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1. Introduction

Nanofabrication technology is an important field of research, and numerous attempts have
been made to improve this technology in recent years. This technology is demanded in various
industrial fields such as electronic, photonic, and biomedical engineering to miniaturize
machine components. Through miniaturization, the integration and parallelization of compo-
nents in a machine device are possible, leading to reductions in dead space and fabrication
cost. A high-performance device can be fabricated using the changes in physicochemical
behavior due to scaling effects; the resonance frequency, thermal response, and chemical
reaction all increase with miniaturization. These characteristics are particularly effective in
devices such as sensors and reactors. Additionally, Newton’s laws of motion do not hold for
distances less than 10 nm owing to increased quantum mechanical effects, so that certain types
of functions only occur in miniaturized devices. Devices that maximize these effects include
microelectromechanical systems and nanoelectromechanical systems, which consist of micro/
nanometer-scale mechanical components integrated on a silicon surface.

The conventional fabrication methods of these components are based on photolithography [1],
which is a fabrication method used for semiconductor devices. This technique is suitable for
mass producing micro/nanostructures because it is a high-throughput fabrication process. It
was developed based on Moore’s law [2], and it can fabricate sub-100-nm patterns by using
deep ultraviolet light with wavelengths of 248 nm and 193 nm. Other major approaches include
reactive ion etching [3] and LIGA (lithographie, galvanoformung, abformung) [4], which are
mainly used to fabricate high-aspect-ratio structures. However, these fabrication processes use
a photomask, which is a high-cost and time-consuming step. Layering and etching techniques
are used to fabricate complex structures, but it is difficult to fabricate complex three-dimen-
sional structures. However, several successful attempts have been made to fabricate nano/
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micrometer-scale structures using scanning probe microscopy (SPM), focused ion beam (FIB),
and electron beam (EB) lithography. Though these methods are effective for fabricating
nanometer-scale structures, time-consuming steps are necessary for fabricating sub-microme-
ter to micrometer-scale structures. Higher and wider structures can be fabricated by taking
advantage of the combination of the high resolution of these lithographic techniques and the
high-speed material removal of wet chemical etching. Three-dimensional structures can also
be fabricated by using this combination of lithography and etching.

Three processing techniques are introduced for three-dimensional fabrication using a combi-
nation of nanoscale processing and wet chemical etching. The first is tribo-nanolithography
(TNL), which forms an amorphous silicon phase on a silicon substrate by using direct ma-
chining, similar to mechanical scratching. The second technique is FIB irradiation, which forms
an amorphous phase on a silicon substrate by irradiating it with accelerated ions. The last is
EB irradiation, which causes the formation of a thin hydrocarbon layer that has an etch
resistance. The etch rate of the processing layer is different from the original material surface,
enabling structures to be fabricated after the etching. Additionally, three-dimensional struc-
tures can be fabricated using these techniques. The fundamental characteristics and possible
applications of these methods are described in the following sections.

2. Three-dimensional fabrication using tribo-nanolithography

2.1. SPM-based lithography

SPM, which includes scanning tunneling microscopy (STM) [5], atomic force microscopy
(AFM) [6], and scanning near-field optical microscopy (SNOM) [7], was developed to observe
surface characteristics via detecting interactions between a probe and solid materials. The most
used instruments in the SPM family are STM and AFM. STM is used to measure the surface
topography with atomic resolution by detecting the tunneling current, and AFM measures the
topography by detecting minute forces between the probe and the sample. These instruments
have a probe and a scanning stage, which means they can be used as a micro tool with a precise
stage, similar to a machine tool. Therefore, several micro/nanostructuring technologies arose
after the development of these instruments; this technique enabled researchers to manipulate
even single atoms [8]. Thus, an SPM can be used as not only a measuring tool but also as a
nanostructuring tool, making it appropriate for nanoscale lithography.

SPM lithography can be used to fabricate nanoscale structures by various methods such as
electrochemical oxidation [9-11], material transfer [12-14], mechanical removal [15-19] and
thermal reaction [21, 22]. This technique is effective for fabricating nanometer-scale structures.
However, for fabricating larger structures, time-consuming steps are necessary. The chemical
properties of the patterned area change, although the mechanism is different for each method.
The patterned area can then be used as an etching mask or it can be selectively etched, and
micro/nanometer structures can then be fabricated [9-11, 14, 19]. SPM lithography is used only
for the patterning; the structures are fabricated with subsequent etching, which can remove a
large amount of material at a time. Thus, SPM lithography with etching is suitable for fabri-
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cating structures with a height over several tens of nanometers, whereas SPM lithography
alone can only be used for structures that are a few nanometers high. Additionally, three-
dimensional structures can be fabricated by controlling the etching mask. Herein we describe
a method of three-dimensional fabrication using TNL [19, 22-28] with wet chemical etching.

