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On the cover: SEM (Scanning Electron Microscope) photograph of etching sidewall
profile of an o~ epitaxial layer with an underlying n* buried layer on a p-type silicon
substrate. The dependence of the sidewall profile on the type and level of the doping

has been used to develop a completely "dry" bulk micromachining process - SIMPLE
in this study.
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Chapter 1 Introduction

1.1 Introduction

Information processing has become an integral part of life of human beings in the
modern "information society" because of the increasing dependence on sophisticated
systems in, e.g. domestic appliances and transportation. Typically an information
processing system consists of an input transducer, a modifier and an output transducer
[1.1]. In the input transducer (or sensor) energy carrying signal is converted from non-
electrical form (including radiant, mechanical, thermal, magnetic and chemical domain)
into an electrical form. In the modifier the electrical signal is modified by signal
processing devices such as amplifiers or microprocessors. In the output transducer (or
actuator) the electrical signal is again converted into a non-electrical one, which can
interact with the non-electrical process or can be detected by human senses.

In the past few decades, the performance of electrical signal processing devices such as
microprocessors has been greatly enhanced, with an ever decreasing cost, owing to the
continuous and dramatic progresses of planar integrated circuit (IC) technology [1.2].
Therefore, now we have at our disposal an unprecedented signal processing capability
for electrical signal at low cost. However, less advance has been made in improving the
overall performance of the information processing system due to the relatively slow
progress in the sensor and actuator fields [1.3]. Over the past two decades, there have
been increasing activities of fabricating sensors and actuators using silicon, so as to
apply the highly developed and mature batch-production methods of ICs, making it
possible to lower the price of those devices [1.4]. More importantly, with silicon as the
starting material, it is feasible to combine sensors and ICs for signal conditioning,
amplification, A/D conversion and even a sensor bus on one single chip to achieve
integrated sensors or "smart"” sensors [1.3]. Therefore, the performance/price ratio of
sensors and actuators can be greatly enhanced.

Moreover, the size of silicon sensors can be very small by using the advanced silicon
microfabrication techniques. These microsensors can provide unique solutions for many
applications where small size is crucial, such as in the medical instrumentation field.
Since silicon exhibits many physical effects, which can be used in the conversion of the
energetic signal carrier, silicon sensors are compatible with ICs with respect to the
material [1.1]. Furthermore, the fabrication technology for silicon semsors can be
developed in such a way that it makes use part of the complete IC processing sequence
and/or it has little influence on the characteristics of ICs. Therefore, silicon senors can
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be compatible to ICs with respect to the fabrication technology used [1.5].

Many silicon sensors can be fabricated using planar IC processing technology without
modifications in the standard process sequence, such as silicon magnetic sensors [1.6]
and silicon thermal sensors [1.7] based on transistors. In some cases sensors and
actuators require three dimensional micromechanical structuring to fabricate beams,
cantilevers or membranes. These techniques are usually referred to as "micromachining”
techniques. Silicon micromachining is the manufacture of small mechanical components
from silicon, and is in principle based on the deposition, photolithography and etching
techniques which have been developed for IC production [1.8]. The micromechanical
structure is either directly involved in the mechanical transduction or has been applied
to enable or improve a non-mechanical transduction. The micromechanical sensor can
be based on a direct effect (such as plates in a capacitive accelerometer {1.9]) or on part
of a tandem effect (such as a beam with piezoresistors [1.10]). The operation of
thermopile-based sensors and magnetic sensors is strongly improved by micromachining
techniques because of the removal of part of a thermally or electrically conductive
substrate [1.11]. From the mechanical point of view, single-crystal silicon is a very
good material [1.12] for its ideal elastic response to force over a large range and
therefore very low hysteresis, which is of vital importance in sensing applications where
the sensing device is to be free of drift. Its Young’s modulus (1.7 10" N/m?) has a
value approaching that of stainless steel or nickel. It has a tensile yield strength
(6.9x10° N/cm?) which is at least three times higher than stainless steel wire and
relatively low thermal coefficient of expansion (2.33 x 10°%/°C), which is approximately
half that of quartz.

Two major silicon micromachining technologies have been developed, "bulk" and
"surface" micromachining, for the realization of a variety of micromechanical structures
in silicon [1.13-1.15]. In bulk micromachining [1.16], single-crystal silicon substrate
can be etched from both sides to achieve the desired structures by mainly using
crystalline orientation dependent anisotropic "wet" chemical etching, frequently in
combination with "dry" plasma etching. In surface micromachining [1.17-1.19],
sacrificial and structural materials are sequentially deposited and patterned, mostly by
using plasma etching. After removal of the former type of layer, usually with wet
chemical etching, free-standing structural layers remain.

In both micromachining approaches, plasma etching plays an important role due to its
ability to pattern very small feature size, which is based on the possibility of anisotropic
etching in a gaseous chemical environment, and due to its greater controllability over
the etching results than conventional wet etching techniques.
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The fast growing research and development in silicon micromachined sensors and
actuators since the middle of 1980’s has resulted in a new category of systems: the
microelectro mechanical system (MEMS) [1.20-1.24]. A good example of such a system
is the digital micromirror device (DMD) for projection displays [1.25]. This device,
which is the result of Texas Instruments’s hundreds million investment, is based on
surface micromachined tilting aluminium mirrors with MOS addressing circuits at each
pixel location monolithically integrated on the same chip. Devices with up to 768 X576
pixel resolution have been fabricated on 6’ wafers using standard semiconductor
processing. Video projectors using the device have been demonstrated. Due to its batch-
fabrication possibility, it can be made in high volume at low cost. In the near future
devices of 20481152 pixel resolution will be available that will be capable of
providing projected images from all currently operational or proposed high definition
standards.

1.2 Silicon micromachining techniques - an overview
1.2.1 Bulk micromachining

Bulk micromachining can be implemented using an anisotropic etch (high etch rate in
a preferential direction) or an isotropic etch (uniform etch rate in all direction). With
anisotropic wet chemical etchants lateral geometries and etch profiles can be controlled
more precisely than with isotropic ones, such as HF/HNO, solutions. The most
commonly used wet anisotropic chemical etchants for bulk micromachining include
potassium hydroxide-water (KOH) [1.26], ethylenediamine-pyrocatechol-water (EDP)
[1.27], hydrazine-water [1.28] and tetramethylammonium hydroxide (TMAH) [1.29].
All of these etchants are known to exhibit crystalline orientation dependent etching
characteristics, i.e. they etch the (100) and the (110) crystal planes much faster
(typically several tens to hundreds times) than the (111) planes. With (100) orientation
silicon wafers, the sidewalls in the etching openings have a 54.74° slope with respect
to the surface, whereas with (110) oriented silicon wafers, vertical sidewalls are formed
[1.30]. These structures are shown in Figure 1.1. To define the areas to be etched,
masking layer such as silicon oxide for EDP etching and silicon nitride for KOH etching
is used.

To control the vertical geometries of micromechanical structures, the anisotropic wet
etching must be stopped precisely at a designated depth. Several "etch-stop” methods

have been developed, such as the boron etch-stop and electrochemical etch-stop.

In the boron etch-stop technique [1.31], a heavily boron-doped p* region, where the
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<100>
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Figure 1.1 A summary of anisotropically wet etched trench geometries commonly
used in micromechanical devices. (a) on (100) orientation surface. (b)
on (110) orientation surface.
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boron concentration is greater than approximately 5 X 10" ¢m?, is used. The anisotropic
etchants such as EDP or KOH etch n-type or lightly p-type regions of structures but the
etch rate is significantly reduced at the interface between the regions and p* region.
Although simple, the high doping concentration required in this etch-stop method
precludes the possibility of fabricating electronic devices in the area. Severe autodoping
takes place due to the high boron concentration if one attempts to form epitaxial layer
on top of the etch-stop layer. The high boron doping also introduces considerable
mechanical strain, which makes it difficult to grow a high-quality epitaxial layer on top
for electronic devices. Furthermore, the high strain level can result in undesired
buckling of the structures. These factors limit the application of the high boron etch-stop
method.

In the electrochemical etch stop technique [1.32], a reverse-bias voltage is applied
during the anisotropic chemical etching to the p-n diode formed between n-type epitaxial
layer and p-type substrate. The etching starts from the p-type substrate and when it
reaches the p-n junction, the n-type area with anodic passivation voltage is in contact
with the etchant, causing an anodic oxidation that stops the etching. This phase of the
etching is indicated by a large increase in the current. Therefore, the thickness of the
structure obtained is that of the epitaxial layer. This etch-stop approach, although more
difficult to implement, offers significant advantages over the former one. Electronic
devices can be fabricated in the epitaxial layer (the front side of the wafer) before the
substrate anisotropic etching (often at the backside of the wafer), so as to maintain the
possibility of on-chip integration. After the wet chemical etching, the epitaxial
membrane can be patterned using plasma etching from the front side of the wafer to
produce free-standing beams and cantilevers out of the epitaxial membrane.

Wet chemical bulk micromachining suffers from several common limitations:

1. The etching results in tapered sidewalls in case of (100) orientation wafers, which
may limit the minimum lateral dimensions of the structures to several tens of microns.
Although (110) orientation wafers can be used to produce vertical sidewalls, the sides
of the mask must be aligned with the (111) planes, which considerably limits the forms
of the structure obtainable [1.33].

2. Corner compensation is required due to extra etching taking place at the convex
corners of the structures (corner undercut), making it further difficult to produce small
lateral dimension structures [1.34].

3. The etching usually needs to start from the backside of the substrate, requiring
special photolithography equipment for backside alignment.
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4. The etching characteristics are highly temperature and composition sensitive due to
the pure chemical nature of the etching. Precise monitoring and tight control of these
two factors is a key issue in obtaining reproducible and well controlled etching results.

Bulk micromachining can also be performed based solely on plasma (dry) etching
[1.35]. This technique uses a plasma instead of a liquid as the source of chemical
reagents. Plasma etching can be isotropic or anisotropic in nature. With etching
chemistries in which chemical reaction is the major etching mechanism, the etching is
inherently isotropic, although it can provide high etching selectivity over mask. On the
other hand, with chemistries in which energetic ion-bombardment causes crystal damage
and therefore induces the etching, the etching is inherently anisotropic but with low
selectivity. Therefore, compromises must be made in practical plasma bulk
micromachining between etching directionality and maximum etch depth. At present,
the plasma micromachining process incorporating high etch rate, anisotropy and
selectivity, therefore resulting in anisotropic through-wafer etching, has not yet been
found.

1.2.2 Surface micromachining

Three-dimensional micromechanical structures can be built on top of the surface of a
wafer by a variety of film deposition and etching techniques. In this surface
micromachining, structures are of the three-dimensional type more by their degrees of
mechanical freedom than by their dimensions. Almost all these processes use the
"sacrificial layer" technique [1.36], which consists of liberating mechanical structures
that have been sequentially deposited and patterned by selectively underetching another
underlying thin sacrificial layer, as shown in Figure 1.2.

This approach has several advantages over bulk micromachining:

1. It offers large flexibility in the construction of structures. Very complicated
micromechanical devices can be fabricated, such as micromotors, where several
different structural layers with a variety of shapes are required, since the technique
makes use of the well-developed film deposition and patterning techniques for IC
processing.

2. The structures can be small since their scale is not related to the thickness of the
wafer, but depends on the lithographic abilities.

3. The technique can be more compatible with conventional IC technology. For
example, part of the mechanical structural layers can be formed at certain process steps
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SACRIFICIAL LAYER

[\

(a)
SI SUBSTRATE

STRUCTURAL LAYER

(b)
Sl SUBSTRATE

CANTILEVER

(c)
S| SUBSTRATE

Figure 1.2 Process sequence of surface micromachining. (a) sacrificial layer
deposition and patterning. (b) structural layer deposition and
patterning. (c) selective sacrificial layer removal.
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for electronic device processing.

4. Due to its "additive" nature, surface micromachining can be used to produce
micromechanical structures above ICs which have been completed in a "classical"
silicon foundry. This could favour development of smart sensor concept at a reasonable
cost.

However, some disadvantages of the technique limit its application:

1. The mechanical properties of deposited structural films are less well-defined than and
sometimes are inferior to those of bulk silicon. In particular, thin structural films are
typically in a state of residual strain which affects the mechanical response of the
structure. The strain level could cause failure of the structure due to buckling or cause
it to crack with excessive compressive or tensile strain, respectively [1.37]. Therefore,
measures must be taken, for example annealing at high temperature, to control the
residual strain level, which complicates the processing or results in undesired extra
thermal budget.

2. The film thickness is practically limited to ~ 2 um due to the limited film deposition
rate. This can result in severe constrains to device applications where relatively large
area sidewalls or large mass are required, such as in a capacitive lateral accelerometer.

3. Surface non-planarity becomes a problem with an increasing number of patterned
layers.

4. During the drying process after wet sacrificial etching, the surface tension of the
rinse water might pull the delicate microstructure to the substrate where a combination
of forces keep it firmly attached, resulting in failure of the device [1.38].

1.2.3 Wafer-to-wafer bonding

Wafer-to-wafer bonding techniques are useful in combination with or as possible
alternatives to surface/bulk micromachining. One practical wafer bonding technology
is silicon to glass bonding [1.39]. In this case, the silicon sensor wafer is brought into
contact with a glass wafer whose thermal expansion coefficient should be as close to
that of silicon as possible. Corning 7740 glass (Pyrex) is usually used for this purpose.
The assembly is raised to a temperature of typically 400 to 600°C and a voltage of 400
to 1000 V is applied with silicon as the anode. Most of the applied voltage is dropped
across the silicon-glass interface, inducing a permanent irreversible fusion bond which
is stronger than either of the materials individually. Such bonds have been used for a
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wide variety of microstructures [1.40-1.41].

Another important technique is silicon fusion bonding (SFB), which has been developed
based on bonding of two silicon wafers at a high temperature (near 1000°C) [1.42]. It
is simple and does not require the application of an external pressure, electric field, or
an intermediate layer. Additionally, the added flexibility in three-dimensional design
provided by SFB enables the fabrication of new devices, such as micro-valves [1.43].
However, the relatively high temperature required for SFB can cause compatibility
problem.

To maintain compatibility with microelectronic circuits, low-temperature intermediate
bonding is developed [1.44-1.45]. Intermediate bonding is based on the addition of a
material in between two wafers before pressing these together. This intermediate can
be a polymer glue, a low-temperature melting glass or a metal at eutectic temperature.
The intermediate bonding usually requires a much lower value of the processing
temperature as compared to SFB.

1.2.4 Emerging techniques

Recently some novel silicon micromachining techniques have been proposed to
overcome the drawbacks of conventional bulk/surface micromachining. One such a
technique is micromachining based on silicon on insulator (SOI) substrate [1.46]. An
SOI substrate such as SIMOX (Separation by ion IMplantation of OXygen) wafer
provides a silicon dioxide buried layer under a thin single-crystal silicon layer. This
buried oxide layer is used as the sacrificial layer in the surface micromachining
technique or as etch-stop in bulk micromachining technique.

Surface micromachining using SOI is shown in Figure 1.3. A silicon epitaxial layer is
formed on the substrate to obtain a thickened structural layer. An opening is then made
in the silicon layer by anisotropic plasma etching and the oxide sacrificial layer is etched
in HF solution to obtained free-standing membranes or beams. The technique is very
promising due to the following advantages:

1. It maintains all the advantages of surface micromachining such as CMOS
compatibility, small lateral dimensions and precise control over the separation between
the membrane and the silicon substrate.

2. It eliminates most of the disadvantages of conventional surface micromachining by
providing single-crystalline surface layer and freedom on the surface structural thickness
by epitaxial process.



10 Chapter 1 Introduction

SINGLE-CRYSTALLINE SI
Fi

14

SINGLE-CRYSTALLINE Si
¥

L4

=== us == S_'O_ T2 == 1= = W= 0 AR ELH I BEIEEIELEE
M=M= DENE U 2 B I 0=REE | ] R T s 02 PISENENSWER =S

S| SUBSTRATE S| SUBSTRATE

(a) (b)

SINGLE-CRYSTALLINE Sl
'

\IIIIMEEIIIIIIIE III<2IIH= §§H\‘\m:wml=m’|m= s'°2 ‘:I{I1I"7II1III"‘III"“_AI = E
S| SUBSTRATE ”BSTR”% \
(c)
Figure 1.3 Surface micromachining (a-c) and bulk micromachining (d) using SOI

substrate. (a) SIMOX substrate. (b) epitaxial layer growth and hole
opening. (c) selective sacrificial layer etching. (d) Buried oxide layer
as the etch-stop for bulk micromachining.

3. The electrical isolation between mechanical structures and the substrate can readily
be achieved with the buried oxide layer.

4. The substrate is industrially available.

Capacitive pressure sensors based on a 300 pum diameter diaphragm and lateral
capacitive accelerometers have been realized using this technique [1.46]. However, the
SOI substrate fabrication requires very high dose oxygen implantation and excessive
high temperature annealing, which makes the wafer very expensive. In addition, unlike
in conventional surface micromachining technique, no electronic devices under the
sacrificial layer (the buried oxide layer) can be made. This implies that electronic
circuits cannot be fabricated before hand in a silicon foundry and that electrical contact
to the substrate from the front side is very difficult.

Another new silicon micromachining technique is based on selective formation and
etching of porous silicon [1.47]. Porous silicon is formed when silicon is
electrochemically modified in HF solution under anodic bias [1.48]. The porous silicon
has a very large inner surface and therefore can be dissolved by using a rather weak
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etchant (e.g. 1% KOH solution at room temperature) which does not attack the rest of
the structure. Therefore, porous silicon is a very interesting material for
micromachining with following features:

1. It can be etched to form thick layers, which extend to the whole thickness of the
wafer.

2. On the porous layer further thin film processes can be performed.

3. It can be generated locally by appropriate masking. Depending on the process
parameters, the undercutting can be low or high.

4. An etch stop in silicon can be obtained by doping.
5. Anodization for porous formation is CMOS compatible.

Since the porous layer can be made very thick (tens of microns or more), the gap
between the structure and the silicon substrate can be very large, which is advantageous
for some thermal sensors in which the gap should provide a thermal isolation.
Furthermore, the large gap eliminates the sticking phenomenon caused by small gap (a
few microns) of conventional surface micromachining. A flow sensor based on a free-
standing polysilicon bridge and a thin film bolometer using a silicon carbide membrane
have been fabricated using the porous silicon technology [1.47]{1.49]. However, the
depth of porous silicon is not uniform and often not repeatable, which causes difficulties
in some applications.

Epitaxial lateral overgrowth (ELO) is another novel micromachining technique. In ELO
windows are opened in a thick oxide layer. Under certain process conditions, epitaxial
layer grows selectively from the silicon seeds in the oxide windows and laterally
overgrowth on the oxide layer. The ELO silicon layer can be used as structural layer
while the oxide underneath the sacrificial layer for surface micromachining or etch-stop
for bulk micromachining [1.50].

Other reported silicon micromachining techniques include those using novel etching
methods such as focused ion beams [1.51] and YAG laser-assisted etching [1.52]. The
former uses focused Ga* ion beams to directly sculpture silicon substrate, while the
latter etches silicon using a reactive gas such as SFq or NF; assisted by the YAG laser
irradiation.
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1.2.5 Compatibility issue in micromachining

In the development of micromachining techniques, one of the issues of major concern
is the compatibility of the technique with conventional IC processing, so that integration
of micromechanical structures with microelectronic circuits can be achieved [1.53]. In
bulk micromachining, compatibility can be retained by using an electrochemical etch-
stop and by postponing the wet anisotropic etching to the very last stage of the process
sequence. Because EDP and KOH are not compatible with IC processing laboratory,
wafers which have undergone the wet anisotropic etching are usually not allowed to join
the IC processing flow. The front side of the wafer must be kept away from the wet
chemicals to protect aluminium interconnections by using appropriate cover with a
rubber O ring. Also special structure of heavily n-type doping need to be made on the
wafer surface to facilitate applying the anodizing voltage. Therefore, plasma bulk
micromachining is a more attractive approach.

In surface micromachining, micromechanical structures are usually formed after the
completion of most parts of the electronic circuits. Any high temperature cycle in the
micromachining for film deposition and annealing for residual stress reduction can alter
or degrade the performance of the electronic devices, and therefore should be avoided.
Aluminium interconnections must usually be formed after the formation of
micromechanical structures since they can stand for thermal processing of lower than
400°C [1.54]. Microelectronic circuits should be protected by using, for example,
photoresist during the sacrificial etching with HF solutions, which also attack aluminium
interconnections if not properly masked. In wafer-wafer bonding, care must be taken
to avoid any possible damage of the on-chip electronic devices, due to high electric field
and/or high temperature required for the bonding.

1.3 Plasma etching for silicon micromachining
1.3.1 The necessity of using plasma etching for micromachining

Due to its unique ability to pattern fine ( ~ um) feature size, which cannot be achieved
by conventional wet chemical etching, plasma etching has been applied for IC
fabrication for more than two decades. The development of many successful plasma
etching techniques for pattern transfer is one of the major technological achievements
in microelectronic fabrication, which allow ICs to be continuously improved with regard
to device density and feature size. Recently, plasma etching has also received much
attention in micromachining applications [1.55-1.56]. Plasma etching presents two main
advantages when used for bulk micromachining:
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1. The etching results are not dependent of crystalline orientation of the substrate,
providing much more design flexibility in terms of the lateral shape of the
microstructures.

2. The plasma does not exert large forces on the microstructures, which can be very
fragile at certain stage of the processing and easily be broken by further wet processing,
such as after the formation of thin membranes. Moreover, plasma etching allows better
control over the etching procedure by instrumentational parameters of plasmas than
conventional wet chemical etching.

Although surface micromachining can be implemented with wet etching alone, plasma
etching is almost exclusively applied whenever possible to take the advantage of the
advanced pattern transfer technique - smaller feature size and therefore better device
performance. For example, in side-driven electrostatic micromotors, polysilicon rotors
and stators must be patterned using anisotropic plasma etching to minimize the gap
between them and thus to maximize the electrostatic driving force [1.57]. With
directionality of plasma etching, novel device structures can be realized. For example,
highly flexible polysilicon beams with high aspect ratio (height/width) can be fabricated
by using polysilicon sidewalls formed by anisotropic plasma etching [1.58].

1.3.2 The motivation of plasma etching research for micromachining

Although many plasma etching chemistries have been developed for IC fabrication and
some of them can be directly adopted for micromachining (for example, polysilicon
etching on oxide), there are several important reasons for plasma etching research for
micromachining applications:

1. Plasma etching characteristics are highly equipment dependent and therefore the
plasma parameters should be optimized for a specific etching machine.

2. Diversity of materials used in micromachining results in many requirements for the
etching selectivities different from those imposed by IC fabrication. In silicon
micromachining, all the IC technology compatible silicon-based materials are used, such
as silicon, including single crystal and polycrystalline silicon, silicon nitride
(stoichiometric or silicon-rich) and silicon oxide (thermal or chemical vapour deposition
(CVD) oxide, phosphosilicate glass (PSG) or boro-phosphosilicate glass (BPSG)). In
micromachined devices the underlying layer may be one of the other two types. This
requires the etching of one material to be selective over one of the other two, as shown
in Table 1.1. For instance, silicon nitride needs to be etched selectively over either
silicon or silicon oxide. In contrast, in conventional IC technology only silicon oxide
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may be present underneath silicon nitride. Also silicon trench depth is limited to a few
microns in microelectronic processing, but may exceed tens of microns in
micromachining, which makes important the etch selectivity over mask (resist or other
film) [1.59]. Therefore, many new plasma etching chemistries need to be developed to
meet the requirements.

Table 1.1 Requirements for the etching selectivity over the underlying layer
for surface micromachining.

Selectivity Material to be etched

requirement

Si0, Si,N,

Si0, over Si Si,N; over Si

Material

Underneath Si0, Si over SiO, Si,N, over SiO,

Si,N, | Siover SiN, [ SiO, over SiN,

3. Complexity of device structures in micromachining puts further challenges to plasma
etching characteristics. Due to the complication of the device structure, sometimes more
than one type of material is simultaneously present underneath a film. For example
polysilicon etch must stop on both PSG and nitride in a surface micromachining process
module [1.60]. This further complicates the etching process development.

In some cases multilayers (e.g. a polysilicon/silicon nitride/polysilicon sandwich layer)
are necessary and their etching requires multi-step processes [1.61]. When two
conductive layers (e.g. polysilicon layers) need to have electrical contact through
windows in an insulating layer (e.g. silicon nitride), the nitride window etching must
not leave any surface polymer in order to ensure good electrical contact and mechanical
adhesion [1.62].

In surface micromachining, a structural layer may need to cover high steps of sacrificial
layer and the way of patterning the sacrificial layer would influence the profile of the
steps, and therefore the step coverage of the structural layer as well as mechanical
properties of the structure, such as force response of elevated beams [1.63]. When
surface areas with large-size (tens of micron or more) patterns need to be planarized for
certain sensor applications, the planarization technique, and therefore the plasma etching
for it, can be much different from those used for conventional IC planarization in which
small-size patterns are usually dominant [1.64]. All these applications require new
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plasma etching processes.

4. Novel device structures can be achieved and new micromachining processes can be
developed by making use of some etching characteristics which are not desirable, and
therefore need to be minimized for conventional IC fabrication. For example, bowing
in silicon trench etching can be used for the fabrication of recessed micro-tips in silicon
[1.65], which find applications in vacuum microelectronic devices and surface profile
sensing devices. Alternatively, isotropic etching of heavily n-doped buried layers in bulk
silicon by Cl-containing plasmas can be used for releasing microstructure from
substrate, leading to a novel micromachining technique [1.66]. To explore the possibility
of micromachining offered by plasma etching, many plasma etching phenomena, which
were ignored or suppressed in mainstream microelectronic research, need to be re-
examined and developed.

1.3.3 The status of silicon micromachining using plasma etching

Much of the research on plasma etching techniques reported for micromachining
applications have been on bulk silicon etching. This is due to the required capability for
very deep trench etching with vertical sidewalls, which is very much challenging.
Therefore, etching selectivity over the masking material and etching anisotropy, in
addition to high etch rate, are crucial. Also the surface roughness should be minimized.
To achieve these requirements, both gas composition and masking material itself are
important.

Surface micromachining can relatively easily adopt conventional plasma etching for IC
fabrication due to their similar etching requirements. Normally, etching selectivity over
the underlying layer and uniformity, apart from the anisotropy and surface roughness,
are more important issues of concern than etch rate.

The most important developments in silicon micromachining using plasma etching will
be summarized in Chapter 2.

1.4 Objective and organization of the thesis

This thesis describes the development of plasma etching chemistries for the fabrication
of silicon micromechanical structures for sensor and actuator applications. These
chemistries have resulted in successful fabrication of micromachined silicon sensing and
actuating devices.
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In Chapter 2 some fundamental theoretical and practical aspects of plasma etching are
discussed. The understanding of plasma etching chemistry and knowledge of general
plasma etching operation are essential for the process development. Subsequently, the
most important developments in the research on plasma etching for silicon sensor
fabrication are summarized.

Chapters 3 and 4 describe the development of the plasma etching processes for surface
micromachining. In Chapter 3 a silicon nitride plasma etching chemistry selective to
polysilicon is reported. Subsequently, a two-step etching process for the patterning of
polysilicon/silicon nitride/polysilicon sandwich structures is described and process
design considerations of the two-step process are presented. The effects of silicon nitride
etching chemistry and post-processing on the electrical contact and mechanical adhesion
of two polysilicon layers through contact windows in an intermediate silicon nitride
layer are described. Chapter 4 reports on two techniques for planarizing substrate
topography for surface micromachined devices using PSG spacers and two-layer resist
coating followed by plasma etching-back, respectively.

Chapters 5 to 7 describe the development of the plasma etching processes for bulk
silicon micromachining. In chapter 5 a bulk silicon trench etching process for
application in selective epitaxial growth as well as for the fabrication of recessed silicon
tips for vacuum microelectronic devices is presented. Chapter 6 describes the SIMPLE
technique (Slilicon Micromachining based on single-step PLasma Etching), which is
capable of fabricating high aspect ratio single-crystal silicon micromechanical structures
and is compatible with standard electronic circuit fabrication process. Chapter 7 reports
the optimization of bulk silicon trench etching processes using statistical experimental
design and data analysis, in which orthogonal design and response surface methodology
are used.

Finally, in Chapter 8 the conclusions are presented and further research scopes are
discussed.
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Chapter 2 Plasma Etching Technique - Some Theoretical
and Practical Aspects

2.1 Introduction

Pattern transfer from the masking layer to the substrate is one of the key processes in
the fabrication of microelectronic devices. Conventionally this has been achieved using
chemically reactive liquid to etch the substrate material not covered by the mask (wet
etching). Wet etching techniques are effective when device geometries are relatively
large. However, these simple techniques have a number of disadvantages which become
obvious as the line-width of the devices is reduced to less than 3 um:

1. Wet etching is pure chemical reaction and usually has no preferential direction
(except for some etchants which etch faster along specific crystal planes of silicon). This
leads to isotropic circular profile and thus undercutting of the mask, resulting in the
line-width loss.

2. Many wet etching agents often attack the resist and results in ragged edges in the
etched material. There is poor dimensional control where the adhesion of the resist to
the substrate is lost in wet chemicals.

3. Sometimes bubbles grow during the etching thereby acting as localized masks and
resulting in non-uniform substrate removal.

4. Aggressive reagents often exhibit irreproducible delays in the initiation of the etching
process, causing problems with regard to process control.

