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Surfactant Adsorption on Single-Crystal Silicon
Surfaces in TMAH Solution: Orientation-Dependent
Adsorption Detected by In Situ Infrared Spectroscopy
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Abstract—This paper focuses on two aspects, macroscopic and
microscopic, of pure and surfactant-added tetramethylammo-
nium hydroxide (TMAH) wet etching. The macroscopic aspects
deal with the technological/engineering applications of pure and
surfactant-added TMAH for the fabrication of microelectro-
mechanical systems (MEMS). The microscopic view is focused on
the in situ observation of the silicon surface during etching in pure
and surfactant-added TMAH solutions using Fourier transform
infrared (FT-IR) spectroscopy in the multiple internal reflection
geometry. The latter is primarily aimed at investigating the causes
behind the change in the orientation-dependent etching behavior
of TMAH solution when the surfactant is added. Silicon prisms
having two different orientations ({110} and {100}) were pre-
pared for comparison of the amount of adsorbed surfactant using
FT-IR. Stronger and weaker adsorptions were observed on {110}
and {100}, respectively. Moreover, ellipsometric spectroscopy (ES)
measurements of surfactant adsorption depending on the crystal-
lographic orientation are also performed in order to gain further
information about the differences in the silicon—-surfactant inter-
face for Si{100} and Si{110}. In this paper, we determine the dif-
ferences in surfactant adsorption characteristics for Si{110} and
Si{100} using FT-IR and ES measurements for the first time, focus-
ing both on the mechanism and on the technological/engineering
applications in MEMS. [2009-0140]

Index Terms—Anisotropic etching, ellipsometry, Fourier trans-
form infrared (FT-IR) spectroscopy, IR, microelectromechani-
cal systems (MEMS), silicon, surfactant, tetramethylammonium
hydroxide (TMAH), Triton-X-100.

I. INTRODUCTION

S ILICON WET anisotropic etching has been an area of
extensive research, particularly for the fabrication of mi-
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croelectromechanical systems (MEMS)-based devices/systems.
Numerous wet anisotropic etchants, such as potassium hydrox-
ide water (KOH) [1], ethylenediamine pyrocatechol water (EDP
or EPW) [2], hydrazine [3], ammonium hydroxide [4], cesium
hydroxide water (CsOH) [5], and tetramethylammonium hy-
droxide (TMAH) [6], etc., have been studied. From an appli-
cation point of view, three etching parameters are primarily
considered to characterize the etchant, namely, the etch rate,
the surface morphology, and the convex corner undercutting.
The incorporation of surfactants, alcohols, and other additives
to the etchant has been studied in order to alter the etching
characteristics for specific applications, such as reducing the
formation of hillocks or minimizing the undercutting at convex
corners. Apart from the etching characteristics, toxicity, and
cost of the etchant, a critical aspect is the clean room compat-
ibility, particularly when the etching process is carried out af-
ter fabrication of complementary metal-oxide—semiconductor
(CMOS) circuitry. Due to this, the TMAH solution has gained
wide popularity, and recent research has concentrated on the
effect of various kinds of surfactants, such as NC-200, Triton,
PEG, ASPEG, etc. [7]-[12]. The addition of a very small
amount of surfactant in TMAH, particularly at high concen-
tration (i.e., 25 wt%), alters its etching characteristics consider-
ably, in terms of undercutting at convex corners, curved edges,
and straight edges aligned with non-(110) directions at Si{ 100}
surface. It also reduces significantly the etch rate and improves
the etched surface morphology of Si{110} surfaces, while not
affecting noticeably those for Si{ 100}. Moreover, the surfactant
addition significantly reduces the etch rate of vicinal Si{110}
orientations, such as {221}, {331}, or {441}, while not strongly
affecting vicinal Si{100} surfaces, such as {211}, {311}, or
{411} [13]. This kind of etching characteristics provides a
wide range of new shapes of MEMS structures [7], [8], [10],
[14], [15]. However, the mechanism behind this change is still
unclear, speculative—without experimental evidence—and a
matter of debate [8], [10]. The experimental investigation of the
etching mechanism, therefore, is essential to further accelerate
the research in wet anisotropic etching and to promote its
applications in silicon bulk micromachining for MEMS.