2.2. Fabrication method

TNL uses AFM as a machine tool for nanopatterning, which enables one to measure the
machining forces as well as the machine materials. The technique can be used to machine a
material surface with large normal loads by employing a specially designed diamond tip
cantilever. The machining setup, based on AFM, is schematically shown in Figure 1(a). The
machining forces can be measured from the deflection and torsion of the cantilever, which are
both detected by a four-segment photodetector. The normal load is kept constant by a feedback
control from a piezo scanner. In the machining process, the specially designed cantilever [18,
29, 30] shown in Figure 1(b) is installed in the system instead of conventional Si;N, or silicon
cantilevers. This cantilever has a diamond tip attached to a silicon lever, which has a very high
stiffness of more than 1000 times that of conventional cantilevers.

Four-segment photodetector
(a) @) E (b)

Laser diode @

Lens Cantilever for
machining
Sample Feedback
controller
Tube piezo
scanner B A—

Figure 1. a) Schematic diagram of the experimental setup for TNL based on AFM. (b) SEM image of the cantilever for
machining. Reprinted with permission from [29]. Copyright 2006, ASME.

The TNL method forms a modified area on the surface of the silicon substrate via a direct
nanomachining method, similar to mechanical scratching. The machining characteristics of the
cantilever change significantly owing to the shape of the diamond tip. Figure 2 shows a
scanning electron microscopy (SEM) image of cutting tips with different radii. Figure 3 shows
AFM topography images of silicon surfaces machined with these cantilevers [30]. When a
sharper tip is used, the machined surface is removed and a concave pattern is fabricated, as
shown in Figure 3(a) [29, 30]. In this case, continuous cutting chips are formed because the
cutting was conducted in a ductile mode owing to the small cutting depth. A dull tip tends
not to remove material from the machined area, as shown in Figure 3(b), but instead introduces
a high-pressure region to the substrate. Additionally, a 1-2 nm high protuberance was formed,
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induced by the volume expansion of the machined area [19, 30]. A dull tip is used in the TNL

method because it is more suitable for fabricating precise low-linewidth structures [23].

Figure 2. SEM image of diamond tips with (a) sharp and (b) dull cutting edges.

0.00 800.00 [nm] 0.00 800.00 [nm]

Figure 3. AFM topography images of machined areas. Silicon surfaces were machined with (a) sharp and (b) dull cut-
ting edges at normal loads of 331 uN and 340 pN, respectively.

The fabrication of a structure using a combination of TNL and wet chemical etching is shown
in Figure 4 [19]. Figure 4(a) shows an AFM image of the topography of a machined area (15 x
7.5 um? area) prepared using TNL at a normal load of 310 uN and a scanning pitch of 59 nm.
The minute protuberance, which is only 1-2 nm high, was formed on the machined area. Figure
4(b) shows an AFM topography image of the same area after etching in a 10 mass% potassium
hydroxide (KOH) for 5 min. The machined area was able to resist etching in KOH, whereas
the nonmachined area was etched. Thus, a protruding structure with a height of 110 nm was
fabricated on the machined area. However, this machined area could also be selectively
dissolved in hydrogen fluoride (HF), with the nonmachined silicon surface being barely etched
[1]. In this way, a concave structure with a depth of several nanometers to several tens of
nanometers could be fabricated from the machined area.



Three-Dimensional Lithography Using Combination of Nanoscale Processing and Wet Chemical Etching 99
http://dx.doi.org/10.5772/56354

0.00 15.00[um] 0.00 15.00[um]

Figure 4. Structure fabrication using a combination of TNL and wet chemical etching. (a) AFM topography image of
the machined area (15 x 7.5 um? area) prepared using TNL at a normal load of 310 uN. (b) AFM topography image of
the same area after etching in 10 mass% KOH for 5 min. Reprinted with permission from [19]. Copyright 2005, IOP
Publishing.

