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In this study, thermally assisted reactive ion etching (TRIE) was evaluated by both experiments
and simulations. TRIE employs a self-heated stage instead of the etching stage of a regular
RIE apparatus. The self-heated stage was designed on the base of the simulation results, and its
heating characteristics upon the application of radio frequency (RF) power were evaluated. The
temperature of the stage increases rapidly within 10 min because of the low thermal capacitance of
the stage. An etch rate of 0.6 um/min and an etch selectivity of about 30 were achieved for titanium
etching with SF, plasma. In addition, we also investigated the application of TRIE for various
kinds of minor metals (Mo, Ta, Nb, and Ti alloy) for the first time and achieved higher etch rates
and etch selectivities than those of regular reactive ion etching (RIE).

1. Introduction

As is well known, micro-electromechanical systems (MEMS) have relied heavily on materials
used in integrated circuit fabrication, such as single-crystal silicon. However, owing to the special
properties of metals, glasses, and piezoelectric ceramics, the use of these materials in MEMS is
increasing rapidly.(-?

Titanium, tantalum, niobium, and molybdenum are often classified as minor metals. Some of
them have special characteristics such as biocompatibility, corrosion resistance and high toughness.
These characteristics make these metals applicable to various fields of MEMS, for example,
medical implants and tough sensors.® In addition, it makes deep reactive ion etching of these hard-
to-etch materials attractive.

Fluorine-containing gases, such as CF,, C,F,, and SF,, are most commonly used in dry etch
processing. However, when these gases are used to etch these minor metals, reaction products are
formed on the surface. As shown in Table 1, compared with silicon tetrafluoride, these reaction
products are nonvolatile, and this is why these materials are defined as hard-to-etch materials.®
However, for MEMS based on minor metals to become a competitive alternative to traditional
silicon-based devices, we must achieve a high etch rate, high mask selectivity and high aspect ratio.
The use of chlorine gas is an alternative enabling us to achieve a high etch rate.® However, its
application is restricted because of the safety issues associated with the use of chlorine. Another
way is to use an inductive coupled plasma etching machine to etch these materials.® However, it
requires an inductive coupled plasma source.
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Table 1

Boiling temperature of the reaction products at one atmosphere.®

Material ~ Reaction products Melting temperature (°C) Boiling temperature (°C)

Ti TiF, 950 — (no data)
TiF, 377 284 (sublime)
MoF, >600 —

Mo MoF, decompose —
MoF; 67 213
MoF; 17.5 34

Ta TaF; 97 230
NbF, — —

Nb NbF, >350 —
NbF, 80 234

Si SiF, —90.2 —86

To overcome this problem of nonvolatile reaction products, we must improve the temperature of
these reaction products. On the basis of this idea, our group proposed a simple method of thermal
reactive ion etching (TRIE).”® In TRIE, the temperature of the substrate is increased selectively
and rapidly by placing a self-heated stage on the cathode of a regular reactive ion etching (RIE)
system to increase the etch rate.

Figure 1 shows a schematic of the concept of the specially designed etching stage (self-heated
stage). An aluminum plate is used for the stage. When the plasma is activated, the stage is exposed
to ion bombardment and receives energy from the ion bombardment, radio frequency (RF) power,
and thermal radiation of plasma. The low thermal capacitance of the stage ensures that these
energies rapidly increase the temperature of the middle part.

In this study, we redesigned the stage to make the middle part larger than the stage described
in Ref. 7 and evaluated the thermal response of the newly designed self-heated stage by both
experiment and simulation. Then titanium was used in the initial etching tests. Finally, we etched
various kinds of minor metals and evaluated the TRIE processing characteristics of these materials
in terms of the etching depth, cross-sectional profile, and surface roughness.

2. Materials and Methods
2.1 Simulation

We used SolidWorks 2014 software (Dassault Systems) to simulate the thermal response of
the self-heated stage before the experiment. The shape and size of the stage are shown in Fig. 1.
The temperature of the leg part was always 293 K during TRIE processing, the thermal radiation
coefficient of the stage was 0.4, and the applied RF power was 100 W. Here, we assumed 70% of
the RF power was absorbed by the stage.

2.2 Experimental process
Figure 2 shows the experimental process. Nickel was chosen as the mask material as it reacts

negligibly with fluorine-based gas. In the first step, a layer comprising chromium (3 nm) and gold (30
nm) was deposited on the wafer surface to increase the adhesion between the substrate and nickel
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Fig. 1. (Color online) Example of the specially designed self-heated stage.
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Fig. 2. (Color online) Experimental process.

mask. This mask can be removed in the first 10 s of the etching process. In the second and third
steps, the photoresist AZP4620 was chosen to form a mask pattern because of its high contrast and
high tolerance in plating.®'9 The mask pattern was lines with a length of 3500 pm and a width of
100 pum, the trough width and intervals were 100 um. After the photolithography, we plated a layer
of nickel by electrolysis pulse plating in a sulfamic acid nickel bath. The plating time was 60 min
and the thickness of the nickel was about 3 um.!"D In the fifth step, the photoresist was removed
using acetone. Then the substrate was processed by regular RIE or TRIE.

