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Paris-Sud, Université Paris-Saclay, C2N-Orsay, 91405 Orsay cedex, France.
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Abstract. The paper investigates the parameter optimization of isotropic bulk

silicon micro-scale etching using an Inductive Coupled Plasma -Deep Reactive Ion

Etching (ICP-DRIE) system. The source power, the frequency and the SF6

(sulfur hexafluoride) gas pressure are optimized. Etch profile results and how their

characteristics depend on process and feature size have been studied. We report

detailed observations of the resulting for various etching parameters, covering: pressure

from 30 to 70 mTorr, SF6 flow rate from 400 to 500 sccm, platen power from 20

to 150 W, and ICP power from 2000 to 2500 W. This goal here is to present how

anisotropic and isotropic etch processes for a wide range of applications in micro-

electro-mechanical-systems (MEMS) and Micro Optoelectronic Mechanical System

(MOEMS) fabrication. A deep anisotropic etch through a 1.4 mm thick silicon wafer

with smoothly etched surfaces has been achieved. Isotropic plasma etching is obtained,

including a relation between the etching depth, the undercut and the normalized radius

of curvature (ROC) of the profile. The choice of using photoresist masks provides a

better flexibility and economical processing. The presented results can be valuable for

a wide range of applications, thus allowing a massive production using only a single

commercial ICP DRIE tool, low cost and compatible with an industrial perspective.
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1. Introduction

Microsystems technologies are widely used in manufacturing and laboratory research.

Today, mainstream microelectronic and microtechnology predominantly use silicon as

the substrate material. In that way, the Inductive Coupled Plasma (ICP) reactor has

been thus widely used for anisotropic silicon etching because it is abble to obtain a high

aspect ratio, while maintaining a vertical side wall [1, 2, 3, 4]. Indeed, by Deep Reactive

Ion Etching (DRIE) technology, the silicon substrate can be etched fairly quickly and

manufactured at low cost for mass production [5]. This plasma technology is becoming

increasingly attractive in a very wider array of applications [6, 7, 8, 9, 10, 11, 12] as

well as for microfluidics devices [13, 14, 15, 16], microprobes [17, 18], microlens molds

[19, 20, 21], roll bearings components [22] and micro-optic structures [23, 24, 25, 26, 27].

The development of advanced MOEMS and Microfluidics devices demands different

shapes with planer, spherical, aspheric and free form surfaces of high profile and excellent

surface finish. The design of aspheric surfaces are extremely important in optical systems

(eg microlenses) and have been applied in various applications. Indeed in miniaturized

system, the aspheric surfaces can correct aberrations, improve the image quality, and

reduce the size and weight of optical systems. Further investigation has been done

in our laboratory to manufacture microlenses mold by wet etching [19]. Isotropic

etching of silicon can be done by wet chemistry or by plasma etching, however the

latter has not much gained much attention compared with wet etching the isotropic

in both glass [28, 29] and silicon materials. Likewise, the silicon wet etching is always

used in MEMS during the final stage of the micromachining process, such as, for the

release of the cantilever beam from the substrate [30, 31, 32, 33]. The elimination of

optical aberration in micro-optical systems can be achieved by use of aspherical silicon

molds characterized by negative conic constant, however not many micro-fabrication

technologies allow arbitrary control of generated geometries of microlenses. In this

respect our motivation is to combine anisotropic etching and isotropic etch in one DRIE

tool. In this article we will present results on ICP-DRIE for various silicon size features

as a function of ICP etch processes. This paper is organised as follows: the second

section describes the process used to fabricate, characterize and compare various sizes

apertures. The third section describes the ICP process for silicon cavities of millimeter

range depths. In the fourth section, we investigate the isotropic effect by exploring how

the shape of the silicon aperture evolves during the ICP processes. We conclude with a

discussion of these investigations and its application to microfluidic, microlenses molds,

and microsystem through MOEMS and BIOMEMS applications.

2. Fabrications and characterizations method

The experiments were performed in a Surface Process Technology Systems (SPTS)

Rapier tool. It was used with up to 3 kW of 13.56 MHz power. The wafer chuck is cooled

with water. Gases employed in this study were perfluorocyclobutane (C4 F8), sulfur
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hexafluoride (SF6), Argon (Ar) and oxygen (O2) (in sccm denotes cubic centimeters per

minute). An oxygen clean was performed between each experiment to remove polymer

off the sidewalls of the reactor, minimize contamination, and preserve repeatability.