The TNL-induced etch resistance of the machined area is due to the formation of an amorphous
phase. Cross-sectional transmission electron microscopy (TEM) images and nano-electron
diffraction (nano-ED) patterns of the machined areas prepared by TNL are shown in Figure
5 [19]. Figure 5(a) shows a cross-sectional TEM image of the silicon substrate after machining
a single line at a normal load of 350 uN. This image shows that an affected layer measuring
100 nm wide and 15 nm deep was formed. This indicates that the volume expansion of the
machined area shown in Figure 4(a) resulted from this layer. The nano-ED pattern of the
affected layer in Figure 5(c) shows a diffuse ring pattern, whereas that of the nonmachined
area in Figure 5(d) shows a silicon crystal pattern, meaning the machined area was converted
to an amorphous phase. Figure 5(b) shows cross-sectional TEM images of the machined area
prepared at a scanning pitch of 50 nm. The amorphous phase was thicker than that of a
machined single line, and the thickness was observed to be 20 nm. Furthermore, a concave-
convex pattern of the silicon crystal structure, which has the same pitch as the scanning pitch,
is formed under the amorphous phase. Secondary ion mass spectrometry and Auger electron
spectroscopy analyses have shown that the amorphous phase consists entirely of silicon.
Therefore, the etch stop effect of the machined area results from the formation of the amor-
phous phase, rather than from the formation of a chemical compound such as silicon oxide or
silicon hydroxide. The TNL-induced amorphous phase was also formed via the removal
method, shown in Figure 3(a), by applying the sharp tip with a higher normal load [20]. In this
case, a thicker amorphous phase was formed under the machined area as well as large
dislocations. The dislocations induced a KOH etching enhancement rather than an etch stop
effect. Therefore, in the material removal method, a convex or concave structure can be
fabricated by the etching in KOH from the etch stop and etching enhancement effects, which
is decided by the concentration of KOH.

The phase transition of the silicon from crystalline to amorphous is due to the high pressure
induced by the TNL. During machining, a significantly high pressure is introduced at the
contact region of the probe and the silicon substrate, which creates the amorphous silicon
phase. Machining-induced phase transitions have been observed during various types of
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machining at nano to submicron scales, such as turning [31, 32], grinding [33], indentation [34,
35], and scratching [36, 37]. Silicon, which has a diamond crystal structure, converts to a f-Sn
structure at a pressure of approximately 12 GPa, and then converts to an amorphous phase
during the pressure release process [37]. This is the mechanism by which the area machined
by TNL is converted to an amorphous phase.

(a)
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Figure 5. Bright field cross-sectional TEM image of machined area prepared by TNL. (a) Machined area of a single line
at a normal load of 350 uN. (b) Machined area prepared at a normal load of 350 uN with a scanning pitch of 50 nm.
Nano-ED patterns of a machined area A in (c), and a nonmachined area B in (d). Reprinted with permission from [19].
Copyright 2005, IOP Publishing.

2.3. Three-dimensional fabrication using TNL and wet chemical etching

The morphology of the amorphous phase depends on the machining-induced pressure, and
therefore, it can be controlled by the machining conditions. Thus, the change in etch resistance
of the amorphous phase can be used to fabricate a three-dimensional structure. The height
dependence of the etch rate, the height of the protuberance, and the height of the structure on
the normal load is shown in Figure 6 [27]. The silicon surface was machined at various normal
loads and then etched in 10 mass% KOH for 10 min. The machined area protruded for normal
loads less than 372 uN, whereas the machined area was removed and a concave structure was
fabricated for normal loads greater than 372 uN. Therefore, the machining mode is divided
into protuberance and removal regions, as shown in the figure. The etch rate of the machined
area decreased and the structure height increased with increasing normal loading for the
protuberance region. However, the etch rate was nearly constant in the removal region owing
to the dislocations formed by the removal machining at higher normal loads. The dislocations
enhanced the silicon etching in KOH [22]. Therefore, a constant etch rate at the removal region
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resulted from the interaction between the amorphous phase (etch stop effect) and dislocation
(etching enhancement effect) formed by the machining. These results demonstrate that the etch
resistance can be controlled by the normal load in the protuberance region, whereas it is
constant in the removal region. The etch resistance can also be increased by other machining
conditions, such as the overlap ratio and number of times the area is machined [23].
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Figure 6. Etch rate of the machined area when the silicon was machined at various normal loads and then etched in
10 mass% KOH for 10 min.

The change in the etch rate of the machined area owing to the machining conditions is caused
by the morphology of the amorphous phase. To study this, the morphology of the amorphous
phase is measured by etching in HF. Figure 7 shows a cross-sectional TEM image of the
machined area prepared at a normal load of 350 uN and a scanning pitch of 50 nm, the same
conditions as Figure 5(b), after etching in 25 mass% HF for 10 min [27]. The amorphous phase
formed in the machined area was removed, and the concave-convex pattern of the silicon
crystal phase remained. The single-crystal silicon surface was scarcely etched in HF [1].
Therefore, the concave structure shown in Figure 7 resulted from the selective removal of the
TNL-induced amorphous phase by etching in HF.

