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Particle Precipitation in Connection with KOH Etching
of Silicon
C. Bergenstof Nielsen,z C. Christensen, C. Pedersen, and E. V. Thomsen

Mikroelektronik Centret, The Technical University of Denmark, 2800 Lyngby, Denmark

This paper considers the precipitation of iron oxide particles in connection with the KOH etching of cavities in silicon wafers. The
findings presented in this paper suggest that the source to the particles is the KOH pellets used for making the etching solution.
Experiments show that the precipitation is independent of KOH etching time, but that the amount of deposited material varies with
dopant type and dopant concentration. The experiments also suggest that the precipitation occurs when the silicon wafers are
removed from the KOH etching solution and not during the etching procedure. When not removed, the iron oxide particles cause
etch pits on the Si surface when later processed and exposed to phosphoric acid. It has been found that the particles can be
removed in an HCl solution, but not completely in an H2SO4-H2O2 solution. The paper discusses the involved precipitation
mechanism in terms of the change in free energy of adsorption, the Pourbaix diagram, the electrochemical double-layer thickness
and silicon dopant type, and concentration.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1688802# All rights reserved.
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KOH etching is widely used in connection with micromachin
of microelectromechanical systems~MEMS!. As an example, in th
manufacturing of pressure sensors, an-isotropic KOH etching o
con is used for making pressure sensitive membranes. Mak
silicon membrane using KOH etching involves a six-step proce
~i! Silicon nitride is deposited on a 4 in. silicon wafer.~ii ! The
silicon nitride is oxidized.~iii ! Using photoresist in a standard ph
tolithography technique, mask holes are defined in the silicon o
using a HF etching solution. (iv) The silicon nitride is now expose
to phosphoric acid atT 5 180°C where the unmasked areas
removed. In this process step, silicon oxide is not etched. (v) The
silicon wafer with a silicon nitride mask is then exposed to a K
etching solution, where unmasked silicon is removed. Membr
are formed when sufficient material has been etched away.
etching will also typically remove the silicon oxide mask. (v i ) The
nitride mask is finally removed in phosphoric acid. In the cas
normal conditions the phosphoric acid will not etch the expo
silicon.

The motivation for this work was initiated by the discovery
iron oxide particles found on the silicon membrane and sidewa
the cavity after such an anisotropic KOH etching of pressure
sors. Figure 1 shows such a particle contamination at 10,000
magnification and Fig. 2 shows at a higher magnification a cha
these particles. Furthermore, it turned out that the KOH etc
procedure did not deposit particles on either SiO2 or on Si3N4 mask-
ing layers, and when performing step~vi! in the procedure describ
above, the particles were not removed. Instead they caused
the silicon where particles were situated. In Fig. 3 a silicon mem
brane with particles and pits is shown. Both the presence of etc
and particles is detrimental to sensors working in harsh env
ments since a coating with a passivating layer becomes diffic
not impossible.1 Evidently the presence of iron particles is also
rimental to MEMS sensors since the iron will alter the behavio
the electronics that is present on the device.2

The work presented here focuses on precipitation mecha
and on how the contaminated silicon surface can be cleaned
factory.

The presence of metal contamination of KOH etching solut
has been the subject of investigations before,3-7 however, to the be
of our knowledge, the presence of metal oxides on silicon wa
the amount, the individual particle size, and morphology has n
before been described.

z E-mail: cbn@mic.dtu.dk
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Experimental

Three experiments have been performed. Experiment I wa
signed to establish whether or not particle size and number
with etching time. Experiment II was designed to give additio
information on the technological aspect of wafer etching in the
of different dopant types and dopant levels, and experiment III
designed to investigate particle removal. In both experiment I a
the involved silicon~100! wafers were oxide stripped in a buffer
HF etch for 30 s and subsequently rinsed in a deionized H2O rinsing
solution ~with a resistivity of 18 MV cm! with N2 bubbling for 3
min, prior to the KOH etching solution exposure. This was don
order to remove the native oxide from the silicon wafers, and
ensure equal initial etching conditions. The KOH etching solu
parameters are also common to experiment I and II, namely~i! the
wafers are etched in an upright position in the etching solution,
the flat pointing upwards. The flat is a marker that is used to ide
the @100# crystal direction of the single-crystalline silicon wafer.~ii !
The KOH concentration is 29% (H2O:KOH 5 1.3:0.5 weight ratio!
with a total solution of 9.6l, and the etching temperature is 80°C
this KOH concentration and temperature the etch rate of the s
is approximately 1.3mm/min. ~iii ! The purity of the solution i
limited by the purity of the KOH pellets supplied by the manu
turer. Maximum content of, for example, iron, cupper and nick
in their respective order: 5, 1, and 1 ppm.

