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We demonstrated KOH etching with an etching mask amorphized by ion irradiation.
Amorphized masks were prepared by irradiating ion species (Ar*, Kr*, Xe*, N*, O) at an ion
energy of 500 eV with an electron cyclotron resonance ion shower system. The parameters for
KOH etching were also studied. In addition, we fabricated structures with an aspect ratio of over
3000 and microfluidic devices using the proposed microfabrication technique. This technique is
expected to be useful for the microfabrication of Si structures.

1. Introduction

Etching techniques are essential for MEMS device manufacturing processes and are
categorized into two major types: wet etching and dry etching. These techniques are used
according to the shape, size, and application of the structure to be fabricated.(-? Wet etching is a
highly productive technique because it involves a chemical reaction, which causes less damage
to the etched surface than dry etching. Anisotropic chemical wet etching of Si with KOH
solution is widely used to fabricate microstructures such as V-shaped structures and bridges
using the principle that the etching rate depends on the crystal plane. Silicon oxide or silicon
nitride is often used as an etching mask. These masks need to be removed with, for example, HF
solution after etching.3-¢)

To avoid the need for mask removal, a process that combines nanoscale fabrication with a
focused ion beam (FIB) and etching with an alkaline solution is used. This phenomenon is
known as ion-bombardment-retarded etching (IBRE).() Single-crystal silicon is irradiated with
Ga or Si at an ion energy of 10 to 60 keV using FIB equipment, and the irradiated area becomes
amorphous. The irradiated area can be used as a mask for alkali etching.®~14) This technique
improves productivity because there is no need to deposit a thin film before etching or to remove
the mask after etching. Furthermore, it has recently become possible to fabricate nanostructures
with complex 3-D structures, and their application to nanowires has been demonstrated.(13-10)
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However, it has low throughput because a very small area on the order of 100 um is used for
microstructure fabrication because of the use of an FIB.

Therefore, we have been focusing on the use of low-energy ion beams with an electron
cyclotron resonance (ECR) ion source. The beam diameter of the ECR ion source is 10 to 200
mm,”1 which enables the amorphization of large areas. Furthermore, this approach is
advantageous for controlling the amorphized region, since the ion energy, ion species, and dose
can be controlled.

We previously demonstrated that Si amorphized masks fabricated by Ar* irradiation to Si are
resistant to KOH etching. In addition, we have discussed the dependence of the etching depth on
ion irradiation parameters such as incidence angle, dose, and ion energy. We were able to
fabricate structures of up to 3.7 mm depth. In addition, we reported that this technique can be
used to fabricate microfluidic devices and single-cell isolation plates.?? To fabricate more
deeply etched structures, it is necessary to increase the etching rate ratio of the amorphized Si
mask to the Si crystal.

In this study, to improve the etching rate ratio, we investigated the effect of the parameters of
KOH solution (KOH concentration and temperature) when etching with amorphized masks.
Furthermore, we applied N* and O, which have a larger ion range than Ar * and were expected
to increase the thickness of the amorphous layer, and Kr™ and Xe*, which have a large atomic
number and low ionization energy, to increase the defect density in the surface layer and improve
the etching resistance.?) Ion bombardment by Xe has the effect of increasing subsurface
defects.??)

We also analyzed the amorphized mask layer by X-ray photoelectron spectroscopy (XPS) to
measure its composition and binding energy in relation to its KOH etching resistance. Finally,
we fabricated structures of Si(110) with a high aspect ratio and microfluidic devices bonded to
glass by anodic bonding without a mask removal process.

2. Experimental Setup
Figure 1 shows a schematic diagram of the ECR ion shower system (Elionix EIS-200ER)

used in this study. Gas introduced into the system ionizes in the plasma. The ions are accelerated
by two grids with many holes and irradiated to the sample. The ion energy and ion current
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Fig. 1.  (Color online) Schematic diagram of ECR ion shower system used in this study.
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density can be independently controlled in this system. The ion current density is measured with
a Faraday cup. We used Ar, Kr, Xe, O,, and N, gas as plasma sources and Si(100) and Si(110)
substrates as samples. The size of the Si substrate was 10 x 10mm?. On the Si substrate, a mask
pattern was prepared with photoresist (AZ5214E). The resist patterns were 100 mm line and
space. Si was treated with buffered hydrogen fluoride (BHF) before mask pattern fabrication.
After ion irradiation, the photoresist was removed with acetone. Then, the samples were etched
with KOH aqueous solution. The height of the structures was measured with a stylus surface
profilometer (Veeco, Dektak 150). The cross section of the structure was observed by SEM
(Hitachi High-Tech, FlexSEM1000II). An area of ¢ 400 mm of the surface of the amorphized Si
mask was measured by XPS (Thermo Fisher Scientific, Nexsa) using an Al Ka X-ray source.
The Si2p spectra were measured at an energy resolution of 0.05 eV and a pass energy of 25 eV.
The background was removed using the Shirley method.