There are numerous important etchant properties, such as the etch rate, masking

materials, selectivity, surface roughness. Kovacs and al. [34] have provided a generalized

comparison of the various etchants in terms of many of these important properties and

the availability of suitable masking films [34]. In this work, different etch processes

were studied and their general characteristics were compared. Typical parameters for

these processes are tabulated in Table I. Samples were processed on standard 4 inch,

1–20 ohm.cm, silicon wafers of 〈100〉 orientation. Photoresist (AZ9260, 6 µm-thick),

was used to pattern the test geometries and as mask material, shown in Figure 1. The

cavities were etched and studied using an optical microscope and a Scanning Electron

Microscope (SEM). The resulting SEM of cross sections were subsequently digitized in

a manual drawing program and numerically processed in python software.

3. Anisotropic etch

In deep silicon etching for microelectromechanical system(MEMS) typical etch depths

are generally 10–500 µm [35]. Using the Bosch process, very high aspect ratio trenches of

up to 107:1 were reported for 374 nm widths by Marty et al. [36]. More recently, aspect

ratios of 160:1 were reported by Parasuraman et al. for trenches of 250 nm widths [37].

However, for differents MEMS and MOEMS applications, we needs etch depth greater

than 500 µm. There, we have target 1.4 mm depths using a mask photoresist (AZ9260)

which is suitable and can be deposited with thickness more than 20 µm. The DRIE

conditions are summarized in Table 1. In these experiments, the duty cycle was fixed

at 10 %, its effect is important on the etching process and profile (see Figure 2), while

varying the other parameters . This pre-test shown in Table 1, is focused on the coupling

effect of the gas mixture, the source power and the pressure on the etching rate and

profile.

As expected, it becomes evident that the etch rates are monotonically decreased

with decreasing aperture size as seen in Figure 2a. This is the so-called Aspect Ratio

Dependent Etching (ARDE) effect. The results of the etch profiles are carefully analyzed

by the isotropic ratio [38], AF defined as:

AF = 1− rlat
rvert

(1)

where rlat is either the horizontal dimension of the foot edge from the mask edge

or the undercut rate and rvert is either the vertical etched depth or the etch rate as

illustrated in Figure 3.

Figure 4 shows a selection of the sidewall profiles that have been obtained in

our experiments. These SEMs clearly demonstrate that it is difficult to obtain

a straightforward definition of the anisotropy. Indeed, depending on the process

parameters, the profiles may vary from ideal isotropy. No significant amount of undercut
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was observed using the recipe 1a, which results in an anisotropy value of 1 indicating a

perfect vertical sidewall with no mask undercut. Recipe 2 resulted in an anistropy close

to 0.7.

In fact, at high pressures of O2, the value of the anisotropy, as defined before,

may be lower because of outward by sloping etch profiles. Previously, good results

on of ultra-deep silicon cavities with smooth sidewalls, using an Alcatel DRIE reactor

tool, have been reported [39] with etch rate around to 5 µm/min. However, based on

the recipe 1 results, the relative etch rate with the same design rule, the rate process

is higher and close to 11 µm/min with a scalloping around 250 nm. A consequence

of the pulsed DRIE process with this high etch rate is improved cost, efficiency

and yield of the microfabrication devices. Mastering deep etching technologies has

enabled manufacturing and to miniaturization of the atomic-clock and magnetometer

as highlighted in Figure 4.

Nevertheless, to completely etch through a 1.4 mm thick silicon wafer suffers the

intrinsic disadvantage of scalloped sidewalls and high sidewall surface roughness. For

instance,the process needs to be

one tuned for every aperture size during the same step. Recipe 1a consists of

alternating isotropic etching under SF6 plasma and passivation using the C4F8 plasma.

When silicon is being etched using this Bosch process, silicon grass, due to the residual

passivation layer, is formed at the bottom of the holes as etching by products. If,

the passivation layer, after C4F8 deposition, is not completely removed, it makes a

micromask. Silicon grasses are thus undesirable by product in micro-devices. To

overcome these drawbacks, optimized recipes processes are presented in more detail

in Table 2. Besides three recipes presented in table 1, gradual increase of process

ecthing time on several step etch at room using presented SF6/C4F8 as well as other

parameter (pressures, power) presented in Table 2, proves that this approach has many

special advantages e.g., smooth trench sidewall, high etch rate and selectivity.Table 2

and Figure 5 present the results for these trenches. No mask undercut was observed

using recipe 1a and 1b, the surface scalloping inherent to the bosch process were around

to 200 nm. The etch profile appear straight and with smooth sidewall. With revised

recipe 1b, we have successfully etched trenches as narrow as 10 µm for 55 µm depth and

as wide as 1100 µm for 117 µm depth.