Figure 8 shows the thickness of the amorphous phase for various normal loads [27]. The
maximum height of protuberance after machining was observed at a normal load of 278 uN.
After etching, the depth of the machined area increased with increasing normal load. The
amorphous phase was formed by the high-pressure phase transition induced by the TNL [19],
and increased in thickness with increasing normal load. Hence, for higher normal loads, a
deeper region tended to be transformed to the amorphous phase owing to the high pressure,
forming a thicker amorphous phase and resulting in a higher etch resistance against KOH. The
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thickness of the amorphous phase is directly correlated to the changes in the etch resistance of
the machined area. Alternatively, changes in the etch resistance against KOH due to the
scanning pitch and the number of times the area is machined result from the density of the
amorphous phase rather than its thickness [27].

Figure 7. Bright-field cross-sectional TEM image of the machined area after etching in 25 mass% HF for 10 min. The
silicon was machined at a normal load of 350 pN and a scanning pitch of 50 nm.
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Figure 8. Changes in the thickness of the amorphous phase after the silicon was machined at various normal loads
and etched in 25 mass% HF for 10 min.

Figure 9 shows three-dimensional structures with uniform height fabricated by TNL and wet
chemical etching. Figures 9(a) shows a “Toyama Prefecture” (located in Japan) pattern.
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Structures that are several tens to hundreds of nanometers high can be fabricated using this
simple method by machining under constant machining conditions [19]. Figure 9(b) shows a
structure with a high aspect ratio fabricated on a (110)-oriented silicon surface. The silicon
surface was machined along the <112> direction to take advantage of the anisotropic etching
of silicon, and then etched in KOH [28]. This produced structures 150 nm wide and 800 nm
high, with an aspect ratio of 5.3. Figure 10 shows a three-dimensional structure fabricated by
exploiting the change in the etch resistance with the normal load [23]. The silicon surface was
machined using five different normal loads in the range of 124 to 372 uN and protruded to a
height of several nanometers after machining, as shown in Figure 10(a). After etching, a
stepped structure with five different heights was produced, as shown in Figure 10(b).

This method can be used to fabricate three-dimensional structures with varying heights that
cannot be fabricated via conventional photolithographic processes. A three-dimensional
sloped structure can also be fabricated by machining while etching in KOH, owing to the
simultaneous formation of an amorphous phase with etching [24, 25]. Therefore, this method
is effective for various industrial fields in which three-dimensional structures are required.

ﬁ@?

Toyama Industrial
Technology, Center

[nm% Cross section

0.00 10.00 [um)

Figure 9. Structures fabricated by TNL and wet chemical etching. (a) AFM topography image of a “Toyama Prefecture”
pattern fabricated at a normal load of 350 pN followed by wet chemical etching in KOH for 1 min. (b) SEM image of a
high-aspect-ratio structure. The (110)-oriented silicon surface was machined along the <112> direction and then etch-
ed in KOH for 12 min.

3. Three-dimensional fabrication using FIB irradiation

3.1. FIB-based lithography

FIB is an instrument that irradiates ions focused over a range of a few nanometers to a few
micrometers, accelerating them to anion energy of 5 to 150 keV [38]. Using FIB, nanostructures
can be fabricated by using the interactions of the irradiated ions with substrate atoms and/or
introduced gases. The interaction causes sputtering [39—41], deposition [42-44], and implan-
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Figure 10. Stepped structure fabricated by TNL and wet chemical etching. (a) AFM topography image of a silicon sur-
face machined using five different normal loads spanning the range of 124 to 372 uN. (b) The same area after etching
in 10 mass% KOH for 10 min [27].

tation [45, 46] effects. Sputtering and deposition are used to fabricate nanometer-scale
structures, whereas implantation is used to control the electrical properties of the material. FIB
methods can be used to machine a sample surface to atomic scales and are thus suitable for
fabricating structures that are a few tens of nanometers in size. The most used application of
this method is the preparation of TEM samples, for which a thin sample is necessary.

A silicon surface irradiated with ion beams resists some etchants such as KOH [47-55],
tetramethylammonium hydroxide [58], sodium hydroxide [50], and hydrazine [56, 57], so that
protruding structures can be fabricated via etching. This phenomenon is not dependent on the
species of the irradiated ions and has been reported after irradiating Ga [47-53], Si [49, 51, 54—
56], Au [49], BF, [56], Ni [57], and P [56, 58] ions. The “etch stop” effect of the ion-irradiated
area is caused by the formation of an amorphous phase due to ion irradiation [55]. This method
is effective for fabricating large structures because the ion irradiation time is significantly
shorter than what is required for sputtering and deposition processes. A wet chemical etching
process can be used to remove a large amount of material in a short amount of time. The height
of the fabricated structure is uniform because the ion-irradiation-induced etching masks have
sufficient etch resistance, similar to conventional photolithographic techniques. However, by
controlling the etch resistance of the etching mask, the height can be controlled, and therefore,
three-dimensional structures can be fabricated. Herein, a three-dimensional fabrication
method using FIB irradiation and wet chemical etching [59-61] is described.