Due to these difficulties, wet etching techniques are not suitable to produce structures
with fine feature size. Using plasma etching techniques it is possible to etch substrate
material along the direction perpendicular to the substrate surface (anisotropic etching),
producing small geometries with minimal undercutting and maintaining accurate
dimensional control of the etched features. Plasma etching also avoids the problems of
bubble formation and loss of adhesion of the resist layer associated with wet etching.
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2.2 Plasma state and characteristics of plasma
2.2.1 Basic characteristics of plasma [2.1]

The simplest plasma reactors usually consist of opposed parallel plate electrodes in a
chamber that can be maintained at low pressure, typically ranging from 0.01 to 1 Torr
(Fig. 2.1). When a high frequency voltage is applied between the electrodes, current
flows forming a plasma, which can be recognized by the emission of a characteristic
glow. Reactive radicals are generated by this electrical discharge. Substrate materials
on the electrode surfaces are exposed to reactive neutral and charged species. Some of
this species combine with the substrate and form volatile products that evaporate, thus
etching the substrate.

The plasma environment can be described using some basic characteristics. A plasma
is an ionized gas with equal numbers of free positive and negative charges. The free
charge is produced by the passage of electric current through the discharge. For most
plasmas of interest for etching, the plasma density (i.e. the density of charged particles)
is normally in the range of 10° - 10" cm?. In other words, the extend of ionization is
very small (one charged particle per 100,000 to 1,000,000 neutral atoms and
molecules). The positive charge is mostly in the form of singly ionized neutrals, (i.e.
atoms, radicals or molecules) from which a single electron has been stripped. The
majority of negatively charged particles are free electrons and these are the main
current-carriers because they are light and mobile. They collide with the neutrals in the
path from one electrode to the other. Because electrons are much lighter than the
neutrals they collide with (generally by a factor of ~ 5x10“ to 5x10%), energy
transfer from electrons to gas molecules is inefficient and electrons can attain a high
average energy, often many electron volts (equivalent to tens of thousands of degree
above the gas temperature). The elevated electron temperature permits electron-molecule
collisions to excite high temperature type reactions, which form free radicals, in a low
temperature neutral gas. Generating the same reactive species without a plasma would
require temperature in the range of ~ 10° - 10* K. The coexistence of a warm gas and
high temperature active species distinguishes the plasma reactor from conventional
thermal processing.

Although formally there are equal number of positive and negative charged particles in
a plasma, diffusion of charge to the walls of the reactor and recombination on boundary
surfaces tend to deplete charge in the adjacent gas phase, forming a thin boundary layer
or sheath. Because electrons are light and have high energy, these diffuse fastest,
leaving an excess of positive charge and a plasma potential that is positive relative to
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Fig. 2.1 Basic configuration of a plasma reactor.

the walls (Fig. 2.2). Since charged particles are most abundant in the central glow of
the plasma, it is a fairly good conductor and most of the potential drop appears across
the sheath. Voltage across the sheath ranges from a few volts to thousands of volts,
depending on other parameters. Positive ions are accelerated through the sheath and
strike the walls at near-normal incidence. As show in Fig. 2.2, the sheath thickness is
on the order of a Debye length.

In the remaining of this section the two most important processes in plasma which
determine the characteristics of plasma etching will be discussed, i.e. production of
species and formation of sheath potential. The former produces reactants required for
the chemical reaction in plasma etching. The latter creates a potential difference between
plasma and substrate, causing energetic ion bombardment in the direction perpendicular
to the substrate surface, which enhances or induces the etching.

2.2.2 Production of species in plasma
In a plasma, energetic electron collisions with gas molecules produce species which are

required by the etching. An oxygen plasma discharge is a simple example which
illustrates the most important types of electron-neutral collisions of plasma chemistry:
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Fig. 2.2 Typical parameters of plasma and plasma sheath.
a) ion and electron formation
e+0, -~ O, +2e 2.0
b) atom and radical formation
e+0, - 0+0 @2)
c¢) generation of heat and light
e+0, - O 2.3
O, ~ hv +hk+O, (2.4)
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e+0 - O* 2.5)

O* -~ hv +hk+ O, (2.6)

where O,” and O indicate the excited states of O, and O, respectively. In these systems,
Reaction (2.1) forms the charge carriers that sustain the plasma as well as impinge the
substrate surface (the positive ions); reaction (2.2) is responsible for producing atomic
oxygen, the active chemical species for e.g. resist stripping or patterning; Reactions
(2.3) - (2.6) stimulate characteristic plasma-induced optical emission, which is useful
for process control (end point detection).

In the plasma, the formation of the species is balanced by the loss of them due to
reaction for the etching and recombination process. The equilibrium between the
formation and loss determines the steady concentrations of species in a discharge.

2.2.3 Sheath region formation and sheath potential

Kinetic theory [2.2] shows that random thermal motion of a gas results in a flux of

particles to the wall:
j=al o B |BT Q.7
4 4 A nm,

where n and v are the density and average velocity of particles, respectively, k is the
Boltzman Constant, T is the absolute temperature and m; is the mass of gas molecules.
There are important differences between the ion and electron fluxes. Firstly, the flux
of electrons is far greater than that of ions or neutrals,

Jo > > Jied, @)

because T, » T,, T, and m, « m,, m;,. Thus electrons are much more mobile than ions
and hence the plasma can be seen as a rectifier, i.e. only electron flux moves from the
plasma to the wall.

Secondly, since electrons carry negative charge, the excess random thermal electron
flux over the ion flux (Eq. 2.8) makes insulating walls charged negatively. This negative
charge accumulates on the walls until the resulting repulsive electric sheath field is
intense enough to reduce electron current to the level of the ion current flux (Fig. 2.3).
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Fig. 2.3 Establishment of plasma potential and floating potential.

The wall is then said to be at floating potential; and at this point, the current of
electrons entering the boundary layer no longer corresponds to random motion described
by Eq. (2.7). This phenomena usually force the average wall potential to be negative
relative to the higher density plasma in the (more nearly equipotential) glow region. The
potential in the glow is termed the plasma potential. Therefore, a potential difference
(also called sheath potential) is built between plasma and floating walls with the latter
at a relative negative potential.

2.2.4 Development of self-bias on RF electrodes

In the practical device processing, glow discharge processes are almost exclusively
driven by a high-frequency power supplier, usually in the radio frequency (RF) range.
The reasons for using RF instead of DC power supplies are to avoid the charging of
insulator surfaces often exhibiting in the system and to obtain higher efficiency in
promoting ionization and sustaining the discharge.
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The fact that electrons are much more mobile than ions has a significant effect in RF
discharge - generation of self-bias on the electrodes. Consider the glow discharge circuit
shown in Fig. 2.4, where C is the capacitance of an insulating electrode or is a blocking
capacitor in the case of a conducting electrode and V, the (alternating) supply voltage.
When V, is momentarily positive, a vast number of highly mobile electrons are
accelerated toward the electrode in this short period of time, causing a rapid
accumulation of negative charge. When V, is momentarily negative, heavy, less mobile
ions are accelerated to the electrode. However, significantly fewer ions arrive the
electrode during this portion of the sinusoidal period than did electrons on the previous
positive part of the RF cycle. Therefore, a net negative charge building-up on the
powered electrode occurs and hence the continuous negative DC self-bias is observed
on the powered electrode immersed in a plasma, indicated in Fig. 2.4 [2.3].

The self-bias will have a value equal to nearly half the applied RF peak-peak voltage.
This value is produced to fulfil the requirement that total charge flow per cycle sums
to zero (equal electron and ion current). Because the electrons are much more mobile
than ions, only a very short positive fraction of a cycle is required to attract the number
of electrons equal to that of ions attracted within the remaining part of a cycle. In other
words, most part of a cycle of the voltage at the electrode is negative relative to the
plasma, resulting in an ion bombardment of the electrode which is almost continuous.

As excessive electrons are available at both electrodes, the DC offset voltage between
the plasma and the electrodes in RF discharge is in principle the same at both
electrodes. Consequently, the energy with which ions bombard both electrodes is
identical. This situation changes when the area of the electrodes is made different and
when a blocking capacitor is used. Larger DC potential is present between the smaller
electrode and the plasma [2.4]:

Vi |4 (2.9)

i.e. the DC off-set voltage V across the sheath is inversely proportional to the fourth
power of the electrode area A. Consequently, when the substrate to be etched is on the
smaller area electrode, the ions will impinge on the substrate with a larger energy than
on the counter electrode. This is of course ideal to enhance the vertical component of
the etching and meanwhile to minimize the sputtering effect on the counter electrode.
For that reason, the counter electrode and the walls of the reactor chamber are usually
connected together as one (grounded) electrode to increase its area.
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2.3 Etching mechanisms [2.5]

All known basic plasma etching processes can be grouped into four categories as shown
schematically in Fig. 2.5: 1) sputtering, 2) chemical gasification, 3) energetic ion-
induced chemistry and 4) inhibitor ion-induced chemistry. In sputtering, ions accelerated
across the sheath bombard a surface with high energy. The sudden energy impulse can
immediately remove surface atoms. If there is to be a net material removal, however,
molecules sputtered from the surface must be prevented from returning. This requires
a low gas pressure (< 50 mTorr), yielding a mean free path that is comparable to the
vessel dimensions. As a mechanical process, sputtering lacks selectivity. It is sensitive
to the magnitude of bonding forces and structure of a surface, rather than its chemical
nature.

In chemical etching, gas phase species merely react with a surface according to
elementary chemistry. Fluorine atom etching of silicon is a good example of this
mechanism. The key, and in fact the only requirement for this kind of process, is that
a volatile reaction product be formed. In silicon/F-atom etching, spontaneous reactions
between F-atoms and the substrate form SiF,, a gas. The only purpose of the plasma
is to produce the reactive etchant species, F-atoms in this example. Ion bombardment
is not essential for the reaction to proceed although it can accelerate the reaction by
creating damage on the surface, so that the surface is more susceptible to the etchants.
Chemical etching is the most selective kind of process, because it is inherently sensitive
to differences in bonds and the chemical consistency of a substrate. However, the
process is usually isotropic or non-directional, which is often a disadvantage.

There are two types of directional etching mechanisms that are stimulated by the vertical
bombardment by ion flux: energetic ion- and inhibitor ion-induced anisotropy. In
energetic ion-induced etching, impinging ions damage the surface, which increases its
reactivity. For example, undoped single crystal silicon surface is not etched by Cl, or
Cl atoms at room temperature. When the surface is simultaneously exposed to a high
energy ion flux, however, the result is a rapid reaction that forms silicon chlorides,
which removes material much faster than the physical sputtering rate. Here the energetic
ion bombardment is essential for the reaction to proceed.

The second class, inhibitor ion-induced etching, requires two conceptually different
species: etchants and inhibitors. The substrate and etchants in this mechanism would
react spontaneously and etching would proceed isotropically, if it were not for the
inhibitor species, which cover the substrate surface. Energetic ion bombardment
removes the inhibitors and allows the direct contact between the reactive species with
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Fig. 2.5 Four basic plasma etching mechanisms.

substrate, and therefore the reaction between them. However, the inhibitors form a thin
film on vertical surfaces, which receive very little ion bombardment. The film acts as
a barrier to etchant and prevents attack of the feature sidewalls, thereby making the
process anisotropic. An example of the inhibitor ion-induced etching is the etching of
aluminium with Cl, + BCl, chemistry in which BCI, radicals form sidewall protecting
film against the isotropic Al etching by Cl atoms.
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2.4 Plasma etching reactors

A large variety of plasma reactors has been developed. These are all glow discharge
systems, but vary considerably in terms of excitation frequency (50 kHz in the LF band
to 50 GHz in the MW band), operating pressure (1 mTorr to 1 Torr) and electrode
arrangements (external, internal, capacitive and inductive). The early so-called barrel
reactors have external electrodes, and are suitable for non-directional etching only. High
energy ion bombardment necessary for directional etching is accomplished by placing
the electrodes inside the reactor, and bringing the wafer in direct contact with the
plasma. A widely employed reactor of this type is the parallel-plate reactor. Recently,
magnetic fields have sometimes been introduced in a plasma etcher, combined with
microwave excitation, to achieve high plasma density at low pressure, and thereby
improve system performance.

2.4.1 Barrel-type reactors

The barrel-type reactor shown schematically in Fig. 2.6 consists of a quartz cylinder
(the barrel) with connections for gas lines and vacuum pump. Plate electrodes are
strapped to the outside of the cylinder. It usually operates with a 13.56 MHz excitation
frequency and at a relatively high pressure (~ 1 Torr). Wafers to be etched are placed
ona quartz or metal boat inside the barrel. A metal cage not connected to external
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Fig. 2.6 Barrel-type reactor.
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circuitry is usually placed around the wafer boat to prevent charged particles from
reaching the wafer. Therefore, the etching is limited to the neutral particles diffusing
from the discharge zone between the cage and reactor wall to the wafer, and normally
leads to an isotropic profile. Other limitations of the reactor are the lack of temperature
control of the substrate, wafer contamination due to the sputtering of the cage and high
non-uniformity of the etching. This type of reactor was once the most widespread type
of plasma etching reactor, but is nowadays mostly used for photoresist stripping and
other non-critical applications.

2.4.2 Parallel-plate reactors

The parallel-plate or planar reactor is the most common type in use today. The
traditional parallel-plate reactor consists of a high vacuum chamber, in which two plates
are positioned parallel to each other. There are two types of parallel plate reactors: the
anode-coupled reactor and the cathode-coupled reactor. The anode-coupled reactor is
characterized by operation at a fairly high pressure (100 mTorr ~ 1 Torr) and the
substrate placed on the grounded electrode (anode), which is usually electrically
connected to the chamber walls. Due to the sheath potential developed across the plasma
and substrate, ion bombardment results and the etching can be anisotropic under certain
conditions. The capability of directional etching is an important improvement over the
barrEI—type reactor. However, because the substrate electrode area is larger than that of
the top electrode, the ion bombardment energy to the substrate is lower than that to the
top electrode due to the higher negative bias developed there (refer to Eq. 2.9). This
results in the undesirable etching of the top electrode in some cases.

The cathode-coupled reactor operates at a low pressure (10 mTorr ~ 150 mTorr) with
the wafer placed on the RF-excited electrode (cathode). Because the area of the
electrode is smaller than that of grounded one, high-energy ion bombardment is
available with this type. Therefore, etching is greatly enhanced in the direction of
incident ions and thus is inherently directional. Very often the cathode-coupled reactor
is called RIE (Reactive Jon Etching) reactor to address the importance of ion
bombardment. Fig. 2.7 shows schematically a typical parallel-plate RIE reactor (Alcatel
GIR300) which will be used in this research. To increase the throughput of parallel-
plate reactors, the hexode reactor has been developed in which the electrode surfaces
are folded into concentric cylinders and expanded vertically in the third dimension to
increase wafer capacity [2.6].

2.4.3 Triode reactors

In the parallel-plate reactors the energy of ion bombardment is amongst others
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Fig. 2.7 Parallel-plate reactor.

determined by the applied RF power. In other words, bombardment energy is strongly
coupled with power supply. When high density reactive species are required for high
speed etching, high RF-power supply is needed and high self-bias is produced. The
resulting excessive high energy ion bombardment can have some detrimental effects
such as low selectivity, radiation damage to the substrate and degradation of photoresist.
This limitation can be avoided by using the so-called triode reactor design in which the
discharge is maintained with two electrodes, and then introducing the wafer on the third
electrode that can be powered and therefore biased. As a result, neutral density and
bombardment energy can be separately controlled with the triode configuration. Fig. 2.8
shows schematically such a triode reactor (DRYTEK 384T), which will be used in this
research. A grounded grid is inserted between two RF-powered electrodes. The
automatic matching network can divide the RF power between the two electrodes,
according to the desired self-bias on the lower electrode. It can apply all the RF power
to the lower electrode (the "RIE mode"), to the upper electrode (the "remote mode"),
or any combination of both (the "split-power mode"). Since it is a single wafer system,
a relatively high pressure (100 mTorr ~ 300 mTorr) is used in the etching to achieve
high etch rate for high throughput.

2.4.4 Magnetron and ECR reactors
When electrons move in both magnetic and electric fields which are perpendicular to

each other, they are forced into a helical path. This effect can be employed in plasma
etching to reduce the loss of energetic electrons by confining them within the plasma
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volume instead of reaching the chamber walls, where these would recombine. With
increasing magnetic field strength the DC self-bias, which determines the ion
bombardment energy, drops, releasing the problem associated with energetic ion
bombardment. This is because the voltage at which the electron current density balances
with the ion current density in the sheath is lower [2.7]. At the same time, the plasma
density increases, and hence the ion bombardment flux {2.8]. An additional feature of
RF discharge with magnetic confinement is that the etcher can operate at a gas pressure
of typically 1 ~ 10 mTorr, much lower than usual. Such a dry etching reactor is
known as magnetron etcher. Through combination of low pressure and a high magnetic
field, it is possible to construct the system in which the dominant etching species are
ions rather than reactive neutrals. This can have advantages for processes where high
degree of etching directionality is required.

If the excitation frequency is in the same range of the electron cyclotron frequency
(which is in the microwave range), resonance effects can occur in plasma, causing an
additional increase in the energy transfer efficiency. Reactors based on this principle are
called electron cyclotron resonance (ECR) etchers. ECR reactors normally operate with
2.45 GHz microwave power at a pressure less than 1 mTorr. The plasma density can
be as high as 10" cm™.
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2.5 Plasma etching chemistries [2.5]
2.5.1 Fluorine atom dominant plasma

The isotropic etching of silicon by fluorine atoms produced in a plasma is one of the
most widely used plasma processes. Many different plasma feed gases produce F atoms
as the dominant etching species. These include F,, CF,, SiF,, SF,, NF, and CIF,.
Among them CF, and SF are probably most often used due to their availability and low
toxicity. F atoms are produced through electron impact processes. In CF, discharge,
e.g., the following processes take place:

1. Dissociative ionization

¢+ CF, ~ CF{ +F + 2 (2.10)
2. Dissociation
e+ CF, -~ CF, +F +e (2.11)
e+CF, -~ CF;, +F+e ~ CF,+2F +e (2.12)
3. Dissociative attachment
e +CF, -~ CF, +F" 2.13)
e+ CF, -~ CF, + F - CF, + F + F~ (2.149)
followed by detachment
e+F =~ F+2e (2.15)

When silicon is exposed to the F-atoms produced, it quickly acquires a fluorinated layer
that extends about one to five monolayers into the bulk. F atoms penetrate into the
fluorinated layer and attack subsurface Si-Si bonds. The attack liberates two gaseous
desorption products, viz. the free radical SiF, and the stable end product SiF,.
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In CF, or SF, plasma, unsaturated species (C.F,, radicals derived from CF,) and
fluorosulfur radicals, S.F,, are formed which can combine with free F atoms and
sometimes can form polymeric residuals. Oxygen is frequently added to these plasmas
to suppress the reaction of F atoms with unsaturated species and fluorosulfur radicals.
This is because oxygen atoms are produced upon oxygen addition and these react with
the unsaturated species, forming F atoms, while depleting these polymer-forming

species:

O+ CF, ~ COF, + CO + F (2.16)

This enhances silicon etch rate and improves selectivity over silicon dioxide compared
to pure CF,, because unsaturated species selectively etch SiO, at ion bombardment.
When enough oxygen is added to the feed, O atoms chemisorb on the silicon surface,
competing for surface site with F atoms and thus slowing down the etching [2.9].

Because of the pure chemical nature of the reaction between silicon and F atoms, the
etching is isotropic. Furthermore, etch rates often decrease with an increasing amount
of etchable substrate material placed in a reactor. This is the so-called loading effect and
is the result of gas phase etchant being depleted by reaction with the substrate material.

Besides etching silicon, F atom-based chemistries are used for the etching of silicon
oxide, silicon nitride, refractory metals and their silicides. While the etching of silicon
oxide and nitride is pure chemical and therefore isotropic with F atoms, the etching of
refractory metals and their silicides is ion induced and thus anisotropic.

2.5.2 Unsaturated etchant dominant plasma

Some freons (e.g., C,F,, CHF;, CF,Cl, CF,Br) or their mixtures with certain additive
gases (such as CF, + H,) yield abundant unsaturated polymer-forming species in
plasmas. Unsaturated species stand for CF, radicals and derivatives (C,F,, C;F4) formed
by chain-building oligomerization when fluorocarbons are involved, or CCl, and
derivatives (C,Cl, etc.) in chlorocarbon feeds. These simple monomers and oligomers
can influence the etching in several ways:

1. These polymerize to form thin films on substrate surfaces, which results in
anisotropy by sidewall protection mechanism, such as the anisotropic etching of heavily
n-doped silicon by CL,/C,F, plasma.

2. These react with F or Cl atoms and reactive molecules by saturation reactions,
reducing their concentration and thus the etch rate, such as in CF, plasma described
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above.

3. These can significantly retard the etching of substrate, such as on silicon substrate
in CHF; plasma.

Silicon oxide can be etched using feed mixtures that generate abundant unsaturated
fluorocarbon species, because polymerization of unsaturated is inhibited by the reaction
of the surfaces with fluorocarbon radicals to form volatile products. This reaction can
only take place when the surface is simultaneously receiving high energy ion
bombardment. Therefore, the reaction is ion-induced and thus inherently anisotropic.
It appears that when unsaturated fluorocarbon species impinge on the oxide surface, a
thin (< 10 A) fluorocarbon layer is formed and halogen atoms in the layer are
transferred to the oxide substrate. With the help of ion bombardment which produces
dangling bonds, material in this carbonaceous layer reacts continuously with silicon
oxide, forming volatile reaction products such as COF, COF,, CF,0 [2.10]. Naturally,
fluorocarbon layers also form on exposed silicon. Since there are no reactions with
silicon that can gasify the carbonaceous film, a fairly thick layer (= 100 A)
accumulates on silicon and blocks the attack to silicon. This protective film on silicon
provides etching selectivity of silicon oxide over silicon. Experimentally it is shown that
the etching selectivity between oxide and silicon in the plasma increases as the C/F ratio
of the feed gas, e.g. C;F; > C,F, > CF, [2.11]. The unsaturated-dominant plasma can
also be used to selectively and anisotropically etch silicon nitride over silicon based on
a similar mechanism.

2.5.3 Chlorine and bromine based plasma

Chlorine- and bromine-containing plasmas can be used to etch silicon, aluminium and
a variety of other substrates. These can provide high selectivity (> 10) over silicon
oxide since the latter is etched very slowly (< 200 A/min) in those plasmas. Chlorine
is more widely used because it has a higher vapour pressure, is less corrosive and tends
to form less toxic by-products.

Etching of undoped silicon with chlorine-containing plasmas must be accompanied by
energetic ion bombardment otherwise Cl atoms and Cl, molecules etch undoped silicon
very slowly (~ 100 A/min below 100°C at 0.1 Torr). Therefore, the etching is
inherently anisotropic. However, heavily n-type doped silicon is rapidly and
spontaneously etched by Cl atoms. Thus severe undercutting occurs when heavily As-
or P-doped layers are etched in Cl, plasmas. C,F or CCl, can be added to the plasma
to provide sidewall inhibitors to prevent the underetching [2.12]. Mixing F atoms and
Cl atoms by adding Cl, to CIF, plasma can result in a tapered etching profile which is
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intermediate between the anisotropic extreme of Cl atom etching and isotropic one of
F atom etching [2.13].

Both atomic or molecular chlorine and bromine attack aluminium vigorously and ion
bombardment has little influence on the etch rate because spontaneous chemical reaction
is very fast. AICl; and ALCl¢ are two etch products from chlorine attack. Inhibitor
chemistry is necessary for line-width control in Al etching. BCl;, CCl, and SiCl, are
additives that form inhibitors and promote anisotropy in the etching. These additives are
also essential to remove the native aluminium oxide, which is always formed on Al
surfaces exposed to the air and is not reactive with CI atoms.

2.5.4 Importance of gas additives

The feed for plasma etching is invariably a mixture of primary gases and additives.
While primary gases provide reactive species necessary for the etching, gas additives
can change the composition of plasmas and, hence, influence the etching characteristics
dramatically. The reasons for applying additives can be grouped as follows:

1. Oxidants are used to increase etchant concentrations or suppress polymer formation.
The addition of O, or Cl, to CF,, CCl, and the other freons are examples.

2. Radical-scavengers such as H, in CF,, which increase the concentration of film
formers or reduce etchant concentration.

3. Inhibitor-formers supply unsaturated radicals to form the sidewall films which result
in anisotropy. Such as C,F, addition in Cl,, BCl, or SiCl, in Cl,.

4. oxide etchants are added to etch the native oxide on substrate because some etchants,
such as Cl atoms, do not etch the oxide. Examples are C,F¢ in Cl, for native silicon
oxide and BCl, in Cl, for native aluminium oxide etching.

5. "Inert" gases such as Ar and He can help to stabilize a plasma, enhance anisotropy
by ion bombardment or reduce the etching rate by dilution. Helium can also improves
heat transfer between wafers and the supporting electrode, due to its high thermal
conductivity.
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2.6 Summary of the previous most important developments of
plasma etching chemistry for micromachining

2.6.1 SF-based chemistry

Due to its ability to produce fluorine-rich and carbon-free plasmas, and therefore the
potential for high silicon etch rate, SF, as well as its mixtures with O,, has frequently
been used to etch bulk silicon for micromachining applications. Early in 1985, Fung and
Linkowski [2.14] reported deep silicon etching using SF, plasma with a negative DC
bias in a reactive ion etching (RIE) reactor, in an attempt to replace wet anisotropic
through-wafer etching to provide backside contact vias for chemical transducers. They
used ALO, as the etch mask and the selectivity achieved was as high as 320 with a
silicon etch rate of 1.6 pum/min. However, they did not report on the anisotropy of the
chemistry. Furthermore, the surface at the trench bottom was rather rough (several
microns for a total etching depth of 60 - 100 pm).

Through-wafer plasma etching using SF; was also reported by Fischer ef al. [2.15] for
pressure sensor fabrication. Linder e al. [2.16] reported about 1 um/min etch rate
using SF/O, gas mixtures, with a selectivity of 20 ~30 for photoresist, 85 for silicon
dioxide and > 300 for aluminium. However, the etching showed little anisotropy (with
undercutting of the mask versus vertical depth of 0.55, 0.65 and 0.8, respectively for
the three types of masks). The isotropy of the chemistries was used to undercut the
silicon substrate to obtain free-standing SiO, or aluminium beams and bridges. Silicon
membranes of about 15 pm thick were obtained by etching originally 360 ym thick
silicon wafers with aluminium mask, although a significant surface roughness (15 ~ 20
pm) was measured. Isotropic SF, etching was also used in underetching silicon to form
a silicon dioxide net, which was subsequently sealed to form a membrane for pressure
sensors [2.17], in releasing the rotor of a nickel micromotor from silicon substrate and
in fabrication of self-aligned needles [2.18].

With sufficiently high oxygen content the etching of silicon using SF¢/O, gas mixtures
can be anisotropic, as reported by D’Emic ef al. [2.19]. In a magnetron ion etching
(MIE) system they developed a process containing 25% O, to etch 50 um deep trenches
into silicon with 8800 A/min etch rate and a nearly vertical etch profile using an
aluminium mask. The anisotropy results from the sidewall passivation arising from the
oxidation of silicon at the trench sidewalls, where ion bombardment is absent. The
process was used to fabricate silicon doughnuts of dimensions 25 - 50 um thick, 50 um
inner diameter, and 100 -200 pm outer diameter. However, the selectivity over the
mask was limited to about 9. In a RIE system a process with 60% O, content was found
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to etch silicon anisotropically with etch rate of 4900 A/min and selectivity of only about
2.5. Addition of CHF, to SF,/O, gas mixtures can improve the surface roughness often
occurring with SF,/O, chemistries [2.20].

One possibility for controlled silicon trench sidewall profile with SF, plasma was
reported by using a gas mixture of SF, with carbon-containing mixed halogens (CF,X,,
in which X is one of halogens except for F) such as CCL,F, [2.21-2.22] and C,CL;F,
{2.23]. It was found that these gases had complementary effects on the trench profile,
permitting some flexibility in tailoring the sidewalls. As shown in Figure 2.9, SF,-
dominant chemistry causes the bottom of the trench to be narrower than the top,
whereas CCL,F, has the opposite effect, resulting in re-entrant profiles. When the effects
of these gases are balanced, near vertical trench sidewalls can be achieved. This
optimized chemistry has been used in patterning thick, narrow structures in a bulk
silicon dissolved wafer process. Using SF,/C,CIF; gas mixtures in a RIE reactor, a
completely anisotropic etching profile was obtained up to 33 um deep etching with resist
mask. However, a limited selectivity (5 ~6) over the mask was achieved [2.24-2.25].
Higher selectivity (25) over resist mask and therefore deeper trench depth (50 pm) has
been reported with SF,/C,CI,F, gas mixtures [2.23].

Another possibility of obtaining anisotropic SF, etching is to use cryogenic substrate
electrode. As reported by Murakami ez al. [2.26], by using a cryogenic RIE system
maximum silicon etch rate of 1.6 um/min was achieved with SF, plasma at a cathode
temperature of -120 °C. The lateral etch rate was found to be only 2% of the vertical
one. The etching selectivity over aluminium mask was over 900. Anisotropic polyamide
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Fig. 2.9 Hlustration of different sidewall profiles using plasma chemistries
based on SF, and CCLF, gases.
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film etching was also obtained using the cryogenic SF, etching with 1% lateral etching
relative to the vertical one. Therefore, the cryogenic etching technique can be used to
fabricate 3-dimensional microstructures with very high aspect ratio.