The change in the etching behavior of TMAH after the
incorporation of the surfactant indicates that the reaction mech-
anism at the surface is affected by the surfactant molecules,
which may block selectively some of the active surface sites,
particularly those that appear on Si{110}. Fourier transform
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infrared (FT-IR) spectroscopy is an effective tool to investigate
the bonding and adsorption of foreign molecules at the surface
under observation [16]-[27]. Attenuated total reflection IR
spectroscopy is a very promising method for the in situ analysis
of the surface. It has been demonstrated for real-time observa-
tion of silicon etching/cleaning/oxidation processes [16]—-[26].
In addition, we consider ellipsometric spectroscopy (ES) mea-
surements since this technique is able to characterize the thick-
ness of thin adsorbed layers on surfaces at the subnanometer
scale [28].

This paper focuses on two aspects, macroscopic and mi-
croscopic, of surfactant-added TMAH. On the one hand, the
relevance for MEMS applications by fabricating new shapes of
structures—which are not possible by conventional wet etching
using pure TMAH (or KOH) solutions—is considered. This
is termed as the “macroscopic aspects.” On the other hand, a
microscopic perspective in this paper is the in situ observation
of the S/TMAH and Si/(TMAH+surfactant) interfaces during
etching using FT-IR spectroscopy in the multiple internal reflec-
tion (MIR) geometry to detect the selective adsorption of sur-
factant on different crystallographic planes. In addition to the
FT-IR study, ellipsometric measurements are also performed on
different orientations treated in surfactant-added water solution.
The combined FT-IR and ellipsometric study is referred to as
the “microscopic aspects.” This paper is part of a major effort
to find out the mechanism behind the following: 1) the etch
rate reduction for vicinal and exact Si{ 110} surfaces and 2) the
relative stability of the etch rate for vicinal and exact Si{100}
orientations, when the surfactant is added in high-concentrated
TMAH. In this paper, we focus on the experimental verification
of the preferential adsorption of the surfactant on the different
surface orientations. Triton-X-100 is selected as the surfactant
due to its nonionicity in order to maintain the post CMOS
process compatibility of TMAH solution. In addition, Triton
remains in liquid phase at room temperature, making it easy
to measure volumetrically and to mix in the solution. Triton-
X-100 (iso-octylphenoxy polyethoxyethanol) has the following
molecular structure:

CsHyy O(CH,CH,0),
hydrophobic chain | hydrophilic chain
(head) (tail)

One end of the molecule is hydrophilic, and the other is
hydrophobic.

II. EXPERIMENTAL PROCEDURE

P-type Czochralski-grown silicon wafers with {100} and
{110} orientations are used for both the macroscopic
(application-oriented) and microscopic (surfactant adsorption
selectivity) studies. A 25-wt% TMAH and a Triton-X-100
[C14H220(C2H40),,, n = 9 — 10] are selected as the main
etchant and surfactant, respectively. We refer to the 25-wt%
TMAH aqueous solution as pure TMAH and to the aque-
ous solution of 25-wt% TMAH with 0.1% v/v of Triton as

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 18, NO. 6, DECEMBER 2009

surfactant-added TMAH. A constant temperature water bath is
used to monitor the etchant temperature (£1 °C). A Teflon
container equipped with a reflux condenser is used for both
etching solutions. In order to demonstrate the technological
applications of pure and surfactant-added TMAH for the real-
ization of various MEMS components, oxidized silicon wafers
are patterned photolithographically and etched in buffered hy-
drofluoric (BHF) acid for oxide removal. The patterned chips
are cleaned chemically and rinsed thoroughly in deionized (DI)
water. Immediately before immersing in the etchant, they are
dipped in 5% HF to remove any trace amount of native oxide.
The total etching time for a desired etch depth depends on the
etch rate for the specific temperature.