The amorphized mask formed by ion irradiation was expected to be very thin owing to the
short range of ion penetration in the Si . Therefore, we used /4, (saturated step height), as
schematically shown in Fig. 2, to evaluate the etching resistance. The Si substrate was etched by
KOH etchant as a mask using the region amorphized by ion irradiation. The height of the
structure increased with the etching time. After a particular etching time, the mask disappeared
and the Si structure height became saturated. We defined the height of this structure as %, where
a large /, means that the KOH etching resistance of the ion-irradiated area is high. Table 1 shows
the irradiation parameters for each ion (Ar*, Kr*, Xe*, O, and N") in this experiment. The ion
energy and dose were set to fixed values. Although the sample is etched during ion irradiation,
the etching depth is less than 10 nm and does not influence the /4, evaluation.
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Fig. 2. (Color online) Schematic diagram of 4.

Table 1

Ion irradiation parameters.

Gas Ar Kr Xe O, N2
Ion energy (eV) 500

Dose (ions/cmz) 5% 10"

Current density (mA/cm?) 0.85

Ion incidence angle (°) 7

Gas fow rate (sccm) 0.8 0.4 0.2 1.3 1.0

Microwave power (W) 60 75 100 80 70
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3. Experimental Results
3.1 KOH solution temperature dependence of /,

Figure 3 shows the relation between the KOH solution temperature and %, when the Si(100)
substrate was irradiated with each type of ion, the KOH concentration was 40 wt%, and the
temperature of the KOH solution was 20, 40, or 60 °C. SEM images of the cross sections of the
structures fabricated using the masks prepared by N* or Kr* irradiation are shown in Fig. 3. A
decreased with increasing KOH temperature for all ion species. This result is similar to the
decrease in the etching rate ratio of Si to SiO, masks with increasing temperature when Si is
etched with KOH solution.?® & depended on the ion species and decreased in the order N* >
Xe">Art>0">Kr".

3.2 KOH concentration dependence of /

Figure 4 shows the relation between the KOH concentration and 4, when the Si(100) substrate
was irradiated with each ion, the temperature of the KOH solution was 20 °C, and the KOH
concentration was 20, 30, 40, or 50 wt%. A, for the N*-irradiated sample was largest for 40 wt%
KOH solution. This result shows that amorphized masks subjected to N irradiation are highly
etching resistant and suitable for fabricating structures. Etching with the 40 wt% KOH solution
was found to be optimal. 4, for the samples irradiated with Ar* or Xe™ decreased slightly with
increasing KOH concentration. This result is similar to the decrease in the etching rate ratio of Si
to SiO, masks with increasing concentration of KOH.?# . for the samples irradiated with O" or
Kr* was small and did not depend on the KOH concentration.

3.3 Etching rate ratio

We calculated the depth range of each ion in Si using the Transport of Ions in Matter (TRIM)
simulation program to estimate the thickness of the amorphous layer formed by ion irradiation.2)
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Fig.3. Relation between temperature of KOH  Fig.4. Relation between KOH concentration and 4.
solution and 4.
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The damage event generated by each ion irradiated in Si was calculated. The maximum depth
was estimated as the maximum thickness of the amorphous layer.*>27) The simulation
conditions were Si with an atomic weight of 28.08 amu, a displacement energy of 15 eV, a
surface binding energy of 2 €V, a lattice binding energy of 4.7 eV, and total number of ions of 1
10%. The ion incidence angle used in the calculations was 7°. Table 2 shows the calculated
thickness of the amorphous layer by simulation. In a previous report,29 we calculated the
thickness of the amorphous layer using the Stopping and Range of Ions in Matter (SRIM)
simulation program. We estimated the thickness as the sum of the depth range of ions and the
straggling depth. However, we considered that the straggling depth would be significantly
influenced by the type of ion used in this experiment. Therefore, the maximum thickness of the
amorphous layer was considered on the basis of the damage events induced by ion irradiation.
Figures 5 and 6 show the obtained KOH etching rate ratios calculated from the thickness of the
amorphous layer for each ion.