Experiment I.—After oxide stripping, ten 500mm thick single-

Figure 1. SEM image at 10,000 times magnification showing particles
cipitated on an n-type silicon wafer.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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side polished n-type silicon~100! wafers ~1-20 V cm! were sub
merged in the KOH etching solution. After 0.125, 0.25, 0.5, 1, a
h, respectively, two wafers were taken from the KOH solution
rinsed in deionized water for 3 min prior to a spin-drying.

Experiment II.—Four wafer types, two of each, were inve
gated having the following properties. Two phosphorous-doped
fers with a resistivity of 1-20V cm, two antimony-doped wafe
with a resistivity of less than 0.025V cm, two boron-doped wafe
with a resistivity of 1-20V cm and two boron-doped wafers with
resistivity of less than 0.025V cm. See also Table I for wafer en
meration, wafer types, and properties. After oxide stripping all
fers were etched in KOH for 30 min and subsequently rinse
described in experiment I.

Experiment III.—As in experiment I six n-type wafers we
etched for 30 min prior to rinsing and drying. After making sure
the wafers contained particles using scanning electron micro
~SEM!, three of the wafers were cleaned in a 1:4 mixture
HCl:H2O solution at 24°C for 5 min, and the remaining three wa
were cleaned in a H2SO4 :H2O2 piranha solution at 80°C for 10 mi
Both batches were subsequently rinsed in deionized water wi2
bubbling for 5 min and spin dried.

Figure 3. SEM image showing particles and etch pits in a Si membrane
pits are caused by phosporic acid when dissolving a silicon nitride ma
layer.

Figure 2. SEM image at a larger magnification showing particles wi
cubic shape, size uniformity, and a tendency to form chains.
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Characterization

In all the experiments the particles have been characteriz
terms of morphology, quantity, and elemental composition w
LEO 1550 field emission gun SEM. In both experiment I and II
micrographs used for statistical evaluation were obtained at a
nification of 10,000 times and with a zero tilt angle of the wafer
question. The numbers presented for experiment I are a result
micrographs from each sample, obtained from across the s
with a 5 mmdistance between each micrograph, beginning from
flat and along an axis perpendicular to the flat as shown in Fig
In experiment II, all SEM images have been obtained at 16
defined equidistant locations covering the whole wafer are
sketched in Fig. 4b.

Microanalysis was performed on selected particles using e
dispersive X-ray spectroscopy~EDS!.

Results

Experiment I (the etching time experiment).—Figure 1 shows
typical micrograph of the precipitated particles. At larger magni
tions these particular particles are recognized as cubic with a
length of approximately 330 nm as seen on Fig. 2. Typically
particles appear in chains where the particles have the same
vidual size. In rare occasions the deposited particles show a he
nal structure. In Fig. 5, one of the four particles having suc
hexagonal structure is presented.

In order to perform statistical analysis on the SEM gray
images, suitable image processing and analysis software ha
used to carry out a threshold procedure that yielded binary im
i.e., white particles on black wafers. The threshold images have
used to evaluate the coverage development from the bottom
top of the wafers, to compare the coveragevs. etching time evolu
tion, and to evaluate the particle size distribution on the indivi
wafers.

Coverage.—As stated previously image analysis has been
formed on all of the obtained micrographs. Using these data
mean value and standard deviation of the coverage for each
has been found for each etching time. In Fig. 6 the results from
analysis are presented. In addition, by evaluating the microgr
two deposition modes have been recognized, in this text refer
as type I and II. Type I has a particle coverage that is lower a

Figure 4. Schematic of the microscopy procedure. The black dots ind
where on the wafers, the SEM images were obtained.