To investigate the effect of Triton, particularly on the etch
rates of {100} and {110} crystallographic planes, IR spectro-
scopic measurements were carried out at room temperature in
the attenuated total reflectance configuration [16]-[27]. Fig. 1
shows a schematic view of the process steps used for the
preparation of silicon samples of different orientations (i.e.,
silicon prisms) of 40 x 10 x 0.5 mm?® in size with 45° bevels
cut at the short edges. First, a thick silicon oxide layer of about
3 pum was grown by thermal oxidation process and patterned
by photolithography followed by oxide etching in BHF acid.
As shown in the experimental arrangement of the measurement
system (Fig. 2), an O-ring made of Nitrile rubber is used to
seal the Teflon cell in order to make it liquid leakage free.
The use of a thick oxide [as shown in Figs. 1(b) and 2(b)]
avoids the detection of absorption peaks from the O-ring. After
oxide patterning, the positive photoresist is spin coated to avoid
any scratch during further processing steps. The photoresist
coated wafers are then diced to make the rectangular pieces of
40 x 10 mm? size. After this step, both ends are beveled by
mechanical and chemical polishing processes. The samples are
then cleaned properly.

In order to collect the background spectra of TMAH (or
TMAH+Triton) and DI water, a very thin layer (1-2 nm) of
oxide is grown by dry thermal oxidation to prevent direct
contact with the silicon surface which would be otherwise
etched. The sample is mounted into a Teflon cell and fitted
into the experimental system, as shown in Fig. 2. The silicon
prism, as shown in Fig. 2(b), provides MIRs during the mea-
surements. The Teflon cell used in this experiment is custom
made. The IR spectra are then collected for different states
of the silicon surface. When the spectra are collected, the
solution is continuously supplied through a pipe and drained to
another pipe connected to the outlet. The measurement scheme
is summarized as follows.

1) IR spectrum while sample (with thin oxide) is exposed to
dry air only.
2) IR spectrum while flowing DI water.
3) IR spectrum while flowing TMAH (or TMAH+Triton),
followed by the following:
a) cleaning of the sample surface by successive flow of
DI water;
b) removal of thin oxide (I-2 nm) by flowing 5% HF
followed by thorough rinse using flowed DI water.
4) IR spectrum while flowing DI water.
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Process steps for the fabrication of oxide-patterned silicon prisms. (a) Thermal oxidation in order to deposit 3-pum-thick oxide layer. (b) Photolithography

for oxide patterning and dicing of wafer. (c) 45° beveling of both ends by mechanical and chemical polishing.

5) IR spectra while flowing TMAH or (TMAH+Triton). At
this step, 8—10 spectra are collected after every 2 min in
order to observe the effect of etching with time, followed
by the following:

a) thorough rinsing by flowing DI water.

6) IR spectrum while flowing DI water, followed by the

following:
a) 5% HF treatment;
b) thorough rinsing by flowing DI water.

7) IR spectrum while flowing DI water.

In order to gain further information about the differences in the
silicon—surfactant interaction for Si{100} and Si{110}, ex situ
ES measurements are performed. For this purpose, 1%-v/v
Triton is added into DI water. In this case, Triton is not added
to the TMAH solution in order to isolate the silicon—surfactant
system and to characterize the thickness of the surfactant layer
formed over the silicon surface. The silicon samples are cleaned
properly and dipped in 5% HF to remove any trace amount of
oxide followed by a thorough rinse in DI water. The samples are
then dipped in the surfactant-added DI water for 15 min. This
time was optimized by measuring the surfactant layer thickness
for different dipping times. It was observed that the thickness
becomes saturated after 7-8 min. Thereafter, samples are taken
out and rinsed by dipping in pure DI water several times (three
to four). We refer to the overall treatment consisting in cleaning
+ dipping in Triton-added DI water + rinsing as the “surfactant
treatment.” Finally, the samples are dried in air and placed in
the spectroscopic ellipsometry analyzer (MARY-102). ES mea-

surements for clean Si{100} and Si{110} surfaces—prepared
by dipping in 5% HF followed by a thorough rinse in DI water
to rule out any possibility of native oxide layer—are used as
reference for Si{100}/Triton and Si{110}/Triton, respectively.