2.6.2 CF -based chemistry

A CF,/O, plasma-based micromachining technique to control sidewall angles of silicon
trenches was reported by tilting silicon substrate relative to the plate of bottom electrode
of plasma etcher [2.27]. When the substrate is tilted, the incident angle of the ion flux
is not 90° as usual with untilted substrate. Smooth sidewall with angles varying from
15 - 60° with regard to the normal axis of the wafer were obtained with tilts ranging
from O - 45°, as a result of surface erosion by the combination of ion milling and
neutral chemical etch mechanisms. These silicon structures with tapered sidewalls could
find applications in optical reflecting gratings for opto- and micromechanical devices as
well as in the fabrication of field emitter cone or ridge cathodes for vacuum
microelectronic devices.

In a so-catled “light intensity profile method”, CF,/O, plasma was used to transfer a
specific curved photoresist profile, which was obtained by exposing the resist to a
specific energy profile through a dither mask, to the silicon substrate to obtain a
dynamic focusing mirror whose deformation is optically ideal due to its thickness profile
[2.28]. The plasma etching process must be tailored to remove the photoresist and
silicon at the same rate.

In a surface micromachining process CF,/CHF, plasma has been used to etch very thick
(~5 pm) PSG anisotropically to obtain vertical sidewalls of PSG. Subsequently,
polysilicon sidewall beams were formed by depositing a polysilicon layer on the
patterned PSG and anisotropically etch-back the polysilicon layer using also the
CF,/CHF, plasma [2.29] or a CCl, plasma [2.30]. These polysilicon sidewall beams are
very flexible due to their high aspect ratio (height/width), providing highly compliant
lateral suspensions for lateral resonators. In addition, polysilicon hollow beams can be
fabricated based on the polysilicon sidewall beams, which adds tremendously to
micromechanical design possibilities. Removal of inside PSG is not trivial and needs to
depend on the permeation of HF solution through the grain boundaries of polysilicon.
With hollow beam technology, the surface micromachined structures are less constrained
by film thickness and photolithography, thereby allowing the fabrication of devices with
very large height/width aspect ratios.
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2.6.3 Cl,- and Br,-based chemistry

Cl,- or Br,-base plasmas usually etch silicon anisotropically with high selectivity over
silicon oxide and, therefore, can be used for small lateral feature size bulk silicon
micromachining. A micromachining process called SCREAM (Single Crystal Reactive
Etching And Metallization) was reported by Zhang and MacDonald [2.31]. An
anisotropic Cl,/BCl, plasma has been used to pattern silicon structures and isotropic
SF/O, plasma to undercut and, therefore, release the structures from the substrate. As
shown in Figure 2.10, by combining the anisotropic and isotropic plasma etching,
submicron silicon beams can be fabricated with high aspect (height to width) ratio. An
X-y micro-stage was fabricated using the technique based on sidewall electrostatic
driving. However, the technique is quite complicated which involves several film
deposition and plasma etching steps. More importantly, the patterning of aluminium
electrodes relies on photolithography with very thick (the same as the height of the
structures) photoresist in the silicon trench, which requires large (typically more than
5 um for a 4 pm deep trench) separation between the structures (i.e. the trench width),
resulting in very high (more than 200 V) driving voltage in actuating devices using
sidewall electrostatic force.

A modified version of the process (SCREAM I) [2.32] eliminates the requirement for
the thick resist patterning in the trench and, therefore, can be used to produce structures
with very small (~1 pum) gap. A lateral accelerometer based on sidewall capacitance
sensing was fabricated using the SCREAM 1 process. However, the electrical isolation
between the structures depends on the trenches around the structures. The resulting
surface non-planarity due to the trenches make it very difficult to integrate on-chip
electronic circuits with mechanical structures.

A somewhat similar technique based on Cl,/BCl, anisotropic silicon plasma etching with
selective oxidation and wet etching called COMBAT (Cantilevers by Oxidation for
Mechanical Beams And Tips) has been reported by Yao ef al. [2.33]. In addition to
high aspect ratio submicron silicon beams, silicon micro-tips having a nominal diameter
of 200 A can be produced with the process. A two dimensional actuator for scanned
probe devices has been fabricated. However, the process is rather complicated and
involves very high temperature (1100 °C) processing for the selective oxidation, which
causes compatibility problems.

Wolfe et al. reported a Br, plasma process in a magnetically enhanced triode etching
system for the fabrication of large-area silicon membranes for ion projection lithography
[2.34]. The process is intrinsically anisotropic for both B- and degenerately P-doped
silicon substrates (in contrast to Cl,-based processes which result in isotropic etching of
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heavily P-doped silicon), which are required for low stress ion masks. For the
optimized process, the selectivity relative to SiO, is as high as 160. The low power
density, low self-bias voltage and inertness of SiO, to a Br, plasma are responsible for
the high selectivity. However, the silicon etch rate is very low (400 A/min).

2.6.4 O,-based chemistry

O, plasma is used for photoresist ashing in IC processing. In micromachining O,-based
plasmas can be used to etch organic materials such as polyamide, which is frequently
used as the structural material for micromechanical structures due to its compatibility
with silicon processing and unique material properties (such as optical transparency,
chemical or thermal resistance). O, plasmas have been used in etching fluorinated
polyamide to fabricate high aspect ratio microstructures [2.35]. Using a Ti mask in a
magnetically controlled RIE system etch rates of 3 - 5 um/min have been obtained for
the polyamide with a selectivity of 2600 over the mask and little underetching. 100 wm
high polyamide poles with 15 pm diameter have been produced using the technique,
resulting in smooth surface morphology which is suitable for optical device applications.
An O, plasma was also used to etch polymer with aluminium mask in a dry-release
process for surface micromachined large area membranes [2.36].

2.7 Process control and optimization
2.7.1 Process requirements

Plasma etching processes are mainly judged by their etch rate, selectivity, uniformity,
anisotropy, surface quality and reproducibility. Production rates and cost are determined
by these factors. Usually, application-dependent optimization is possible by a
compromise between, e.g. etch rate and selectivity. For some applications such as
silicon trench etching for device isolation, the profile of sidewalls and the shape of the
trench bottoms are also important.

Etch rate refers to the amount of vertical removal of the substrate per unit time. [t
determines the utility and cost of a process and needs to be sufficiently high.

Selectivity is defined as the ratio of the etch rate of the material to be etched to that of
the materials not to be etched (such as a mask or underlying layer). Roughly the
minimum required selectivity over a mask is simply the thickness ratio between the film
and the mask. However, a somewhat higher mask selectivity than this simple estimation
is required due to the overetching necessary to account for non-uniformities of the
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thickness and etch rate for both the mask and the film. The minimum required film-to-
substrate selectivity can be determined by the following equation {2.37]:

s/ - Y !, @2.17)
tsm

where t; is the film thickness and ¢, ., is the maximum allowed etch depth to the
substrate, and U is the combined uniformity factor defined as:

U_{ A+ +3) _Ad-ew ’ (2.18)
1-p) a-+p

where «, (3 are the non-uniformity of the film thickness and etch rate, respectively; §
is the overetching factor to account for other sources of variation, which is usually
expressed as a percentage of the total clearing time.

Uniformity refers to the evenness of etching across a wafer or from wafer to wafer in
the same reactor. It is usually represented by non-uniformity defined as

U = Rm“—_Rmi“xloo% , (2.19)
R * Ruin

where R, and R ;, denote the maximum and minimum etch rate, respectively. At any
rate, non-uniformity should be kept minimum.

Anisotropy is a measure of the vertical etch rate relative to the lateral one. A definition
which is often used is

A = 1--L, (2.20)

where E, and E, are the lateral and vertical etch rate, respectively. With such a
definition a complete anisotropic etching (E, = 0) will lead to A = 1, whereas a
complete isotropic etching (E, = E,) corresponds to A = 0. The requirement for
anisotropy depends on the application. To attain small feature size a high anisotropy is
necessary, but a slightly tapered etching profile is better for good step coverage.
Sometimes both anisotropic and isotropic etching are required alternatively. For
example, during patterning of polysilicon microstructures, an anisotropic process is first
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used to clear the planar portion of the film and subsequently an isotropic process is
necessary to completely remove the remaining of the thicker polysilicon along sidewalls
of PSG steps, as indicated in Fig. 2.11.
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Fig. 2.1] When patterning a polysilicon structural layer on a PSG step,
anisotropic plasma etching alone will result in polysilicon spacers
along the sidewalls of the PSG step (cross-sectional view A-A’). A
subsequent isotropic plasma etching is necessary to remove the
spacers.
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Surface quality mostly refers to the smoothness and degree of electrical damage of a
surface after etching and can be influenced by variables such as temperature, power,
pressure, etchant and crystallographic orientation. Contamination from sputtering, etch
product re-deposition, etch residuals and electrical damage caused by radiation
(including ion bombardment) and charging may degrade surface quality.

Reproducibility, at first glance, might appear to be more a matter of process control
than an inherent process characteristics. However, etching equipment and processes
sometimes have insidious "memory" or hysteresis effects that are difficult to control.
The initial condition of the reactor can be influenced by accumulation of etch products,
exposure to the ambient atmosphere (with adsorption of air and moisture on reactor
surface) and surface modification brought about by reaction with chemical plasmas in
the equipment. For example, aluminium etching is sensitive to moisture, oxygen and
surface condition. Thus, reproducible aluminium etching was difficult to achieve until
reactor design and chemistries were developed to control these hidden variables.
Another source of variability is load size, the exposed area on a wafer or the number
of wafers in a reactor. When etching reactions consume most of the etchant, the etch
rate will be inversely proportional to the number of wafers in the reactor. Process
development must be aimed in avoiding this effect.

2.7.2 Effects of process variables

The instrumental process variables which are at the disposal of an operator include
reactor pressure, RF excitation frequency, temperature, flow rate, RF input power (or
power density), feed gas composition, electrode distance and sometimes, materials of
electrodes. When fixed, all these variables uniquely determine the operation of a plasma
process. The influence of those process variables on the etching depends on the etching
mechanisms involved which are determined by the values of the process variables as
well as the substrate material to be etched. The influence of feed gas composition has
been discussed in Section 2.5.

a. Pressure effects

The primary effects of pressure are on the mean free path of ions and concentration of
species in a plasma. Pressure directly influences major phenomena that control plasma
etching. The most important one among these are:

1. The sheath potentials and energy of ions bombarding surfaces.
2. The electron energy.
3. The ion-to-neutral abundance ratio and fluxes of these species to surface.
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4. The relative rate of higher to lower order chemical kinetics.

As the gas pressure is lowered the gas density (the number of gas molecules per unit
volume) is decreased. This results in reduction of concentration of radicals and ions due
to the decrease in collision rates between electrons and gas molecules and between ions
and neutrals. As a result, the impedance of the plasma may rise thereby resulting in a
higher voltage applied to the discharge at a given power input. As self-bias is
proportional to the peak applied voltage, it is raised too. Furthermore, due to the
increase in the mean free path of the species in plasma (inversely proportional to
pressure), the collisions between ions and neutrals whilst traversing the dark space is
reduced. These two effects lead to a higher ion bombardment energy to substrate
surface.

For typical plasma etching conditions, the average electron energy e increases with the
ratio of electric field to number density (E/N), with the latter being the number of
neutral species per unit volume. From the above discussion the average electron energy
will increase with lower pressure. In the range of interest, with mean electron energies
< 5-8eV, many electron-molecule dissociation reaction rates tend to slowly increase
with E/N (or lower pressure) because of increasing overlap between elementary reaction
cross sections and electron energy distribution functions. As a result, electron-molecule
ionization rate constants tend to increase with decreasing pressure, leaving a more
efficient ionization process. However, because of compensating effects - the lower
neutral reactant concentration (gas density) and a higher diffusive loss rate - the electron
number density does not necessarily change much with pressure.

Because the average degree of ionization in most practical etching plasmas ranges
between about 10'° and 10" cm™, more or less independent of the operating pressure,
the change in pressure (thus neutral density), usually spanning from ~ 1 Torr to 1
mTorr, implies a change in the neutral flux relative to ion flux to the substrate surface
up to three orders of magnitude. This, together with the effects on ion energy, allows
pressure to determine wether etching will be chiefly chemical, with little or no
contribution from ion-assisted reactions (at the higher pressure end), or be
predominantly ion-assisted (at the lower pressure end).

Pressure also influences the rate of chemical kinetics in the regime of relatively high
pressure. Experimental studies show that in the case of bimolecular reaction (such as
the recombination reaction of CF, radicals with F atoms to form CF, in plasma), the
reaction rate between two species can be usually represented as [2.5]
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product formation

: KDnp, (2.21)
time

where k(T) is the rate constant and depends only on temperature; n, and n, are the
concentration of species A and B, respectively. For a fixed gas feed mixture, the
concentrations, n;, are given in molar fractions x; by:

n = xp. (2.22)

which shows that each of the n, is proportional to pressure p. Hence the rate is
proportional to p® (i.e. second order reaction). When the reaction occurs on or near
surfaces (as in the case of F atom etching of silicon to form SiF,), the reaction is a
heterogeneous one and the rate is frequently expressed as:

product formation
time

KDnA, (2.23)

where A, is the surface area. Hence the rate is proportional to p (i.e. first order
reaction). Some reactions in plasma can be of a higher order in pressure than two, e.g.
the polymerization reaction of CF, to form C;Fj is of the third order in pressure, since
it involves 3 CF, radicals. The higher the order of the reaction, the more rapidly the
rate changes with the pressure. In the above examples, lower pressure will favour
etching, while higher pressure polymerization and recombination.

b. Frequency effects

The excitation frequency alters key discharge characteristics that have an important
influence on plasma etching. Among them are the sheath potential, which determines
the ion bombardment energy, and energy coupling efficiency, which limits the minimum
pressure under which a plasma can be sustained. Fig. 2.12 illustrates the excitation
bands commonly used for plasma etching, together with some characteristic frequencies
in plasma. In this figure, the electrical plasma decay time is mainly determined by
recombination of ions and electrons to the walls of the reactor. The electron plasma
frequency %, and ion plasma frequency @, are determined by the mass of the electrons
and ions, respectively. When the frequency of an electromagnetic disturbance is lower
than %, (@), the plasma electrons (ions) can response fast enough to the disturbance.

In the HF range with the excitation frequencies above the ion plasma frequency, there
is not enough time for ions to cross the sheath and reach the electrode in a single cycle.
Instead, ions cross the sheath over many periods and experience an electric field which
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Fig. 2.12 Characteristic discharge frequencies and operation ranges for plasma
etching.

is averaged over this transit time. It can be shown that the maximum energy a ion can
obtain is eVy/m, in which V, is the peak value of the excitation voltage [2.38]. In the
LF range, on the other hand, when the excitation frequency is below the ion plasma
frequency, ions can transverse the sheath and reach to the wall in a single cycle,
obtaining the maximum energy of eV,. Therefore, as the excitation frequency is lowered
through the ion plasma frequency the peak ion energy is increased by more than three-
fold.

Furthermore, experiments show a large increase in the discharge-sustaining voltage in
the LF range, and in total the peak ion bombardment energy increases by more than a
factor of 10. Therefore, using a low excitation frequency promotes damage-driven
etching such as silicon etching in chlorine plasma. On the other hand, excitation
frequency in microwave (MW) range is far above the electron-neutral collision
frequency, and the electrons can undergo many field-induced oscillations before hitting
another particle. In the MW band the frequency is high enough to neglect the
capacitance impedance of the space charge regions at the plasma-wall interface
altogether. Therefore, the voltage drop across the sheath is greatly reduced and thus also
the ion bombardment energy. This property is one of the advantages of MW plasma
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etching in case the substrate is sensitive to energetic ion bombardment, such as in
polysilicon gate etching.

Another significant effect of the excitation frequency is that an increase in operating
frequency allows a plasma to be sustained at lower pressure [2.39]. This indicates that
there is an extra source of ionization with higher frequency.

c. Temperature effects

Surface temperature has a profound influence on etching chemistry. In the etching
involving mainly free radical chemical reaction, an Arrhenius type temperature
dependence for the etch rate is found [2.5]:

R = C(T)Tne ™ @.24)

where C(T) is a "pre-exponential” factor which is weakly dependent on temperature,
n the concentration of the reactant, R the universal gas constant, T the reaction
temperature and E, the activation energy, which is the height of the energy barrier that
reactants must overcome in order for the reaction to proceed. For example, the E, for
Si and SiO, elching by F atoms are 2.48 and 3.76 kcal/mole, respectively. The lower
activation energy of Si compared to SiO, results in a higher etch rate for Si than SiO,
and thus in a selective etching. Higher selectivity can be achieved by cooling the
substrate below room temperature, however, with a decreased etch rate. The
dependence of etch rate on temperature will be less significant in processes in which the
etching proceeds mainly by ion-induced damage mechanism. In this case the ion impact
supplies the activation energy.

In some systems it has been observed that the roughness of the etched silicon surface
increases with surface temperature. This may be associated with defects or impurity
nuclei in the substrate where chemical reactions proceed excessively.

d. Gas flow rate effects

Below a critical flow rate, there is a depletion of reactants to etch the substrate material
and thus a small increase in flow rate can result in rapid increase in the etch rate.
Alternatively, if the flow rate is further increased with an accompanying increase in
pumping speed to keep a constant pressure of operation, it is possible that the active
species produced in the plasma can be pumped away before they have the opportunity
to react due to too short residence time expressed as
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(2.25)

where V is the volume of the chamber and S is the pumping speed which is the ratio
of the flow rate to pressure. The gas residence time relative to the average lifetime of
etchant species (determined by loss process such as gas phase reactions) is therefore
very important to obtain a stable process. If the lifetime is significantly shorter than the
residence time, changing the flow rate over a limited range should have a minimal effect
on the process because the concentration of active species is not affected. When the
intrinsic lifetime is longer than the residence time, the effective lifetime value in the
reaction chamber will be equivalent to the residence time. In this case the concentration
of active species is controlled primarily by the starting composition of the feed gas.
Consequently, changing flow rate can change the etch rate and observed loading effects.
For example, increasing flow rate will decrease etch rate as well as loading effects
[2.40]. Rapid surface reaction rates combined with long residence time should be
avoided because this leads to loading effects, depletion of reactants across the substrate
leading to non-uniformity, possibility of undesired polymer formation and re-deposition.

e. Power effects

At constant pressure the plasma density can be raised by increasing the power input into
the plasma. The increase in power will cause a rise in the applied voltage particularly
at low pressures [2.41], thus increasing the sheath potential and therefore the ion
bombardment energy. At the same time, the formation rate of plasma products such as
free radicals is also increased due to the higher current which gives a more intensive
dissociation processes. As a result, etch rate is generally increased, while selectivity is
reduced due to the enhanced ion bombardment. Any polymer formation from free
radicals will be suppressed at the substrate surface by the higher ion bombardment
energy. Substrate damage caused by plasma radiation is certainly increased with power.

[. Electrode distance effects

With some parallel-plate plasma etchers, the distance between the two electrodes can
be changed. Increasing the electrode spacing may increase the plasma volume in contact
with the vessel walls and if these walls are at ground potential, then the ground
electrode area will increase with respect to RF-driven electrode area. As a result, the
negative DC bias formed on the RF electrode will increase, resulting in higher ion
bombardment energy. Also the applied RF voltage need to be increased with electrode
distance, which further increases the ion bombardment energy. This is because the
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higher plasma recombination events between the electrodes increase the plasma
impedance, and hence a higher potential is required to maintain the same charge flow.

g. Electrode material effects

The ionization conditions of plasma can be changed by changing electrode material. An
electrode material with lower second electron emission coefficient (e.g. stainless steel
with respect to aluminium) may need a higher voltage to maintain the same plasma
density. Electrodes made of aluminium appear to increase the likelihood of surface
polymerization compared to that for stainless steel electrodes. This is believed to be
caused by aluminium halides in the plasma, which increase the molecular weight of the
polymer-forming free radical species. By pre-conditioning the plasma chamber with
gases of high C/F ratio such as C,F,, a polymer film can be formed on the chamber
walls which may reduce any metal electrode effects during the etching.

2.7.3 End point detection for process control [2.42]

For a tight process control it is important to determine the time when the film is etched
through (the end point). Although the end point can be estimated straightforward by the
film thickness divided by etch rate, this method is rather unreliable, since the end point
is also affected by non-uniformity of both the film thickness and etch rate, and the
substrate area exposed to the plasma. Sometimes a thin native oxide layer or residual
mask layer gives an unpredictable delay of the etching. Thus, end point detection is an
important part of process control. Detection of the end point can be achieved by
monitoring signal intensity changes corresponding to etchants or etching products of
either film or substrate. Usually when the film is etched through, the signal intensity for
the etchant increases due to the decrease in the consumption of the etchant and that for
the etching product of the film (or substrate) decreases (or increases). There are a
variety of phenomena from which signals can be derived to mark the end point. These
mainly include pressure change, self-bias change, species change (monitored by mass
spectrometry or emission spectroscopy) and thickness change measured by laser
interferometry.

The pressure increase observed as the film clears at the end point with fixed pumping
speed has been employed for some early batch reactors. This is because the gas-solid
reactions during the etching usually cause a decrease in the number of gas molecules,
so system pressure is lower than when the film is etch through. Although this method
requires no special equipment, chamber pressure in modern etching reactors is usually
maintained by an automatic "throttle” valve which regulates the pumping speed. This
configuration improves process control, but excludes the possibility of using pressure
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as an end point indicator.

A self-bias change is observed as the plasma composition changes during the etch cycle,
because the plasma impedance and sheath characteristics change. In some processes this
change is large enough to allow end point detection. This method is very attractive in
automated systems due to its ease of implementation and the intrinsic large signal.

Mass spectroscopy can be used to monitor the change of species associated with the end
of an etch cycle. Often the concentration of a particular constituent in the chemistry can
be used to track the progress of an etch. For example, in the etching of Si;N, film on
a Si0, substrate with CF, chemistry, volatile SiF, forms from the reaction between F-
atoms and Si;N,. When the Si;N, is etched through and the SiO, is exposed, the SiF,
in the plasma is reduced due to a slower reaction between F-atoms and Si0,. Therefore
a sharp drop in the intensity of SiF,* (which is formed by electron impact-induced
fragmentation of SiF, in the instrument’s ionizer) will occur at the etch end point. Mass
spectrometry can be used to detect the concentration of such specific species. However,
the method is very expensive and requires operation skill.

Optical emissions from species excited by the plasma are widely used as a sensitive and
effective end point monitor. Emission can emanate from etchants, etch products, or their
fragments with a characteristic wavelength corresponding to a particular species. An
optical spectrometer can be set to the wavelength of interest and be used to monitor its
intensity during an etch cycle. Take the same example as in mass spectroscopy, either
704 or 674 nm peak intensity associated with F-atoms (reactants) or N atoms (products),
respectively, can be traced. Very often, signal intensities associated with more than one
species are monitored through a multichannel approach and certain algorithm can be
used to manipulate the intensity data so that maximum signal change is obtained. The
optical method is less expensive and easier to use than mass spectroscopy. However,
light from the plasma contains emissions from many species that cover a wide spectral
range. Sometimes it is difficult to separate a characteristic line from the intense
background.

When monochromatic light rays transmitted the front surface and reflected from
underlying interface of a thin transparent film interact, constructive and destructive
interference takes place, which is characteristic of the light wavelength and the film
thickness. This effect can be used to monitor the (remaining) thickness of etched
materials such as polysilicon, silicon oxide and silicon nitride, which are transparent in
a wavelength region. This technique permits real-time monitoring, so that etch rate
changes caused by variations in the composition of the film with depth, or a diffuse
interface between film layers, can be automatically detected and corrected. A major
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limitation of the technique stems from the small spot size needed to obtain a distinct
interferogram ( ~ 10 um in diameter). Since the end point determination is made from
sensing a small area, non-uniformities in the film thickness or etch rate are not detected.

2.7.4 Process optimization

Plasma process optimization involves finding the setting for each of plasma variables
that optimizes the etching results (responses of the variables) to meet the requirement
for the etching process. Moreover, at the optimum setting the change of the responses
with plasma variables should be gradual to avoid major non-reproducibility at a minor
drift of the setting. A plasma etching system contains several variables, as described
previously, to be adjusted and usually more than one etching requirements need to be
met simultaneously.

However, the plasma is a very complex system and many of the details of physical and
chemical interactions within the plasma and with substrate surface are not yet fully
understood. Thus kinetic modelling of plasma etching process from a fundamental
approach is generally very difficult. As a result, empirical approaches (parametric
modelling) are often used. Because process optimization may involve five or more
independent variables and some of the variables may interact with each other, some
systematic procedure needs to be used for the optimization. Statistical experimental
design procedures and data analysis techniques, such as response surface methodology
(RSM) [2.43], are powerful tools to explore unknown regions of parameter space, to
obtain initial information on important variables and to refine the information, so that
optimum conditions can be determined.

2.8 Problems caused by plasma etching

Because the substrate in a plasma is exposed to energetic particle and photon
bombardment, radiation damage of the substrate surface can be caused and thereby
electrical characteristics of devices may be altered or degraded. Much of these radiation
damage caused by energetic ions, electrons and photons can be removed by thermal
annealing up to 900°C provided by thermal cycling in device fabrication. However, soft
x-ray damage from plasma may require an annealing temperature as high as 1000°C.
Such a high temperature cycling is not acceptable in the fabrication of small size devices
with shallow junctions.

There are some effects occurring in plasma which cannot be readily removed without
special care. One of these is contamination during critical operations such as etching
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Si0O, windows for metallization. To obtain certain selectivity over the underlying layer
(polysilicon or silicon substrate) a chemistry is chosen which can produce a thin
polymer film on silicon. Sometimes foreign material, such as sputtered reactor material,
enters an opened contact window. If these surface contamination is not removed
properly, it will later be covered by metallization. The result is high contact resistance,
which cannot be corrected. Hence control of reaction products from the plasma
chemistry, particularly polymeric products, is essential. One another source of
irreversible damage is electrostatic breakdown of thin insulating films caused by charge
accumulation during the plasma process cycle [2.44].
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Chapter 3 Etching of Poly-Si/Silicon Nitride/Poly-Si
Structures Using Multi-Step Approach

3.1 Introduction

In surface micromachining polysilicon/silicon nitride/polysilicon sandwich structures are
required as structural layers of sensors, such as in tactile imagers [3.1] and Fabry-Perot
light interferometers [3.2]. Mechanically the sandwich structure is more rigid than a
polysilicon layer alone of the same thickness since silicon nitride has a higher Young’s
modulus (3.85 x 10! N/m? for single crystal silicon nitride) than silicon (1.9 x 10! N/m?
for single crystal silicon). Furthermore, the symmetry of the structure helps to avoid
buckling of the membrane due to residual strain in the layers. Optical transmission and
reflection of the membrane can be well-controlled by defining the individual thickness
of the sandwich, which is essential to light interferometry.

The anisotropic etching ability of plasma is especially important in patterning such a
sandwich structure, in order to precisely define the lateral dimensions of the membrane
and the narrow beams usually required to support the membrane. The beam dimension
determines the spring constant of the system and therefore the flexibility of the
membrane, which in turn determines the sensitivity of the tactile image sensor and
controllability of the movement of the membrane using electrostatic force in the
interferometer.

In this chapter plasma etching process development for the patterning of
polysilicon/silicon nitride/polysilicon sandwich structure is described. A silicon nitride
etching chemistry selective over polysilicon using CHF, with N, addition is developed.
Subsequently a multi-step etching process featuring in high selectivity and good
uniformity is designed for the patterning of the sandwich structure. Finally possible
problems arising from high selectivity with regard to the surface quality of the etched
film are investigated and a solution using post-processing is proposed and
experimentally verified.

3.2 The tactile image sensor
A tactile image sensor usually consists of a matrix of force-sensitive cells. When used

for force-sensing, a capacitive sensor is one or two orders of magnitude more sensitive
with a much lower temperature coefficient than a piezoresistive device [3.3]. The
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surface micromachining technique is very suitable for the fabrication of such a
capacitive tactile image sensor, because (1) the sensing elements can be made very small
and densely packed to obtain high spatial resolution (finer than 1 mm); (2) interfacing
electronic circuits for multiplexing and capacitance-detecting can be fabricated together
with the sensing cells on the same chip to reduce the number of external wiring and to
enhance the system performance.

In the surface micromachined capacitive tactile image sensor design [3.1], the sensing
capacitance is composed of a base plane on the silicon substrate and an elevated
membrane formed by sacrificial layer technique, as shown in Fig. 3.1. When a force
is applied to the membrane, the displacement of the membrane relative to the base plane
results in change in the capacitance value, which can be detected by the on-chip
electronic circuit. The membrane consists of a 1400 A polysilicon/1700 A silicon
nitride/1400 A polysilicon sandwich structure. The lower polysilicon film functions as
one electrode of the capacitance and the upper polysilicon film acts as a shielding film
against electromagnetic interference. The silicon nitride film provides electrical isolation
between the two polysilicon layers and enhances the rigidity of the membrane.

To electrically contact the lower polysilicon layer, the upper polysilicon and the silicon
nitride layer must be etched. In addition to high etching uniformity, high selectivity of
nitride etching over the lower polysilicon layer is essential during the plasma etching
to maintain the integrity of the lower polysilicon. Furthermore, the etching should not
result in any surface contamination to the lower polysilicon surface to ensure good
electrical contact of the polysilicon layer with the subsequently deposited conductive
film.