The performance makes this method have good application potentials for the

production of microelectronic and MOEMS, and MEMS in particular to completely

etch through a thicker silicon wafer (more than 500 µm). The reported process was

employed to fabricate cells for miniature atomic clocks [40]. The study of the undercut

and the curvature profile, in the case of an anisotropy factor close to 0 (recipe 3) is

considered in more depth in the next section.
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4. Isotropic etch

Even though wet silicon etch can have an aspect ratio as high as 600, this deep anistropic

etch technique by aqueous solutions is inherently limited to the fabrication of structures

such as microlenses mold (see figure 6) where the isotropic effect is desired. In recent

years, much effort has been placed on the development of advanced in isotropic wet

etching [41, 42, 34, 19, 43] and in istropic dry etching [20, 21, 22]. Consequently, the

spherical cavity size was found to depend mostly on the size of the etch-mask opening,

and be independent of the etching time. A variety of mask materials and etching

conditions were investigated to obtain a large spherical cavity (2.5 mm in radius) with

good circularity and smoothness. Early works by our team focused on microlenses,

which were specifically developed for the different microfabrication [19, 44] approaches

in MOEMS applications [26]. Previous reports on isotropic dry etching technology have

documented [20, 22] and presented that the anisotropic plasma can be optimized when

the mask opening and the process parameter are matched to produce a sphere shape.

Here, we considered different size of circular mask openings ( ranging from 20 µm - 600

µm).

Figure 7 shows the mask undercut and the etch depth as a function of mask

opening diameter. The results show that for all the test structures analyzed, the etch

rate increased quite significantly with increasing pressure. The undercut and the etch

depth are found to increase with mask opening, but tends to saturate between 350 µm

to 600 µm diameters, which indicates that the silicon etch rate is principally limited

by the availability of fluorine radicals at the silicon substrate. At high pressure, the

non-uniformity of etch depth was observed. This could be attributed in large part to

the limitations of the pumping system of the ICP reactor, which plays an increasingly

important role in the uniformity of species diffusion inside the reactor.

While Figure 8 shows that for the different mask openings, the degree of anisotropic

etching given in equation 1 is range from 0.2 to 0.4 whatever the pressure. Increasing

the pressure should increase the atomic fluorine concentration and decrease the ion

bombardment. Both effects lead to a reduction of the anisotropy, in agreement with our

results at high pressures (100 mTorr and 150 mTorr). However, at 500 sccm SF6 flow

rate, the etch rate and undercut rate were saturated because of (a)the recombination of

radicals before reaching the sample surface and /or (b) insufficient source power (2500

W) to promote the dissociation of SF6 and produce fluorine radicals. These results show

that the physical etching rate in the vertical direction increased faster than in horizontal

direction when the pressure was higher than 40 mTorr. SEM of cleaved samples was

utilized to confirm thes degree and the profile of this anisotropic measurements.

The Figure 9 shows SEM micrograph of the etched surface taken with a 45 ◦tilt

for wafers etched at 40 mTorr, 100 mTorr and 150 mTorr pressure. These results show

that surface roughness decreases significantly at lower pressure. Clearly, as presented

in Figure 10, the curvature of the cavity is variable and depends on the mask opening

and the fabrication process. For larger openings masks, the profiles show a very flat
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center region. As a consequence, the degree of anisotropic etching is a good indicator

and must be completed by SEM view or by interferometry measurement.

Nevertheless, a spherical profile measurements are more difficult than flat surfaces.

The more complex geometries are often described as conic sections that can be expressed

as following equation :

Z (r) =
cr2

1 +
√

1− (k + 1) c2r2
+

N∑
i=n0

αir
i (2)

where r is the radial coordinate, c is vertex curvature, αi are the polynomials

coefficients. This formulation is used in geometric optics to specify oblate elliptical k >

0, spherical k = 0, prolate elliptical 0 < k < -1, parabolic k = -1, and hyperbolic k <

-1. When the paraxial approximation is valid, the optical surface can be treated as a

spherical surface with the same radius.

The normalized conic constant k and the radius of curvature (ROC) of the profiles

[45] were analyzed by fitting a sphere to the bottom part of the silicon cavities.