III. RESULTS
A. Macroscopic Aspects (Application-Oriented Studies)

First, the etching characteristics in pure 25-wt% and 0.1%-
v/v Triton-added TMAH, as shown in Figs. 3-5, are measured
to emphasize the motivation of this paper. As shown in Fig. 3,
the etch rate of Si{100} remains almost unchanged in both
cases, while the Si{110} etch rate decreases to a significantly
low level in Triton-added TMAH. The addition of Triton re-
duces the undercutting at sharp convex and rounded concave
corners markedly (Fig. 4). The etched surface morphologies of
{100} and {110} in pure and Triton-added TMAH are shown
in Fig. 5. For {100}, no noticeable change is observed when the
Triton is added, whereas {110} becomes smoother. The under-
cutting at sharp convex corners occurs due to the emergence of
high index planes. The amount of undercutting is different in
pure and surfactant-added TMAH, being significantly low for
surfactant-added TMAH. An explanation for this behavior is
presented in Section I'V.

In order to illustrate the technological/engineering applica-
tions of both types of etchants, different shapes of masking
patterns are etched in { 100}-oriented silicon wafers. If the etch
rate of {110} is very low in comparison to {100}, as in Fig. 3
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Fig. 2. FT-IR experiment setup for in situ measurements of silicon etching be-
havior in pure and Triton-added TMAH. (a) Optical photograph. (b) Schematic.

for TMAH+Triton, {110} emerges at the mask edges aligned
with the (100) direction, making an angle of 45° with the
{100} wafer surface. This is suitable for the fabrication of 45°
mirrors, as shown in Fig. 6. The significantly low undercutting
at the convex and rounded concave corners in TMAH+Triton
can be beneficially used to etch conformally any arbitrarily
shaped pattern down to a depth of 20-25 pum. As an exam-
ple, SEM photographs of fabricated serpentine microfluidic
channels and microstructures with sharp convex and rounded
concave corners are shown in Fig. 7. An interesting feature of
surfactant-added TMAH is also demonstrated by micromachin-
ing alphabet letters, as shown in Fig. 8. The shapes of the
letters are correctly maintained down to a certain etch depth
(depending on the actual size of the letters), after which slanted
sidewalls merge with each other. In order to make suspended
structures using PT-Si (or SiO2/Si3Ny), high undercutting is
desirable for their fast release. In that case, pure TMAH is an
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Fig. 3. Comparison of the etch rates of (a) Si{100} and (b) Si{110} at
different temperatures. When Triton is added in TMAH, the etch rate of
Si{ 100} is almost unaffected, while that for Si{110} is suppressed significantly.

appropriate choice as it provides very high undercutting. Hence,
pure and surfactant-added TMAH provide two good choices
for the formation of different shapes of MEMS structures,
depending on the actual requirements.

B. Microscopic Phenomena (Surfactant
Adsorption Selectivity)

The novelty of this paper resides in the in situ observation of
the silicon surface during etching using FT-IR spectroscopy. In
order to observe the status of {100} and {110} under different
conditions during the experiments, the following absorbance
spectra were calculated from the measurement scheme pre-
sented in Section II:

1) IV-II in order to observe the surface before etching;
2) V-III for investigating the surface during etching;
3) VII-II for the observation of hydride states after etching.

Here, “IV-II” means that the spectra collected at step II are
subtracted from those collected at step IV. Fig. 9 shows the IR
spectra of Si{100} and Si{110} in the Si-Hs and Si-H absorp-
tion regions before etching (IV-II). The absorbance spectra of
{100} and {110} taken after every 2 min during etching in pure
and Triton-added TMAH (V-III) are shown in Fig. 10. After
etching in pure and surfactant-added TMAH, the IR spectra in
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Fig. 4. Comparison of the undercutting ratio in pure and Triton-added TMAH
solutions for (a) I1/d at convex corners and (b) l2/d at rounded concave
corners on Si{100} at different temperatures. /1 is the undercutting along (110)
direction at convex corner. s is the undercutting along (100) direction at
rounded concave corner. d is the etch depth.

the Si-Hy and Si-H regions after washing (performed by flow-
ing 5% HF followed by DI water) are shown in Fig. 11 (VII-II).
In this figure, the absorbance spectrum for Si{ 110} etched in
pure TMAH could not be measured correctly due to the rough
morphology. In addition, Fig. 12 shows a comparison of the
surfactant layer thickness on the {110} and {100} surfaces after
the surfactant treatment at different temperatures. The thickness
is measured ex sifu by ES.