3.3 Experimental details

All the plasma etching experiments were performed in a commercial parallel-plate RIE
machine (Alcatel GIR300), described in Chapter 2. The RF power (frequency 13.56
MHz) and gas pressure were varied from 50 - 70 W and 22.5 - 52.5 mTorr (0.03 -
0.07 mBar), respectively. Both the upper and lower electrodes were 15 cm in diameter
with a 6.5 cm spacing. This electrode configuration resulted in the power density of
0.28 - 0.4 W/cm?. The flow rates of reaction gases were regulated by mass flow
controllers. Unless otherwise stated, a 1.3 um HPR204 photoresist was used as the
mask for the etching. The etch rate of the films was determined by measuring the
thickness change due to etching using a Leitz MPV-SP Optical Measurement System.

The silicon nitride used in the experiment was deposited on a (100) p-type 5 2¢cm
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Fig. 3.1 Schematic view of the sandwich structure for a tactile image sensor.
{a) top view. (b) cross-sectional view.

silicon substrate using a Low-Pressure Chemical Vapour Deposition (LPCVD) system
(Tempress Omega M) operating at 850°C and 150 mTorr. The reaction takes place
between SiH,Cl, (170 scem) and NH, (30 scem) in a 15 cm diameter quartz tube to
form silicon nitride, which is silicon-rich (Si/N ratio of 0.82) and exhibits low tensile
stress (300 pstrain). The polysilicon films of 3000 A were formed in a similar LPCVD
system in which silane decomposition took place at 575°C and 150 mTorr. The
polysilicon film was doped by phosphorus implantation of 5% 10" c¢m? at 80 keV and
subsequently thermally annealed at 850°C for 30 minutes in a N, atmosphere. This
resulted in a sheet resistance of about 200 Q/[]. The silicon dioxide film was formed
by oxidation in dry oxygen at 1100°C.
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3.4 Development of silicon nitride plasma etching chemistry
selective over polysilicon

Conventionally, silicon nitride can be patterned using wet chemicals such as hot
phosphoric acid, which provides high selectivity over silicon dioxide. However, plasma
etching is used almost exclusively in modern microelectronic fabrication owing to its
etching anisotropy. As discussed in Chapter 2, the anisotropy results from the ion
bombardment to the substrate surface during the etching, which enhances the etching
in the vertical direction. However, the substrate underneath the nitride (silicon or silicon
dioxide) may also be etched during the etching. This is because the chemistry usually
used in the nitride etching also etches either silicon or silicon dioxide. As a result,
selectivity is one of the issues of major concern in the development of etching
chemistry.

To obtain a high selectivity over silicon, generally a chemistry such as CHF; [3.4-3.6]
or CF,/H, [3.7] is chosen, which contains both reactive species such as F atoms and
CF,* (x=1-3) ions and polymer-forming precursors such as CF, (y=1-3) radicals. The
reactive species etch nitride with the help of energetic ion bombardment, while the CF,
radicals form a C-F polymer layer on the silicon substrate, which retards the etching
of the substrate by the reactive species. Many gas mixtures providing such etching
characteristics have been used, including CHF, + O, and CHF, + CO, [3.4], CHF, +
CH, and CF, + CH, [3.8], CF, + H, + He [3.9], SiF, + O, [3.10]. With these
chemistries selectivities of 10 - 12 have been achieved. Using a downstream plasma
etcher with SF, + H, + He, a selectivity as high as 40 has been reported [3.9].
However, the etching was isotropic because the downstream reactor configuration
resulted in pure chemical reactions only. Using feed gases with high C/F ratio such as
C,F, [3.11], G,F, + C,H, [3.12], cyclo-C,Fy [3.12], and C,F; [3.13], selectivities of
10 - 20 have been reported.

It has been pointed out that molecular nitrogen is the major nitrogen-containing reaction
product of silicon nitride etching. However, the distance between the adjacent nitrogen
atoms in Si;N, (~2.8 A) is larger than that of a N-N single bond (~1.5 A). Thus
adjacent nitrogen atoms, in a silicon depleted Si,N, structure, are not in sufficiently
close proximity to form a bond. In other words, desorption of nitrogen atoms on Si;N,
surface is a factor which limits the etch rate [3.14]. If additional nitrogen atoms are
introduced in the system, it is expected that these may combine with the nitrogen atoms
attached to the surface, thus enhancing the nitride etching. Therefore, a plasma etching
chemistry using N, addition in CHF, has been developed, as described below. It is
shown that the etch rate of the nitride and selectivity over polysilicon increase with the
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N, content, leading to the maximum selectivity of 16.
3.4.1 Experimental results
a. The effects of N, content in CHF; + N, gas mixtures

Fig. 3.2 shows the dependence of etch rate of the silicon nitride, silicon dioxide and
polysilicon and the selectivity of nitride over polysilicon on N, content in the gas
mixtures of CHF, + N,. The power, pressure and total gas flow rate were fixed at 60
W, 37.5 mTorr and 50 sccm, respectively. Note that without N,, a pure CHF,
chemistry etches the nitride with an etch rate of 70 A/min and a selectivity of 4 over
the polysilicon. The etch rate for the nitride increases dramatically with the N, content
in the range of 0 - 85% and drops when the content is further increased. However, no
change of the etch rate of the polysilicon could be measured. Therefore, the selectivity
increases with N, content, which reaches its maximum of 16 at 85% (42.5 sccm) N,.
This gas composition (7.5 sccm CHF; + 42.5 sccm N,) was further used in the
remaining experiments with regard to RF power, gas pressure, mask materials, nitride
composition and residual stress in nitride. The N, content has been limited to 95% due
to the fact that at an N, content above 95 %, the plasma cannot be ignited as a result of
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Fig. 3.2 Eich rates of poly-Si, SiN and SiO, as well as selectivity of SiN over

poly-Si versus N, content in the CHF; + N, chemistry. RF power =
60 W, pressure = 37.5 mTorr, the total gas flow rate = 50 sccm.
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the limited range of adjustment of the automatic network matching system. The etch rate
for the oxide varies with the N, content in the similar way as that for the nitride.
However, the oxide etch rate without N, addition is higher and reaches its maximum
at lower N, content (45%) compared to the nitride etch rate.

b. The effects of RF power and gas pressure

Fig. 3.3 and Fig. 3.4 show the etch rates of the nitride and polysilicon and the
selectivity versus RF power and gas pressure, respectively. The pressure used in the
experiment for Fig. 3.3 is 37.5 mTorr and the power in Fig. 3.4 is 60 W. Clearly the
etch rate for the nitride increases with the power, while that for the polysilicon remains
essentially unchanged. This etch rate dependence on the power results in the increase
of the selectivity with the power, as indicated in Fig. 3.3. Fig. 3.4 shows that the etch
rate of the nitride decreases with the pressure, resulting in the selectivity variation with
the same trend because the etch rate of the polysilicon is not significantly influenced.
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Fig. 3.3 Effects of RF power on the etch rates of SiN and poly-Si and the

selectivity. Pressure = 37.5 mTorr, CHF; = 7.5 sccm, N, = 42.5
scem.
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selectivity. Power = 60 W, CHF; = 7.5 sccm, N, = 42.5 sccm.

¢. The effects of helium addition instead of N,

For comparison helium was also used instead of N, as the additive gas to CHF;. Helium
is an inert gas and its main role is dilution only. Fig. 3.5 shows the etch rate of the
nitride and polysilicon and the selectivity versus helium content. The RF power, gas
pressure and total gas flow rate were the same as those for Fig. 3.2. It can be seen that
both etch rates for the nitride and polysilicon increase with the helium content. The
selectivity increases with the helium content due to the fact that the nitride etch rate
increases more compared to the polysilicon etch rate. The selectivity increase is similar
to the results as in the case of N, addition. However, The maximum selectivity (5.5 at
90% He content) is much less than that with the N, addition (16).

d. The effects of mask materials

To examine the influence of masking materials on the etch rates of both the silicon
nitride and polysilicon layer, a 6000 A aluminium and a 3000 A nitride layer, in
addition to 1.3 um photoresist, were also used as the mask. The aluminium mask was
formed by wet etching of a sputtered pure aluminium layer with a photoresist mask,
followed by resist stripping. The etching of nitride with nitride mask was carried out,
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content in the CHF; + He chemistry. RF power = 60 W, pressure =
37.5 mTorr, the total flow rate = 50 sccm.

in fact, with a wafer covered completely with silicon nitride. The nitride mask on
polysilicon was prepared by first etching a nitride layer on polysilicon using plasma
etching with a resist mask until a very thin (200 A) nitride layer was left, and then
removing the resist and stripping the remaining thin nitride layer in a HF solution. The
two-step process was necessary to eliminate any influence of plasma etching on the
initial state of polysilicon surface originally underneath the nitride layer.

Table 3.1 lists the etch rates for the nitride and polysilicon and the selectivities with all
the three mask materials. It is shown that the etch rate for the nitride is basically not
affected by the mask materials while that of polysilicon with the resist mask is lower
than that with either Al or nitride mask, leading to the highest selectivity among the
three mask materials.

e. The effects of NH,/SiH,Cl, ratio during nitride deposition

To examine the effects of nitride composition (Si/N ratio) on the etching characteristics,
the flow rate ratio of NH, to SiH,Cl, for the LPCVD reaction was varied while keeping
the total flow rate to a constant 200 sccm. The lower end of the ratio (30/170) resulted
in a nitride film with a Si/N ratio of 0.82, while the higher end of the ratio (150/50) a
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Table 3.1 Effects of mask materials on the etch rate and selectivity of SIN
over poly-Si. Power = 60 W, pressure = 37.5 mTorr, CHF; =
7.5 sccm, N, = 42.5 sccm.
Etch rate (A/min) Selectivity
Mask SiN/poly-Si
Nitride Polysilicon
Resist II 350 25 14
Al 350 100 3.5
Nitride 380 90 4.2

Si/N ratio of 0.73. Fig. 3.6 shows the etch rate dependence on the NH,/SiH,Cl, ratio,
indicating that the etch rate decreases with increasing NH,/SiH,Cl, ratio.

Fig. 3.6

Etch rate (A/min.)

400 300
300 -.‘;00\1\ .
2500 3000
200 |
100
0 1 1 1
0 1 2 3 4

NH3/SiH>Cl, ratio

Silicon nitride etch rate dependence on the NH,/SiH,Cl, flow rate ratio
during deposition. The plasma etching conditions are: RF power =
60W, pressure = 37.5 mTorr, CHF; = 7.5 sccm, N, = 42.5 scem.
The conditions for the LPCVD nitride deposition are: temperature =
850 °C, pressure = 150 mTorr, total flow rate of SiH,Cl, + NH; =
200 scem. The values next to each data point are corresponding
residual stress levels in pstrain.
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[. The effects of residual stress in the nitride film

CVD stoichiometric silicon nitride usually has a tensile residual strain of approximately
3000 pstrain. The Si-rich low-stress silicon nitride used in the experiment has a tensile
residual strain of 300 pstrain. It has been shown that annealing at high temperature (>
850 °C) can significantly increase the residual stress level in the low-stress nitride film,
but does not change the Si/N ratio of the film [3.15]. To investigate the effect of the
residual stress level on the nitride etch rate, anneals had been carried out at 850 °C and
1000 °C, respectively for 45 minutes in Ar atmosphere before the film was etched. The
annealing resulted in a residual stress level of 400 and 1000 ustrain, respectively. It was
found that there was no measurable difference in the etch rate between the as-deposited
and the annealed films, indicating that the residual stress level does not influence the
nitride etch rate.

3.4.2 Discussions
a. Etching mechanism

In a CHF;-based plasma, the following ionization processes take place as a result of
high-energy electron collisions with the CHF, molecules [3.4][3.6]:

CHF, + ¢- - CHF, + F + 2" (.1

CHF, + CHF, - CHF, + HF + CF. (3.2)
2 3 2 2

These ionization processes produce reactive species such as F atoms, CF, radicals and
CHF," ions, which react with the nitride when adsorbing on the nitride surface.

In the case of F atoms, the reaction proceeds according to the similar consecutive
processes as oxide etching [3.14]. The reaction takes place spontaneously but is
enhanced by energetic ion bombardment [3.16]. High-energy ion bombardment is
required to induce the reaction with CF, or CHF,*. A coordinatively unsaturated
nitrogen site, occurring naturally or created through the process of Si removal with F
atoms may be the site of CF, attack. In the case of CHF,* ions, the following reaction
takes place [3.17]:
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28i,N, + 6CHF, -~ 6SiF, + 6CN + N, + 3H, (3.3)

In addition to the reactions described above, a surface polymerization process takes
place at the same time due to the reaction between the polymer-forming radicals [3.4]:

CF, + CF, ~ C,F, (3.4)
C,F, + CF, ~ C,F, (3.5)
C,Fs + CF, - C,F, (3.6)

This surface polymerization tends to retard the reaction by keeping the reactive species
from making contact with the substrate surface. However, with the help of energetic ion
bombardment, part of the nitrogen atoms in the nitride (or oxygen atoms in the oxide)
will react with the polymer-forming radicals and form volatile products, reducing the
polymer film thickness and ensuring the etching to proceed. Because oxygen atoms are
more reactive than nitrogen atoms [3.17] and therefore thinner polymer film is present
on oxide surface than on nitride surface, the etch rate of oxide in a pure CHF, plasma
is higher than that of nitride, as indicated in Fig. 3.2. However, surface polymerization
takes place significantly on asilicon surface, resulting in a low silicon etch rate and thus
in a high selectivity of the nitride (or oxide) etching over polysilicon. The formation of
polymer layer on polysilicon surface is confirmed in the polysilicon/polysilicon contact
test described later in this chapter.

From above description of the etching mechanism, it is clear that energetic ion
bombardment plays a key role in enhancing and/or inducing the nitride reactions as well
as in preventing surface polymerization. This argument is supported by the results in
Fig. 3.3 and Fig. 3.4, showing that with either higher power or lower pressure the etch
rate for the nitride is increased. Higher power produces higher potential difference
between the plasma and substrate and lower pressure results in a longer mean free path
of ions. As a result, the kinetic energy of ions which bombard the substrate surface
increases.

b. Role of N, addition

One of the straightforward effects of N, addition is the dilution. It has been pointed out
that N, plays a very minor chemical role in fluorocarbon plasmas and can be thought
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of as essentially a diluent gas [3.18]. On the one hand, the dilution lowers the
concentration of polymer-forming radicals and, therefore, reduces the thickness of the
etch-retarding polymer film and enhances the etch rate. On the other hand, if the
dilution is so high that the concentration of the reactive species is significantly reduced,
the etch rate will be reduced. The effect of dilution is obvious for the oxide etching
results shown in Fig. 3.2, in which the etch rate increases at first with the N, content
up to 45% and then drops significantly. However, the dilution effect alone cannot
account for the dramatic increase of the nitride etch rate with the N, content since the
peak etch rate for the nitride corresponds to the much higher N, content (85%)
compared to the peak for the oxide. Note at this N, content, CHF, content is only 15%.
Note also that dilution of CHF; by adding the inert He gas results in only a moderate
increase of the nitride etch rate, as indicated in Fig. 3.5.

It is inferred, therefore, that there might be some additional mechanisms responsible for
the rapid increase of nitride etch rate with N, content. Note, that apart from the surface
polymerization, another rate-limiting process during the nitride etching is the desorption
of N atoms adsorbed on the surface, which are left as a result of reaction of silicon
with, for example, F atoms and subsequent SiF, desorption [3.14]. Silicon nitride
obtained by CVD process is generally a polymorphous crystalline compound. At
deposition temperatures below 1150°C, which is the case with the LPCVD process
used, the nitride exhibits the stable « crystal modification related to hexagonal structures
of the phenacite type, as shown in Fig. 3.7 [3.19]. The distance between the N atoms
in the o modification nitride ranges between 2.7 and 3 A, which is larger than that in
a N, molecule (a N-N single bond distance, which is in the order of 1.5 A). In the case
of the low-stress nitride, which is silicon-rich, the N atom distance is even larger than
in the stoichiometric Si;N,. Therefore the N atoms left on the nitride surface during the
etching are not likely to spontaneously combine with the adjacent N atoms to form
volatile N, molecules. Instead they tend to remain attached to the surface and
consequently retarding the reaction.

The formation of a N, molecule during the etching can take place only if a surface
rearrangement resulting in N, evolution is brought out by, for example, energetic ion
bombardment [3.14]. The argument that the desorption of nitrogen atoms is rate-limiting
is supported by the experimental results shown in Fig. 3.6, where the etch rate of the
nitride decreases with increasing NH,/SiH,Cl, ratio, i.e. with increasing nitrogen
composition in the nitride film. Since the residual stress level does not affect the nitride
etch rate, it is reasonable to assume that the change in the etch rate in Fig. 3.6 is caused
by the change in the film composition (Si/N ratio) rather than the change in the residual
stress level, which is another consequence of change in the NH,/SiH,Cl, ratio. When
N, is added to the CHF,, abundant nitrogen atoms are generated by the dissociation
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Fig. 3.7 Unit cell of stoichiometric «-Si;N,. The numbers indicate the distance
between atoms in A.

process:

Ny+e —~ 2N +e° 3.7

The nitrogen atoms can diffuse to the substrate surface and combine with the nitrogen
atoms adsorbed there, forming volatile N, molecules and therefore making the etching
of the nitride faster.

Because of the significant increase of the nitride etch rate with the N, content compared
to the moderate increase with the He addition, it is suggested that the diffusion and
combination of the nitrogen atoms produced by dissociation is also a major factor which
enhances the reaction in addition to the dilution effect.

¢. Importance of photoresist

It is shown that when the Al or nitride mask is used instead of the photoresist for the
nitride etching, the selectivity is reduced due to the increase of the polysilicon etch rate,
as indicated in Table 3.1. The result implies that photoresist plays an important role in
providing sufficient polymer-forming radicals to form the polymer film on the silicon
substrate. Photoresist generally consists of resin which is carbon-hydrogen compound.
During the plasma etching, photoresist is also etched by reactive species such as F
atoms [3.16]. The carbon-containing reaction products can help the formation of C-F
polymer film by providing more precursors in the reaction system.



74 Chapter 3 Multi-step etching of poly-Si/SiN/poly-Si sandwiches

3.5  Multi-step process design for the etching of polysilicon/silicon
nitride/polysilicon sandwich structures

As discussed in the previous section, the etch rate for the nitride increased dramatically
with the N, addition in CHF, and moderately with the He addition, while that of the
polysilicon was essentially not changed, resulting in a maximum selectivity of 16 with
42.5 sccm N, added to 7.5 sccm CHF; (85% N, content) at 60 W and 37.5 mTorr.
Higher power or lower pressure enhanced the nitride etch rate but did not change the
polysilicon etch rate significantly. The nitride etch rate was found to be independent of
the mask materials, while that of the polysilicon was reduced when using a resist mask.
The etch rate for the nitride consisting of more nitrogen was lower than that consisting
of less nitrogen. Intrinsic stress level was found to have little influence on the nitride
etch rate within the range measured.

Based on this selective silicon nitride etching process, a two-step process has been
designed for the patterning of the upper polysilicon and silicon nitride layers of the
sandwich structure shown in Fig. 3.1.

3.5.1 CF, + SF; + O, chemistry for the top polysilicon etching

CF,/O, gas mixtures are frequently used for silicon etching due to their availability,
non-toxic nature and relatively well-understood chemistry. Although the etching of
silicon in the plasma of these gas mixtures is mainly based on chemical reaction of F
atoms, which results in non-directional etching, the chemistries are still quite useful in
the etching of polysilicon layer in the sandwich structure, where the polysilicon film is
very thin (1400 A) and, therefore, the underetching does not change the feature size
significantly. SF is added to the gas mixture in view of more F-atoms and less C-F
polymer-forming radicals with the gas compared to CF,, to achieve high etch rate.

Fig. 3.8 shows the etch rates of polysilicon and silicon nitride, using gas mixtures of
70 sccm CF, + 10 sccm SF, with O, varied in the range of 0 to 15 sccm. The RF
power and gas pressure were fixed at 60 W and 37.5 mTorr, respectively. The etch
rates of both polysilicon and nitride increase with oxygen content. The etch rate for the
nitride is lower than that for the polysilicon over the applied oxygen content range. The
typical non-uniformity of the polysilicon and nitride etching is 6%.

In CF,- and SF¢-based gas mixtures, such as used in the experiment, F atoms are well
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Fig. 3.8 Poly-Si and SiN etch rates versus O, flow rate using CF, (70 sccm) +
SF, (10 scem) + O, plasmas. RF power = 60 W, Pressure = 37.5
mTorr.

known to be the main reactive species for both silicon nitride and polysilicon [3.20].
The major rate limiting step in the chemistry is the chemical reaction of the F atoms
with silicon atoms. The concentration of the F atoms is limited because fluorocarbon
radicals in the plasma tend to combine with them. When oxygen is added to the plasma,
the concentration of the F atoms increases, because oxygen atoms will react with
fluorocarbon species and produce F atoms [3.20], as discussed in Chapter 2. Therefore,
both the polysilicon and nitride etch rates increase with oxygen addition in the
experiment. Because F atoms are consumed due to the etching, the F concentration in
the plasma at the centre of the wafer is lower than that at the outer part of the wafer,
leading to a lower etch rate at the central part of the wafer and thus a non-uniformity
in the etch rate across the wafer (6% in the experiments). Consequently, overetching
is necessary to insure that the film on all of the wafer area is etched.

The higher etch rate for the polysilicon compared to that for the nitride is due to the
lower activation energy for the reaction of F atoms with silicon (0.13 eV) than that with
silicon nitride (0.18 eV) [3.21]. Therefore, the chemistry provides no selectivity
between the nitride and polysilicon etching. If 10 sccm O, flow rate is used, the
selectivity is 0.7 only. As a result, although the gas mixture can be used for the etching
of the top polysilicon layer of the sandwich structure with reasonable uniformity and
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high etch rate, it is not suitable for the etching of the nitride layer as well.
3.5.2 Two-step process for the top polysilicon and silicon nitride etching

Selective etching of the nitride over polysilicon can be obtained with the gas mixture of
CHF, + N,, as described in Section 3.4. In this chemistry, the reduction of polymer
film thickness is one of the major factors determining the nitride etch rate, instead of
the F atom concentration. Energetic ion bombardment is essential to induce the polymer
removal. Since the size of the electrode of the etcher (20 cm) is much larger than that
of the wafer (10 cm), the ion bombardment on the wafer area is expected to be rather
uniform. Experimentally, a non-uniformity of 3% in the nitride etch rate has been
achieved, which is much better than that using the gas mixture of CF, + SF, + O,
(6%).

An optimum RIE process has been designed based on the above experimental results.
The top two layers of the sandwich structure were etched using the following two-step
process. Firstly the top polysilicon layer was etched with the gas mixture of CF, (70
sccm) + SF, (10 sccm) + O, (10 sccm). Secondly, as soon as the top polysilicon layer
was etched completely, the chemistry is changed in situ to the gas mixture of CHF; (7.5
scem) + N, (42.5 scem) for the etching of the nitride layer so that high selectivity (16)
over the lower polysilicon was obtained. In such a way the top two layers were etched,
while the attack of the lower polysilicon layer was minimized. Fig. 3.9 shows SEM
photo’s of the membrane patterned with the two-step process which is used for the
surface micromachined tactile sensor.

It is very important to determine the end point during the etching of the top polysilicon
layer, so that the etching can be switched to the second step as soon as the film is
etched through. This was achieved by using an EG&G Optical Multichannel Analyzer
(OMA), with which optical spectrum of plasma glow can be analyzed. Fig. 3.10 shows
the change of the 704 nm signal corresponding to F atoms when the sandwich structure
was etched through completely with the gas mixture for the first step. More F atoms
are consumed for the etching of the polysilicon than for that of the nitride since the etch
rate for the polysilicon is higher than that for the nitride. Therefore, the sharp increase
of the signal at the end of the top polysilicon etching is a good indication that the film
is etched completely.

After completion of the two-step etching the resist left was sufficiently thick to etch the
lower polysilicon layer, if desired. Therefore, a three-step process for etching the total
sandwich structure, to define the membrane, is a simple extension of the two-step by
repeating the first chemistry for the lower polysilicon layer. Although the entire stack
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(a)

(b)

Fig. 3.9

Polysilicon/silicon nitride

Poly-Si/SiN/poly-Si membrane for a tactile sensor patterned using the
two-step process. (a) cross-sectional view, (b) top view.
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Fig. 3.10 704 nm signal change during the etching of the sandwich with the gas

mixture of 70 sccm CF, + 10 sccm SFy + 10 sccm O,. RF power =
60 W, Pressure = 37.5 mTorr.

could be etched in one step based solely on the CF,/SF,/O, chemistry, as used in the
etching of the upper polysilicon layer, significant underetching and non-uniformity
would result since the etching basically depends on the chemical reaction of the F atoms
with the films.

3.5.3 Analysis of the two-step process

When no end point signal can be detected, the appropriate etching time for a given
sandwich structure with the two-step process can be calculated by straightforward
analysis of the film thickness and the etch rate as well as uniformity data. Assuming the
worst case, i.e. area of the greatest thickness corresponding to the lowest etch rate, the
required maximum etch time can be estimated. Using the symbols defined in Table 3.2,
the etch time t, for the first step must be:

T (1 + Uy

t] = Imax = (3 .8)
V, Vu(d-Uy)

1min

However, at the position of the lowest polysilicon thickness corresponding to the highest
etch rate, polysilicon has been etch through at the time of:
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Table 3.2 Definition of symbols and their value for the analysis of the two-
Step process.

Symbol Definition Value

T, Thickness of the upper poly-Si 1400 A

T, Thickness of the nitride 1700 A

T, Thickness of the lower poly-Si 1400 A
. Average etch rate of poly-Si, Step 1 1300 A/min
2 Average etch rate of nitride, Step 1 700 A/min
12 Average etch rate of poly-Si, Step 2 25 A/min
» Average etch rate of nitride, Step 2 400 A/min

Uy Non-uniformity of T, 5%

Ur, Non-uniformity of T, 5%

Uy Non-uniformity of V,, 6.5%

Uyn Non-uniformity of V,, 3%

t/ T1(1 B UTI)
: Vil + Uy

3.9)

Afterwards silicon nitride starts to be etched at this position until time t;,. Thus the

maximum thickness of the etched nitride film during step 1 is

T, = Vu@ - ’1/)

assuming a complete uniform etch rate for silicon nitride during step 1.

Similarly, in step 2 the etch time t, must be chosen as

.- sz _ T2(1 + Un)
2
V2min sz(l - U sz)

(3.10)

(3.11)
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The time when the nitride is etched through with the highest etch rate at the position of
the lowest nitride thickness (original minimum nitride thickness due to the non-uniform
deposition minus the maximum etched thickness during step 1) is

g - T,(1 - Uy) - T, 5.12)

V(1 + Upy)

At this position the lower polysilicon layer starts to be etched until the end of step 2.
Thus the maximum thickness of the etched lower polysilicon film during step 2 is

T,

/
2 = Vit - 1) G.13)

Substitution of Eq.’s (3.8) - (3.12) into the Eq. (3.13) yields:

T,1+U T(1-U
n-ty -y, OV TA-Up
T. - 1| T,A+Up) Viu(1-Uyp) Vil(l+Uy;p)
k7 N B >
s| 1-u,, 1+U,y,

(3.14)

where S=V,/V, is the selectivity of the nitride etching over polysilicon during step
two. Therefore, the etched thickness of the lower polysilicon layer is inversely
proportional to the etching selectivity in the second step. Using the values defined in
Table 3.2, T,, can be further expressed as:

T, = 440/S (3.15)

Since S is about 16 in the second step of the developed two-step process, the attack on
the lower polysilicon with such a process will be about 27.5 A. The etching time needed
for the second step as calculated was 4.6 minutes. A 10% overetch is often applied in
plasma etching and this will result in an extra 11.5 A etching of the lower polysilicon
layer. Thus the maximum etched thickness of the lower polysilicon layer will be about
38.5 A, being 2.8% of the total thickness of the lower polysilicon. On the other hand,
if the chemistry of the first step only were used (S = 7/13), the etched thickness of the
lower polysilicon layer would be about 820 A, according to Eq. (3.14), even without
any further overetching period. This is more than half of the original film thickness,
which is obviously not acceptable.



3.6 Problems arising from polymer formation and their solution 31

3.6 Problems arising from polymer formation for high selectivity
and their solution

In applications such as micromotors [3.22] and tuneable light interferometers [3.2],
double polysilicon layer structures with both good mechanical adhesion and electrical
contact in-between are required. Often the intermediate layer is an insulating film such
as silicon nitride or silicon dioxide. When this layer is patterned with plasma etching,
as described in previous sections, a chemistry which produces an etch-inhibiting layer
on the surface of the underneath polysilicon layer must be used to obtain high
selectivity. Therefore, it is expected that both the etching chemistry and post-processing
after etching can have a significant influence on the surface quality of the lower
polysilicon layer and, therefore on the mechanical adhesion and electrical contact to the
subsequently deposited second polysilicon layer.

3.6.1 Experimental methods

A 1400 A polysilicon layer, doped and annealed as described in Section 3.3, and a 1700
A silicon nitride layer were initially deposited. Three different plasma etching
chemistries were used to etch the silicon nitride, as described below. Some samples
were subjected to an in sifu oxygen plasma processing after the plasma etching of the
nitride layer. Control wafers were wet etched in 20% HF solution. Wafers were dip-
etched in buffered HF solution for 30 seconds before the deposition of the second 1400
A polysilicon layer, doped and annealed as the first polysilicon layer. For comparison,
the dip-etching was not performed in a group of control wafers subjected to the same
processing sequences. After patterning of the second polysilicon, the sheet resistance
of the polysilicon layer and electrical contact resistance between the two polysilicon
layers were measured with Van der Pauw test structure and Kelvin test structure [3.23],
respectively, using the HP4145B semiconductor parameter analyzer. The mechanical
adhesion of the two polysilicon layers was examined by applying mechanical leverage
on the second polysilicon and observing the crack formation, using scanning electron
microscope (SEM), model Philips SEM525M.