3.2. Fabrication method

A fabrication method using a combination of FIB irradiation and wet chemical etching is shown
in Figure 11 [59]. Figure 11(a) shows an AFM topography image of a silicon surface area after
30 keV Ga' ion irradiation (5 x 5 pm? area) at a dose of 13.0 pC/cm?. This dose value is signif-
icantly lower than that used for structure fabrication via sputtering. This image shows a minute
protuberance of the irradiated area, which is only 1-2 nm in height. This phenomenon results
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from the formation of an amorphous phase induced by FIB irradiation, similar to the effect of
TNL shown in Figure 4(a). Figure 11(b) shows an AFM topography image of the irradiated
area after etching in 20 mass% KOH for 5 min. The irradiated area resists etching in KOH,
whereas the nonirradiated area is etched, resulting in a protruding structure with a height of
169 nm. The etching characteristics of the irradiated area are different depending on the etchant
species. Figure 11(c) shows an AFM topography image of the irradiated area after etching in
46 mass% HF for 20 min. The irradiated area is selectively etched in HF, whereas the nonirra-
diated area is scarcely etched [1]. Therefore, a concave structure with a depth of 33 nm is
fabricated on the irradiated area. This result indicates that the shape of the structure (convex
or concave) can be selected by using different etchants.

(@) (b) (c)
5.00 - 200.00
100.00
[nm] [nm] [nm]
k.
0.00
2007~ 2.00
4.00 "
6.00 T}
'0.00
8.00 - 250.00 - 150.00 -
[nm] Cross section [nm] Cross section [nm]|Cross section
s,
0.00 8.00 [um] 0.00 8.00 [um] 0.00 8.00 [um]

Figure 11. Etching characteristics of a FIB-irradiated area [59, 61]. (a) AFM topography image of a silicon surface after
irradiation with 30 keV Ga* ions at a dose of 13.0 uC/cm?. AFM topography image of an irradiated area (b) after etch-
ing in 20 mass% KOH for 5 min, and (c) after etching in 46 mass% HF for 60 min.

The difference in the etch resistance against KOH is caused by the thickness and density of the
irradiation-induced amorphous phase. Figure 12 shows the cross-sectional TEM images and
nano-ED patterns of 30 keV Ga* ion-irradiated areas at different doses before and after etching
in KOH. An amorphous phase formed in the irradiated area at lower doses, as indicated by
the TEM and nano-ED images in Figures 12(a) and (e), respectively. The center of the amor-
phous phase was 20-30 nm deep, expanding to a depth of 70 nm. The amorphous phase was
completely etched, forming a concave-convex pattern on the surface, as shown in Figure
12(b). A thicker and wider amorphous phase formed at a higher dose, as shown in Figure
12(c). The amorphous phase remained after etching, indicating that the amount of silicon
etching decreased significantly in the amorphous region. Hence, the etch stop of the irradiated
area was caused by the amorphization of silicon. A higher etch resistance resulted from the
higher doses owing to the resulting expansion and higher density of the amorphous phase.
However, by etching in HF, the amorphous phase was selectively dissolved and a concave
structure was fabricated. The depth of the concave structure was determined by the longitu-
dinal expansion of the amorphous phase when HF was used as an etchant.
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(c) (d)

200 nm

Figure 12. Bright-field cross-sectional TEM images of a 30 keV irradiated area (a) before and (b) after etching in KOH
at a low dose, and the irradiated area (c) before and (d) after etching in 20 mass% KOH at a higher dose. Doses per
dotin (a) and (c) were 0.9 pC and 1.4 pC, respectively. (e) Nano-ED pattern of the irradiated area denoted by A, B, and
Cin(a)[59].

As shown in Figure 12, the morphology and the etch rate of the amorphous phase were
different according to the irradiation conditions. The height of the structure can be controlled
with this technique. Figure 13 demonstrates the relationship between the height of the
structure and the ion dose [59]. The silicon surface was irradiated by Ga*ions at various doses
and then etched in KOH. The etch rate of the irradiated area decreased with increasing ion
doses up to 10.0 uC/cm?. Therefore, higher structures were fabricated using higher doses. For
doses over 10.0 pC/cm?, the etch rate and height were nearly constant at approximately 24 nm/
min and 85 nm, respectively. For doses less than 10.0 uC/cm? the amorphous phase induced
by the ion irradiation was etched, due to the thinner and lower density amorphous phase at
low dose condition. The etch resistance at low dose condition varied according to the ion doses,
due to the differences in thickness and density of the amourphous phase. Therefore structures
of various heights were fabricated owing to the time lag of the dissolution in KOH. A thick
and highly dense amorphous phase formed when higher doses of irradiation were used,
resulting in a high etch resistance against KOH. The resulting structure was somewhat also
etched in KOH because the height of structure was approximately 35 nm lower than the etched
depth of the non-irradiated area. This indicates that the amorphous phase formed in the
interior of silicon. Therefore, the maximum etch resistance occurred in the interior of silicon,
and the resulting height was somewhat less than that of the non-etched area.