IV. DISCUSSION

In this section, we show that the strong reduction in the etch
rate and surface roughness of Si{ 110} and the weak effects for
Si{100} are also valid for their corresponding vicinal surfaces.
This is done by performing the following: 1) providing refer-
ences to earlier published etch rates and surface morphologies
for the vicinal orientations; 2) presenting the major resembling
features between the crystallographic structures within each
vicinal family; and 3) analyzing the change in the etched profile
with and without the surfactant in our experiments. The cross-
analysis suggests that the exact and vicinal Si{110} surfaces
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are protected by an adsorbed surfactant layer, while the exact
and vicinal Si{100} orientations are weakly affected. This
conclusion is confirmed by analyzing the FT-IR and ES results.
Finally, a simple model is proposed in order to explain the
change in the etching characteristics when the surfactant is
added in TMAH.

As mentioned in Section III-A, the etch rate of Si{110} is
strongly reduced when Triton is incorporated in TMAH, while
the Si{100} etch rate is almost unaffected (Fig. 3). The results
for Si{110} can directly be correlated to other orientations,
such as {441}, {331}, or {221}, as their etch rates are also
reduced significantly in other etchants containing TMAH and
other surfactants [13], [29]. These orientations are examples of
the {h h 1} and {h + 2 h + 2 h} surface families with h > 3
and h > 2, respectively, appearing between {110} and {111}
and characterized by having reduced etch rates and smooth
etched surface morphologies in TMAH+surfactant in general.
From a crystallographic point of view, all these surfaces are
characterized by containing Step Monohydride (SM) and Ter-
race Monohydride (TM) sites in varying amounts, with {110}
and {h h 1} being SM rich while {h +2 h+2 h} and {111}
are TM rich [29]-[31]. Due to the similar effect caused by the
addition of the surfactants and the crystallographic similarities
between these surfaces, we choose to refer to them in this paper
as vicinal {110} orientations. Similarly, other orientations such
as {411}, {311}, and {211} are examples of the {h 1 1}
and {h+2 h h} surface families with h >3 and h > 2,
respectively, appearing between {100} and {111} and charac-
terized by having etch rates and surface morphologies that are
not significantly affected by the addition of the surfactants in
general, as shown in Fig. 3(a) for the particular case of {100}
[13], [29].

Fig. 13 shows the difference in the undercutting planes
formed at (100)-oriented mask edges in pure TMAH and
surfactant-added TMAH. The sidewalls are 90°-inclined {100}
planes in Fig. 13(a) for pure TMAH while they are 45°-inclined
{110} planes in Fig. 13(b) for TMAH+Triton. The angle of
inclination of the sidewalls correlates with the location of the
minimum etch rate for all planes that contain the (100) direction
of the mask edge, i.e., the minimum of the etch rate in the (100)
crystallographic zone. This minimum is located at {100} for
pure TMAH while it is located at {110} for surfactant-added
TMAH. In a similar manner, Fig. 7(b)(i) shows that, for pure
TMAH, the undercutting at the convex corners is controlled
by the {311} fast etching plane (i.e., a vicinal {100} plane),
while Fig. 7(b)(ii) shows that the undercutting is controlled
by vicinal {110} planes, namely, {221}, {331}, {441}, etc.
Since the etch rates of these planes are 1) very low and 2) very
similar, the amount of undercutting is dramatically reduced,
and only a round profile can be observed (none of the planes
can stand out clearly from the rest). This shows that the exact
and vicinal {110} planes have low etch rates, in agreement
with other experiments [13], [29], indicating that this family of
surfaces is protected by the surfactant molecules during etching.
As discussed in the following, this is due to the formation of a
surfactant layer that is more strongly adsorbed on the {110},
{h h 1}, and {h+2 h+2 h} surfaces than on the {100},
{h11},and {h +2 h h} surfaces.
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(b)
(@

Optical photographs of etched surface morphologies in pure and surfactant-added TMAH. (a) {100}-Si in pure 25% TMAH (Ra = 8 nm). (b) {100}-Si

in 25% TMAH+Triton-X-100 (Ra = 9 nm). (c) {110}-Si in pure 25% TMAH (Ra = 530 nm). (d) {110}-Si in 25% TMAH+Triton-X-100 (Ra = 73 nm).