Plasma etching and post-processing were carried out with RF power and the chamber
pressure fixed at 60 W and 37.5 mTorr, respectively. The three types of chemistry as
well as the post-processing used are summarized in Table 3.3. After the RIE etching,
the remaining photoresist was removed in a barrel-type plasma asher (Technics Plasma
GmbH Tepla plasma ashing system) using O, and Ar gas mixture.
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Table 3.3 Plasma etching conditions and post-processing for three groups of
wafers.

Group | Type | Etching chemistry for the nitride | Post-process after
the nitride etching

CF, (70 sccm) + SF, (10 sccm) N

A 0

1 + 0, (10 sccm) )
B Selectivity 0.7 0, (50 sccm), 3 min
A CHF, (25 sccm) + CF, (25 sccm) | No

2 + He (40 sccm) .
B Selectivity 3 0, (50 scem), 3 min
A CHF, (7.5 sccm) + N, (42.5 No

3 scem) _
B Selectivity 16 O, (50 sccm), 3 min

3.6.2 Results on contact resistance and polymer film formation

It was found that the contact resistance between the two polysilicon layers was very high
(2~5%10° @ on a 4x4 um? window at 100 V voltage) in the wafers without dip-
etching before the second polysilicon deposition, irrespective of nitride etching history
(wet or plasma etching). The poor electrical contact was most likely to be due to the
native oxide layer on the first polysilicon layer. The contact exhibited breakdown
characteristics when the applied voltage was above 100 V, after which the contact
resistance was reduced to about 200 2, which is a further indication that the problem
was due to a thin oxide layer. Therefore, dip-etching was essential to obtain a good
electrical contact between the two polysilicon layers. Table 3.4 shows the measurement
results of the contact resistance between two polysilicon layers via a 4 x4 um’ hole.
These values are averaged measurements over 10 randomly selected dice. Note that the
contact resistance measurement for the wafers with dip-etching before the second
polysilicon deposition was carried out with 5 V voltage, which is much lower than the
voltage value for the same measurement for the wafers without dip-etching.

From Table 3.4 it can be seen that:

1. For groups one and two, there is little difference (less than 6%) in the contact
resistance between type A and type B, as defined in Table 3.3. For group three the
contact resistance for type A exceeded the measurement range (> 10 '2 Q) whereas for
type B the resistance is slightly higher than that of the groups one and two.
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Table 3.4 Measured contact resistance (R.) between two polysilicon layers
Group l 1 2 3 Con-
trol
Type A B A B A B
mean 80 85 89 93 ~10% | 100 89
standard 3.11 | 3.19 | 445 ] 1.74 555 | 4.77
R, deviation
Q
@ Without 2 4 2 5 2 2 3
dip-etching
(%109

2. All the contact resistances for type B of the three groups are essentially the same as
that of the control group, although there appears to be a slight increase in contact
resistance with increasing etch selectivity.

The value of the contact resistance is a measure of the surface quality of the lower
polysilicon layer. Contact resistance depends on the materials forming the contact,
doping level and quality of the contact interface. For all the wafers the materials
between which contact is made are polysilicon. Although a slight difference in surface
doping level may result from the difference in the overetching of the lower polysilicon,
the implantation for the upper polysilicon ensures this difference is negligible.
Therefore, any difference in the contact resistance indicates a difference in contact
interface quality. During the nitride plasma etching, radiation damage caused by high
energy ion bombardment and polymer formation on the surface are two major factors,
apart from the etching of the underlying polysilicon due to insufficient selectivity, that
modify the quality of the contact interface. Since the radiation damage can be removed
effectively by high temperature annealing, which is performed after the ion implantation
of the upper polysilicon layer, any increase in the contact resistance can safely be
assumed to originate from insulating thin film formation on the lower polysilicon
surface during the plasma etching.

The above results show that there is no measurable polymer film formation, as far as
contact resistance is concerned, for both group one and two. As discussed in Section
3.4, the CF,/SF4O, etching chemistry for the group one wafers is unlikely to have
created any fluorocarbon layer on either nitride or polysilicon surface. Although the
reasonably high selectivity (3) indicates that a polymer layer has been formed on the
surface of the lower polysilicon layer with the CHF,/CF,/He chemistry for the etching
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of group two wafers, this polymer layer is probably sufficiently thin or it has been
removed during the plasma ashing to remove the remaining photoresist after the nitride
etching. Therefore, the contact resistance is basically independent of post-processing
since the polymer layer is automatically removed.

The extremely high contact resistance of the type A of group three suggests that
significant polymer film is formed on the surface of the polysilicon when the nitride is
etched through with the CHF,/N, chemistry. This polymer layer is thick enough to
become an insulating layer between the two polysilicon layers. Although the wafers
were cleaned after the plasma etching using the barrel-type oxygen plasma asher to
remove photoresist followed by cleaning in 100% HNO; for 5 minutes and 65% HNO,
for 15 minutes, the polymer film appears not to have been removed. Further
measurements showed that the contact exhibited breakdown characteristics only after the
applied voltage was as high as about 50 V. After breakdown and removing the applied
voltage, the insulating layer is broken-through and the contact becomes permanently
resistive with a contact resistance of about 300 2, which is still about two times higher
than its counterparts in group one and two. The similar contact resistance of the type
B of group three wafers compared to that of the other two groups is an indication that
this insulating layer can be effectively removed by post-processing using oxygen plasma
maintained in a RIE reactor, in which a self-bias of 300 V was produced.

The fact that polymer film could not be removed in the barrel-type reactor, in which
no ion bombardment takes place, suggests that high-energy ion bombardment plays a
very important role in the reaction of the oxygen atoms with the carbon in the polymer
film. Volatile carbon oxide would be formed, thus removing the polymer film from the
polysilicon surface.

3.6.3 Results on mechanical adhesion

The two polysilicon layers exhibit good mechanical adhesion irrespective of etching
chemistry applied for the nitride etching. Good mechanical adhesion is an obvious
requirement for stable electrical contact. Since groups one, two and type B of three
yield good electrical contact characteristics, no problems with the mechanical adhesion
between the two polysilicon layers were expected. Indeed, the double polysilicon
structure was examined for its mechanical adhesion under SEM. Firstly the nitride
between the two polysilicon layers in the area other than the contact windows was
removed by etching in 20% HF. The resulting gap between the two polysilicon layers
was subjected to mechanical leverage. Both optical and SEM observation showed that
no cracking had taken place at the interlayer contact due to the mechanical leverage,
indicating that all the wafers had good mechanical adhesion between the two polysilicon



3.6 Problems arising from polymer formation and their solution 85

layers. Experiments demonstrated, surprisingly, that type A of the group three, with
polymer film between the two polysilicon layer, also showed a good mechanical
adhesion. Fig. 3.11 (a) shows the cross-sectional view of the double polysilicon
structure for type A of group three wafers directly after the nitride has been removed
by wet etching. Fig. 3.11 (b) shows the same structure after mechanical leverage has
been carried out. It can be seen in Fig. 3.11 (b) that the upper polysilicon layer remains
fixed to the lower one in the contact area despite the breaking-off of the overhanging
part of the upper polysilicon by mechanical leverage.

3.7 Conclusions

Polysilicon/silicon nitride/polysilicon sandwich structures are important as structural
layers for surface micromachined sensors. A multi-step RIE process is designed for
patterning of the sandwiches for surface micromachined tactile image sensors. In the
first step the top polysilicon layer is etched using a gas mixture of 70 sccm CF, + 10
scem SEg + 10 sccm O,. In the second step a gas mixture of 7.5 sccm CHF; with 42.5
scem N, addition is applied to etch the nitride layer, which provides high selectivity
over lower polysilicon. Improved uniformity is achieved in the nitride etching with the
CHF.-based chemistry (3%) than with the CF,-based (6%), although the nitride could
also be etched with the latter. Therefore, the top two layers of the sandwich structure
are etched with good uniformity, while the integrity of the lower polysilicon layer is
maintained with the two-step process. The three layers can be etched with the same
resist mask, if desired, by repeating the first chemistry.

Surface quality of the lower polysilicon of the sandwich after plasma etching of the
nitride layer is investigated. it is concluded:

1. No polymer film is formed on the surface of the lower polysilicon layer when the
nitride layer on top is etched through with the CF,/SF,/O, chemistry.

2. Although some polymer film is formed with the CHF,/CF,/He chemistry, the film
is sufficiently thin or has been removed readily during the subsequent plasma ashing of
the photoresist, so that the contact resistance is not significantly affected.

3. There is significant polymer film deposition on the lower polysilicon layer with the
CHF,/N, chemistry and the film is thick enough to actually insulate the two polysilicon
layers. This polymer film could be effectively removed by using the in situ oxygen
plasma post-processing, in which high energy ion bombardment plays a very important
role.
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Fig. 3.11
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SEM photographs of cross-sectional views of the double poly-Si
structure for the type A of wafer group three: (a) after the nitride
between the two poly-Si layers has been removed by lateral
underetching using 20% HF, and (b) after mechanical leverage has
been applied to the resulting overhanging section. The contact
windows between the two poly-Si layers was previously etched using
the selective 7.5 sccm CHF, + 42.5 sccm N, plasma without post-
processing.
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Chapter 4 Applying Plasma Etching for the
Planarization of Surface-Micromachined
Devices

4.1 Introduction

During the fabrication of micromechanical structures using silicon micromachining, the
topography of the substrate is increasingly non-planer. In conventional surface
micromachining, phosphosilicate glass (PSG) of 0.5 - 2 um is often used as the
sacrificial layer. Etching of the PSG layer could cause sharp corners of PSG patterns
and surface non-planarity.

Dry etching of PSG layer usually results in anisotropic profile and therefore steep
sidewalls and sharp corners of PSG patterns. Although a quarter-circle profile results
in priciple if wet etching proceeds just to the etching end point, in practice wet etching
frequently produces a vertical sidewall profile due to the required overetching. Although
LPCVD polysilicon film, which is frequently used as structural layers of surface
micromachined devices, usually exhibits good step coverage, the sharp corners of PSG
can cause step coverage problems of some other deposited film, such as sputtered
aluminium. The steep sidewalls of PSG can result in undesired residuals of the
subsequently deposited structural layer along the sidewalls (usually called filament)
during anisotropic plasma etching of the layer. The edge sharpness can also cause local
stress concentration and therefore degrade the mechanical properties of the structure on
top of PSG due to an abrupt change in the cross-sectional shape of the structure.

Moreover, the patterning of the PSG layer creates surface non-planarity. The problem
is compounded if two sacrificial PSG layers are required for given device application,
as shown in Fig. 4.1a. The non-planarity results in complications in subsequent
processing associated with lithography, as in the case of modern IC fabrication [4.1].
These difficulties include variations in resolution and line-width in the vicinity of high
steps, due to the limited depth of focus of wafer steppers [4.2]. In micromechanics, this
surface non-planarity will result in elevated (step-up) beams, which may introduce
deviations from the double-clamped beam theory in modelling the beam [4.3]. Placing
the lower PSG layer in recesses in the silicon substrate by etching a trench in the bulk
silicon followed by a PSG filling, not only greatly improves the surface planarity, but
also makes the beam between the two PSG layers genuinely double-clamped, as shown
in Fig. 4.1b. Therefore, planarization is important in sensor fabrication, and provides
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Si Substrate

Si Substrate

(b)

Fig. 4.1 Multilayer surface micromachining process: (a) conventional and (b)
using PSG filled trenches.

many possibilities for sensor and actuator structuring.

Many techniques for planarizing a substrate surface to be used for IC fabrication have
been developed. Basically the techniques can be classified into two groups: local
and global planarization. Local planarization techniques can smoothen the sharp corners.
However, the surface level across the wafer due to the substrate topography remains
essentially unchanged. Therefore, these can be used to improve the step coverage and
to eliminate residual filament; but are not applicable to such micromachining
applications as filling silicon trenches by PSG. The global planarization, on the other
hand, is able to provide a fully planarized substrate surface. It is expected that filling
silicon trenches by PSG can be achieved using this approach.

In this chapter two planarization techniques for surface micromachining using plasma
etching are developed. Firstly a local planarization technique using PSG spacers based
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on an extra PSG layer deposition and subsequent anisotropic plasma etching-back is
presented. The effects of cross-sectional shape of PSG steps on the step coverage of
both aluminium and polysilicon films are investigated. Secondly a global plasma
planarization technique, providing fully planarized PSG filling in large area silicon
trenches, is described. This planarization technique involves two-layer-resist coating and
plasma etching-back.

4.2 Local planarization technique using PSG spacers

Local PSG planarization techniques include reflow [4.4], laser melting {4.5], plasma
etch-back of single-layer resist coating [4.6] as well as oxide spacer approach [4.7].
Reflow of PSG requires high temperature (1000 - 1100°C). Although boro-
phosphosilicate glass (BPSG) reflows at a lower temperature, it suffers from much
lower etch rate in HF solutions, which is not desirable in micromachining [4.8]. Laser
melting is a method of very low throughput and requires special equipment. Plasma
etching-back of single-resist coating usually results in reduced PSG thickness, which is
not acceptable in surface micromachining, since the thickness of the sacrificial PSG
layer determines the distance between the structural layer and the substrate, and must
be accurately controlled in many applications. Some researchers have also proposed to
wet-etch or dry-etch the upper part of the PSG layer isotropically before a subsequent
anisotropic dry etching, to round-off the edges of the step, as shown in Fig. 4.2a [4.9].
However, the interface between the PSG surface and the isotropic etching profile is still
sharp with an angle of about 90°. To solve this problem, a pre-treatment has been
applied, which used Ar* implantation to damage the surface of the PSG layer,
enhancing the etch rate of the PSG there during wet etching and therefore making the
edge of the step less sharp [4.10]. However, since this method is based on wet etching,
it is not useful when small feature sizes are desired.

Yao and his co-workers introduced a method using plasma deposited oxide spacers
along the vertical sidewalls of aluminium interconnections to obtain local planarization,
as shown in Fig. 4.2b [4.7]. This method is ideal for surface micromachining
planarization in which high temperature processing and wet etching as well as any
reduction of PSG thickness should be avoided. Therefore, a technique based on the
spacer method by depositing an extra PSG layer on the patterned sacrificial PSG layer
and anisotropic plasma etching-back has been developed. The resulting cross-sectional
shape of the PSG steps is round, making possible an excellent step coverage on high
PSG steps and releasing the problem associated with the filament formation of structural
films. Gas composition of the etching chemistry for the PSG spacer formation has been
optimized. The relevant criteria used for the selection of the thickness of the extra PSG
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Fig. 4.2 Schematic process sequence for the improvement of step coverage: (a)

the isotropic etching followed by anisotropic etching technique and (b)
the oxide spacer technique.

layer are discussed.
4.2.1 Experimental details

A 2 pm PSG layer (with about 8% wt. phosphorus) was deposited on 4’° (100) silicon
substrates, using LPCVD based on a SiH,, O, and PH, reaction. Althogh pratically
silicon nitride overall coating is present underneath the PSG, the silicon substrate was
found to be appropriate for the development of PSG plasma etching chemistry. An
anneal at 850°C for 30 minutes in N, atmosphere was performed to densify the PSG.
Subsequently, the layer was patterned using different methods as shown in Table 4.1.
The PSG layer on Group 1 through 3 wafers were first plasma-etched to the end point.
Group 2 wafers were subsequently annealed at a temperature of 1050°C for 45 minutes
in N, atmosphere for PSG to reflow. On the Group 3 wafers another 2 pm PSG layer
was deposited and was densified using the same procedure as described for the first
PSG layer. Subsequently, the second PSG layer was plasma-etched to form spacers
along the sidewalls of the first PSG patterns. Group 4 wafers were first wet-etched in
BHF solution to remove half of the film and then plasma-etched to remove the
remaining thickness, referring Fig. 4.2a. Finally on all the wafers either a 6000 A
aluminium (with 1% silicon) or a 2000 A polysilicon layer was deposited by sputtering
and LPCVD, respectively. Step coverage of the layers on the PSG steps was examined
using SEM.

Plasma etching was carried out in a commercial triode etcher (Drytek 384T), as
described in Chapter 2. A 1.3 um HPR204 photoresist layer was used as the mask. The
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Table 4.1 Etching methods for PSG patterning.
Group 1 Group 2 Group 3 Group 4
Etching plasma plasma plasma wet +
method plasma
Post reflow spacer
processing formation

RF power (13.56 MHz), the chamber pressure, the total gas flow rate, the electrode
temperature and He pressure for backside cooling were fixed to 300 W, 180 mTorr,
180 scem, 12°C and 12 Torr, respectively. The gas mixture investigated was CHF, +
C,F,. The end point of the PSG etching was determined using a multichannel optical
analyzer, which is integrated in the etcher. For the etching selectivity experiments,
either LPCVD silicon nitride or polysilicon film (doped by P* implantation of 5% 10*
cm? at 80 keV followed by 850°C, 30 min annealing in N,) was used since they are
often present under the sacrificial PSG layer. Etch rate was determined by measuring
the change in the film thickness due to the etching using a Leitz-SP optical measurement
system.

4.2.2 Results and discussions
a. Optimization of plasma etching process for PSG spacer formation

The main requirements for plasma etching chemistry for PSG spacer formation are
anisotropy and selectivity. Initial experiments were performed to characterize plasma
etching chemistry of CHF,; + C,F, in terms the etch rate, selectivity over either the
nitride or polysilicon, anisotropy and linewidth loss. The flow rate of C,F, in the gas
mixture was varied with a total gas flow rate of 180 sccm.

Fig. 4.3 shows the etch rates of the PSG, silicon nitride, polysilicon and photoresist as
a function of C,F, content and Fig. 4.4 shows the selectivities of the PSG etching over
the other materials. It can be seen that all the etch rates increase monotonically with
C,F, content while all the selectivities are reduced.

The variations in the etch rates and selectivities result from the increased F and
decreased fluorocarbon concentration in the plasma at increasing C,F, content. During
plasma etching process, the substrate surface is subjected to fluxes of several different
reactive species. In fluorocarbon plasmas, such as used in the experiments, the species
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Fig. 4.3 Etch rate versus C,F, content. RF power = 300 W, pressure = 180
mTorr, total flow rate of CHF; + C,F, = 180 sccm.

striking the substrate surface include F, CF, (y=0 - 3) and energetic CF," (x=0 - 3).
As described in Chapter 3, unselective and isotropic etching of oxide results if F atoms
are the major reactive species, such as in a pure CF, or SF, plasma. Selective and
anisotropic etching of oxide can be achieved if CF, radicals are dominant to F atoms,
such as in pure CHF; plasma. In addition to enhance the reaction of CF, radicals,
energetic molecular ions (CF,*) can remove a larger number of oxide molecules than
noble gas ions like Ar* [4.11]. Therefore, the relative concentration of the species in
the plasma determines the etching characteristics. With the plasma containing pure
CHF, in the experiments, the etch rate for the polysilicon is very low compared to that
for the PSG, resulting in very high selectivity of about 100. Compared with nitrogen,
oxygen is more reactive to the fluorocarbons. This results in a higher etch rate of the
PSG than that of the nitride, leading to an etching selectivity of about 20.

When C,F, is added to CHF,, more F atoms are available for etching. Consequently,
all the etch rates increase with the increasing C,F, content as shown in Fig. 4.3. Due
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Fig. 4.4 Selectivity of PSG etching over polysilicon, silicon nitride and resist

versus C,F, content. RF power = 300 W, pressure = 180 mTorr,
total flow rate of CHF; + C,F, = 180 sccm.

to the recombination of F atoms with the fluorocarbon radicals, the relative
concentration of the fluorocarbon radicals is reduced. Thus carbonaceous layer deposited
on both the polysilicon and photoresist is thinner. This leads to a rapid increase in the
etch rate for these layers and a corresponding decrease in the etching selectivities. Since
F atoms react with nitride more easily than with oxide (the activation energy is 4.0
Kcal/mol and 4.2 Kcal/mol, respectively), etch rate for the nitride increases more
rapidly at increasing C,F;, resulting in a decrease in the etching selectivity.

It was found that all the gas mixtures lead to a highly anisotropic etching profile for
PSG. Fig. 4.5 shows the SEM photographs of the cross-sections of the etched 1.5 um
line and spacing with different C,F, contents. The anisotropy found in the etching is the
result of energetic ion-induced reaction of the PSG with reactive species, which is
dominant in the etching. Although F atoms can etch silicon dioxide spontaneously, the
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etch rate based on such a mechanism would be far less than that observed. In fact, the
very high etch rate for the oxide in fluorocarbon plasmas can be explained by taking
into account also the reaction of the oxide with CF, radicals induced by the energetic
ion bombardment of CF,*. Since the ion bombardment is highly directional, the etching
proceeds only in the same direction as the incident ions, that is, anisotropy is achieved.

As the C,F content increases, the angle of the etched profile more and more approaches
90°, while the line-width variation changes from negative (line-width increase) to
positive (line-width decrease), as can be seen in Fig. 4.6. The line-width variation is
defined as the original nominal line-width of photoresist (1.5 pm) minus the real line-
width at the bottom of the line. The line-width variation is the result of the decreased
carbonaceous film deposition on the photoresist and increased etching of the photoresist
by F atoms with increasing C,F;. When the C,F, content is zero, the etch rate for the
photoresist is very low since the amount of the F atoms is small and there is much
carbonaceous film deposition on the resist. The angle of the PSG profile is only 80°
with zero C,F¢ content. Note that the angle of the original photoresist profile is about
85°. The increase in line-width and reduction in the profile angle are probably due to
the deposition of the carbonaceous film on the sidewalls of both the resist and the PSG
pattern, which is subjected to less ion bombardment than the planar surface [4.12]. With
C,F, added to CHF;, more F atoms are generated to etch the photoresist, while less
fluorocarbon is available for the protection of the surface and sidewalls of the
photoresist. As a result, the etch rate for the photoresist is increased. Since the original
photoresist profile is not vertical, thinning of the resist results in line-width reduction.
This effect, together with the weakening of the sidewall protection, leads to a significant
line-width loss at a C,F4 content larger than 40%, as indicated in Fig. 4.5 and Fig. 4.6.

The above experimental results clearly indicate that a compromise must be made for the
optimized C,F, content so that high etch rate can be achieved with sufficient high
selectivity over either the nitride or polysilicon, nearly vertical etching profile and good
line-width control. A 10% C,F, content is chosen for the actual PSG etching. With this
chemistry, a PSG etch rate of 8300 A/min is obtained with selectivity of 3.8 over the
silicon nitride, which is practically frequently present underneath PSG layer. The
selectivities over the polysilicon and resist are 19.7 and 10.3, respectively. The angle
of the PSG profile is 82° and line-width variation at the bottom of 1.5 um lines for 2
pm thick PSG etching is within 1500 A.

b. Step coverage of the aluminium and polysilicon layer

The step coverage of the 6000 A Al film on the 4 types of 2 um PSG steps is examined
by SEM and the results are shown in Fig. 4.7. The step formed by anisotropic plasma
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Fig. 4.6 Line-width change of 1.5 um line measured with SEM. Negative
values mean line-width increase.

etching results in poor step coverage, as can been seen from the very thin Al film on
the sidewall of the PSG step (Fig. 4.7a). Reflow of PSG improves the Al coverage, as
is evident from the thicker Al film on the sidewall shown in Fig. 4.7b compared to Fig.
4.7a. Both the PSG spacer method and wet plus plasma etching of the PSG result in
good Al coverage on the step, as shown in Fig. 4.7c and Fig. 4.7d.

Fig. 4.8 shows the SEM photographs of the cross-sectional views of 2000 A polysilicon
on PSG steps of 2 um. It turns out that good coverage of polysilicon can be obtained
with each of the etching methods for PSG listed in Table 4.1. This is the result of the
very good step coverage properties of the LPCVD polysilicon process. It can be seen
that the PSG spacer method produces a round corner of the PSG step and consequently
a gradual transition of the polysilicon coverage. Reflow of the PSG can also produce
a less sharp corner of the PSG steps than without reflow. On the other hand, the
anisotropic plasma etching of PSG leads to a very sharp corner of the PSG step, making
an abrupt transition of the polysilicon coverage. Similar sharp corners are found in the
case where the PSG was wet etched first, followed by anisotropic plasma etching.
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(b)

(©

SEM photographs of the sputtered aluminium coverage on the steps of
(a) wafer group one with plasma etching only, (b) group two with
PSG reflow, (c) group three with the PSG sidewall, and (d) group

four with wet etching followed by plasma etching.

Fig. 4.7
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(a) (b)

(©) (d)

Fig. 4.8 SEM photographs of the LPCVD polysilicon coverage on the steps of
(a) wafer group one with plasma etching only, (b) group two with
PSG reflow, (c) group three with the PSG sidewall and (d) group four
with wet etching followed by plasma etching.
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4.2.3 Selection of the extra PSG layer thickness

The thickness of the extra PSG layer will determine the width of the PSG spacer and,
therefore, the degree of roundness of PSG corners. As shown in Fig. 4.9, suppose the
deposition of the PSG layer is completely conformal (i.e. the deposition rate is identical
along all directions) and etching-back proceeds only in the vertical direction, the
thickness of the PSG spacer after etch-back which is stopped just at the end point is

T = t(1 - cosa), 4.1

where t is the thickness of the extra PSG layer and « is the angle of the original PSG
steps. In the experiments, t is 2 pm and « is 82° and thus a spacer thickness of about
1.7 pm results, according to Eq. (4.1). SEM observation reveals that the thickness
calculated with the simple model is in good agreement with the actual etching result.
Therefore, the required thickness of the extra PSG layer can be determined easily using
Eq. (4.1) as a function of desired spacer thickness.

LI L L LA LL LI R L LI LY T
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~

Fig. 4.9 Model for the calculation of the remaining thickness of the PSG
spacer.
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4.2.4 Application of the spacer technique in IC technology

The PSG spacer method can be applied not only in improving step coverage of
micromechanical structures, but also in achieving good coverage of metallization such
as aluminium on PSG steps in conventional silicon integrated circuit technology. With
this method, the high temperature treatment necessary for the reflow of PSG can be
eliminated, relieving problems such as extra junction diffusion and, therefore,
punchthrough in short channel MOS transistors. Furthermore, the method provides a
solution of producing windows with the size smaller than obtainable with the available
lithography ability. This can be realized as shown in Fig. 4.2b. After the formation of
windows using normal lithographic and plasma etching techniques, PSG (or other
dielectric materials, such as silicon nitride) spacers are formed along the sidewalls of
the window, making the opening smaller. The final size of the window can be easily
adjusted by choosing the thickness of the extra PSG layer, using Eq. (4.1). This method
is very useful when extremely small openings are desired for certain applications, such
as in very high cut-off frequency bipolar transistors where emitter width should be as
small as 0.5 um [4.13].

4.3  Filling silicon trench by PSG using two-layer resist coating
and plasma etching-back

Althogh the PSG spacer technique relieves the step coverage problem, the difference
between global surface topography remains the same. Reduction of the difference
requires global planarization techniques, such as chemical mechanical polishing (CMP)
and plasma planarization, which provide possibilities of a completely planarized surface
across the wafer. CMP has emerged recently as a new method of achieving globle
planarization for submicron VLSI applications [4.14-4.15]. However, this method
suffers from difficulties in planarity control (feature size dependency, hollow formation
in wide features, over-polishing of large array areas and residual contaminations). In
plasma planarization [4.6], a low viscosity sacrificial layer (usually photoresist or
polyamide) is used to coat the uneven substrate surface to obtain a practically flat
surface. Subsequently, plasma etching is used to etch-back the sacrificial coating layer,
during which the etch rate of substrate and sacrificial layer should be equal, to form a
planar surface after the etching. Filling silicon trenches by PSG has been achieved using
this approach.

4.3.1 Single-layer photoresist coating using HPR204 resist

It has been reported that HPR204 photoresist provides good surface planarization
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performance because of its superior spin-on planarization properties and its flow at a
relatively low temperature (~150°C) [4.16-4.17]. However, the effectiveness of such
a single photoresist coating in planarization is feature-size dependent. Small and/or
periodic features are planarized to a larger degree than larger and/or isolated features.
Table 4.2 shows the measured step height of a wide (150 um) isolated trench and those
of 50 and 20 pum periodic line-and-space patterns with 2 um HPR204 coating on 2 pm
deep trenches. The step height measured after the resist has been subjected to a 250°C,
30 minutes thermal cure is also shown.

It can be seen that with the 2 um resist coating, the step height of the isolated trench
remains the same as the original trench depth in the substrate, while that of the periodic
line-and-space trenches is reduced, depending on the feature size. After the thermal
cure, the step height of the isolated line remains basically unchanged, while that of the
periodic patterns is increased. This is probably due to more shrinkage of the thicker
resist (on the space area) than the thinner resist (on the line area). Increasing the
thickness of the resist to 4 um by spinning-on additional 2 um HPR204 does not change
the step height of the isolated line, although that of the periodic line-and-space is
significantly reduced, as indicated in Table 4.2.