The etching rate ratio depended on the ion species and decreased in the order N* > Xe* > Ar*
> O" > Kr". The etching rate ratio was the highest (over 3000) when the samples were irradiated
with N*. Therefore, to fabricate vertical shapes with a high aspect ratio, the structures were
fabricated by KOH etching using N*-irradiated masks in Si(110) substrates. Figure 7 shows a
SEM image of the fabricated structure. The dimensions of the mask pattern were 20 mm line
and space, and the etching conditions were KOH solution temperature of 20 °C and concentration
of 40 wt%. Etching was performed for 53 h. The structure became tapered due to undercut. In
this experiment, the etching rates with KOH solution were 15 nm/min for Si(100) and 30 nm/min
for Si(110), which was twice as fast. On the other hand, 4, was 31 um for Si(100) but 91 um for
Si(110), about three times higher. This means that the etching resistance was improved in Si(110)

Table.2
Thickness of amorphous layer determined by TRIM simulation.
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Fig. 7. Structure with high aspect ratio fabricated with Si (110).

despite the same ion irradiation parameters. It is considered that the amorphized mask fabricated
in Si(110) has a thicker layer than the one fabricated in Si(100) due to the channeling effect.(28:2%)

3.4 XPS analysis of amorphized masks

We analyzed Si amorphized masks irradiated with ions by XPS to measure the composition
and binding energy of the mask. Figure 8 shows the widescan XPS spectra of samples irradiated
with each ion. Figure 9 shows the XPS spectra of Si2p. Two peaks around 100 eV were observed
in the spectra of Si2p without ion irradiation shown in Fig. 9. After ion irradiation, the spectra of
Si2p are broad peaks. This indicates that the Si surface is amorphous.39)

The Si2p spectra have binding energy peaks around 103.4 eV for SiO,, 102.5 eV for SiN,0O,,
101.6 €V for SizN,, and 100.8 €V for SiN,.GD Therefore, some of the Si in the region irradiated
with Ar, Kr, or Xe ions was bonded with nitrogen or oxygen. Also, Si in the O"-irradiated region
was mainly bonded to oxygen, and Si in the N irradiated region was mainly bonded to nitrogen.

Table 3 shows the surface composition obtained by XPS analysis. The Si surface, which
functions as an etching mask and is implanted with Ar", Kr," or Xe*, contains about 1 at% of
each element.

4. Discussion

As described above, we etched Si with KOH solution using a mask amorphized by ion
irradiation. The N*-irradiated sample exhibited a maximum etching rate ratio of 3000 or more,
significantly higher than that of the other ion species. Typically, ion irradiation with an inert gas
causes Si—Si bonds to break and the material to become amorphous.??) Then, oxygen is adsorbed
on the broken dangling bonds, which are activated in the atmosphere.®3) However, it is
considered that nitrogen is preferentially adsorbed on the dangling bonds by irradiation with
N*.G4 We anticipate that the amorphized mask in this experiment is not a pure SiN layer. We
also etched Si with KOH solution as a mask for a SiN thin film deposited by Low Pressure
Chemical Vapor Deposition (LP-CVD) under the same etchant conditions as before. The
obtained etching rate ratio was about 80000. Therefore, the N* irradiated region might be partly
bonded with nitrogen in addition to the amorphized Si surface. We were able to fabricate masks
that are resistant to KOH etching due to the synergistic effect of these factors.
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Table 3
Surface composition obtained from XPS spectra (in atomic percent).
Si N (0] Others
Ar (at%) 50 13 36 1 (Ar)
Kr (at%) 57 7 35 1 (Kr)
Xe (at%) 49 8 41 1 (Xe)
O (at%) 36 ND 64 ND
N (at%) 42 29 30 ND
Si-sub (at%) 76 ND 24 ND
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Next, the etching rate ratios of the samples irradiated with Ar", Xe™, and Kr™ were compared.
The etching rate ratio of the ion-irradiated samples decreased in the order Xe* > Ar* > Kr*. We
consider that this is because the defect density is higher in the Xe™-irradiated sample than in the
Ar*-irradiated sample. Although the thickness of the amorphous layer was estimated to be lower
in the Xe™-irradiated sample than in the Ar" irradiated sample, the XPS analysis results show
similar values in nitrogen and oxygen concentrations and spectra. Therefore, we consider that
the etching rate ratio increased because of the increase in the defect density and the large amount
of bonding of Si with O and N.

