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Fabrication of silicon nanostructures is a key technique for the development of monolithically
integrated optoelectronic circuits. We demonstrated that the process of scanning probe microscope
~SPM! oxidation and anisotropic tetra-methyl ammonium hydroxide~TMAH ! etching is a low-cost
and reliable method to produce smooth and uniform silicon nanostructures on a variety of silicon
substrates. Etched structures with a pitch of 100 nm, positive- and negative-contrast structures, and
features height greater than 100 nm have been produced on bare silicon, and Si3N4-coated and
silicon-on-insulator wafers. Evolution of hexagonal pits on two-dimensional grid structures were
shown to depend on the pattern spacing and orientation with respect to Si~110! crystal directions. We
successfully combined SPM oxidation with traditional optical lithography in a mixed, multilevel
patterning method for realizing micrometer-and nanometer-scale feature sizes, as required for
photonic device designs. The combination of SPM oxidation and TMAH etching is a promising
approach to rapid prototyping of functional nano-photonic devices. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1476072#
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I. INTRODUCTION

Silicon-based structures have attracted considerable
tention because of increasing demands for monolithically
tegrated optoelectronic systems.1 These systems are impo
tant since they offer significant advantages in terms
compactness, functional enhancement, and cost reduc
Nanometer-scale structured features are required for spe
purposes, such as photonic crystals2,3 and subwavelength
structures.4–6 A low-cost, yet high-flexibility approach to
fabricate the Si nanostructures is desirable for explora
studies of nano-photonic devices at infrared and visible
gions. Scanning probe microscope~SPM! oxidation is re-
garded as a direct-writing and resistless lithography,7 where a
conductive proximal probe is used to provide a local inte
electric field near the sample to modify the sample surf
~i.e., local anodic oxidation!. It has been demonstrated as
promising method to perform nanometer-scale lithograp
and widely applied to pattern semiconductors, metals,8–10

and insulators.11 The growth kinetics,12,13 reaction
model,14,15 and property of scanning-probe-induce
oxide16,17 have been extensively studied recently. The s
50-nm linewidth of SPM oxidation demonstrates its poten
to nanotechnology.18,19 In practice, SPM oxidation is con
ducted with an ambient atomic force microscope~AFM!. Be-
cause of its inherent simplicity, generality, positioning pre
sion, and low cost, this method is regarded as a

a!Also with Center for Measurement Standards, Hsinchu 300, Taiwan; e
tronic mail: forestchien@itri.org.tw
10040021-8979/2002/91(12)/10044/7/$19.00
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technique for rapid prototyping of nanometer scale devic
For example, SPM oxidation is considered to be useful
the development of multipassband integrated optical filte
which require placement precision and feature sizes that
finer than for periodic gratings.20

The material contrast between scanning-probe-indu
oxides and silicon substrates can be employed to selec
wet and dry etching with the oxide pattern as a mask.7,21

Positive-contrast, high-aspect-ratio nanostructures~e.g.,
ridges! with vertical sidewalls were produced by KOH etc
ing, as reported by some of us recently.22 We also reported
SPM oxidation of silicon nitride thin film as a mask to pro
duce negative-contrast nanostructures~e.g., trenches!.23 Fur-
thermore, the scanning-probe-induced oxide also can b
mask for selective plasma nitridation of silicon to reverse
pattern, and negative-contrast structures are made by a
sequent KOH etching.24 Due to mobile ion (K1) contamina-
tion, however, KOH is not favorable to the integrated circ
~IC! process. In addition, the aggressive etching property
KOH leads to noticeable roughness on the surface and s
walls. Cohnet al.20 have proposed an alternative to KO
etching through the combination of SPM oxidation and tet
methyl ammonium hydroxide~TMAH ! etching ~SPM
oxidation1TMAH etching!. Tabataet al.25 demonstrated an
isotropic etching of silicon by TMAH solution, which has th
advantage of smoothness, selectivity, nontoxicity, and
compatibility. Its boiling point is 102 °C and it does not d
compose below 130 °C. Therefore TMAH is very stable u
der a normal etching process. At concentrations above
wt %, a very smooth surface can be obtained. The etch ra

c-
4 © 2002 American Institute of Physics
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 [This a
TMAH is not as high as that in KOH. However, for exampl
the etch rate of Si~100! in a 22 wt % TMAH solution at 80 °C
is 0.5 mm/min, enough for practical usage. Furthermo
TMAH hardly attacks silicon oxide and silicon nitride mas
layers. The etch rate of silicon oxide is 0.1 nm/min, cor
sponding to a selectivity of 53103. Since no etching is ob
served for silicon nitride films deposited by low-pressu
chemical vapor deposition~LPCVD!, the selectivity of
Si/Si3N4 is even higher than that of Si/SiO2 . A mixture of
TMAH and isopropyl alcohol~IPA! solutions will reduce the
etch rate, but it further improves the smoothness of
sidewalls.26 Because smoothness is our major concern,
chose the mixture of TMAH and IPA solutions to fabrica
silicon nanostructures in our study.