%
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&
D24 inm! 15, 0K
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Fig. 6. Fabrication of 45° mirror in (a) pure and (b) Triton-added TMAH. The
etched profile in (b) demonstrates that the etch rate of Si{110} is much smaller
than that of Si{100}, as also shown in Fig. 3.

The previous macroscopic aspects need microscopic con-
firmation in order to verify the preferential adsorption of the
surfactant molecules on {110}, as compared to {100}. As
mentioned earlier FT-IR spectroscopy is one of the powerful
methods that can be used to investigate the surface under
investigation. As shown in Fig. 9, before etching, the absorption
peaks for dihydride and monohydride termination for Si{ 100}
and Si{110} appear dominantly at 2110 and 2070 cm™!,
respectively. During etching, these peaks appear at 2077 and
2045 cm™!, respectively, due to the change in the local envi-
ronment from DI water only to aqueous TMAH, which con-

0 i

(i) Pure TMAH

Mask pattern

(@)

(ii) TMAH + Triton

[110]
[100]

[110]

(i) Pure TMAH

Mask pattern

(b)

(ii) TMAH + Triton

Fig. 7. Fabrication of (a) serpentine-shaped microfluidic channels and
(b) cantilever beams with sharp convex and rounded concave corners on
Si{100} in pure and Triton-added TMAH. This demonstrates the direct applica-
tion of low and high undercutting, as shown in Fig. 4, for MEMS applications.

tains TMA™T and OH™ ions in addition to water. Moreover,
the peak heights for Si-H and Si-Hy are reduced during the
etching in comparison to those before etching. As reported,
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Fig. 8. Micromachining of alphabet letters in surfactant-added TMAH
(etch depth = 30 pm).
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Fig. 9. IR absorption spectra in Si-H and Si-Hz vibration regions for Si{ 100}
and Si{110} before etching in (a) TMAH and (b) TMAH+Triton. In both cases,
the surfaces are exposed to DI water after 5% HF treatment. (a) Before etching
in pure TMAH. (b) Before etching in TMAH+Triton.

hydrogen-terminated surfaces are very susceptible to the lo-
cal environment, and various parameters for different solvents
(such as the dielectric constant, Gutmann’s electron-donor and
electron-acceptor numbers, etc.) are considered to be respon-
sible for the IR frequency shifts [27], [32]. Generally, the
dielectric effects are widely accepted as an explanation. As
an example, Ozanam et al. studied the frequency shift in the
presence of various solvents, showing good agreement with
our results [27]. The shifted peaks at 2077 and 2045 cm ™!
are attributed to strained dihydride and monohydride states
of silicon surfaces, respectively [27], [33]. The spectra above
3000 cm~! show only broad depressions around 3300 cm™!
due to absorbance by water.

In the case of etching in TMAH+Triton, the same shifts in the
IR frequency for the dihydride (Si-Hs) and monohydride (Si-H)
states are detected. However, additional peaks corresponding to
C-H vibrational modes are also observed, as shown in Fig. 10(c)
and (d). The peaks at 2874 and 2950 cm~! are attributed to
the CH3 symmetric and asymmetric stretch modes, respectively
[34]. These additional peaks unambiguously reveal the pres-
ence of Triton on the surface [16], [17], [26]. By comparing
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their intensities for Si{100} and Si{110}, we conclude that
Triton is adsorbed more strongly on Si{110}. As a result, the
{110} planes are significantly prevented from being attacked
by H2O and OH™ during etching, resulting in a reduced etch
rate, as shown in Fig. 3(b). Since Triton does not adsorb as
strongly on Si{100}, the corresponding reduction of the etch
rate is much weaker, as shown in Fig. 3(a).

The in situ observation of the silicon surface during etching
in this paper confirms the existence of the selective adsorption
of the surfactant molecules. The difference in the surfactant
layer thickness for Si{110} and Si{100} measured by spec-
troscopic ellipsometry after the surfactant treatment, as shown
in Fig. 12, validates the orientation-dependent adsorption of
the surfactant molecules. The figure shows that the surfactant
layer formed on Si{ 110} is thicker than on Si{100}, indicating
once more a stronger attachment to the surface. After etching
(Fig. 11), the surfaces treated in 5% HF and rinsed in DI water
display dihydride and monohydride absorption peaks at the
corresponding wavenumbers as previously observed (Fig. 9),
indicating that the surfaces are returned to the expected H-
termination states.