Table I. Wafer number and properties.

Wafer
no. Type Dopant

Resistivity
@V cm#

Electron/hole
concentration

1-2 n P 1-20 ;4•1014 cm23

3-4 n11 Sb ,0.025 ;1•1018 cm23

5-6 p B 1-20 ;1•1015 cm23

7-8 p11 B ,0.025 ;4•1018 cm23
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



. The

ordi-
Evalu
clea

mi-
ing to
is a
ther,
par-
h is
of th

etch-
size

, and
from
4 an
spec
lyze
pen

elds

,
nd O.

ent I.
rent

from
Fig.
quite
afer
the

t the

round
ound
rd de-
12,
n

n any
rable

e and

that
what

itate
ace.

KOH

from
75

cles.
m the

Journal of The Electrochemical Society, 151 ~5! G338-G342~2004!G340
lower part of the wafer and higher at the upper part of the wafer
mean coverage is low, typically 0.1%.

Type II has a coverage that is independent of the wafer co
nate and has a high overall coverage between 0.4 and 0.8%.
ating the mean coverage in Fig. 6 it is seen that there is no
evolution in coverage with respect to time.

Particle size.—Size distribution analysis was performed on all
crographs obtained. The size distribution analysis correspond
Fig. 1 is shown in Fig. 7, where it can be seen that there
predominant particle size in the regime from 270 to 390 nm. Fur
it has been found for this particular micrograph, that the mean
ticle size is 332 nm. Figure 7 uses the term minor axis by whic
meant the thickness of the particle chain and hence a measure
particle size. Comparing the size distribution between different
ing times it was found that there was no evolution in the particle
distribution as a function of etching time.

Microanalysis was performed on a large number of particles
it was found that they contained Fe and O. In Fig. 8 the results
a typical microanalysis are presented. At energies between 0.1
0.94 keV peaks corresponding to Fe and O are found. In the
trum a peak corresponding to Si is also seen, since the ana
particles are so small that the incoming electron beam either
etrates or is being diffracted into the Si substrate and hence yi
Si peak.

Figure 5. SEM image showing that particles in rare occasions precip
with a hexagonal structure. The insert shows the outlined hexagonal f

Figure 6. Histogram showing the particle coverage dependence on
etching time as found in experiment I.
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Experiment II (the wafer-type experiment).—Like experiment I
microanalysis showed that selected particles contained Fe a
Furthermore, the n-type wafers, the p-type and the p11 type wafers
showed particle coverage similar to those described in experim
However, highly doped n-type wafers showed an extremely diffe
behavior. In Fig. 9 a typical SEM image from an n11 wafer is
presented. Spot testing using approximately 30 particle chains
Fig. 9 yields a size distribution as shown in Fig. 10. Evaluating
10 it is seen that the chain width and thereby the particle size is
monodispersed. Similar spot testing was performed on all w
types. In Fig. 11 the size distribution analysis performed on
p11 type wafer is presented. Evaluating Fig. 11 it is seen tha
size distribution is less narrow than in the case of the n11 type
wafer. However, it can be seen that there is a strong grouping a
a particle size of 220 nm. As in experiment I the coverage was f
on all obtained micrographs, and the mean value and standa
viation was derived for the four different wafer types. In Fig.
where the resulting numbers are presented, it is seen that the11
type wafer has a coverage which is at least 16 times higher tha
other wafer type and that the other wafer types have compa
coverage, although they are different in respect to dopant typ
concentration.

Experiment III.—The particle removal experiment showed
the Piranha solution dissolved most of the particles, but left

Figure 7. Histogram showing the particle size distribution as obtained
Fig. 1. The mean size of the grains is;330 nm. The standard deviation is
nm, not shown in the histogram.

Figure 8. The results from the microanalysis of the precipitated parti
The particles are seen to contain Fe and O. The Si peak stems fro
substrate.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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appeared to be traces of the particle chains, and that the HCl
tion dissolved the particles so well it was not possible to find
using the SEM.