As expected, the mask opening data (see Figure 11 and Figure 12) and the conic

constant k suggest that an mask opening of 10 µm to 210 µm allows a semi-circular

cross-section and was therefore selected as the opening for future isotropic etching

experiments for microlense molds. For larger openings masks, the ROC is higher due to

the flat profile. The surface roughness increased with change in chamber pressure and

was affected significantly for the largest opening masks. Furthermore, in the literature,

the roughness, the size aperture and the cavity depth are spread over a wide range

according to the mask opening, the process parameters and the etching time. One

example of these results is summarized in Table 2. Compared with the microlenses

molds [20] and microball-bearing mold [22] as is shown in Table 2, the smallest opening

masks showed much low roughness. Compared with other common isotropic etching

using ICP, our data suggests that an opening up to 200 µm would be able to give a

semi-circular mold. The profile obtained by SEM imaging (Fig. 9b), with a diameter

of 100 µm reveals that the structure can be described by conic section k = – 0.18, and

ROC = 55.5 µm at 100 mTorr. With such negative conic constant are highly desirable

for the construction of micro-optical scanner [26].

5. Discussion

During this DRIE study , we have investigated both anisotropic and isotropic etching

processes: anisotropic etching to achieve the depth, and the isotropic etching in

order to obtain the desired spherical shape. There are many parameters in the

processing: pressure, coil power/ platen power, etch/passivation time ratio, flow rate of

etch/passivation gas, temperature. Low process pressure (Recipe 1a) is beneficial for

high-aspect ratio etching, as exchange of species in narrow deep trenches is accelerated

by the higher mean-free path of the gas molecules and radicals. Recipe 1b is a trade-off

with higher etch rate requirements, where the etch rate increases with higher pressure
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levels. We conclude that the proposed process is suitable in order to prevent undesirable

etching side effects, such as undercut or bowing and Si grasses as seen in Figure 13.

However, Equation 1 does not give information whether the anisotropy is due to mask

undercut, to the parameter process or the sloped profiles. It is shown that the proposed

investigation in conjunction with other tools characterizations it is therefore able to

predict the curvature according to the mask aperture designed and paramater process.

This in turn allows using the semi-analytical solution as a very fast solver in analyzes

of results. Thus, this approach plays an essential role for the particular design for

replication of the microfluidic system. Further research will be forthcoming for the

manufacture of microlenses where the lower roughness and a spherical curvature are

essential for optimal functioning.

For the past few years, many efforts have been made to study the structures in the

Bosch. We demonstrate here :

• Various demands on mask selectivity, etch rate and profile can be met in the

fabrication of the silicon based on this starting point recipes.

• Fast and utlra deep etching realised at reasonably high etch rates.

• A baseline for controlling the profile of anisotropic silicon manufacturing and /

or isotropic processes open a wide area of applications with one tool.

Silicon dioxide, metal masks, or even photoresist (eg AZnLOF 2020, SPR220,

AZ9260) are commonly used. We propose to use a photoresist mask that is low

cost approach and uses equipment, widespread in the microelectronics laboratories and

industry and compatible with Roll to roll perspective.

In this work, the performed experiments were based on the anisotropic plasma

toward isotropic plasma etching in order to investigate the fast ultra-deep silicon

cavities of the plasma process using an ICP-DRIE but also to determine the range of

structures that could be also fabricated toward isotropical plasma. Through the isotropic

plasma, we demonstrated a clear potential of this technique for the generation of more

complex shapes than the one that can be produced by wet-etching based techniques.

In particular, we presented the possibility of creating aspherical shapes with desirable

negative conic constant and high aspect ratio (and consequently high Numerical aperture

NA of corresponding optical elements).

6. Conclusion

A commercially available modern plasma etch system in high frequency 13.5 MHz has

been insvestigated for best performance with respect to the design goal was uses to

demonstrated stable and good reliability of isotropic etching by ICP-DRIE for MEMS

and MOEMS applications. A trade-off between profile and feature size can usually be

found quite easily. The anisotropic silicon etch rates in ICP-DRIE reactor can reach

15 µm/min. The ICP isotropic etching technology provides an excellent alternative to

release microcantilever beams and other suspended design from silicon substrate with

low cost and one tool. Empirical models, which fits very well with the experimental



Author guidelines for IOP Publishing journals in LATEX2ε 8

data, was proposed. These analyticals can serve as a basis for the design rules for

the microfabrications widespread in the microelectronics, optoelectronics laboratories

and industry. This study open a large scale applications which require high etch

rate and stable process, controllable profile and surface properties and low costs.