In this article we present results which demonstrate
fine control possible with SPM oxidation1TMAH etching.
First, we present scanning electron microscopy~SEM! mi-
crographs of fine and uniform silicon ridges on a Si~110!
substrate. To explore prospective applications of this
proach, we studied the variety of structures produced
~100!- versus~110!-oriented silicon substrates. The evolutio
of hexagonal pits and the dependence of the hexagonal
on the size and pattern orientation on Si~110! wafers were
studied. The terminal geometry of silicon nanostructures p
duced by this process is shown to be strongly dependen
the geometric relationship between the oxide pattern
slow-etched$111% planes. We also produced positive- a
negative-contrast nanostructures with vertical sidewalls o
Si~100! wafer and isolated structures on~100!-oriented
silicon-on-insulator~SOI! substrates. Finally, we combine
SPM oxidation with optical lithography, which we deem ne
essary for practical applications. In this combined appro
both micrometer- and nanometer-scale features were
duced. An example of a multilayer structure is shown. Fr
the various silicon nanostructures produced by this proc
and the compatibility with optical lithography, we conclud
that SPM oxidation1TMAH etching is a convincing ap-
proach to fabricate Si nanostructures.

II. EXPERIMENT

The silicon wafers used to fabricate various structu
were bare~110! wafers, bare~100! wafers, Si3N4-coated
~100! wafers, and~100!-oriented SOI wafers. Conductivity
of these substrates ranged from less than 1 to over 20V cm.
Silicon substrate samples were cleaved along the$111%
planes to produce a parallelogram in the case of a~110!-
oriented wafer and along the$110% planes to produce a rec
angle in the case of a~100!-oriented wafer. The SOI wafe
consisted of a 100-nm silicon top layer over a 200-nm bur
oxide layer. Bare silicon and SOI wafers were dipped in 2
HF solution for 30 s and rinsed with deionized~DI! water to
remove native oxide. The Si3N4 thin-film samples were pre
pared by LPCVD on~100! wafers and further densified b
rapid thermal annealing to obtain a film thickness of appro
mately 4 nm. Prior to SPM oxidation, the Si3N4 substrate
was dipped in 1% HF solution for 120 s to thin the film.

SPM oxidation was performed using a commerc
AFM,27 which has a tripod piezoelectric scanner with in
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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grated strain gauges for closed-loop control in each scan
to monitor and feedback the scanner motion. The linea
error was estimated to be less than 2% over a span of 80mm.
Commercial highly doped-silicon contact mode AFM can
levers coated with conductive tungsten carbide were use28

Their typical force constant and resonance frequency
0.95 N/m and 105 kHz, respectively. For SPM oxidation
bias of 9–12 V was applied to the sample depending on
condition of a particular cantilever at a writing speed of a
proximately 2 mm/s. After patterning, the substrates we
etched in a 25 wt % TMAH solution and rinsed in DI wate
Typically isopropyl alcohol~IPA! was added to achieve
solution of 83 ml TMAH117 ml IPA ~TMAH1IPA solu-
tion!. According to our data, the etch rate of a TMA
1IPA solution was about 45% of a TMAH solution for$110%
planes and 70% of a TMAH solution for$100% planes.

III. RESULTS AND DISCUSSIONS

A. Structures on Si „110…

A Si~110! sample was mounted with one of its cleav
$111% edges oriented along theY scan direction of the AFM
scanner, Fig. 1~a!. A series of parallel oxide lines was pro
duced along theY scan direction. The pitch of these line
varied from 100 to 500 to 200 nm with lengths of 3, 5, a
10 mm, respectively, from left to right in Fig. 1~b!. The
sample was etched in a 60 °C TMAH1IPA solution for 40 s,
resulting in a height of the silicon ridges on the order of 1
nm and a width of about 40 nm, Figs. 1~c! and 1~d!. The
silicon ridges possess very homogeneous surfaces becau
the smoothness of the TMAH etching, resulting in estima
sidewall roughness below 5 nm. Not only the ridge wid
but also the spacing between ridges has been remark
improved to sub 100 nm from 250 nm.22 We have never
achieved such fine and uniform ridges by KOH etching b
fore. For nanomachining, fineness, precision, and smo
ness are important criteria, so TMAH is obviously a bet
etching solution to fabricate silicon nanostructures th
KOH.