Discussion

Iron source.—In both experiments, EDS shows that the parti
contain Fe and O. A possible iron source is the KOH pellets use
making the KOH solution. The data sheet from the KOH manu
turer states that the Fe content in the pellets is below 5 ppm. C
lations show that if the particles are for, example, hematite F2O3
then at levels of only 5 ppm in the KOH pellets, there are 1
times more Fe ions in the solution than on the wafers.

Precipitation hypothesis.—There are several results that indic
that the precipitation phenomenon originates from an electroch
cal ~EC! process. This hypothesis can be elaborated in the follo
way. In the beginning of the etching~before 1/8 h! the Fe ions form
an EC diffusion layer~DL! containing Fe complexes, in equilibriu
with the solution concentration~as in Cr EC deposition8,9 or any
other case of EC deposition!. However, during etching in the KO
Fe complex formation happens without particle precipitation. T
when transferring the wafers, the EC DL sticks to the surface
from this DL, precipitation takes place either on the way to
rinsing solution or in the rising solution.

Figure 10. Histogram showing the n11 type particle size distribution a
found from a spot test from Fig. 9. The mean size of the particles is;120
nm and the standard deviation is;10 nm.

Figure 9. SEM image at 10,000 times magnification, showing particle
cipitation on an n11 type silicon wafer.
Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to E
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It can be argued in the following way that the mechanism
scribed above is in agreement with the experimental findings.
experiment I shows that particle coverage does not increase
function of etching time. This indicates that the precipitation st
from a finite source of Fe ions~i.e., the DL! and not from an infinit
Fe ion source~i.e., the KOH etching solution! that otherwise woul
lead to an increased coverage with time. Second, experiment
showed that there was no evolution in the particle size distrib
which also suggests that there was a finite Fe source available
the particles do not come in all sizes no matter how long time
wafers are exposed to the KOH solution, meaning that the pre
tation source is the DL. Third, experiment II shows that there
large difference in the particle size distribution between the n11
wafer ~'120 nm! and any other wafer type~'220 nm!. This sug
gests strongly that the particles do not come from the KOH sol
as solid particles, since otherwise the particle size distribution h
be similar for all wafers. Fourth, a similar argument can be
forward regarding the differences in coverage. In experiment II
n11 type wafer has a much higher coverage than any other
type. This also suggests that the particles do not come from
KOH solution as solid particles.

Precipitation, mechanism on the silicon.—According to Mor
et al.10 and Beverskoget al.11 both the solid complex Fe(OH)3 and
Fe2O3 are theoretically stable at pH 14 and pH 12, respective
could therefore be argued that one or more solid phases coul
cipitate and subsequently adhere to the wafers during the KOH

Figure 11. Histogram showing the particle size distribution as found fro
spot test of the micrographs obtained from the p11 type wafers in exper
ment II. There is a strong grouping of particles sizes around 220 nm.

Figure 12. Histogram showing the coverage dependence on wafer typ
experiment II. The n11 type wafer has a coverage that is 16 times hi
than any other wafer type.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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ing. In fact nanoparticles can be made intentionally using fo
hydrolysis of partially neutralized FeCl3 solutions with tetramethy
lammonium~TMAH ! at pH 11.12 However, our findings suggest th
the wafer contamination source is not solid particles coming
the KOH solution.

Instead it is more likely that Fe(OH)3 ~aq! and Fe(OH)4
2 are

present in the DL. Moriet al.10 have done calculations that sh
that at pH 14, the higher the Fe concentration the higher
Fe(OH)2

4 and the Fe(OH)3(aq) concentration. At this pH Mo
et al. shows that these two hydroxide complexes are the only
that exist. After the KOH etching the pH value and tempera
drops to pH 7 and room temperature, respectively, and using
parameters the different possible species can be found in the
baix diagram.11 At T 5 25°C and at a pH value of 7, Fe2O3 ~hema-
tite! is thermodynamically stable, and therefore can be precipi
from the DL. Most of the particles found on the wafers are cubic
rarely hexagonal as should be expected since hematite has a h
nal crystal structure. However, it has been reported before tha
matite can precipitate as a pseudo-cubic crystal with~110! faces.13-15