The height of the structure can be controlled also by the ion energy. Figure 14 shows the
relationship between the ion energy and the height of a structure fabricated after etching in
KOH for 5 min [61]. The height of the structure decreased with increasing ion energy at an ion
dose of 25 uC/cm? whereas the height remained constant at an ion dose of 150 uC/cm?. For
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Figure 13. AFM topography image of a FIB-irradiated area at doses of 0.6 to 9.1 uC/cm? and an ion energy of 30 keV.
(b) The same area after etching in 20 mass% KOH for 5 min. (c) Change in the height of the structure for various ion
doses [59].

the lower dose, an amorphous phase formed in the interior of the silicon and the depth of
amorphous region increased with the ion energy owing to the dissolution of the non-damaged
silicon above the amorphous phase. A lower structure formed at the higher ion energy owing
to the increase in the projected range of the irradiated ion. However, an amorphous phase
formed from the surface at the higher dose so that the resulting height of the structure was
constant for all ion energies. These results indicate that the height of the structure can be
controlled by adjusting the ion energy and taking advantage of the difference in depth of the
amorphous phase produced by ion irradiation.

A protruding three-dimensional structure can be fabricated by using the methods described
above [59]. Figure 15(a) shows an AFM topography image of the stepped structures fabricated
using three different doses of FIB irradiation followed by wet chemical etching in KOH. The
etch resistance increased with the ion dose, resulting in a higher structure under the high dose
condition. Therefore, a single structure with multiple heights can be fabricated by changing
the ion dose. Smooth and sloped three-dimensional dome-shaped structures can also be
fabricated using this method by continuously changing the ion dose, as shown in Figure 15(b).
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Figure 14. Height change of the structure as a function of the ion energy.

Cross section

Figure 15. Application of FIB and wet chemical etching to three-dimensional fabrication. AFM topography images of
a (a) stepped structure and (b) dome structure [59].

3.3. Three-dimensional fabrication using the etching enhancement

In this section, we describe a three-dimensional fabrication method based on a FIB-induced
etching enhancement. In the etching enhancement, the shape of the structure was decided by
the morphology of the amorphous phase because the structure was fabricated by the selective
dissolution of the amorphous phase. Therefore, a three-dimensional structure was fabricated
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using the change in morphology of the amorphous phase according to the ion irradiation
conditions.

Figures 16(a) and (c) show AFM topography images of the silicon surface (5 x 5 um? area)
irradiated with 30 keV Ga* ions at doses of 0.2 to 27.1 uC/cm? and 224.0 to 2016.0 uC/cm?,
respectively [61]. The irradiated area protruded at a height of 1 to 2 nm under the lower dose
conditions. Under the higher dose conditions, the irradiated area was sputtered and concave
structures were fabricated. A burr-like structure also formed around the edge of the irradiated
area owing to the reattachment of the sputtered ions. Figures 16(b) and (d) show the AFM
topography images of the same areas after etching in 46 mass% HF for 20 min. The irradiated
areas were selectively etched in HF, and concave structures were fabricated. In addition, the
burr-like structure shown in Figure 16(c) was entirely removed, leaving a smooth surface
around the irradiated area. Thus, precise structures could be fabricated in spite of the sput-
tering that occurs owing to the simultaneous etching of the reattached atoms. However, for
lower doses, the irradiated area was scarcely etched.
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Figure 16. AFM topography image of a silicon surface showing the change in the irradiated area. The areas were irra-
diated at doses of (a) 0.2 to 27.1 uC/cm? and (b) 224.0 to 2016.0 uC/cm?. (c) and (d) The same areas after etching in
46 mass% HF for 20 min [61].

Figure 17 shows the dependence of the depth of the structure on the dose after etching in HF
for 20 min [61]. The irradiated area protruded at a dose of less than 1120 puC/cm?. At this value,
the irradiated area was sputtered and a concave structure was fabricated. The irradiated area
was scarcely etched by HF when the dose was less than 6.9 uC/cm?. The depth of the irradiated
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area rapidly increased above this value, whereas a more gradual increase was observed at
doses greater than 20.4 uC/cm? Amorphization initially occurs near the most heavily damaged
region, where most of the irradiated ions have slowed and have low energies, which is shown
in Figure 12. Therefore, at lower doses, an amorphous phase is formed in the interior of the
silicon near the range of the irradiated ions, while the surface area recrystallizes or is not
transformed to an amorphous phase. This crystalline surface layer causes the surface of the
irradiated area to be scarcely etched by HF. An amorphous phase forms on the surface at the
higher doses owing to the expansion, resulting in dissolution of the irradiated area in HF. A
deep structure is fabricated when the dose increases because of the longitudinal expansion of
the amorphous phase. Hence, the depth of the structure can be controlled by the ion dose.