Anisotropic wet etching also can make a tw
dimensional~2D! hexagonal pit array by patterning a 2
oxide grid.22 It is essential to know how these hexagonal p
evolve, i.e., how the terminal geometry depends on the
and orientation of the initial oxide grid for practical contr
of feature dimensions. 2D oxide grid patterns oriented to
X andY scan directions were prepared, as shown in Fig. 2~a!.
The pitch of the resulting features is 500 nm in both theX
and Y directions. The samples were then etched in a 60
TMAH1IPA solution for 15, 40, and 80 s, Figs. 2~b!–2~d!,
respectively, and in a 70 °C TMAH solution alone for 70
Fig. 2~e!. This result illustrates how hexagonal pits evol
from a square grid with increasing etched depths. The m
etching rate of Si~110! in a TMAH1IPA solution at 60 °C is
3.2 nm/s. For 15 s etching, the depth is 40 nm and the
isotropy begins to develop along the diagonal@Fig. 2~b!#. For
40 s etching, the depth is 130 nm, and the$111% planes ap-
pear and underetching occurred under the horizontal ox
lines @Fig. 2~c!#. So far, the hexagon is not shaped yet, a
the bottom is a rectangle. For 80 s etching, the depth rea
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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 [This a
260 nm, and the hexagonal pit surrounded by four vert
and two slanted$111% planes is nearly completed@Fig. 2~d!#.
After further etching, the hexagonal pit is completed and
etching is terminated by six$111% planes@Fig. 2~e!#, although
the overall etch depth is 760 nm outside of the grid patte

Figures 3~a!–3~f! show etched 2D grid structures of var
ous pitches prepared by TMAH1IPA solution. The pit struc-
tures of 0.2530.5mm2 grid shown in Figs. 3~a! and 3~b!
were etched for 15 and 50 s, respectively. The elonga
hexagonal pits developed well, as the elongated direc
was oriented along the vertical$111% planes so that the etc
front was confined laterally as it progressed along theY di-
rection. The 130.25mm2 grid structures appearing in Figs
3~c! and 3~d! were etched for 15 and 40 s, respectively.
this case, the elongated direction is far apart from the$111%
planes so that etching is less preferential. Hexagonal pit
not readily develop even though the dimensions are dou
those of the previous case. The 131 mm2 and 232 mm2

grid structures shown in Figs. 3~e! and 3~f! were etched for
50 and 40 s. The oxide pattern of 232 mm2 was reinforced
by patterning double parallel oxide lines. Since the open

FIG. 1. ~a! Alignment of a Si~110! sample and 1D oxide pattern with respe
to the coordinate of the AFM scanner,~b! SEM image of 1D Si ridges of
100, 500, and 200 nm pitches~from left to right! etched in a 60 °C
TMAH1IPA solution,~c! and~d! close-up SEM image and its cross-sectio
profile of the marked area in~b!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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is larger than 131 mm2, it is not possible to develop hex
agonal pits.

If the 2D pattern is rotated counterclockwise by 35°, F
4~a!, oxide gridlines are no longer oriented along the verti
and slanted$111% planes. The sample, etched in a 70 °
TMAH solution for 40 s, shows evidence of underetchi
below the oxide lines. Oxide lines appear shaped in a zig
pattern, Fig. 4~b!, and the hexagon is severely distorted. F
the extreme case, if the 2D pattern is rotated counterclo
wise by 55°, Fig. 4~c!, the leftward oxide lines are now ori
ented along the slanted$111% planes, which have an angle o
35.27° with respect to the~110! surface. The rightward lines
bisect the 70.5° angle between vertical$111% planes. In this
case, the etch front is completely guided by the leftward lin
capping the slanted$111% planes, whereas rightward line
have no etch resistance to the etch front and are comple
removed. Consequently a 1D sawtooth structure bounde
slanted$111% planes as shown in Fig. 4~d! is produced. Ap-
parently, anisotropic wet etching is strongly affected by t

FIG. 2. ~a! Alignment of a Si~110! sample and 2D oxide pattern of a 500 n
pitch, ~b!–~e! SEM images of 2D silicon structures etched in a 60
TMAH1IPA solution@except~e! in a 70 °C TMAH solution#, marked with
individual etching time and temperature. The sample in~d! was contami-
nated during the chemical process.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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 [This a
orientation of the oxide pattern with respect to the$111%
planes.