It is known that the surface of silicon is mostly H-terminated
during etching [35], [36] and that H-terminated surfaces are
characteristically hydrophobic [18]. It is also well known that
the surfactant molecules will adsorb on a hydrophobic surface
by forming an adsorbed layer, where the hydrophobic part of
the molecules (or head) is in contact with the surface while
the hydrophilic part (or tail) remains in contact with water
[16], [37]. Traditionally, the layer thickness from ellipsometry
studies is known to reflect the density of adsorbed molecules
(adsorption density), related to the larger (more perpendicular)
or smaller (more oblique) degree of packing of the molecules.
On the other hand, the wavenumber of an FT-IR absorbance
peak reflects the kind of bond and its vibrational mode, whereas
the relative intensity of the peak can reflect either stronger
physisorption (bringing the species closer to the surface) or a
larger density, or both (in addition to the relative alignment
between the radiation and the bonds). Our combined study
strongly indicates that the surfactant molecules preferentially
adsorb on Si{110}, exhibiting a larger packing density and
stronger physisorption.

At the molecular level, a further explanation of the pref-
erential adsorption of the surfactant is as follows. For fully
H-terminated surfaces, we argue that the only forces between
the water molecules and an H-terminated silicon surface are
weak hydrogen bonds between surfacial Si¥™ and aqueous 0%
and between surfacial H*~ and aqueous H%*. Here, 6 (delta) and
¢ (epsilon) refer to small and very small charges, respectively,
due to the differences in electronegativities between O and H
in water and between Si and H at the surface, respectively.
Although these interactions are weak, they are localized at
H-terminations. We calculate the number of H-terminations per
unit area for the crystallographic cut of Si{100} and Si{110}
as 4/a® and 4/(a®,/2), respectively, where a is the lattice
parameter of the conventional unit cell. This simple calculation
suggests that Si{110} is more hydrophobic (lower H-density)
than Si{100}. If the water and surfactant molecules are to
compete for suitable locations over the surface, on average,
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Fig. 11. IR absorption spectra in Si-H and Si-Ho vibration regions for
Si{100} and Si{110} exposed to DI water after etching followed by washing
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surfaces after etching. (a) After etching in pure TMAH. (b) After etching in
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Fig. 12.  Comparison of surfactant layer thicknesses on Si{110} and Si{100}
adsorbed after dipping in surfactant-added DI water for 15 min followed by
dipping several times in pure DI water.

water will find the H-terminated sites more comfortable while
the hydrophobic ends of the surfactant molecules will find the
areas between H-terminations more suitable. This argument
explains that the adsorption of nonionic surfactants is larger on
Si{110} than on Si{100}.

The difference in the adsorption behavior of the surfactant
on the two surface orientations can be used to explain the
effects on the etch rate and surface morphology. The structure
of the surfactant layer is shown in Fig. 14, where the head
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is sketched as an ellipse and the tail is sketched as a zigzag
chain. The density of adsorbed molecules in the layer increases
with the hydrophobic character of the surface. Likewise, the
layer thickness increases with the adsorption density. As a
result, more adsorption leads to a thicker layer, as schematically
shown in Fig. 14. As mentioned previously, Si{110} is more
hydrophobic than Si{100}, resulting in the formation of a
more densely packed surfactant layer. This influences more
strongly the diffusion of the reactants (i.e., OH™ and H-O)
and products (essentially Hy, Si(OH),, SiH(OH)3, etc.) into
and out from the etched interface, as shown in Fig. 14(b)(1).
As a result, less reactants reach the surface in the presence of
a thick adsorption layer, and the etch rate is correspondingly
reduced. Hence, the reduction in the etch rate of Si{110} and
its vicinal surfaces can be explained by considering the larger
packing density of surfactant molecules on these surfaces, as
compared to that of exact and vicinal Si{100}. The intense
reduction of the undercutting at sharp convex [Fig. 4(a)] and
rounded concave [Fig. 4(b)] corners in Triton-added TMAH
can now be explained confidently as due to the higher packing
density of the adsorbed layer of Triton on the {h h 1} and
{h+2 h+2 h} high index planes, hindering them from the
action of the etchant [see Fig. 14(b)(i)].