70 T T IIIIIII T T IIIIII' T T IIIIIII T T I|IIIII T 1T TTTTT 4 —
- - Irradiated iog:O Ckaa;'/ 1 -
L lon energy: e £
g 60 | Etchant: 46 mass% HF 13 o
B’ Etch time: 20 min - O
g 30 —O— Depth from surface 12 &
g - —O—Height of protuberance o
S 40 I~ i 8
» i 41 3=
£ 30 1 o
o - 02
= _
c 20+ | ©
‘.C_)'_ B 1 E
O 10 17" 2
) i A i ()
0 . I 1 1 Illllll 1 1 lllIIII 1 11 11111 _2 I
7 -6 -5 4 -3 2
10 10 10 10 10 10

Dose (C/cm?)

Figure 17. Relationship between the dose and depth from the surface.

The structure depth can also be controlled by the ion energy. Figure 18 shows the relation-
ship between the ion energy and the depth of the structure after etching in HF for 20 min
[61]. The depth of the irradiated area was proportional to the ion energy for both doses.
The projected range of the irradiated ions increases with the ion energy, resulting in the
formation of a thick amorphous phase and therefore a deep structure. Though the maxi-
mum depth of the structure was approximately 100 nm owing to the ion energy limita-
tions of conventional FIB instruments, deeper structures over several hundreds of
nanometers deep can be fabricated by using a high-energy ion irradiation facility, which
can irradiate ions at several hundreds of keV [60].

Because the depth of the structure can be controlled by the ion irradiation conditions such as
the dose and the ion energy, a complex three-dimensional structure can be fabricated. Figure
19(a) shows an AFM topography image of a silicon surface irradiated with four different doses
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[61]. The irradiated area protruded owing to the formation of an amorphous phase, but the
height difference was only a few nanometers. Figure 19(b) shows an AFM topography image
of the same area after etching in 46 mass% HF for 20 min. The depth increased with increasing
dose values owing to the change in the thickness of the amorphous phase, and consequently,
a stepped structure with four different depths was fabricated from the irradiated area.

Figure 20 shows an AFM topography image of a Fresnel lens pattern structure fabricated by

gradually changing the ion dose. This is a three-dimensional structure with a smooth curved

surface [61].
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Figure 19. AFM topography image of a three-dimensional structure fabricated by using the change in the etching

depth with the ion dose [61].
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Figure 20. AFM topography image of a Fresnel lens pattern structure fabricated using FIB irradiation with various ion
doses followed by wet chemical etching in 46 mass% HF for 20 min [61].

4. Three-dimensional fabrication using electron beam irradiation

4.1. EB-based lithography

The EB is an instrument used for various purposes such as high-resolution surface observation
(SEM observation), and resist exposure. In particular, the exposing technique can fabricate fine
line patterns in what is known as EB lithography [62], used in a similar way to mask fabrication
in photolithography. These methods permit the fabrication of nanometer- or micrometer-scale
patterns. However, a more productive method is necessary to fabricate deep and wide
structures or complex structures because the direct machining approach requires a time-
consuming step. Generally considered contamination, it is known that the EB irradiation
causes the formation of a thin hydrocarbon layer on the surface [64-67]. The carbon is intro-
duced by the residual gas and pump into the vacuum chamber. It reacts with the EB and is
then deposited on the surface [63]. Because the etching characteristics of the irradiated material
change because of EB irradiation, structures can be fabricated efficiently by combining these
methods with wet chemical etching, which effectively overcomes the problems of solo-
irradiation methods. This method is effective because EB irradiation facilities are used
worldwide, and precise patterning, with a minimum line width of several nanometers, is
possible using a very simple process. In this session, the three-dimensional fabrication
technique using EB-induced carbon deposition [68] is described.

4.2. Fabrication method

Figure 21 shows SEM and AFM images of a GaAs area irradiated using the EB at a dose of 60
mC/cm? [68]. The irradiated area appears as a dark area in the SEM image, which indicates the
formation of a hydrocarbon layer. This area was raised by 1-2 nm, as shown in Figure 21(b).
The hydrocarbon layer has an etch resistance against AH solution, which consists of ammonia
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(NHj;), hydrogen peroxide (H,0,), and water (H,O) in a ratio of NH;:H,0,:H,O = 4:1:3312 by
weight. By using this phenomenon, a protruding structure can be fabricated from the irradi-
ated area.