The intensity of the Si2p spectra of the Kr-irradiated samples was greater than those of the
Xe*- and Ar'-irradiated samples, indicating that the amorphous layer was thinner in the Kr*-
irradiated samples. As described in Ref. 35, amorphization and etching occur simultaneously
during ion irradiation. The etching rate of Kr* irradiation is large. As a result, the amorphous
layer resulting from irradiation with Kr was thinner, and the KOH etching resistance was lower.

Amorphized masks irradiated with O" had lower resistance to KOH etching than masks
irradiated with Ar*, Xe™ or N*. In addition, no nitrogen was observed in the mask layer. SiO, and
SiN are often used as etching mask materials in the etching of Si with KOH. In general, the
etching rate ratio of SiN is larger than that of SiO,. Therefore, in addition to amorphization, the
increased nitrogen content in the amorphized mask may contribute to the improved resistance to
KOH etching.

In addition, the difference in &, between the center and the edge of the sample (10 x 10 mm?)
was a maximum of 6% for N* irradiation and 3% for other ion irradiation, so the 4, accuracy is
estimated to be within 10% for an effective beam diameter of 20 mm. These values are similar to
those of widely used plasma systems. We believe that the proposed method can be scaled up to
large areas.

5. Application to Fabrication of Microchannel Using Anodic Bonding
We fabricated a microfluidic device using anodic bonding, which is a technique for bonding

borosilicate glass and Si. Figure 10(a) shows a schematic diagram of the anodic bonding setup in
this experiment. A DC voltage of 500 V was applied to the Si side, which acted as an anode

Top jigﬁ Time Flow Direction
Glass 00s T . —— .
.Us
[ ] Sj | 1 — —

Bottom jig 05s
Al,04 R — —
1.0s
Hot plate —
IPA 30m
@ (b)

Fig. 10. Microchannel fabricated by anodic bonding. (a) Schematic diagram of the anodic bonding setup used in
this experiment. (b) Image of IPA flowing through a microchannel.
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during heating to 400 °C for 40 min.36-3%) Positive ions such as Na* in the glass moved to the
cathode. A layer with a small number of positive ions was formed at the glass-side interface.
Positive charges appeared at the Si-side interface. Thus, they attracted each other by the
Coulomb force. Finally, bonding between the Si and the borosilicate glass occurred through the
reaction of oxygen supplied by the glass and elements on the Si side.

Microchannels were fabricated by KOH etching using the ion-irradiated amorphized Si
masks reported in this paper. The structures fabricated by this technique do not require the
removal of the mask, and it is possible to bond them to glass by anodic bonding. Trenches as
high as 3.3 mm were fabricated on Si(100) substrates by irradiating N* at 500 ¢V and etching
with KOH solution (40 wt%, 20 °C, 230 min). The Si was bonded to borosilicate glass. Figure
10(b) shows images of a solution flowing through a microchannel. We demonstrated that
2-propanol was able to flow in the fabricated microchannel. The amorphized Si and glass were
well bonded, and no leakage was observed. Thus, we were able to fabricate a microchannel using
anodic bonding.

6. Conclusion

We employed KOH etching using an amorphized mask irradiated with Ar*, Kr*, Xe*, N*, and
O" to improve etching resistance. Xe -irradiated masks had a higher defect density of the
amorphous layer and a higher etching rate ratio than Ar*-irradiated masks. N*-irradiated masks
significantly improved the etching resistance, which was due to the Si—N bonding, in addition to
increasing the thickness of the amorphous layer.

We also succeeded in the anodic bonding of amorphized Si surface and glass. Amorphous
layers formed by N* irradiation and glass could also be bonded. Since anodic bonding through
insulating films such as nitride films is not easy, anodic bonding using an amorphous layer that
functions as an etching mask is an excellent method for fabricating microfluidic devices. We
believe that KOH etching with a mask by N ion irradiation can be applied to the fabrication of
high-aspect-ratio structures through anodic bonding, which does not require a mask removal
process after KOH etching.
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