The strong decrease in the etch rate of exact and vicinal
Si{110} reduces in turn the production of hydrogen gas (Hs).
On the other hand, the presence of the surfactant layer physi-
cally covering the surface prevents the formation of large Hs
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bubbles, filtering them away before they can grow too large.
As a result, the surface morphology is smoothened, and the
surface roughness is reduced. Similarly, the decrease in the etch
rate and the physical presence of the surfactant layer result
in a reduction of the amount and size of inhomogeneous re-
gions (or inhomogeneities) in the etchant concentration and/or
temperature in the close vicinity of the active regions of the
surface, such as the morphological steps appearing along the
zigzag morphology of {110}. These etchant inhomogeneities
are the result of a time delay between the faster reaction rates
at the active surface sites and the slow diffusion transport of the
reactants and products in the etchant [29], [31]. The reduction
in the number and size of inhomogeneities also contributes
to smoothening the surface roughness. The zigzag structures
typically observed on {110} due to limited diffusion transport
become much shallower after the addition of the surfactants,
as shown in Fig. 5(c) and (d). This is in agreement with the
effect of other surfactants and alcohols on the morphology
of {110} [29].

The adsorption of surfactant layers on H-terminated silicon
surfaces has been studied in detail by Jeon et al. [16], [17],
Workman et al. [25], and Imanishi er al. [26]. Jeon et al. focus
on the study of the adsorption density of several surfactants
(including Triton) as a function of surfactant concentration in
solution and temperature, focusing on H-terminated Si{100}
surfaces. While they characterize the adsorption and desorption
characteristics of the different surfactants on this surface, the
relevance for wet etching is not considered in terms of bulk
micromachining applications. The work by Workman et al.
and Imanishi et al. focuses on the adsorption of surfactant
molecules on H-terminated Si{111} surfaces in aqueous solu-
tion, with a distant relation to silicon wet etching. Although
many studies have characterized the effects of the addition
of surfactants and alcohols on the etch rate and surface mor-
phology in alkaline etchants [7]-[13], [29], according to our
best knowledge, no studies have been performed to address the
adsorption selectivity of these agents on different H-terminated
surfaces (i.e., different orientations). In this paper, we have
determined the differences in adsorption characteristics for
Si{110} and Si{100} using FT-IR and ES measurements for
the first time, focusing both on the mechanism and on the
technological/engineering applications in MEMS.

In conclusion, all the three studies (i.e., etching character-
istics for MEMS applications, in situ FI-IR investigation, and
ellipsometry measurements) confirm the existence of surfactant
adsorption selectivity on different crystallographic planes, fa-
voring the exact and vicinal {110} surfaces. This paper sheds
new light onto the mystery behind the change in the etching
characteristics of pure TMAH when a very small amount of
surfactant is added.

V. CONCLUSION

The macroscopic and microscopic aspects of pure and
surfactant-added TMAH as anisotropic etchants of crystalline
silicon have been presented. The macroscopic study focuses on
the etching characteristics, such as the etch rates, undercutting,
and surface morphologies in both etchants. This is followed by
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the fabrication of different shapes of MEMS structures, such as
45° mirrors, microfluidic channels, and structures with rounded
concave and sharp convex corners in order to demonstrate the
technological/engineering applications. The microscopic study
is aimed at providing new insights on the mystery of the
dramatic change in the etching characteristics of TMAH when
a very small amount of surfactant is added, i.e., 0.1%-v/v Triton
in this paper. The ellipsometric study of surfactant-treated
surfaces and in situ FT-IR observation of silicon etching in pure
and surfactant-added 25-wt% TMAH confirm the orientation-
dependent adsorption of the surfactant. We conclude that the
surfactant molecules are more densely adsorbed on exact and
vicinal Si{110} than on exact and vicinal Si{100}, explaining
why the etch rates of {110}, {h h 1} and {h+2 h+2 h}
surfaces are considerably reduced. This reduction in the etch
rates of vicinal Si{110} results in a strong suppression of the
undercutting at sharp convex and rounded concave corners and
at curved and non-(110) edges.
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