We are investigate the possibility to generate larger spherical shapes or structures

characterized by negative conic constants that are difficult to make by use of wet etching

techniques. A combination of different plasma parameters have been studied and the

related ICP recipes can prove useful for optoelectronic, microelectronic and microsystem

applications.
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a) Silicon wafer

c) Photolithography

b) Spin Coating

d) Dry etching

Figure 1. Flow chart of the fabrication process for the silicon microlens mold : silicon

wafer, b) spin coating photoresist, c) photolithography and d) dry ecthing.

a) b)

Figure 2. SEM views of typical results of a) trenches and b) pillars etched in pulsed-

mode DRIE.
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Figure 5. ARDE in silicon wafer. Inset : SEM microgrpahs Side view of several DRIE

trenches made with different etching widths: a larger width induces a higher etching

depth.
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Figure 3. Profile changes as function of the silicon etching process condition: a)

isotropic etch, b)directional etch and c) vertical etch .
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Figure 4. Illustration of typical result for pulsed-mode DRIE: physical plasma toward

chemical plasma.
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Figure 6. The etching geometry representation of the raceway profile during an

ideal isotropic etch process: a) 3D design and b) geometric parameters of interest are

highlighted in 2D view.
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Figure 7. Silicon isotropic etching profiles as a function of plasma pressure: (a) Mask

undercut, (b) Etch depth. The temperature substrate, SF6 flow rate and time were

0C, 500 sccm, and 900 s respectively.
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Figure 8. Degree of anisotropic etching as a function of pattern size with different

plasma pressures.
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Figure 9. Cross sectional SEM micrograph of bulk-etched cavities in a 〈100〉 Si

substrate. The parameters of the etching process were : Temperature = 0 ◦C, coil

power = 2000 W, platen power = 20 W, SF6 = 500 sccm standard cubic centimeters

per minute (sccm) at pressure : a) 40 mtorr, b) 100 mtorr and c) 150 mtorr as indicated.
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Figure 10. Comparison of the cross-sectional geometries obtained by isotropic etching

for 900 s.
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Figure 11. Profiles of conic sections with k parameter indicated.
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Figure 12. Conic constant of the specific size aperture.
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Figure 13. Fast ultra deep silicon 1.4 mm etched through caviite connected with

microchannels.

Table 1. Different etch processes.
Parameters Recipe 1 Recipe 2 Recipe 3

Pressure (mTorr) 30 70 40

Coil Power (Watts) 2500 2200 2000

Platen Power (Watts) 20 20 20

Flow rate SF6 (sccm) 400 500 500

Flow rate O2 (sccm) — 80 —

Flow rate C4F8 (sccm) 300 100 —

Chuck temperature (C) 0 0 0

Mask Opening (µm) 300 95

Etch depth (µm) 121

Undercut (µm) 1 52.4

Etch rate (µm/min) 11 7 900

SelectivitySi:Resist (µm) 158:1 82:1 37:1

Anisotropy 1 0.7 —

Etch Profile Vertical Directional Isotropic
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Table 2. The Bosch process parameters for etching silicon by ICP-DRIE.
Recipe Parameters Passivation Ion Bombardement Etch

Recipe 1a

Process Time (s) 1.5-1.8 1.5-2 3

Pressure (mTorr) 30 50 70

Coil Power (Watts) 2500 2500 2500

Platen Power (Watts) 20 150 25

Flow rate SF6 (sccm) — 450 450

Flow rate C4F8 (sccm) 300 — —

Recipe 1b

Process Time (s) 1.2-1.5 1.3-1.5 2.5

Pressure (mTorr) 40 30 30

Coil Power (Watts) 2500 2500 2500

Platen Power (Watts) 20 20 20

Flow rate SF6 (sccm) — 400 400

Flow rate C4F8 (sccm) 330 — —

Table 3. Discussion and comparison between our work and previous research to

manufacture the mold silicon by using a ICP-DRIE reactor.

Reference Our work [20] [22]

Photoresist mask AZ9260 NC AZ9260

Mask Opening (µm) 20-600 7-62 100-200

Chamber pressure (mTorr) 40-150 10-70 17-27

Coil Power (Watts) 2000 1000-3000 850

Platen Power (Watts) 20 0-16 6-16

Flow rate SF6 (sccm) 500 200-300 100

Flow rate Ar (sccm) – – 40

Flow rate O2 (sccm) – 0-30 –

Chuck temperature (C) 0 0-40 30

Etch time (s) 900 300-750 120-300

Cavity depth (µm) 27-290 28.6-100 75-260

RMS (µm) 0.12-4 0.41-1.15 0.02-0.14