Etching anisotropy at the nanometer scale is differ
from its conventional behavior at larger scales. T
nanometer-scale oxide pattern imposes an ‘‘initial conditio
on the etch front. The etch front is preferential in the dire
tion where the oxide pattern and$111% planes are less corre
lated. Hence the etching is a diffusion-limited reaction with
the local nanometer-scale region of a grid opening and
terminal geometry is influenced by the relative stability
the oxide pattern and$111% planes. Formation of the elon
gated hexagonal pits and 1D sawtooth structures can b
tributed to such reaction conditions.

B. Structures on Si „100…

On Si~100! substrates, structures bounded by slan
$111% sidewalls are commonly produced at an angle of 54.
to the surface. The pyramid structure is one of the m
familiar examples of anisotropic etching at Si~100!. How-
ever, the geometry bounded by$111% planes imposes man
limitations in our efforts to achieve specific 3D structur
due to the fixed intersection angle of$100% and$111% planes.
For photonic devices, however, vertical sidewalls are pre
able since low-light scattering and high spatial density
grating structures are factors that can strongly influence
formance.

FIG. 3. 2D silicon structures of various pitches on Si~110! samples etched in
a 60 °C TMAH1IPA solution, marked with individual grid size and etchin
time.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Vertical sidewalls can be produced on Si~100! by KOH
etching if the oxide grid pattern is aligned with the^100&
direction, i.e., at a 45° angle to the primary (011)̄ wafer
flat.29 In this case, sidewalls consist of$100% planes, perpen-
dicular to the surface. The sidewalls and bottom surfaces
all $100% planes and etch rates are almost equal. The effec
KOH and TMAH concentration on sidewalls, with and with
out IPA, has been studied.30,31 Vertical sidewalls tend to be
produced by high-concentration KOH and TMAH solution
Here, we investigate this approach in conjunction with SP
oxidation to produce vertical nanostructures on Si~100! sub-
strates.

1D and 2D oxide patterns with a pitch of 700 nm we
prepared on Si~100! substrates at a 45° angle to the prima
(011̄) flat, Fig. 5~a!. The sample was etched in a 60 °
TMAH solution for 40 s to produce positive-contrast stru
tures. Shown in Fig. 5~b! is a ridge structure with a 1D grat
ing pattern. The well-defined silicon ridges appear bound
by vertical $100% planes and the right-angle corners at bo
ends are bounded by slanted$111% planes. Widths of these
ridges are about 240 nm according to SEM images and
well depth was determined to be about 120 nm as meas
by AFM. As the pattern is a 2D grid, the etched structure
an array of octagonal pits, bounded by$110% and $111%
planes, Fig. 5~c!. It is similar to the previous result made b
KOH1IPA solution.30 The pits could be selectively change
with respect to the$100% and $111% planes as the etchan
temperature is raised.

Conversely, negative-contrast structures can be made
ing a mask of silicon nitride thin film patterned by SP
oxidation. Oxide patterns oriented at 45° were made on

FIG. 4. ~a! 2D oxide pattern of 35° misalignment on a Si~110! sample,~b!
500-nm-pitch distorted hexagonal silicon structure with the mask in~a!,~c!
2D oxide grid mask of 55° misalignment,~d! 1-mm-pitch sawtooth silicon
structure with the mask in~c!. Both were etched in a 70 °C TMAH solution
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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nitride film and removed by HF dipping to expose the und
lying silicon substrate. Subsequently, the sample was etc
in a 60 °C TMAH solution for 120 s. Figure 5~d! shows 1D
trenches with a pitch of 700 nm. The widths of trenches
about 550 nm as estimated from SEM images and depth
found to be about 280 nm as measured by AFM. As a co
terpart of the 1D ridge structure, the 1D trench structure
the identical geometry of Fig. 5~b! since they both are
formed by$100% and$111% planes. Due to the longer etchin
time, vertical walls are reduced to a width of about 150 n
It is possible to achieve a 1D grating pitch smaller than 7
nm by appropriately adjusting the oxide linewidth, grati
pitch, and etching time. Figure 5~e! is an SEM image of a 2D
grid of vertical trenches with a pitch of 2.6mm. Square me-
sas are bounded by four vertical$100% planes. The trench
widths are about 550 nm as well. Instead of being a ri
angle, the corners were attacked on two sides and bec
somewhat rounded. The patterned silicon nitride film appe
to be a perfect mask for TMAH etching. Apparently, th
method of 45° mask alignment to produce vertical structu
on Si~100! substrates can be implemented by the proces

FIG. 5. ~a! Oxide pattern of 45° misalignment on a Si~100! sample, only the
1D pattern is shown here. The dashed lines are additional oxide lines
for the case in~b! to protect the 1D positive structure against the etching
the ends.~b! and~c! 1D and 2D positive-contrast structures with the mas
of oxide pattern,~d! and ~e! 1D and 2D negative-contrast structures wi
Si3N4 thin film masks patterned by SPM oxidation. All were etched in
TMAH solution.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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SPM oxidation1TMAH etching and is applicable to nanom
eter scale for both positive and negative contrast.