These results are in agreement with previously reported observations [4.6][4.16][4.18-
4.19]. Usually the second coating mixes or dissolves a portion of the initial coating,
which increases the viscosity and the relative solid component of the polymer solution
at the interface between the coatings. This change in solution properties could adversely
affect the spin-on planarization properties of the subsequent coating. Since in sensor
applications the pattern is often large (tens of microns or more) and usually with large
separation, single-layer HPR204 resist coating up to 4 um together with thermal cure
is insufficient to provide a completely planarized surface.

4.3.2 Two-layer resist coating technique

To obtain a near flat surface coating, it is desirable to fill the trenches first. This has
been achieved by a two-resist-layer planarization scheme proposed by Schiltz er al.
[4.20] and applied for VLSI fabrication [4.21-4.22]. However, these studies used the
same resist for the first coating as for the trench patterning. An additional mask, which
is the negative of the mask used to realize the original pattern, has to be used to expose
the first resist layer. This drawback has been overcome by the following new
planarization process using image reversal photoresist shown in Fig. 4.10. Firstly a PSG
layer is deposited with a thickness the same as the depth of the trenches (a). An
AZ5214 image reversal photoresist layer is then spun-on (b) and patterned through
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Table 4.2 Step height (um) of original approximately 2 um trenches with
single HPR204 resist coating.

Step height

Test patterns
After 2 pm After 250 °C, 15 After second 2 um

resist coating | min thermal cure resist coating

150 pm isolated
line

50 pm periodic
line-and-space

20 pm periodic
line-and-space

image-reversal using the same mask as that for the trench etching of the silicon substrate
(c). Then the photoresist is thermally cured (d), and a 1.3 pum HPR204 photoresist layer
is applied (e). After baking to remove the solvent in the upper photoresist, the surface
of the wafer is etched-back to leave a PSG filled trench (f).

The application of image reversal resist in the proposed process eliminates the
requirement for the extra mask. If the AZ5214 resist is processed in a normal
processing sequence, i.e. coat, soft bake, expose, develop and hard bake, a normal
positive image is obtained. If, on the other hand, a post-exposure bake sequence is
added, the tonal quality of this resist reverses from a positive to a negative one at a
post-exposure bake temperature of 90°C. The inversion process seems to be best
explained by a cross-linking mechanism [4.23]. Upon exposure, the photoactive
compound generates an acidic compound. Following the relatively high temperature
post-exposure bake, this acid diffuses through the resin system of the film and causes
acid catalyzed cross-linking. Therefore, the exposed area becomes insoluble in the
developer. A flood exposure is used to make the unexposed area soluble in the
developer. As a result, the final resist pattern after the development is complementary
of the silicon trench, i.e. photoresist is left at the trench areas, resulting in filling of the
trench.
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Fig. 4.10 Processing steps of the planarization technique. (a) PSG deposition,
(b) AZ5214 image reversal resist coating, (c) resist patterning, (d)
thermal cure, (e) HPR204 resist coating and (f) plasma etching back.

a. Coating and patterning of AZ5214 resist

The thickness of the image reversal resist must be the same as the depth of the silicon
trench to obtain optimum trench filling, and the line-width control of the resist is also
important. These two properties are determined by the spin-on speed, exposure energy
of the stepper and duration of flood exposure. The spin-on speed is the most important
factor to determine the resist thickness. Fig. 4.11 shows the measured thickness of
AZ5214 resist versus spin-on speed, which is in good agreement with the theoretical
model of the inversely proportional relation between the thickness and the square root
of the spinning speed [4.24].
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Fig. 4.11 Dependence of AZ5214 thickness on the spin-on speed.

Exposure energy of the stepper and the time needed for the flood exposure are essential
for the feature size control and are determined according to the requirement of feature
size. High exposure energy of the stepper and short flood exposure time tend to increase
the feature size. To compensate for the misalignment of the stepper, a slightly larger
resist feature size than the trench is desirable. This is achieved by using the optimized
exposure energy of the stepper and flood exposure time of 80 mJ/cm? and 10 seconds
(with an energy density of 10 mJ/cm? and a wavelength range of 3650 - 4630 A),
respectively. Fig. 4.12 shows the SEM photograph of 2 um AZ5214 resist filling on 2
pm trench. It can be seen that at the edge of the trench, the resist is about half micron
thicker than in the centre of the trench due to an abrupt change of the surface
topography in the substrate.

b. Thermal curing of AZ5214 resist

After developing, the image reversal resist is thermally cured. Such a thermal cure is
necessary for three main reasons:

1. to improve planarization by increased thermal flow, so that the resist profile at the
edge of the trench (shown in Fig. 4.12) is smoothened,;

2. to compensate for misalignment of the resist block with respect to corresponding
trench due to limited alignment accuracy of the stepper; and
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Fig. 4.12 Filling of 2 yum deep PSG recess by 2 um AZ5214 image reversal
resist using the optimized coating process: spinning speed 2220 rpm,
exposure energy of the stepper 80 mJ/cm?®, flood exposure time 10
seconds. The protruding of the resist at the edge is due to the abrupt
change in the substrate topography.

3. to enhance the cross-linking of the resist to prevent any interface problem associated
with dissolving of the lower resist during the coating of the upper resist [4.25].

During the thermal cure, shrinkage of the AZ5214 resist takes place due to the
evaporation of the solvent. This effect must be taken into account in the determination
of the original thickness of the resist coating. The degree of shrinkage has been
examined at a temperature range of 100 - 250°C (Fig. 4.13) for a cure time between
2.5 - 30 minutes (Fig. 4.14). The relative shrinkage in Fig. 4.13 and 4.14 is defined
as the ratio of the thickness reduction to the original thickness.

It can be seen from Fig. 4.13 that the shrinkage is strongly dependent on the
temperature and from Fig. 4.14 that at 200 and 250°C the shrinkage saturates after 10
and 2.5 minutes, respectively. The optimized curing temperature is experimentally
determined by evaluating the reflow of the resist at different temperatures. Fig. 4.15
shows the cross-sectional view of the resist filling at 4 temperatures. It can be seen that
basically no reflow has taken place at 100°C and that the reflow at 150°C is not
sufficient to smoothen the interface between the resist and the trench. A smooth
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Fig. 4.14 Relative shrinkage of the AZ5214 resist versus the cure time at 20
and 250°C.
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Fig. 4.15

(®)

© ()

SEM photographs of the cross-sectional view of the AZ5214 resist
filling in trenches subjected to thermal cure at different temperature
for 15 minutes, (a) 100°C, without reflow. Note the hollow of the
resist due to misalignment. (b} 150°C, insufficient reflow, (c) 200°C
and (d) 250°, sufficient reflow.
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interface is obtained at 200°C due to the reflow. It is obvious that the protruding part
of the resist at the edge of the trench is completely flattened after the cure. Similar
reflow effects are found at 250°C. Therefore, the cure temperature is chosen to be
250°C to ensure a wide process window and sufficient cross-linking [4.26]. A cure time
of 15 minutes is used for stable resist thickness. The shrinkage of the resist at this cure
condition is about 16%.

A 1.3 um HPR204 resist coating is applied after the thermal cure for the AZ5214 image
reversal resist. This finally leads to a very planar surface, as shown in Fig. 4.16.

4.3.3 Plasma etch-back

The planarized surface profile is transferred to the substrate using plasma etch-back.
There are several required properties of etch-back. Firstly, the etch rates for the resist
and PSG layer must be equal. Secondly, the etching selectivity over the underlying layer
must be high. Thirdly, good uniformity must be achieved during the etching-back, and
finally, the surface roughness introduced by the etching-back must be minimized. In
other words, any form of redeposition from the plasma to the substrate must be
eliminated.

Generally, CF,-based chemistries can be used for PSG etching and oxygen can be added
to the chemistry to adjust the etch rate ratio between the PSG and photoresist [4.6].
However, the selectivity over silicon or silicon nitride is poor because the dominant
reactive species in these chemistries are F atoms. A CHF,-based chemistry, on the other
hand, can also be used to etch the PSG. As discussed in the previous section, this type
of chemistry usually etches silicon or silicon nitride with a lower etch rate than PSG,
thus selective etching can be achieved.

Therefore, the gas mixture of 162 sccm CHF, with 18 sccm C,F, addition optimized for
PSG spacer formation was chosen for the etching-back experiment. However, the etch
rate for PSG with this chemistry is much higher than that for the resist. For this reason,
oxygen was used to tailor the etch rate ratio of PSG and resist. Fig. 4.17 shows the
dependence of the etch rates of PSG and two types of resist on O, addition in the gas
mixture. The etch rate for the resists increases linearly because the resist reacts readily
with oxygen atoms, and that of PSG decreases linearly with increasing O, ratio, mainly
because of dillution effects. Note also that the etch rate for AZ5214 is higher than that
for HPR204. With 14 % O, content (25 sccm), the etch rate for the PSG becomes almost
the same as that for the AZ5214 resist (about 7300 A/min). Therefore, this O, content
was used for the etching-back of the planarized surface. This chemistry results in a
selectivity over polysilicon and silicon nitride of about 20 and 4, respectively.
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Fig. 4.16 Cross sectional view of the final planarized surface using the two-
layer resist technique.
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Fig. 4.17 Etch rate of PSG and resist versus O, content in the CHF;/C,F,

chemistry. RF power = 300 W, pressure = 180 mTorr. C,F, = 18
sccm, total flow rate of CHF; + C,F, + O, = 180 sccm.
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4.3.4 Planarization results and feature size limitation

Fig. 4.18 shows the cross-sectional view of PSG filling in the silicon trench after the
plasma etching-back. It is clear that planarized PSG filling of the silicon trenches
results. The PSG outside the trenches was removed completely and the boundary
between the PSG and the trench edge was rather smooth. A concavity in the PSG filling
near the trench edge can be seen. This was most probably due to the extra etching of
the resist at the interface between the resist and the PSG. During the plasma etching-
back, oxygen was released as a result of reaction of reactive radicals with silicon atoms
in PSG subjected to energetic ion bombardment. Therefore, the local concentration of
oxygen at the interface between the PSG and resist was enhanced, which increased
the etch rate of the resist. This argument is supported by the observation that a
concavity of the resist appears at the interface during the etching-back, as shown in Fig.
4.19. This concavity leads to a local surface unevenness of about 0.2 ym for a 2 um
deep silicon trench after the planarization. This technique, therefore, represents a
considerable improvement in planarity. The global non-uniformity of the planarization
is found to be about 6%, i.e. the maximal difference in non-planarity across the
substrate surface is about 250 A.

If the width of the trench in the substrate is less than two times of the trench depth, the
PSG at the two opposite trench sidewalls will merge together during the deposition due
to the conformal nature of PSG deposition (refer to Fig. 4.10a). Therefore, the
approach of using image reversal resist coating and patterning is applicable only when
the width of the substrate trench is much larger than the depth of the trench, which is
the case in most micromachining applications.

4.4 Conclusions

A method for local planarization and thus improving the coverage of thin deposited
structural layers on high PSG steps for micromachining has been developed. Althogh
LPCVD polysilicon film usually exhibits excellent step coverage, this technique is very
effective in relieving step coverage problem of other deposited films such as sputtered
aluminium. The method involves deposition of an extra PSG layer and etching-back
anisotropically using plasma. It features in rounded-off corners of PSG steps, thus
releasing stress concentration problems caused by sharp PSG corners in conventional
surface micromachining. No high temperature treatment or wet etching, and no
thickness change in sacrificial layer take place. It was found that a 10% C,F4 content
in CHF, gas is most appropriate for the PSG etching. A simple model has been
proposed as a guidance of selection of the extra PSG layer thickness and the calculated
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Fig. 4.18

Fig. 4.19

SEM photograph of 1.85 um silicon trench filled with PSG using the
optimized two-layer resist coating and plasma etching-back. The
interface between the PSG and silicon substrate is very smooth. The
recess on the PSG surface near the trench edge is caused by enhanced
etching of the resist.

SEM photograph indicating the enhancement of resist etching (hollow
formation) at the interface of the resist and PSG.
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result is in good agreement with experiments. This method can also be applied in IC
technology, where high temperature reflow process is not acceptable or when extremely
small windows are required.

A global planarization technique for filling PSG in silicon trenches has been developed
and tested for 2 um deep silicon trenches. The technique involves depositing 2 um PSG
layer on the silicon substrate with the trench, planarizing the surface topography using
two-layer resist coating and finally, plasma etching-back to transfer the flat surface to
the silicon substrate. The application of image reversal photoresist as the first resist
coating eliminates the requirement for an extra mask. The technique results in a
planarized substrate surface with PSG filled trenches, which is very suitable for sensor
applications where wide trenches in the substrate must be planarized, such as in the
fabrication of silicon micro-vacuum tubes [4.27].
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Chapter 5 Single Crystal Silicon Etching for Selective
Epitaxial Growth and Micro-Tip Fabrication

5.1 Introduction

As indicated already in the previous chapter, etching of single crystal silicon is
necessary for the fabrication of many microstructures for sensors and actuators [5.1-
5.2]. One particular application of silicon etching that is discussed in detail in this
chapter is the selective epitaxial growth (SEG) process. Silicon etching and subsequent
refill with crystal SEG open new opportunities in the monolithic integration of sensors
and readout electronics [5.3]. The depth and sidewall profile of the etching are the main
issues of concern in the plasma etching process development for SEG. The etching must
be several microns deep, depending on the desired applications, and with vertical
sidewalls. High directionality of the etching to realize the vertical sidewalls is required,
so that an oxide layer can be formed, either by thermal oxidation or CVD, and etched-
back anisotropically, to remove the oxide at the base of the etching while leaving the
oxide at the sidewalls unetched. These oxide spacers are essential to ensure SEG
selectively from the silicon substrate.

Anisotropic silicon etching has been one of the major efforts in plasma etching process
development due to its importance in trench isolation of conventional IC’s. Generally
Cl,- or Br,-based chemistries are used for silicon etching due to their higher anisotropy
and selectivity over oxide mask than F-based chemistries [5.4-5.7]. This is because
silicon reacts with Cl atoms/Cl, molecules and Br atoms/Br, molecules only through the
simultaneous energetic ion bombardment and silicon oxide is rather inert to those
reactive species, as described in Chapter 2. However, Br,-based chemistries are not
preferred due to its toxicity and Cl,-based chemistries usually depend on substrate
doping concentration [5.8-5.9} and frequently result in bowing (i.e. excessive lateral
etching at the etching sidewall) in the sidewall profile [5.10-5.12]. Alternatively, CF,-
or SF¢-based chemistries can be used in silicon etching. Although F atoms etch silicon
spontaneously and therefore result in severe underetching, anisotropic etching can be
achieved under certain circumstances, such as sufficient sidewall protection due to, for
example O, [5.13-5.14], C,CIF; [5.15] or CF;Br [5.16] additions in SF, chemistry or
due to carbon-containing reaction products of photoresist.

Etching silicon towards a controlled degree of bowing is a rather new topic and very
little has been reported in the literature. This is because the bowing is usually not
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acceptable in the trench isolation and therefore needs to be eliminate. However, recently
an important application of single crystal silicon plasma etching is the fabrication of
silicon micro-tips. In contrast to the requirements for the SEG application, certain
degree of bowing is required in the sidewall profile of the etching, so that silicon cones
can be formed and subsequently sharpened, yielding micro-tips. Therefore, etching
chemistry must be carefully tuned so that the sidewall profile of the etching can be well-
controlled.

In this chapter the effects of Cl, addition on the sidewall profile in the silicon etching
process using a gas mixture of CF, + Cl, are investigated. A silicon etching process
featuring vertical sidewalls and a sufficient selectivity over the mask has been developed
for SEG-silicon in bulk silicon. By making use of bowing in the etching profile followed
by thermal oxidation, recessed silicon micro-tips can be fabricated which are used as
the cathode of vacuum microelectronic devices. The depth and sharpness of the tip can
be determined by correct selection of the Cl, content in the chemistry.

5.2 Experimental details

The Drytek 384T triode RIE etcher described in Chapter 2 was used for the etching of
silicon with an applied RF power of 175 W and the gas pressure of 165 mTorr. A 1 um
thermal oxide layer was first formed on 4°’ (100) 2-5 Qecm p-type wafers. The oxide
layer was patterned in the same etcher using an optimized CHF; + C,F, chemistry,
described in Chapter 4, with 1.3 pum HPR204 photoresist. This patterned oxide layer
together with the remaining photoresist (~ 1 pm thick) was used as the mask during the
subsequent silicon etching. The gas mixture investigated was CF, + CI, with a total gas
flow rate of 220 sccm.

5.3 Results and discussions
5.3.1 Effects of Cl, content and mask material on the etching profile and selectivity

Fig. 5.1 and 5.2 show SEM photographs of cross-sectional views of the etched silicon
trenches using CF,/Cl, gas mixtures with Cl, contents ranging from O to 50%. The
composite mask of the resist and oxide layer was used in the experiments for Fig. 5.1,
while only the oxide mask for Fig. 5.2. Fig. 5.3 shows the silicon etch rate and
selectivity versus Cl, content over the photoresist and oxide mask, respectively.

It can be seen from Fig. 5.1(a) that at a zero Cl, content, the etching is anisotropic but
the angle of the trench profile to the substrate plane is about 80° instead of 90°, which
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(a) ®

© (d

Figure 5.1 SEM photographs of the cross-sectional view of silicon trenches etched
using the composite mask of resist and oxide. The Cl, additions are
{a) 0, (b) 10 sccm, (c) 20 sccm and (d) 110 sccm. The total flow rate
of Cl, + CF,is 220 sccm. Power = 170 W, Pressure = 165 mTorr.
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(b)

(© (d)

Figure 5.2 SEM phorographs of the cross-sectional view of silicon trenches etched
using oxide mask. The Cl, additions are (a) 0, (b) 10 sccm, (c) 20
sccm and (d) 110 scem. The total flow rate of Cl, + CF, is 220 sccm.
Power = 170 W, Pressure = 165 mTorr.
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Figure 5.3 Etch rate and selectivity of the silicon trench etching versus Cl,

content in CF, + Cl, chemistry. The total flow rate of Cl, + CF,is
220 sccm. Power = 170 W, Pressure = 165 mTorr.

would make it difficult for oxide spacers to be formed by conformal oxide
growth/deposition and subsequent anisotropic plasma etching-back.

One of the reasons for the non-vertical profile is the etching of the masking photoresist
and oxide layer. As shown in Fig. 5.3, the etching selectivity over the photoresist and
oxide with zero Cl, content is only 0.82 and 1.2, respectively. In the pure CF, plasma,
F atoms are the main reactive etchant for the etching. The F atoms etch both the
photoresist and the silicon substrate spontaneously. With the help of ion bombardment,
F atoms also attack oxide layer. Because the original sidewall of the photoresist mask
for the oxide patterning is not vertical, the resulting oxide sidewall is also tapered (with
a sidewall angle of about 80°, referring to Fig. 4.5b of Chapter 4). This non-vertical
sidewall profile of the masking photoresist and oxide is again transferred to the silicon
substrate during the trench etching, because the masking photoresist and oxide are also
etched simultaneously.

A further reason for the tapered sidewall profile is probably the deposition of polymer
forming C-F radicals (such as CF, and CF,) in the CF, plasma on the trench sidewalls
[5.17]. Due to the fact that the pure CF, chemistry results in anisotropic etching profile
as indicated in Fig. 5.1(a), it is inferred that sidewall protection by polymer forming
radicals is significant. These radicals originate from the ionization of CF, and from
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reaction products of the photoresist etching in the plasma. As discussed in Chapter 3,
the polymer formation on the polysilicon surface plays a major role in highly selective
silicon nitride etching over polysilicon. In the silicon trench etching, due to the lack of
ion bombardment on the vertical trench sidewalls, the deposited polymer film serves as
a local passivation layer and prevents etching of the sidewalls. This sidewall passivation
improves the anisotropy of the trench etching but also leads to a tapered sidewall, as
indicated in Fig. 5.4.

Adding 10 sccm Cl, to CF, resulted in an almost vertical sidewall of the trench,
although slight underetching was still found, as shown in Fig. 5.1(b). Further increasing
Cl, addition to CF, resulted in a slight bow to appear at the upper part of the trench and
a tapered shape at the remaining part of the trench. The bow in the etch profile is not
desirable for the SEG, because it prevents a complete coverage by CVD oxide of the
trench step. The tapered part causes problems similar to those discussed at zero Cl,
content (i.e. difficulties in oxide spacer formation by anisotropic plasma etching-back).
The etch rate for the silicon and selectivity over the mask increased with Cl, addition.
However, at a Cl, content higher than 50 sccm, crevices (i.e. extra etching along the
bottom of the sidewalls) were formed.

The effects of Cl, addition can be understood by considering the reaction of C-F
radicals in CF, plasmas with CI atoms generated by energetic electron collision, as
proposed in [5.18]. In pure CF, plasma, F atoms, CF, and CF; radicals are present:

CF,+e -~ CF, +F +e (5.1

CF,+e - CF,+F +e¢ (5.2)
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Figure 5.4 Mechanisms of tapered sidewall formation by polymer deposition.
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The F atoms etch silicon spontaneously, while the CF, and CF; radicals form a thin
polymer film at the sidewall of the etch profile.

With Cl, addition, CI atoms, CI* and Cl,” ions are formed:

Cl,+e -~ 2Cl+e (5.3)
Cly+e - Cl +2 (5.4)
Cl, +e ~ 2CI' + 3e (5.3

Cl atoms can etch silicon with the help of ion bombardment:

xCl + Si ~ SiCl_1 (5.6)

On the other hand, Cl atoms play a role of oxidant in the chemistry, as discussed in
Chapter 2. In other words, they may recombine with the C-F radicals, consuming part
of polymer-forming precursors [5.18]:

CF, + Cl - CF,CI 1 5.7

The reaction product is volatile and, therefore is readily removed from the plasma by
pumping.

Furthermore, due to the scattering caused by the collision with the neutral radicals in
the plasma sheath or with the tapered oxide masking sidewalls, part of the C1* and CL,*
jons will deviate from their vertical trajectory and impinge onto the trench sidewalls
[5.10-5.12). The reduced density of the C-F radicals due to the recombination reaction
(5.7) and Cl* and Cl,* ion impinging onto the sidewalls will weaken the sidewall
deposition of the C-F radicals, resulting in, on the one hand, the less tapered (or more
vertical) sidewalls and, on the other hand, an enhancement of lateral underetching of
the F atoms to the silicon substrate, as observed in Fig. 5.1(b). Simultaneously, the etch
rate of the silicon substrate increases because of the reduction of the C-F radicals,
which tend to deposit on the silicon surface and retard the etching, thus improving the
selectivity of the etching over the mask, as indicated in Fig. 5.3.

Increasing the Cl, content further results in more Cl atoms and ions. Due to the severe
off-vertical C1* and Cl,* ion bombardment onto the sidewall, the bow and crevices are
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formed in the trench profile. In addition to thinning the polymer layer on the sidewall,
the ion bombardment will also cause crystal damage in the silicon and make the silicon
chemically more susceptible to the etchants. As a result, chemical reaction takes place
significantly also at the part of the sidewall which receives the off-vertical ion
bombardment, resulting in bow profile. Furthermore, the CI* and Cl,* ions incident to
the bowed sidewall can slip to the base of the trench. Some of them may still be
sufficiently energetic to cause additional etching in the bulk silicon along the bottom of
the sidewall, resulting in the extra etching there (crevices) , as shown in Fig. 5.5.

From Fig. 5.2 it can be seen that significant undercutting took place in the trench
etching with oxide mask only. This implies that the reaction products of photoresist
etching are essential to provide sufficient polymer forming radicals for sidewall
protection, which ensure the anisotropy. Therefore, a composite mask of both
photoresist and oxide is necessary to obtain the desired vertical trench profile for SEG.

5.3.2 Optimized silicon etching process for SEG

Based on the above experimental results, the gas mixture of 10 sccm Cl, + 210 sccm
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Figure 5.5 Off-vertical bombardment of CI* ions on the sidewall results in
bowing and crevices.
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CF, was chosen for the silicon etching so as to achieve vertical etching profile. The
composite mask of photoresist and oxide must be used. Using this gas mixture, the
silicon etch rate is 5260 A/min and 1.05 um/min with the resist and oxide mask,
respectively. The selectivity over the two types of masks is 1.44 and 2.98, respectively.
These selectivity values are sufficient to etch 3 um or more silicon using the composite
mask of 1 pm resist and 1 um thermal oxide. Fig 5.6 shows SEM photo of a 3 um
silicon trench etched using the optimized chemistry and Fig. 5.7 is a SEM photo
showing the refilled silicon trench with SEG.

The chemistry has been applied in SEG for the fabrication of an integrated colour
sensor [5.3]. The detail process sequence is shown in Fig. 5.8. Firstly, a trench is
etched in the n-type epitaxial layer on a p-type silicon substrate, using the optimized
etching process (Fig. 5.8a). Secondly, an oxide layer is formed by either thermal
oxidation or LPCVD (Fig. 5.8b). Thirdly, the oxide layer on the trench base is removed
by anisotropic plasma etching, followed by boron implantation to form a p* region in
the trench base. Subsequently, an n- and an n-SEG layer are formed (Fig. 5.8c).
Finally, npn transistors are fabricated on the n-type normal epitaxial layer and photo-
diodes on the n-type SEG layer (Fig. 5.8d). In this particular example, there are 3
photo-diodes with different junction depth. The lower photo-diode is formed between
the p™ buried layer and the n-type normal epitaxial layer underneath, which detects the
red light component. The middle diode is formed between the p* buried layer and the
n-SEG layer above, which senses the green light component. The upper photo-diode

Figure 5.6 3 um deep silicon trench with vertical sidewall etched using the resist
and oxide composite mask and the gas mixture of 10 sccm Cl, addition
to 210 sccm CF, Power = 170 W, Pressure = 165 mTorr.
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Figure 5.7 SEG-refilled silicon trench.

is a shallow junction formed between the n-SEG layer and p* region above, which
responses to the blue light component.

5.3.3 Silicon trench etching process for micro-tip fabrication

Silicon micro-tips are used in surface profiling devices such as atomic force microscopy
(AFM), sensing devices [5.19-5.20] and vacuum microelectronic devices such as field
emission arrays. Micro-tips in silicon have been fabricated generally by using two-step
processes. The first step is to form a silicon cone using isotropic or anisotropic etching
and the second step is to sharpen the cone and therefore produce the tip. Isotropic wet
etching in HF/HNQO, solution [5.21-5.22], isotropic plasma etching using SF; [5.23],
anisotropic plasma etching using C,CIF/SF, gas mixtures [5.24-5.25], plasma etching
using SF/Ar, SF,/CCl,F,/Ar or BCL,/Cl,/Br, gas mixtures [5.27] are some examples
of the process for the first step. The top diameter of silicon cones fabricated is in the
range of 300 to 5000 A. Dry etching based on pure physical bombardment [5.21],
anisotropic wet etching [5.22], isotropic wet etching using HF/HNO,/CH,COOH
solutions [5.24-5.25] and dry oxidation followed by HF stripping of oxide [5.23][5.26
are some methods of sharpening silicon cones. Tips with radius of 10 to 200 A have
been achieved after sharpening.

Based on the bowing in silicon trenches etched using the CF, + Cl, chemistries show:
in Fig. 5.2, a fabrication process for silicon micro-tips has been developed and tested
As shown in Fig. 5.9, a silicon cone was formed using the plasma etching with rounc
shape mask. Subsequently, dry oxidation was used to consume the remaining silicon ¢
the narrowest part of the cone. Due to the stress resulting from volume increase durin
oxidation of silicon, the oxide growth rate at the narrow part of the cone is lowt
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Selective epitaxial growth (SEG) for on-chip integration of sensors
with electronic circuits. (a) Deep trench formation. (b) Conformal
oxide deposition/growth. (c) Anisotropic oxide etch-back to form oxide
spacers and subsequent SEG. (d) Fabrication of electronic circuits and

photo-diodes.

compared with that at the remaining part of the cone. This effect leads to sharpening
of the silicon cone during oxidation [5.26]. HF solution was used to strip the oxide

layer and yield a silicon micro-tip.

In this process control of the degree of bowing in the silicon trench is a key issue
because it determines the position of the tip end relative to the top surface and the
minimum diameter of the cone and, therefore sharpness of the tip. Fig. 5.10
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Figure 5.10 The degree of bowing (ratio of the maximum lateral etching to the

vertical depth of the trench) versus Cl, content in the CF/Cl,
chemistry with oxide mask.
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summarizes the degree of bowing (measured by the ratio of the maximum lateral etching
at the sidewalls to the depth of the vertical trench) with the chemistry when oxide only
is used as the mask. The zero Cl, content is a limiting case due to the completely
anisotropic (but tapered) sidewall profile. In the range of 10 - 50 sccm Cl, flow rate,
the degree of bowing decreases with increasing Cl, content, resulting in increased tip
sharpness with increasing Cl, content in the etching chemistry. Therefore, by suitable
selection of Cl, flow rate in the chemistry, the sharpness of the tip can be determined,
with the maximum sharpness corresponding to 50 sccm Cl,. The ability to adjust the tip
sharpness is of significance in the optimization of the tip for desired applications.