400 oo
600 —
8.00 —20.00

10.00 .
[nm]|Cross section

0.00 8.00[um]

Figure 21. a) SEM and (b) AFM images of the area irradiated at an EB dose of 60 mC/cm?. Reprinted with permission
from [68]. Copyright 2008, IOP Publishing.

4.3. Three-dimensional fabrication using EB irradiation and wet chemical etching

The etch resistance of the irradiated area changes owing to the irradiation conditions, and
therefore, the height of the fabricated structure can be controlled via hydrocarbon layers with
different etch resistances. By controlling the etch resistance, structures with different heights
can be fabricated by taking advantage of the difference in the dissolution time of the hydro-
carbon layers. The change in the height of the irradiated area before and after etching in AH
solution for 15 s is plotted as a function of the dose in Figure 22 [68]. The height of the
hydrocarbon layer ranged from 1-3 nm and increased with the dose. After etching, the
irradiated area resisted etching in the AH solution, whereas the nonirradiated area was
selectively etched. Consequently, a structure higher than that present before etching was
fabricated on the irradiated area. The height of the structure increased with the irradiation
dose. With a high dose, a thicker hydrocarbon layer formed on the irradiated area, resulting
in a high etch resistance against the AH solution.

Figure 23 shows the change in the height of the structure while etching in AH solution [68].
The increase ratio of the height in the figure denotes the average value between two plots. The
height of the structure increased rapidly after etching for 15 s. It remained constant for etch
times over 30 s, indicating that the etch-resistant hydrocarbon layer had completely dissolved
at 15 s. Additionally, after etching for 15 s, the relative increase in height at 89 mC/cm? was
greater than the relative increase at 30 mC/cm?. The values were similar for both dose condi-
tions for etch times over 30 s. Therefore, the difference in the height of a structure according
to the irradiation dose results from the difference in the etch rate in the early stages of the
etching process. Because the etch resistance of the hydrocarbon layer depends on the concen-
tration of the AH solution, the maximum height of the structure can be controlled by the AH
solution concentration [68].
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Figure 22. Change in the height of the irradiated area before and after etching in AH solution at various irradiation
doses. Reprinted with permission from [68]. Copyright 2008, IOP Publishing.
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From the results described above, the height of a structure can be controlled by the irradiation
condition. Figure 24 shows an AFM topography image of a grating pattern structure with a
uniform height, fabricated using constant irradiation conditions [68]. The GaAs surface was
irradiated by an EB with a spot size of 1 um and then etched for 30 s. As a result, structures
with a constant height of 12 nm and pitch of 5 um were fabricated. Figure 24(b) shows an AFM
topography image of a three-dimensional structure fabricated by changing the EB dose. The
GaAs surface was irradiated with four different doses and then etched for 30 s, resulting in a
step structure. The area irradiated with the highest dose is the highest, and the area irradiated
with the lowest dose is the lowest.

30.00 ‘ 50.00 2
[nm]|Cross section [nm] |Cross section

0.00 30.00 [pm] 0.00 8.00 [um]

Figure 24. AFM topography images of structures fabricated using EB irradiation and wet chemical etching. (a) A gra-
ting pattern structure fabricated using a constant EB dose. (b) A step structure fabricated using the change in etch
resistance of the irradiated area with the EB dose. Reprinted with permission from [68]. Copyright 2008, IOP Publish-

ing.

5. Conclusions

We described three-dimensional fabrication techniques using nanoscale processing and wet
chemical etching. Three types of processing methods were introduced. We indicated the
superiority of these methods for fabricating structures with several tens to hundreds of
nanometer high (deep) structures in comparison to conventional photolithographic techniques
because they are simpler and more precise. Each of the three processing methods—TNL, FIB,
and EB—have distinctive characteristics. Therefore, the processing method should be decided
by the desired structure shape, resolution, patterning time, cost, and other factors. TNL simply
forms an etching mask because the process is operated in air. The shape is decided by the
machining parameters and the tip shape, which is the key technology for this method. FIB
forms an etching mask via a rapid process because the dose value needed for the mask
fabrication is significantly lower than that needed for a sputtering process. Deeper structures
can be fabricated using the FIB-induced etching enhancement. The drawback of this method
is the lateral expansion of the irradiated ions and the high-cost instrument. EB forms a high-
resolution etching mask using its low-linewidth patterning ability. The maximum height of
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the structure was limited to several tens of nanometers and therefore can be improved by
patterning and/or etching conditions. The combination of nanoscale processing and wet
chemical etching is expected to become an essential tool for emerging nanotechnology and
nanoscience applications related to electronic, photonic, biomedical, and nanosystem engi-
neering.
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