Therefore it cannot be ruled out that hematite is found on the wa

Precipitation mechanism on the silicon oxide.—The adsorbabi
ity of Fe, Ni, and Zn on silicon in a SC-1 cleaning solution~29%
NH4OH:31% H2O2 :H2O 5 1:1:5 volume ratio! has been the su
ject of investigation by Moriet al.10 This cleaning solution remov
organic residues while oxidizing the silicon surface. In this wo
has been found both experimentally using total reflection X
fluorescence~TRFX! spectrometry and theoretically using free
ergy change of adsorption calculations, that Fe will adsorb
Fe(OH)3(aq) film-type layer, instead of being adsorbed as part
like residues on the oxidized silicon surface. These results
found for pH 11 and at a temperature of 80°C. Moriet al.10 have
also performed calculations that compare the free energy chan
adsorption for Fe(OH)x (x 5 0 to 4! as a function of pH~0-14!.
Mori et al. find that Fe(OH)3(aq) yields the least calculated fr
energy change of adsorption, hence substantiating that, in the c
KOH etching, iron adsorbs the silicon oxide surface in the form
Fe(OH)3(aq). In this work Moriet al. also established an adsorb
Fe surface concentration saturation point. Our findings regardin
lack of precipitation on the silicon oxide mask are in agreement
these findings of the Fe surface concentration. Moriet al. have ex
perimentally shown using TRXF, that the surface metal conce
tion depends linearly on the Fe molar concentration in a log-log
between 1029 and 1027 mol L21. Above 1027 mol L21 the surface
metal concentration does not go much above 2•1013 atom cm22. In
our experiment, with an assumed contamination level of 5 pp
Fe in the KOH, the concentration of Fe ions in the solutio
;4•1025 mol L21 This means that the Fe molar concentration i
high that the saturation point, found by Moriet al.10 has bee
reached. In the case of the n11 type wafers, the coverage contam
nation is, in the worst case, 4%. Assuming that all the particle
cubic, with a side length of 120 nm, it is found that the surface m
concentration before precipitation would be 3.2•1028 mol cm22 or
2•1016 atom cm22. This is 1000 times more than the satura
point found by Mori et al.10 This fact indicates that, if there is
saturation point in the case of etching of Si in KOH, it is at le
1000 times higher than in the case of SC-1. The low contamin
level of the silicon oxide due to saturation makes it difficult
characterize the contamination using SEM. Additionally
should be pointed out that a surface metal concentratio
2•1016 atom cm22 corresponds to 200 atom nm22 which is not pos
sible in one atomic surface layer and therefore it must be ass
that the Fe must be contained in the EC DL in whatever comple
iron has formed.

In earlier papers it has been shown using electron refle
diffractometry16,17 and photometry7 that a layer of metallic iron ca
adsorb on silicon after KOH etching, with a thickness up to 50
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This high level of contamination corresponds well to our finding
case of the n11 type wafers.

The difference in coverage between n11 type wafers and an
other wafer types was found to be significant. The reason fo
phenomenon is still unclear. Clearly it has to do with the dopant
and dopant level, because it is the wafer with the highest ele
concentration that yields the highest coverage. As shown in Ta
the n-type wafer has an electron concentration of 4•1014 cm23 and
the n11 type wafer has an electron concentration of 1018 cm23.
Future work on this phenomenon should investigate coverage
function of electron concentration in the electron density reg
between 4•1014 and 1018 cm23 and at higher concentrations.

Conclusions

The precipitation of FexOy particles on Si wafers in connecti
with KOH etching has been investigated, and it has been show
there is no significant change in the amount of particle covera
the silicon wafers with respect to etching time. The amount o
posited material is wafer-type dependent,i.e., n11 wafers show
coverage that is at least 16 times higher than on any other wafe
investigated. Furthermore, it has been found for all wafer types
the precipitated particles have a size distribution with a predom
size regime and that this size regime is different for different w
types. The experimental findings suggest that the precipitati
taking place after the KOH etching, but that the source of the
cipitation is the electrochemical double layer formed during
KOH etching procedure. The particles that causes etch pits on
surface when exposed to a phosphoric acid solution can succe
be removed in a dilute HCl solution.
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