C. Structures on „100…-oriented SOI

SOI wafers are suitable for planar and chann
waveguides and allow the incorporation of silicon microele
tronics with integrated optics into an optoelectronic syste
We have extended the SPM oxidation1TMAH etching to
SOI subtracts. 2D oxide grid patterns with a pitch of 500 n
were produced parallel to the primary flat. The 100 nm s
con top layer of the SOI substrate was etched in a 60
TMAH1IPA solution for 50 s. The etched silicon structu
is a truncated, inverted pyramid bounded by four$111%
planes, Fig. 6. AFM measurements show that the heigh
the structure is 100 nm, indicating that the buried oxide la
acts as an etch stop. The isolated silicon structure with h
uniformity and homogeneity was prepared as shown in
inset. Note the presence of random islands on the expo
SiO2 , which AFM indicates to be approximately 6 nm i
height from incomplete etching of the silicon top layer. Ele
tric force microscopy confirms that the islands are resid
silicon, and efforts are underway to prepare controlled geo
etry, free-standing 1D silicon wires, and 2D structures wi
out such residual silicon islands.

D. Combination of optical lithography and SPM
oxidation

In practice, SPM oxidation is not suitable for patternin
large features, since writing speed is limited by the inher
low throughput of single-probe lithography and the hig
scan-speed stability of typical probe-based instrumentat
Since photonic device structures require both coarse and
patterning, an alternative approach for prototyping such
vices is to combine optical lithography and SPM oxidatio
where the optical lithography defines micrometer-siz
coarse structures and the SPM oxidation defines only s
100-nm fine structures.

Here we present a preliminary demonstration of mixe
multilevel patterning, Fig. 7. A 20-nm thick, thermal oxid
was grown on a Si~110! wafer. Micrometer-sized mesa struc

ly
t

FIG. 6. SEM image of a truncated inverted pyramid structure with a pitch
500 nm on a~100!-oriented SOI sample. The inset is a close-up image of
structure.
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tures were defined by optical lithography~step i! and trans-
ferred to the thermal oxide by HF etching~step ii! and the
resist was removed. The patterned SiO2 was used as a mas
for silicon etching in a TMAH1IPA solution for 80 s~step
iii !, after which the oxide was removed by an HF etch~step
iv!. Next, patterns were produced by SPM oxidation on
of the silicon mesa as well as on the lower silicon surfa
~step V!. After a second TMAH etch~step vi!, this time for
40 s, fine structures were produced, Fig. 8. The height of
silicon mesa, defined by the first TMAH etch, was det
mined to be about 240 nm by AFM measurement and
height of the 1D grating structures, defined by the sec
TMAH etch step, were found to be about 130 nm. A close

FIG. 7. Schematic flowchart of the combination of optical lithography a
SPM oxidation.

FIG. 8. Tilted-angle SEM image of the coarse mesa and fine 1D gra
structures made by the combined lithographic technique, where the gr
pitches are 0.5, 2, and 1mm from left to right, respectively. The inset is
close-up image of the 1mm grating structure next to the mesa.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Thu, 0
p
e

e
-
e
d
p

image of the fine grating structure next to the mesa show
the inset presents the positioning capability of SPM oxid
tion during multilevel patterning. Functional photonic d
vices can be made with such a combined process. For
ample, to make a waveguide grating, optical lithography c
be employed to define the waveguide structure and S
oxidation to define the grating structure.

IV. CONCLUSIONS

The process of SPM oxidation1TMAH etching has
been applied to produce a variety of silicon nanostructu
Anisotropic etching of silicon by TMAH is shown to be sui
able to reliably fabricate smooth, uniform, and delicate na
structures. The evolution of hexagonal pits produced
Si~110! substrates and its dependence on the size and pa
orientation has been studied in some detail. At the nanom
scale, anisotropic etching is a diffusion-limited reaction,
the anisotropy is affected by the local orientation of the ox
or nitride etch mask with respect to the slow-etched$111%
planes. This process is successfully applied to Si3N4-coated
Si wafers and to SOI wafers. The method of 45° mask ali
ment to produce vertical sidewalls on Si~100! can be
achieved at the 100-nm scale with both positive and nega
contrast. Finally, a combined technique of optical lithog
phy and SPM oxidation has been proposed, and we h
shown it to be a promising approach for prototyping nan
photonic devices.
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