. This is much less than 1% of the total number of
surface atoms.After removal of these atoms, the neighboring
Si atoms are hydrogen terminated again.

An alternative, more likely explanation is preferential
physisorption of additive molecules on the Si-(111) surface.
As the Si-(111) surface is hydrogen terminated during etch-
ing and thus is hydrophobic, it is expected that the organic
additive molecules, which have a weaker polarity than the
water molecules, are preferentially adsorbed on the surface.
This lowers the (Si-H)-solution interfacial energy, because
the surface free energy of water (72 mJ/m2) is considerably
higher than that of the additives used (23-57 mJ/m2). As a
consequence, the concentration of additive in the first few
molecular layers on top of the surface is considerably higher
than in the bulk phase. In this “surfactant” layer the con-
centration of H2O and OH- is substantially less than in the

Figure 12. Chemical dissolution of silicon in KOH solutions. Reaction scheme I:Mechanism in absence of silicate reaction products; reaction
scheme II: Possible reaction paths in the presence of silicate reaction products. Si(OH)4 can also be read as R-Si-OH, with R representing the
remaining part of a silicate cluster.
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bulk solution. In addition, the solubility of the reaction
products in this layer is largely decreased due to an anti-
solvent effect. All this largely changes the conditions for
etching and slows down etch rates, increases pit triangularity
and pit densities, in a similar way as observed for the
solutions with low OH- concentration.

Silicate Chemistry. From this study and previous work,11

it is concluded that the formation of pits on Si-(111) after
KOH etching is induced by an autocatalytic process, in
which an accumulation of reaction products at the bottom
locally enhances downward etching. Most likely these reac-
tion products involve silicate clusters,25,26 which easily form
by polymerization in the alkaline etchant solutions,29 a
process enhanced by the presence of metal impurities in the
solution30 or at lower alkaline concentrations.

Reaction scheme I in Figure 12 shows the generally
accepted reaction mechanism of the chemical dissolution
of silicon in KOH solution. In this process the surface Si-H
bond and the Si-Si back-bonds are subsequently broken by
OH- and H2O molecules and replaced by Si-OH bonds,
leading to silicate reaction products entering the solution. In
the presence of silicate reaction products, which possess
OH- groups, the role of the H2O and OH- can be
(partially) taken over by the silicates, as summarized in
reaction scheme II. Considering this mechanism a multitude
of etching possibilities come into existence, one or several of
which can lead to the formation of polymerized silicate
clusters which enhance the downward etching at the pit
bottoms. In this model an increased amount of silicate
particles does not necessarily increase the downward etch
rate, but only increases the number of etch pits, as more
aggregates act in parallel as observed experimentally.

Conclusions

Wet chemical etching of Si-(111) in aqueousKOHsolutions
depends on both KOH concentration and temperature, re-
sulting in a significant influence on surfacemorphology. In all
cases, shallow, point-bottomed etch pits are formed. The
density and triangularity of the pits, as measured by the
Lichtfigur technique and optical microscopy, show a mini-
mum around 50-60 �C and tend to increase for lower KOH
concentrations. Adding isopropanol or other organic com-
pounds to the caustic etchant solutions affects the surface
morphology as well: in all cases the pit density and pit
triangularity increase as compared to “clean” solutions
applied at the same conditions. The additives used never lead
to smooth surfaces free from pits.

The increase in pit density at lower temperatures and KOH
concentrations as well as by adding the organic compounds is
explained by a decrease in solubility of silicate reaction
products. This leads to an increased amount of accumulated
reaction products at the crystal surface, which locally cata-
lyzes vertical etching and thus promotes etch pit formation.

The observed increase of triangularity of the etch pits is a
consequence of an increased ratio of removal rates of silicon
atoms at kink and step positions. As all the additives used,
regardless of being ionic, protic, or aprotic, show a similar
behavior, it is concluded that their influenceon this ratio is not
due to chemisorption. We presume that due to preferential
physisorption of the organic additives on the hydrophobic
monohydride Si-(111) surface a thin “surfactant” layer with a
reduced content of water forms during etching. As a result of
reduced solvation, the OH- concentration is lower in this

surface layer as compared to the bulk solution and the silicate
reaction products are hindered to dissolve in the etching
solution. This leads to the observed increase in pit triangular-
ity and pit density.
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Appendix

The propagation of steps during etching proceeds by the
removal of atoms at step positions followed by a subsequent
removal of atoms at the kink positions as depicted in
Figure 11. For amonohydride step on {111} Si the probability
(rate) of removal of a triple bonded atom from a step position
is Pst, and that of a double bonded atom at a kink position is
Pk. The propagation velocity as well as the curvature of a step
is determined by Pst and Pk.

It is shown in ref 31 that the velocity of a monohydride step
propagating at an angle θ from the exact <112> direction is
given by (eq 19 in ref 31)

vstðθÞ ¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

� �3

Pk sin
3θ

2

� �2

þ PstPk

s
ð5Þ

where d is the distance between two nearest neighbor silicon
atoms. For a monohydride step advancing in the exact
<112> direction (θ= 0), the velocity equals

vstð0Þ ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffi
PstPk

p
ð6Þ

The radius of the curvature of a step in this direction is given
by the stiffness32

rðtÞ ¼ vstð0Þtþ d2vstðθÞt
dθ2

jθ f 0 ð7Þ

where t is the time elapsed since the step nucleated at the pit
bottom. The relative radius of step curvature is given by

KðrÞ ¼ K¼ rðtÞ
vstð0Þt ¼ 1þ 1

vstð0Þ
d2vstðθÞ
dθ2

jθ f 0 ð8Þ

or by using eq 5

K ¼ 1þ 2

3

Pk

Pst
ð9Þ

In view of the approximation made in deriving eq 5,31 the
above expressions for vst(0) and κ do not hold ifPk/Pst is close
to 1.However, despite this limitation also here vst(0) and κ still
increase with increasing PkPst and Pk/Pst values, respectively.
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