Fig. 5.11 shows the position of the tip end relative to the wafer surface as a function
of Cl, content in the chemistry. Note that at zero Cl, content, the position is actually at
the wafer surface due to the fact that no bowing takes place. With increasing Cl, content
in the chemistry, the position of the tip end is lowered due to the downward
displacement of the point of the maximum bowing. Since the tip end is located below
the silicon surface, the tip is much less vulnerable during further processing compared
to those fabricated using the previously reported methods, which are on top of the wafer
surface. Furthermore, the recession of the tip can facilitate formation of gate and anode
by sequential film deposition in a vacuum micro-triode, which uses the tip as the
cathode [5.19]. The detailed process sequence of the device is shown in Fig. 5.12.
Firstly the tip is produced as described above. Secondly, a PSG layer is deposited as
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Figure 5.11 The distance of the position relative to the wafer surface

corresponding to the minimum diameter of silicon cone as a function
of Cl, content in the CF/Cl, chemistry with oxide mask.
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the insulating layer, followed by the deposition and doping of a polysilicon film, which
will be patterned later to form the gate of the triode. Thirdly, a thick BPSG was
deposited and reflowed to planarize the surface before a second polysilicon layer is
deposited and patterned to form the anode of the triode.

Fig. 5.13 shows the SEM photo of a silicon tip fabricated using the proposed plasma
etching and oxidation method, with oxide being not yet removed. The method has been
used to produce silicon tips with a radius of curvature of less than 100 A. This is
indicated in Fig. 5.14, which is a close view of the micro-tip. A vacuum diode array
has been fabricated based on this method and a high emission current has been
observed, indicating the micro-tips are very promising in device applications such as
vacuum triode or pressure sensors based on field emission array [5.19].

5.4 Conclusions

Effects of Cl, content on the etching profile in a CF,/Cl, plasma etching chemistry for
silicon etching have been investigated. It was found that by adding 10 sccm Cl, to 210
sccm CF,, vertical sidewall profile of the silicon trench can be obtained, although with
a slight undercutting. This gas composition was most suitable to etch bulk silicon for
SEG applications when a composite mask of photoresist and oxide was used. Bowing
of the sidewall profile appeared at increasing Cl, addition. Moreover, crevices (extra
etching along the bottom of the trenched sidewall) took place when more than 50 sccm
Cl, was added to the CF, gas. It is argued that two mechanisms are responsible for the
observed bowing and crevices. One is the recombination of C! atoms with polymer-
forming C-F radicals, which deposit on the trench sidewall and result in anisotropy. The
other is the Cl* or Cl,* ion bombardment onto the trench sidewall, which attacks the
sidewall protection film and induce chemical reaction there. Photoresist was found
essential to provide sufficient polymer forming radicals for the trench sidewall
protection.

By using 170 sccm CF, + 50 sccm Cl, with round-shape oxide mask, silicon micro-tips
have been fabricated. The process involved formation of silicon cones by making use
of the bowing in the sidewall profile and sharpening of the cone using thermal
oxidation. It was found that the sharpness of the tip and the position of the tip end
relative to the wafer surface can be adjusted by changing Cl, content in the chemistry.
Very sharp recessed silicon tips with a radius of curvature of about 100 A have been
achieved and applied in a vacuum diode array.
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Figure 5.13 SEM photo of oxidized silicon cone with thermal oxide layer not
removed yet. The condition for plasma etching is: Power = 170 W,
pressure = 165 mTorr, CF, = 170 sccm, Cl, = 50 sccm. Oxidation
was performed at 1100°C for 45 min, which forms about 3200 A
oxide.

Figure 5.14 A close view of the silicon micro-tip formed by the plasma etching and
oxidation method.
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Chapter 6 SIMPLE - A Technique of Silicon
Micromachining Using Plasma Etching

6.1 Introduction

The key technologies in silicon micromachining, viz bulk micromachining [6.1] and
surface micromachining [6.2-6.4], have already been discussed in Chapter 1. As
indicated bulk micromachining features a sculpturing capability in three dimensions,
however, at the expense of tapered sidewalls and limited aspect ratio of structures.
Surface micromachining enables the fabrication of microstructures of a small feature
size, however, with a structural thickness limited to that of the deposited film. Many
devices exhibit a sensitivity depending on the mass of a suspended microstructure
(accelerometer, gyroscope etc.) and large but closely separated opposing areas are
required for effective capacitive sensing or electrostatic actuating. Neither conventional
bulk micromachining nor surface micromachining is suitable for fabrication of such
structures and high aspect ratio deep plasma etching techniques offer a huge potential
in this respect.

Basically, it is desirable to micromachine bulk silicon with directional plasma etching
o as to achieve both small lateral dimensions and large structural layer thickness.
Although the SCREAM process [6.5] fulfils these requirements, it is a rather
complicated process involving several film deposition and etching steps. Furthermore,
the electrical isolation between the structures depends on trenches around them. The
resulting surface non-planarity makes it very difficult to integrate on-chip electronic
circuits.

In this chapter, a novel bulk micromachining technique - SIMPLE (Silicon
Micromachining by Plasma Etching) is described. This technique uses a Cl,/BCl; plasma
chemistry which etches p- or lightly n-doped silicon anisotropically but heavily n-doped
silicon laterally [6.6]. As shown in Fig. 6.1, an n* buried layer is formed on the
substrate before the growth of an lightly n-doped epitaxial layer. The Cl,/BCl, plasma
etches the epitaxial layer anisotropically but lateral etching occurs when the n* buried
layer is exposed to the plasma. Thus the silicon beam with vertical sidewalls can be
patterned and released from the substrate in a single plasma etching due to the lateral
etching of the n* layer.
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Fig. 6.1 The SIMPLE process. (a) after n* buried layer formation and
epitaxial growth. (b) after plasma etching to pattern and release the
beam. Note that the height of the beam Is the same as the epitaxial
layer thickness.

6.2 Experimental details

The SIMPLE technique has been experimentally optimized to maximize the lateral
etching of the n* buried layer, while maintaining vertical etching of the epitaxial silicon
layer. In these experiments B-doped (100) wafers with 1 - 5 Qecm resistivity were used
as the starting material. The n* buried layer was formed by ion implantation of n-type
dopants, using phosphorus, arsenic or antimony, followed by thermal anneal to remove
the crystal damage and to activate the implanted dopant. Subsequently, a 4 um silicon
epitaxial layer doped with 1 X 10' cm™ arsenic was formed. After deposition and plasma
patterning of a 2 pum thick PECVD oxide mask, the wafers were etched in the Alcatel
GIR300 Reactive Ion Etching (RIE) machine (described in Chapter 2) using a two-step
process.

The first step of the plasma etching, which used 15 sccm BCl; with 0.34 W/cm? RF
(13.56 MHz) power density and 22.5 mTorr pressure, was necessary to remove any
residual oxide in the windows to eliminate non-uniform silicon etching in the second
step. The second step for the bulk silicon etching, used a gas mixture of 20 sccm Cl,
+ 5 scem BCl, with 0.57 W/cm? power density and 15 mTorr pressure. After the
etching the wafer was cleaved and the etch rate and sidewall profile were examined
using a Philips SEMS525E scanning electron microscope.
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Fig. 6.2 SEM photograph showing the vertical (anisotropic) etching of the
lightly n-doped epitaxial layer and the p-type substrate as well as the
lateral etching of the n* buried layer. The etching is stopped
intendedly before the underetching from the two sides merges together
to facilitate SEM operation.

6.3 Results and discussions
6.3.1 Lateral etching of the n* buried layer formed by different n-type dopants

Fig. 6.2 shows the cross-sectional view of a typical microbeam formed by the plasma
etching of the 4 um epitaxial layer on an n* buried layer. The buried layer was formed
by 180 keV, 1x10'® cm? arsenic implantation followed by 1200°C, 4 hours thermal
anneal in N, + O, (flow rate of N,/O, = 10:1) atmosphere. It can be seen that vertical
(anisotropic) etching takes place in the epitaxial layer, which is lightly arsenic-doped,
while lateral etching takes place in the heavily arsenic-doped buried [ayer. After the
buried layer is vertically etched through, the p-type substrate is etched anisotropically
and the n* buried layer continues to be etched laterally.

Similar lateral etching was observed in n™ buried layers formed by phosphorus
implantation and anneal. However, no significant lateral etching was found in buried
layers formed by antimony implantation up to a dose of 2.5 % 10'® cm? followed by the
same thermal anneal as for the arsenic buried layers. Furthermore, no lateral etching
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took place in all the 3 types of the buried layers which were not thermally annealed.
The reasons for the anisotropic etching of the antimony-doped or unannealed buried
layers will be discussed later.

In principle undoped or lightly doped silicon is not etched by Cl atoms or Cl, molecules
unless energetic ion bombardment to the substrate in a Cl-containing plasma is present
[6.7]. The jon bombardment causes damage in the silicon crystal and therefore induces
chemical reactions between the silicon atoms and CI atoms and/or Cl, molecules. In
other words, the etching takes place only along the direction of ion bombardment,
which is perpendicular to the substrate. This is the reason why the lightly n-doped
epitaxial layer is etched anisotropically in the experiments. Using the Cl,/BCl,
chemistry, the vertical etch rate of lightly doped silicon is ~2000 A/min. By contrast
heavily n-doped silicon reacts rapidly and spontaneously with Cl atoms, thus etching
takes place also on the surface of the buried layer which does not receive energetic ion
bombardment, leading to the lateral etching observed. This spontaneous reaction is
related to the concentration of active n-type carriers, rather than the chemical identity
of the dopant [6.8-6.9]. Therefore, no lateral etching was found in the unannealed
buried layers.

Some mechanisms have been proposed to explain the spontaneous etching of n* silicon
in Cl plasmas [6.10]. It is generally agreed that n-type doping raises the Fermi level and
thereby reduces the energy barrier for charge transfer to chemisorbed chlorine. As
shown in Fig. 6.3, Cl aioms are covalently bound to specific sites in case of an undoped
silicon surface. Steric hindrance impedes impinging Cl atoms from penetrating the
surface to reach sub-surface Si-Si bonds. However, a more ionic Si-Cl surface bond is
formed on an n* silicon surface due to the n-type doping and enhanced electron
transfer, providing additional chemisorption sites and facilitating Cl penetration into the
substrate lattice. This makes it possible for impinging Cl atoms to chemisorb, penetrate
the lattice and react more readily. Therefore, on the surface of n* silicon Cl atoms can
react with silicon spontaneously, resulting in lateral etching of the n* buried layer
shown in Fig. 6.2.

6.3.2 Effects of the n* doping level on the lateral etch rate

Fig. 6.4 shows the lateral etch rate of n* buried layer formed by arsenic implantation,
after anneal. The etch rate increases linearly with the logarithm of the implantation
dose. With doses less than 1x 10" cm? no significant lateral etching can be observed.
This implantation dose corresponds to a peak carrier concentration of about 8 x 10" cm™
according to the process simulation using SUPREM3 [6.11]. Experiments with annealed
phosphorus-implanted buried layer result in similar etching.
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Fig. 6.3 Steric hindrance impedes Cl atoms from reaching subsurface Si-Si
bonds on the undoped silicon surface (a). The higher Fermi level in
the doped material promotes charge transfer, and a more ionic CI-Si
bond allows the Cl access to additional sites (b).

The results indicate that the lateral etching takes place only when the carrier
concentration is above a threshold. Note the maximum solid solubility of antimony in
silicon is 7 x 10" cm™ and its electrically active surface concentration is limited to 2 -
5% 10" cm™ [6.12]. This carrier concentration is below the threshold concentration
indicated, therefore, preventing the etching.

6.3.3 Feature size and time dependence of the lateral etching

The lateral etch rate of the n* buried layer has been examined as a function of spacing
between structures (i.e. the trench width) and as a function of etching time. The results
are shown in Fig. 6.5 and Fig. 6.6, respectively. It is clear from Fig. 6.5 that the etch
rate drops slightly for trench widths below 3 um. With higher dose (or higher etch rate)
the reduction of the etch rate at a decreasing trench width is more significant. Fig.
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Fig. 6.5 Dependence of the lateral etch rate on the spacing between the beams.

The buried layer was formed by 180 keV As™ implantation followed by
1000°C, 45 min anneal.
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Fig. 6.6 Time average lateral etch rate versus etch time. The buried layer was

formed by 180 keV, 7.5%x10° cm? As* implantation followed by
1000°C, 45 min anneal.

6.6 shows that the etch rate also decreases over etch time.

The feature size and time dependence of the lateral etching is due to the fact that the
etching is the result of spontaneous chemical reactions, which are related to the
concentration of reactive Cl atoms on the reaction surface and to the rate of desorption
of reaction products. When the trench is narrower than a certain width (3 um in these
experiments) or as the etching time increases (i.e. the reaction surface moves inward),
the transportation of the reactive agents as well as the reaction products starts to be
limited severely, resulting in the reduction of the etch rate. With higher doping level of
the buried layer (higher lateral etch rate) the number of reactive agents needed and the
reaction products created is higher than in the case of lower doping level. Therefore,
the transportation limitation is more significant, as depicted in Fig. 6.5. The feature size
dependency of the underetching practically limits the minimum spacing of microbeams
to about 2 pm.

6.4 Optimization of the Cl,/BCl, plasma etching chemistry

Although C] atoms and Cl, molecules are the major reactants in the C1,/BCl; plasma,
BCl; addition plays a key role in determining the etching characteristics for the
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following two reasons.

1. Cl atoms etch silicon dioxide very slowly and this low etch rate often causes "black
silicon" (surface roughness due to the non-uniform silicon etching caused by local
masking effect of native oxide) [6.13]. Addition of BCI; enhances ion bombardment by
providing BCL,* ions [6.14], which removes the native silicon dioxide and therefore
ensures the uniform etching.

2. BCI, is necessary to provide BCl, radicals acting to inhibit sidewall etching and
therfore, reduce bowing (additional etching at the upper part of the trench sidewalls)
[6.15].

In the SIMPLE technique, Cl,/BCl, chemistry was used to etch, on one hand, the lightly
n-doped epitaxial layer anisotropically and, on the other hand, the heavily n-doped
silicon isotropically. For this micromachining application, process variables of the
etching chemistry must be carefully chosen to meet the two somewhat contradictory
requirements. Since BCl; addition in the chemistry is meant to enhance ion
bombardment and to provide the inhibitor for sidewall protection, it is expected that the
BCl, content has a significant influence on the lateral etch rate of the heavily doped
buried layer.

An orthogonal experimental design (which will be discussed in detail in Chapter 7) was
carried out to understand the influence of RF power, chamber pressure, total gas flow
rate and BCl, content on the etching characteristics, in particular the lateral etch rate of
the n*-doped silicon. The lightly n-doped silicon substrates for vertical etch rate
experiments are (100) wafers with ~1x10'® cm® phosphorus doping. The heavily
n-doped layer was formed by 180 keV, 7.5x 10" cm? arsenic implantation, followed
by 1000°C, 45 min annealing in Ar atmosphere. The mask used were 5000 A PECVD
oxide.

6.4.1 Experimental design

The 4 variable, 3 level orthogonal design table Ly3* (refer to Table 7.1) was chosen to
construct the experiments. Starting with a baseline process using an RF power density
of 0.57 W/cm?, a pressure of 15 mTorr, a total gas flow rate of 25 scem and a
BCl,/total gas flow rate ratio of 20%, a level variation using one higher level and one
lower level was determined, yielding 3 level settings for each input variable. The input
variables and the level settings chosen are summarized in Table 6.1.

The output functions of interest are the vertical etch rate of the lightly n-doped silicon



144 Chapter 6 SIMPLE - Silicon micromachining by plasma etching

Table 6.1 The input variables and their level settings for the Cl,/BCl, plasma
etching process optimization.
Input variable

Level

setting Power Pressure Flow rate BCl, content
(W/cm?) (mTorr) (sccm) (%)

1 0.43 11.25 20 10

2 0.57 15 25 20

3 0.71 18.75 30 30

R,, the lateral etch rate of the heavily n-doped silicon R,, the non-uniformity of the
vertical etch rate U, the selectivity over the mask S, and S, for the vertical and lateral
etching, respectively, the degree of bowing, B, and the Relative Linewidth Loss, RLL.
Fig. 6.7 depicts the definition of B and RLL.

6.4.2 Results and analysis

Table 6.2 lists the etching results of all the experimental runs of the Ly3* orthogonal
table, together with an replicate of run 1, which is run 10, added to enable the
estimation of the experimental errors. Note that all the data represents 10 min etching.
Therefore, the lateral etch rate, which is time dependent, is the time average value.

W,
[
W1 —» W1 -
h h
W,
B - (W2 - W1)/h RLL = (Wz - W1)/h
Fig. 6.7 Definition of the degree of bowing B and Relative Linewidth Loss

RLL.
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Table 6.2 Experimental results of the orthogonal design for the Cl,/BCI,
chemistry.
Experiments Results
P |p F C U%) | S, S, B RLL

S T D
2.1 8.2 4.0 13 15

3.8 8.3 4.8 045 | .18

1 3 3 3 1538 | 153 2.6 7.5 5 .10 23

2 1 2 3 2121 | 497 .66 6.7 1.6 11 .14

2 2 3 1 2646 | 1543 .84 8.7 5.1 .14 12

2 3 1 2 2532 | 1541 2.2 8.7 53 .091 | .15

3 1 3 2 2673 | 1286 .54 6.8 33 069 | .13

3 2 1 3 2866 | 1075 73 7.2 2.7 074 | .088

3 3 2 1 3258 | 2038 2.1 8.7 55 13 12

1 1 1 1 1997 | 1083 1.3 8.9 4.8 12 .14

* in A/min.

Following the same data analysis procedure described in Section 7.3, the output function
averages and the difference between the maximum and minimum values for each set of
output function averages are obtained and listed in Table 6.3. The former indicates the
trend of the first order effect of an input variable and the latter quantifies the
significance of each input variable on the output functions.

a. Vertical etch rate

It is seen from the data of R,1, R,2 and R,3 (the vertical etch rate averages of level
setting 1, 2 and 3, respectively), that the vertical etch rate of the lightly n-doped silicon
increases with the power, pressure and decreases with total flow rate and BCl, content.
Among 4 aR,’s the one corresponding to the power is much higher than the others,
indicating that the power is the most significant input variable determining the vertical
etch rate.
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Table 6.3 Output function averages and the difference between the maximum
and minimum values for each set of output function averages.
Output Power pressure flow rate BCL,%
average
1700
2433 2407 2363 2305
2932 2443 2286 2175
1232 227 132 411
680 892 1169 1491
1194 1204 1176 1274
1466 1244 994 575
787 352 182 916
2.82 1.09 1.66 1.65
1.23 1.8 2.18 2.18
1.11 2.27 1.32 1.32
1.72 1.18 0.86 0.86
8.02 7.25 8.05 8.54
8.03 8.07 7.91 7.93
7.58 8.31 7.66 7.16
0.45 1.06 0.39 1.38
3.18 2.94 3.99 4.82
3.98 4.2 3.95 4.47
3.81 3.83 3.03 1.68
0.8 1.26 0.96 3.14
0.091 0.103 0.098 0.133
0.114 0.087 0.095 0.068
0.091 0.107 0.103 0.095
0.024 0.02 0.0083 0.064
0.185 0.138 0.130 0.128
0.136 0.129 0.146 0.153
0.110 0.165 0.156 0.151
0.075 0.036 0.026 0.025

b. Lateral etch rate

From the data of R,’s it is known that the lateral etch rate of the heavily n-doped silicon
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increases with the power, pressure but decreases with the total flow rate and BCl,
content, similar to the results of the vertical etch rate of the lightly n-doped silicon.
However, the BCl; content, in addition to the power, is the most important factor
determining the lateral etch rate. This result implies that BCl, content indeed plays a key
role in sidewall protection, which, on the one hand, keeps anisotropic etching of the
lightly n-doped silicon and on the other hand, retards the lateral etching of the heavily
n-doped silicon.

c. Uniformity of the vertical etch rate

It was found that the non-uniformity averages are rather small (< 2.82%), as seen in
Table 6.3. The good uniformity of the etching process is the result of the etching
mechanism - ion bombardment-induced etching.

d. Selectivity of the vertical etching over the PECVD oxide mask

Data of S.’s show that the selectivity of vertical etching over the PECVD oxide mask
is mainly determined by the pressure and BCl, content. It increases with pressure but
decreases with the other 3 input variables. Higher pressure enhances the vertical
etching, as shown above, while reduces ion bombardment energy and therefore reduces
the oxide etch rate.

e. Selectivity of the lateral eiching over the PECVD oxide mask

As shown in Table 6.3, the major input variables which influence the selectivity of
lateral etching over the PECVD oxide mask are pressure and BCl, content, similar to
the results of the selectivity of the vertical etching. The maximum selectivity occurs at
the lower level of the BCI, content but the central level of the pressure.

J. Bowing and relative linewidth loss

The bowing and relative linewidth loss are important when small (~ um) feature sizes
are desired. It can be seen from Table 6.3 that the degree of bowing and relative
linewidth loss are rather small, indicating the Cl,/BCl, chemistry presents very good
anisotropic etching characteristics for the lightly n-doped silicon in the ranges of input
variables used in the experiments.

6.4.3 The optimized etching process for SIMPLE

To maximize the width of the structure which can be made free-standing by lateratly
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etching the heavily n-doped buried layer underneath, the process recipe which may
result in the highest lateral etch rate of the heavily n-doped silicon is preferable. Based
on the above experimental results, the level settings of 3, 3, 2, 1 for power, pressure,
total flow rate and BCl, content were chosen. This recipe is coincidentally one of the
experimental runs of the orthogonal design (run 9). This recipe yielded a lateral etch
rate of 2038 A/min, which was indeed higher than obtained with any other runs. The
vertical etch rate, the selectivity of the vertical etching and the selectivity of the lateral
etching are 3258 A/min, 8.71 and 5.45, respectively. The non-uniformity, the bowing
and the Relative Linewidth Loss are 2.1%, 0.13 and 0.12, respectively, which are
found to be satisfactory for the intended applications. Fig. 6.8 shows cross-sectional
views of the etching profile with the optimized recipe.

6.5 Compatibility of the SIMPLE process with on-chip circuit
fabrication

The SIMPLE technique can be readily incorporated in a standard bipolar process
(DIMESO1) [6.16] so that micromechanical structures can be fabricated on a single chip
with electronic circuits. The on-chip integration will greatly enhance the performance
of microelectromechanical systems. As shown in Fig. 6.9, the n* buried layer required
for the mechanical structures can be formed as an additional step before epitaxial
growth. Subsequently, all the processing steps necessary for the bipolar device are
performed until aluminjum interconnection. At the same time, the area for mechanical
structures can be doped by diffusion (or implantation), if necessary. Then a 2 pm
PECVD oxide is deposited at 350°C and patterned to serve as the mask for the final
Cl-plasma etching to form the free-standing mechanical structures. Because the plasma
etching is carried out as the final stage of the device fabrication, surface planarity
necessary for the on-chip circuit fabrication is maintained.

6.5.1 Selection of the dopant for the n* buried layer

Care must be taken in selecting the dopant for the n* buried layer. As described
previously, both phosphorus and arsenic doping can result in lateral etching of the
buried layer. However, it is expected that arsenic is more suitable due to its much lower
diffusivity (e.g. ~ 10" cm?/s at 1050°C) than that of phosphorus ( ~ 10" cm*/s at the
same temperature). The high diffusivity of phosphorus may cause severe autodoping in
the epitaxial growth, making it very difficult to control the resistivity of the overall
epitaxial layer. Furthermore, phosphorus will diffuse out due to the thermal cycle in the
subsequent processing steps. Fig. 6.10 shows the simulated doping profile of both
arsenic- and phosphorus-doped buried layer after the complete DIMESO1 process for
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)

b

(

Cross-sectional views of the etching profile of lightly n-doped silicon
(a) and heavily n-doped silicon (b) using the optimized plasma etching
recipe: 0.71 W/em® RF power density, 18.75 mTorr chamber pressure,

25 sccm total flow rate and 10% BCI; content.

Fig. 6.8
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Fig. 6.9 Process sequence of on-chip integration of microbeams with bipolar
transistors by the SIMPLE and DIMESOI process.
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Fig. 6.10 SUPREM3 simulation results of out-diffusion of the buried layer

subjected to the standard DIMESO1 bipolar process sequence.

bipolar transistor fabrication is performed. It is seen that the out-diffusion of phosphorus
is considerably more than that of arsenic. This out-diffusion may result in undesired
doping to the active micromechanical structures above the buried layer and a reduction
of the peak doping level of the buried layer, even below the threshold concentration of
the lateral etching.

Even if arsenic is used, the high doping required for the underetching (~ 10% cm™)
may still result in significant autodoping in the epitaxial growth. Table 6.4 shows the
effects of arsenic implantation dose of the n* buried layer on sheet resistance of the
epitaxial layer and current gain of transistors fabricated using the DIMESO1 process.
It should be pointed out that the sheet resistance and the current gain were measured
with the standard buried layer (antimony, 80 keV, 3x10% cm?) underneath. The
temperature for the epitaxial growth was 975°C. It is evident that the sheet resistance,
as well as the current gain, is significantly changed due to the autodoping. Such a
modification of resistivity and transistor gain can alter or degrade circuit performance.
Therefore, a cap layer (an encapsulating layer which prevents the dopant from
out-diffusion during the epitaxial growth) [6.17] or lower temperature for the epitaxial
growth should be used to suppress the autodoping.
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Table 6.4 The measured influence of implantation dose of the n* buried layer
on the sheet resistance of the epitaxial layer and current gain of
transistors above standard DIMESOI buried layer.

Dose (cm?)
(energy 180 keV)

R of epi hpe
()

vertical npn lateral pnp

As, 7.5x10% 889.7

As, 1x10% 791.2 63.8

As, 2.5%x10" 511.8 123.6 54.4

Sb, 80 keV, 3x10% [ 1200-1500 100 75

(DIMESO1 process)

6.5.2 Selection of the doping for the mechanical structures

In principle both p-type and n-type doping can be used for the mechanical structures,
as long as the concentration of the latter is not above the threshold of the lateral etching
(8 x 10" cm®). P-type doped structures have the advantages of self-isolating because the
epitaxial layer is n-doped, which facilitates the structural design. However, in some
applications the p-type doping is required to extend the whole epitaxial thickness to
obtain, e.g. the maximum sidewall capacitance of the structure. The p-type area,
together with the n* buried layer, will form a p-n* diode, whose breakdown voltage
will be low if high doping is used for the p-type area. Fig. 6.11 shows the carrier
concentration profile of such a p™-n* diode, in which the p* region is formed using the
same boron diffusion as that for the transistor isolation in DIMESO1 process. It is seen
that the doping level at the two sides of the diode is as high as ~10% cm?. The
breakdown voltage of such diode was found to be 2 ~3 volts only and thus the p*-n™*
junction should be avoided.

Another limitation of using the high concentration p-type doping for the mechanical
structure is the residual strain profile caused by the non-uniform profile of high boron
doping. Because the radius of boron atoms (0.88 A) is smaller than that of silicon (1.17
A), high boron doping level (= 7 x 10" cm) produces tensile strain [6.18] in the layer,
which is not uniform along the depth the layer because of the non-uniform doping
profile (shown in Fig. 6.11). The strain profile of the p* region has been characterized
using Raman scattering spectroscopy [6.19].
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Fig. 6.11 Carrier concentration profile of the deep boron diffusion for transistor

isolation of DIMESOI process with an n* buried layer underneath.

Fig. 6.12 shows the Raman spectrum of the p*™-doped layer, together with the carrier
concentration profile of the sample. The broadening and the asymmetry of the peaks up
to 4 pm from the surface is mainly due to the doping. It is seen that the position of the
peaks up to 4 pum distance from the surface is shifted compared with that of the
remaining peaks, which is a combined effects of both high carrier (hole) concentration
and the residual strain [6.19]. Using a so-called Fano-type line shape fitting [6.20]
which takes into account the effect of the free carrier alone, the effects of the residual
strain on the frequency shift can be separated and the net, strain-related frequency shifts
are listed in Table 6.4. It is seen that the largest shift, and thus the highest residual
strain, takes place at the depth of ~2 um from the surface. After released from the
substrate, the structure will buckle if the residual strain is high enough. Such buckling
is evident with the p* structure with a doping profile shown in Fig. 6.11, as shown in
Fig. 6.13. Although it has been reported that high temperature (1100°C) oxidation could
significantly modify the residual stress distribution and therefore may release the buckle
problem [6.21], the required high-budget thermal processing will result in severe
out-diffusion of the n* buried layer. Therefore, p-type doping is useful for the
micromechanical structure only when the depth of the doping is restricted not to extend
to the n* buried layer and only when the doping level is not high enough to cause
significant residual strain profile (< 7x 10" cm?).
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Fig. 6.12 Raman scattering spectrum of the silicon substrate with the 4 um deep
boron diffusion for transistor isolation. (a} carrier concentration
profile. (b) the Raman spectrum.

N-type doping (of a concentration lower than the threshold for lateral etching) of the
mechanical structure is an alternative which provides possibility of extending the depth
of the doping to the whole epitaxial thickness. Since the structure and the buried layer
are both n-type, the breakdown voltage of such an n-n* structure when reversely biased
relative to the p-type substrate is solely determined by the doping level of the substrate,
which was found as high as ~30 volts. However, since the epitaxial layer is also of the
n-type, proper measures must be taken to electrically isolate the mechanical structure
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Table 6.5 Shift of the peak frequency of the spectrum (S) due to the residual
strain as a function of the distance from the wafer surface (D).
D (um) 1 2 3 4 5 10
$* (cm™) -0.5 2.0 -0.3 -0.1 0.1 0

*Measurement uncertainty is of the order of 0.3 cm™,

from each other, e.g. by using the same deep boron diffusion as that for transistor
isolation, in combination with trench isolation provided by the trench etching of
epitaxial layer. This isolation scheme is shown in plane view in Fig. 6.14. The
requirement for the extra isolation results in restriction to the form of the structure.