2.3 Experimental materials

Table 2 shows the dimensions and compositions of our minor metal materials. Titanium,
molybdenum, tantalum, and niobium were purchased from Nilaco Corporation. Titanium alloy was
purchased from Furuuchi Chemical Corporation.

2.4 Experimental conditions

Figure 3(a) shows our experimental conditions. We used magnetron-type capacitively coupled
plasma (CCP) RIE equipment (TEP-01, Tateyama Machine Co., Ltd.) with SF, gas to etch the
minor metals [Fig. 3(b)]. The processing time was 30 or 60 min. Figure 4 shows the experimental
setup of the regular RIE and TRIE.
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Table 2

Minor metal materials.

Substrate material Dimensions Component

Ti Ti-99.5%

Mo Mo-99.95%

Ta 20 x 20 x 0.05 (mm?) Ta-99.95%

Nb Nb-99.9%

Ti alloy Ti-90% Al-6% V-4%

| Nd-Fe-B-type magnet |

RAIE/TRIE process conditions Gas(SF Roaction chamber
Plasma generation method Magnetron-type CCP ;&_D
Cathode temperature 293 K

Stage size #90 mm . f ; |_
High-frequency power 1.6 W/ecm? i i b
Reactive gas SF, Refrigerant
Gas flow 15 scem | Gatle \ | I Matchilng box I
Process time 30 or 60 min %
I

Chamber pressure 0.3 Pa @ & [ e | LreG |

() (b)

Fig. 3. Experimental conditions.
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Fig. 4. (Color online) Schematic illustrations of the experimental setup.

3. Results

Figure 5 shows an example of the simulation result for the temperature distribution and the
heating characteristics obtained from experimental results. Figure 5(a) shows that the temperature
of the stage can be increased to about 521 K in just 10 min. As shown in Fig. 5(b), the temperature
of the middle part of the stage ranges from 525 to 529 K. The uniformity of temperature is
sufficient for processing by TRIE.

We measured the height of nickel before and after the RIE or TRIE processing, and the depth
of the processed parts of minor metals after the RIE or TRIE processing to calculate the average
etch rate and selectivity. Figure 6 shows the etch rate and selectivity ratio of nickel to titanium.
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Fig. 5. (Color online) Thermal response of the specially designed self-heated stage. (a) Temperature of stage. (b)
Temperature distribution of stage.
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Fig. 6. (Color online) Etching characteristics for TRIE and regular RIE. (a) Etch rate of titanium. (b) Selectivity
ratio of nickel to titanium.

From Fig. 6(a), we can see that the etch rate of TRIE varies with the temperature of the stage and
becomes about 0.6 um/min in 10 min, which is three times higher than that achieved using regular
RIE. Figure 6(b) shows that the selectivity of TRIE can reach values of about 29 in 30 min, which
is much higher than that achieved for regular RIE.

Figure 7 shows the etch rates of the minor metals by TRIE and regular RIE, where the
processing time was 30 min. The etch rates of Ti, Mo, and Nb in TRIE are much higher than those
by RIE, and the etch rates of Ta and Ti-6Al-4V are slightly higher than those by RIE. Although the
effect of TRIE is different for the various minor metals, it did greatly improve the etch rate of these
materials.

Figure 8 shows a cross-sectional view of these minor metals. It can be seen that problems
associated with TRIE are undercutting and high surface and sidewall roughnesses.

Table 3 shows the surface roughness and sidewall angle of these minor metals. Surface
roughnesses of Mo and Nb in TRIE are slightly higher than those in RIE. Surface roughnesses of
Ti and Ta in TRIE are much higher than those in RIE. The surface roughness of Ti alloy in TRIE is
the same as that in RIE.
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Fig. 7. (Color online) Etch rates by TRIE and Fig. 8. Cross-sectional views of processed minor
regular RIE. metals.
Table 3
Surface roughness and sidewall angle.
. Surface roughness (Ra Sidewall angle (°
Material £ (Ra) gle ()
RIE TRIE RIE TRIE
Ti 0.09 um 0.43 pm 72 Slight undercut
Mo 0.06 um 0.15 um 90 90
Ta 0.38 um 2.17 um 80 Slight undercut
Nb 0.57 pm 0.66 um 83 90
Ti alloy 0.10 pm 0.10 um 70 76

4. Discussion

The undercut produced by the TRIE process can be reduced by adjusting the temperature and
the RF power, and the etched surface and sidewall roughnesses can be reduced by the addition of
argon gas and/or C,Fg gas. A slight addition of atoms (Al 6%, V 4 %) makes titanium alloy hard to
etch because of the high boiling temperature of AlF,.® However, not all the differences in the etch
rates of these minor metals can be explained simply by the differences in the boiling temperature
of reaction products. In the case of molybdenum, the chemical species of etch products and the
binding energy must also be considered.
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5. Conclusions

The thermal response of a newly designed self-heated stage was evaluated and the results
showed that its use can make a regular RIE system more effective even without the use of an
inductively coupled plasma source. The TRIE etching characteristics of titanium, titanium alloy,
molybdenum, tantalum, and niobium were evaluated, and the results showed that this method can
greatly improve the etch rate and mask selectivity of these minor metals. However, TRIE still has
some problems with regard to the etching surface and sidewall shape of minor metals, and thus,
further optimization, such as the improvement of surface roughness, is necessary.
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