Fig. 6.15 shows the SEM photo of a free-standing microbridge without buckling, which
is doped by 180 keV, 1x 10" cm? phosphorus ion implantation, followed by 1000°C,
43 min steam oxidation and 45 min annealing in Ar. The carrier concentration profile
of such a structure obtained by spreading resistance measurement is shown in Fig. 6.16.
It can be seen that the doping level is well below the threshold (8 X 10" cm®) and the
doping extends only about half of the epitaxial thickness due to the limited implantation
depth.

Fig. 6.13 SEM photograph showing buckling microbridge doped with deep
boron diffusion.
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SEM photograph of microbridge doped with 180 keV, 1x10” cm’
phosphorus implantation without buckling.
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6.5.3 Passivation of the exposed pn junction

During the lateral etching, the n* buried layer is simultaneously etched vertically. As
a result, the pn junction formed by the n* region and p-type substrate will be
etched-through and the sidewall of the junction is therefore exposed to the air. If there
is no further passivation step, the exposure of the junction will result in surface leakage
current, which degrades the isolation performance of the junction and even causes
failure of the device.

Therefore, after the plasma etching, a thin (~1000 A) PECVD oxide layer was
conformally deposited to cover the sidewall of the pn junction and therefore to reduce
the leakage current. It was found that the leakage current of a pn junction with ~2500
pm long exposed sidewalls was greatly reduced from 300 pA to 25 uA. A subsequent
maskless plasma etching-back using CHF,/CF, chemistry is necessary to remove the
PECVD oxide on top of aluminium surface to facilitate final bonding of the device. Due
to the anisotropy of the plasma etching-back, the passivating PECVD oxide on the
sidewalls of the exposed junction is maintained.

6.6 Limitation of the SIMPLE technique

The release of micromechanical structures from the silicon substrate relies on the
plasma lateral etching of the heavily n-doped buried layer. As described previously,
PECVD oxide is used as the mask for both the vertical etching-through of the epitaxial
layer and the lateral etching. The PECVD oxide thickness is usually ~2 pm. To etch
through the 4 um epitaxial layer approximately 0.5 um PECVD oxide is removed due
to the limited selectivity ( ~ 8). Therefore, the maximum underetching time with the
remaining 1.5 pum PECVD oxide mask is about 37 minutes (etch rate for the PECVD
oxide is about 400 A/min). As was shown in Fig. 6.6, the lateral etch rate tends to
decrease as the etching proceeds. Therefore, practical limitations cause the beam width
which can be achieved to be limited to ~ 4 pm (i.e. 2 um underetching from each side
of the beam). Larger widths would require unacceptably long etching time and thick
mask layer. If wider beams or membranes are desired, additional windows need to be
opened inside the structure to facilitate the underetching.

6.7 Conclusions
A technique for the fabrication of silicon micromechanical structures by plasma etching

(SIMPLE) has been developed. The technique involves formation of an n* buried layer
before epitaxial growth and a single plasma etching which etches the epitaxial layer
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anisotropically but the n* buried layer laterally. Free-standing single-crystal microbeams
with vertical sidewalls can be produced. The height of the beam is the same as the
thickness of the epitaxial layer while the lateral feature size of the beam can be very
small (~ 1 um). In such a way high aspect ratio (height to width) and closely separated
microbeams can be realized, which are very suitable for sensor and actuator applications
based on sidewall electrostatic driving or capacitive detection. Since the releasing of the
micromechanical structure is performed in a plasma (dry) environment, sticking
problems normally associated with wet sacrificial etching in conventional surface
micromachining can be eliminated.

The lateral etching of n* buried layer is dependent on the concentration of the
electrically activated dopants, with a threshold concentration of approximately 8 x 10'°
cm?. The lateral etch rate reduces when the spacing between the beams is less than 3
pm and with increasing etch time. Arsenic is found to be the most suitable dopant for
the n* buried layer. This is because the maximum electrically active concentration of
antimony (2 - 5x 10 cm®) is below the threshold concentration and phosphorus has a
much higher diffusivity than arsenic, which causes problems of autodoping during
subsequent epitaxial growth and out-diffusion in the high temperature cycles.

The C1,/BCl; chemistry used for the plasma etching has been characterized using an
orthogonal experimental design. It was found that high pressure, low BCI, content and
high RF power are beneficial to the lateral etching of the n* buried layer, while the
total gas flow rate has minor influence on the etching. The optimized chemistry, which
uses 125 W power, 18.75 mTorr pressure, 25 sccm total flow rate and 10% BCl,
content, results in anisotropic etching of the epitaxial layer with an etch rate of 3258
A/min and lateral etching of the n* buried layer with an etch rate of 2038 A/min.

The SIMPLE technique can be readily combined with standard bipolar processing to
realize on-chip integration of microstructures with electronic circuits. The n* buried
layer can be formed as an additional step before epitaxial growth. Although extra
electrical isolation scheme is required, n-type doping for the micromechanical structure
is preferred to p-type doping as the latter may lead to high residual strain in the
structural layer and low breakdown voltage of the isolating pn-junction. After the
formation of the free-standing microstructures, a PECVD oxide passivation layer is
needed to cover the exposed sidewalls of the pn-junction formed between the structural
layer and the substrate. Although the beam achieved is less than 4 ym wide due to the
limited lateral etch rate, additional windows can be opened in the beam to facilitate
underetching if wider beams are desired in a way similar to surface micromachining
technique.
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Chapter 7 Plasma Etching Process Optimization Using
Statistical Experimental Design and Data
Analysis - a Case Study

7.1 Introduction

Despite its widespread use, plasma etching remains a poorly understood process. The
plasma chemistry of even simple etch systems involves many chemical reactions and is
complicated by the strong interaction between clectrical and physical effects, thus
creating an operation space that is difficult to characterize. Plasma modelling from
fundamental chemical and physical standpoints has had limited success. All potentially
significant plasma reactions can be mathematically represented, and the creation,
transport and loss of species can be modelled from a continuum approach [7.1] and/or
by Monte Carlo simulation [7.2]. However, the rate coefficients and/or cross-sections
for most reactions are unknown. Due to the extremely complex nature of particle
dynamics within a plasma, the connection between these microscopic models and
macroscopic characteristics such as etch rate has yet to be clearly distinguished.

Therefore, practical etcher operation is carried out primarily through process recipes.
Functional relationships between manipulated instrumentational variables (or input
variables, such as power, chamber pressure, reactant flow rate, etchant composition
etc.), plasma process variables (such as electron density, electron energy distribution,
plasma species density, ion energy, ion flux etc.) and performance variables or
responses (such as etch rate, selectivity, uniformity, anisotropy etc.) are not well-
established. Many process variables are not directly or easily measurable, and thus have
been ignored in process development. Therefore, levels of each input variable are found
which produce acceptable responses through a process of trial and error. The established
recipes are not always transferable between different etch chemistries or from one
reactor to the other.

Since it is presently not possible to model plasma process from a fundamental approach,
parametric (empirical) modelling techniques are both necessary and appropriate.
Statistical experimental design and data analysis methods such as orthogonal design [7.3]
and Response Surface Methodology (RSM) [7.4-7.5] are very powerful tools in this
aspect. These techniques have been used to obtain statistical models of etch rates of
various thin films [7.6-7.8], to develop techniques for real-time monitoring and control
in plasma etching of silicon and silicon dioxide using CF,/O, and CF,/H,, respectively
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[7.9], and to obtain a comprehensive set of empirical models for etch rates, selectivity,
uniformity and anisotropy of n*-polysilicon etching using a CCl,/He/O, plasma [7.10].
In this chapter, both orthogonal design and RSM are explored to characterize and
optimize SF¢/O, plasmas for silicon trench etching required in silicon sensor fabrication.

7.2 Experimental design consideration

Because of the large number of input variables (factors), plasma process development
should usually be considered as a multi-dimensional problem. A process is in practice
often developed by varying one factor at a time, while holding all other factors at some
constant level (the so-called one dimensional search). This approach does not require
a statistical design and can results in successful process development if an appropriate
base-line recipe is already available, as can be seen from previous chapters. However,
it is expensive and can yield incomplete and often misleading results. This type of
experimentation requires testing at many factor levels, does not account for experimental
errors and ignores interactions among independent input variables. Therefore, a
structured strategy of experimental design needs to be implemented to extracting as
much information as possible from a limited number of experiments. The unifying
feature of statistically designed experiments is that all factors are varied simultaneously,
in contrast to the one dimensional search. Statistical experimental designs include mainly
factorial designs and fractional factorial designs.

7.2.1 Factorial design

Factorial designs consist of statistical experiments using all combinations of level
settings for all input variables [7.11]. The experimental results are analyzed to
understand the correlations between these variables and the performance variables,
including the effects of individual input variables and also the effects of interactions
between the variables [7.12]. Although factorial designs are thorough in a sense of
covering all possibilities of input variable combinations, these contain a large number
of experiments, which makes this method very expensive. The total number of
experiments for k factors at m levels is m*. For example, in the case of 4 factors at 3
levels, 81 (3% runs are required. The exponential increase in the total number of
experiments with the number of variables prevents this design to be practical when k
is larger than 4, which is often the case in plasma process development.

7.2.2 Fractional factorial design

Fractional factorial designs are a subset of factorial designs that reduce the number of
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experiments to be performed by exploring only a fraction (such as one-half) of the input
variable space in a systematic manner. A number of fractional factorial design
approaches have been developed, including orthogonal designs [7.13], the Face-Centred
Cube (FCC) designs, Box-Behnken designs and Central Composite designs [7.11]{7.14-
7.15].

In orthogonal designs, certain representative combinations of level settings for input
variables are selected. These level settings fit into orthogonal tables. As an example,
such a table for 4 factors at 3 levels is shown in Table 7.1. The factor level codings of
1, 2 and 3 designate the lower, central and upper level of the variables, respectively.
By following the orthogonal tables, the optimum compromise is obtained between the
maximum information and the least number of experiments [7.3]. Statistical analysis of
the resulting data emphasizes first order effects, i.e., the main effects of each individual
input variable on performance variables. In the case of 4 factors at 3 levels, only 9
experimental runs are required. Factor interaction can be obtained by using one column
of the orthogonal tables as the interaction column [7.16]. However, there are only
certain numbers of input variables and level settings for which orthogonal tables can be
derived. This limits the application of orthogonal designs.

Table 7.1 The orthogonal table designated for 4 factors at 3 levels L,3*.
Manipulated variable

Run 1 2 3 4
1 1 | 1
2 2 2 2
3 3 3 3
4 1 2 3
5 2 3 1
6 3 1 2
7 1 3 2

1 3
9 3 2 1
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Common designs for 3 variable case are illustrated in Fig. 7.1: (a) the Box-Behnken
design with 15 runs, and (b) the FFC design with 17 runs. The factor level codings of
-1, 0 and +1 represent the lower, central and upper level of the variables, respectively.
Both designs include replicates of the test which uses the centre settings for all the
factors, aiding the quality of the prediction by allowing estimation of experimental
errors. Furthermore, these designs have a number of degrees of freedom (the number
of experiments minus the number of coefficients in an empirical model) to estimate
residual error. The designs are easily extended to cases involving a larger number of
factors.

With Central Composite designs experiments are carried out with five levels per factor.
It is a variation of the FCC design with the trials at the centres of the faces pushed
outward a distance of 2%*, in which k is the number of factors, thereby sampling at
positions all equally spaced from the centre. The 3 factor Central Composite design is
shown in Fig. 7.2. The design generally requires fewer trials than the Box-Behnken or
FCC design for large numbers of factors, but has the disadvantage of not covering the
primary region of interest (-1 to +1) as well.

7.2.3 Determination of the relative importance of factors

In a plasma process, as discussed in chapter 2, a large number (> 7) of input variables
exist. Even if a fractional experimental design is applied, the required number of
experiments is overwhelming. Although possible, it is time consuming and very costly
to carry out all the experiments required on all input variables. Therefore, a strategy
to determine the relative importance of factors, and thus to allow the selection of the
factors that influence each performance most, is necessary.

A physical understanding of the process can suggest which factors are important.
However, the complexity of plasma etching process typically makes a priori decisions
about the significance of variables difficult. Preliminary testing is often used to select
the most significant variables to determine the feasible ranges of input parameters and
to observe the process sensitivity to each variable.

A very effective method to facilitate the selection of the most significant variables is one
based on screening designs. Screening designs are experimental designs developed to
test a large number of variables with few experiments {7.15]. These designs are run and
analyzed by fitting the results to a linear model. The most significant variables are
selected as those with the largest absolute coefficients. Table 7.2 shows an example of
screening designs with twelve runs for up to eleven factors, together with the supposed
results of the 12 run experiments. If the data are fitted into a linear model, the
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(b)

Fig. 7.1 Geometric representation of experimental designs with 3 variables:
Box-Behnken design (a) and Face-Centre-Cube design (FCC) (b).
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Fig. 7.2 Geometric representation of the Central Composite design of 3
variables.

following expression is resulted:

R = 8.28+2.423xA4 -0.943xB -4.093xC +0.46xD +0.52xE +0.3xF (7.1)
+3.26xG +2.68xH -1.5T7TxI-5.41xJ+0.407xK

Obviously the factors B, D, E, F and K are less important than the remaining ones
since the coefficients corresponding to them are small. Screening designs exist for 4C -
1 factors in 4C runs for any integer C. However, not all screening designs exist for all
values of k (the number of factors).
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Table 7.2 Twelve-run screening design for 11 factors.
Factors
Result

B C D E F G H I J K

+ - + + + - - - + - 5.63
- + + + | - - - + | - + || 6.42
+ + + |- - - + |- + | + 1.38
+ + - - - + |- + |+ |- 1.94
+ - - - + |- + |+ |- + 11.5
- - - + |- + L+ - + | + 12.1
- - + | - + + | - + |+ |+ 572
- + - + + |- + |+ |+ |- 0.7
+ |- + |+ |- + |+ [+ |- |- 12.6
- + + - + + + | - - - 13.3
+ + - + + + |- - - + || 7.73
- B - - - - - - - - 8.28

7.3  Development of a SF,/O, plasma etching process for etch-
through of silicon membranes using orthogonal design

7.3.1 Process requirements

In bulk micromachining, formation of many micromechanical structures requires plasma
etching-through of silicon membranes, which are usually formed by wet anisotropic
etching in, e.g. KOH solutions. Fig. 7.3 shows such an example in which a silicon
membrane needs to be patterned to form supporting beams (springs) for a bulk-
micromachined accelerometer {7.17]. To facilitate the process, it is desirable to use
photoresist as the mask for the etching-through. Etching selectivity over the resist mask
is the major concern in the process development. Since the membrane can be as thick
as 8 pum, the selectivity must be at least 4 for a standard resist thickness of 2 um.
Furthermore, etch rate must be high (preferably more than 3000 A/min) and the non-
uniformity of the etch rate must be minimized. The anisotropy of the process is not very
critical since linewidth loss due to lateral etching can be compensated by proper mask
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Fig. 7.3 Schematic view of a bulk-micromachined accelerometer showing the

necessity of plasma etching-through of the silicon membrane io form
the supporting beams.

design, if desired.

In the remaining part of the Section 7.3, the procedure outlined in [7.3] will be closely
followed to carry out a set of orthogonal design to optimize a SF¢/O, chemistry for the
membrane etching-through.

7.3.2 Orthogonal design

As shown in Table 7.1, an orthogonal table consists of a left hand column and a top
row, with various numbers at the intersections of each column and row. Each element
in the top row represents an independent input variable, and each element in the left
hand column represents an experimental run. The elements in the intersections indicate
the level settings that apply to that input variables for ihat experimental run.

A matrix can be called orthogonal if and only if the following requirements are met
[7.3]:

1. The number of occurrences of each level setting must be equal within each column.

2. All rows having identical level settings in a given column must have an equal number
of occurrences of all other level settings in the other columns.

3. The matrix for a given number of columns must be the one with the minimal number
of rows that satisfy the above conditions.
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For example, consider the orthogonal table designated L 3* (Table 7.1). This table
applies to 4 input variables, each of which can be varied over 3 level settings. Nine
experimental runs are required to complete the matrix.

It is the property of orthogonality, as defined above, that allows statistical analysis of
the data that, in effect, fills in the "blanks" in the full factorial analysis that are not run
as experiments in the orthogonal design. When the average value of an output function
is taken for a group of runs having the same level setting for a given input variable, the
first order effects of the other input variables cancel out, since the level settings for the
other input variables occur with equal frequency within this set of experiments. Thus
the first order correlation between the level settings of the input variables and output
function values can be explicitly obtained without the necessity of completing the much
larger number of experiments required by the full factorial analysis.

7.3.3 Experimental details

The etching was performed in the Alcatel GIR300 RIE machine described in Chapter
2, using gas mixtures of SF,/O,. SF¢ was chosen as the primary etching gas in view of
possible high etch rate of silicon. Oxygen was added to increase the F atom
concentration, which is responsible for the etching, and thus to enhance the silicon etch
rate. Oxygen can also provide sidewall passivation so that the etching anisotropy is
improved. Moreover, helium was used in the chemistry to stabilize the SF,/O, plasma.
The flow rate of helium was always kept the same as that of SF,. The starting silicon
substrates were 4’ p-type wafers with resistivity of 2 - 5 Qecm. The masking layer was
either 1.3 um HPR204 photoresist or 1 um thermal SiO,. The latter was used in order
to explore the possibility of etching-though very thick (= 10 pm) silicon membranes,
which is required in, e.g. a 3-axial tactile sensor fabrication [7.18].

Although it is possible to vary also the electrode spacing and the cathode material of the
RIE machine, it is decided to vary the RF power applied to the cathode, the pressure
in the reaction chamber, the total gas flow rate and the ratio between O, to the total gas
flow rate. This is because these 4 variables are relatively easy to be varied and
accurately controlled. Thus these 4 variables serves as the 4 inputs for the orthogonal
table Ly3*, shown in Table 7.1. Starting with a baseline process using an RF power of
75 W, a pressure of 45 mTorr, a SF, + O, total flow rate of 35 sccm and a ratio of O,
to the total flow rate of 10%, a level variation using one higher level and one lower
level was determined, yielding 3 level settings for each input variable. The input
variables and level settings chosen are summarized in Table 7.3.

The output functions of interest are the etch rate for silicon R, the non-uniformity of the
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etch rate U, the selectivity over the mask Sr and So for the resist and thermal oxide,
respectively and the anisotropy A. The anisotropy, although it is not critical for the
intended application, needs to be known so that appropriate compensation to the lateral
etching can be taken into account in designing the mask.

Table 7.3 Input variables and level settings of the experimental design
Input variables
Level
setting Power (W) | Pressure (mTorr) | Flow rate O, content
(sccm) (%)
1 50 22.5 20 0
2 75 45 35 10
3 " 100 67.5 50 20

7.3.4 Results

In Table 7.4a the experimental results for each of the 9 runs required by the L;3* matrix
are listed, plus two extra runs, which are listed underneath the L,3* matrix. These are
repeats of the first run of the orthogonal design and give a useful gauge of the random
variation in the process. It must be pointed out that the experiments have been carried
out in a randomized manner to minimize the effects of system drift.

Looking at the experiment listed in the first row of Table 7.4a, run 1, the conditions
chosen were level setting 1 for each of the input variables, or 50 W, 22.5 mTorr, 20
sccm and 0%. These conditions resulted in an etch rate of 1617 A/min, a selectivity
over the resist of 2.31, a selectivity over the oxide of 4.11, a uniformity of 4.4% and
an anisotropy of 1. Similarly, the data for each of the other experimental conditions are
listed. It can be seen that there is a substantial variation in all the output functions
among the various experiments, indicating that considerable flexibility exists in
optimizing a desired process.

7.3.5 Data analysis
The first order data analysis proceeds as follows: The output function averages

(arithmetic means) for each level setting for each input variable are determined. Thus
the etch rate average for power setting 1 of 50 W (runs 1, 2 and 3) is given by the



172 Chapter 7 Process optimization by statistical experimental design

Table 7.4a Experimental results of the Ly3* orthogonal design.

Results

Experiments

1

1

1 1 1 1

Standard Deviation

* in A/min.

average of R1 (1617 A/min), R2 (2533 A/min) and R3 (3073 A/min), which is 2408
A/min. Similarly, the etch rate average for power setting 2 (75 W) is given by the
average of the etch rates for experiments 4, 5 and 6 and is 2919 A/min. The average
etch rate for power level setting 3 is 3056 A/min.

Note that for each level setting of the power, the orthogonal property of the matrix
randomizes the settings for pressure, total flow rate and oxygen content, so that the
effects of each of these variables tend to cancel out. From the values of R1, R2 and R3
it is concluded that the first order effects of increasing the power level are to increase
the etch rate. This is of course, the expected results since the enhancement of etching
by increasing power is quite well-known. Continuing in the same manner, the output
function averages for each of the input variable levels can be calculated for all the
output functions. The results are shown in Table 7.4b. Each output function average is
arrayed in the column corresponding to the input variable to which it applies.
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Table 7.4b Output function averages and the difference between the maximum
and minimum values for each set of output function averages.

Output Power pressure flow rate 0,%
average

R1 2408 1736 2952 2904
R2 2919 2928 2718 2799
R3 3056 3719 2649 2680
aR 648 1983 303 224
Srl 3.36 1.64 2.69 2.74
Sr2 2.52 2.72 2.66 2.91
Sr3 2.24 3.76 2.77 2.48
AST 1.13 2.12 0.1 0.43
Sol 7.76 3.39 6.30 5.64
So2 6.00 6.45 6.13 6.64
So3 5.52 5.14 6.56 6.70
aSo 2.53 5.75 0.43 1.06
Ul 6.63 4.00 5.43 5.57
U2 5.37 6.16 5.97 5.67
U3 5.23 7.07 5.83 6.00
AU 1.4 3.07 0.53 0.43
Al 0.83 1.00 0.78 0.82
A2 0.81 0.73 0.79 0.77
A3 0.79 0.70 0.86 0.83
AA 0.03 03 0.08 0.06

The simplified approach to quantify the effects of each input variable on the output
functions is to calculate the difference between the maximum and minimum values for
each set of output function averages (aR, aSr, aSo, aU and aA). The etch rate
difference for power is 3056 - 2408 = 648 A/min. Similarly, the etch rate difference
for pressure is given by 3719 - 1736 = 1983 A/min. By comparing the four differences
for etch rate, it is possible to quantify the relative effects of each input variable on the
etch rate over the level setting range chosen for that variable.

It can be seen that the largest difference for etch rate (aR) is 1983 A/min, which is due
to the pressure. This can be understood on the basis of the change in reactive neutral
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density due to the pressure variation, referring to Chapter 2. In the SF,/O, chemistry,
the dominant etch mechanism is the ion enhanced chemical reaction of F-atoms with the
silicon substrate. Higher pressure results in more F-atoms per unit volume in the
plasma, which in turn enhances the etching. This model, although quite crude, can be
used to understand the relative effects of all 4 input variables on all the output functions.

7.3.6 Optimization of the process
a. The optimized recipe for the highest selectivity over the resist

If second order effects can be neglected, it is now relatively easy to determine a process
that will yield, e.g. the highest selectivity over the resist. It can be seen in Table 7.4b
that the maximum selectivity for each input variable occurs at the lowest power, the
highest pressure, the highest total flow rate and the central oxygen content. The process
is optimized for maximum selectivity over the resist at these level settings. This recipe,
represented by level settings 1, 3, 3, 2 for power, pressure, total flow rate and oxygen
content respectively, is not one of the experiments included in the original L,3*
orthogonal matrix, but running this recipe yielded a selectivity over the resist of 4.44,
higher than any of the selectivities that resulted from the 9 matrix experiments.

b. Examining the influence of the input variables on the selectivity

Further information can be obtained from the results by plotting the output function
averages as a function of level settings. This is shown in Fig. 7.4, using the selectivity
over the resist again as an example. It can be seen that the effects of both power and
pressure have a monotonical trend, and that by extending the level settings beyond those
chosen for the original matrix, it should be possible to achieve even higher selectivities.
In the case of total flow rate, it appears that the level setting 2 (35 sccm) represents a
minimum in the selectivity, and that a higher selectivity could be achieved by going to
a flow of more than the setting 3 (50 sccm) or less than the setting 1 (20 sccm).
However, examination of the selectivity difference for the total flow rate shows that
this variable has a relatively minor influence on the response any way, and the major
improvement is to be found with the other three input variables. In the case of oxygen
content, the level setting 2 (10%) resulted in a maximum in the selectivity.

c. Estimation of the random variation of the process
The two redundant experimental runs, which are repeats of the first run in the L,3*

design, can be used to compute the random variation of the process. This is done by
using the results of the two runs and the first run of the L,3* design to calculate the
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Fig. 7.4 Effects of RF power, pressure, total gas flow rate and oxygen content

on the selectivity of silicon etching over the resist.

standard deviations, which are located in their corresponding columns of Table 7.4a.
The relative significance of the output function averages can then be determined by
comparison with the standard deviations. For experiments of this type, an output
function difference of 2 to 3 standard deviation is required for the results to be
statistically significant. Take the selectivity over the resist as an example, the standard
deviation of the selectivity is 0.097. By comparing the standard deviation with the 4
selectivity differences aSr (1.13, 2,12, 0.1 and 0.43), it can be concluded that of the
4 selectivity differences, aSr’s for power, pressure and oxygen content are significant
while aSr for flow rate is not. In other words, the effects of total flow rate on the
selectivity is not significant and can, therefore, be ignored.

d. Considerations of multi-objective optimization

In practice, there is usually more than one output function to be optimized. In the
example presented above, the selectivity over the resist has been the sole objective of
optimization. However, the etch rate and uniformity are also important for the
membrane etching-through process. In examining the averages and differences for etch
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rates and uniformities shown in Table 7.4b, with the goal of having the most selective,
fastest and most uniform process, the recipes summarized in the Table 7.5 could be
chosen. The numbers in the brackets indicate the relative importance ranking of the
input variables on that corresponding output function, with 1 being the most important.
These have been determined by comparing the output function difference among the 4
input variables. For instance, aSr for pressure (2.12) > aSr for power (1.13) > aSr
for oxygen content (0.43) > aSr for flow rate (0.1), which results in the ranking of
2, 1, 4, 3 for power, pressure, total flow rate and oxygen content, respectively.

Table 7.5 The optimized recipes for selectivity, etch rate and uniformity
highest 1 3 3 2
selectivity ) 1) 4) 3)
maximum 3 3 1 1
etch rate 2) (1) 3) “)
minimum 3 l 1 I
non-uniformity (2) (D 3) 4)

It can be seen that both the total flow rate and oxygen content have less influence on
the three output functions than the other two input variables. Therefore, the settings for
the total flow rate and oxygen content should be chosen based on the consideration of
which output function is the most important. Since the selectivity is the most important
in the membrane etching-through process, the setting of the two input variables were
chosen as 3 and 2 respectively, to ensure the highest selectivity while not significantly
degrading etch rate and uniformity. The determination of the power and pressure is not
easy since both are very important to all the three output functions. A level setting most
favourable of one (or two) output function is most undesirable to the other two (or one)
output functions. For example, taking level setting 3 of pressure can result in the
highest selectivity and etch rate but the highest non-uniformity, while level setting 1 of
power the highest selectivity but the lowest etch rate and the highest non-uniformity. As
a result, compromise is unavoidable. In the membrane etching-through process, since
the selectivity is the most important, the settings for power and pressure must be
selected as 1 and 3, respectively, at the cost of reduced etch rate and increased non-
uniformity. Nevertheless, it was found that these settings of 1, 3, 3, 2 for the highest
selectivity resulted in an etch rate of 3205 A/min, a non-uniformity of 6.5% with an
anisotropy of 0.64, which were quite satisfactory for the intended application.
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7.3.7 Discussions

It has been demonstrated that orthogonal design is a powerful tool of plasma process
characterization and optimization. The number of experiments is much less than the
corresponding factorial design and is also considerably less than other fractional
factorial designs (such as Box-Behnken and FCC designs). The data analysis is very
simple and straightforward, and does not need sophisticated algorithms, which can be
performed by hand in a reasonable time or programmed easily into a personal computer.

However, some issues need to be considered in applying the method:

1. Care should be taken in choosing the level settings of the input variables. If the
settings are too coarse, it is possible that a process minimum or maximum could be
missed. On the other hand, if the level settings are too close together, the effects of that
input variable will be too small to appear significant. Thus understanding of plasma
chemistry, previous experience with the process, results from one dimensional search
and results from smailer orthogonal matrices or screening designs need to be brought
together in selecting the orthogonal matrix to run and the level settings to use.

2. The differences between output function averages in the orthogonal analysis contain
information on both random fluctuations in the process and process drift, in addition to
the desired effects of the input variations. Thus it is important to repeat one of the
experiments one or more times during the orthogonal runs in order to estimate the
uncertainties. Furthermore, it is very helpful to select level settings of the input
variables that will give variations of the output functions larger than those errors. If the
output functions are found to be very insensitive to an input variable, that input variable
can be frozen and the effects of other input variables can be focused on more closely
in a follow-up experiment.

3. If the process under development is unstable, it is possible to get misleading results.
Generally speaking, the outputs must be smooth, continuous functions of the input
variables for the orthogonal matrix to be useful.

4. The orthogonal design and data analysis described above cannot account for
interactions between input variables. However, the interaction is common in real plasma
etching. When strong interactions take place, the output function is more dependent on
the interactions than on the absolute value of either variable. Interaction between
variables can be detected by using one column of the orthogonal table to analyze the
output function variations due to the interaction [7.16]. If it is already known or
suspected that two input variables might interact, it is possible to incorporate this
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knowledge into the orthogonal experiment directly. For example, in the process
development described above, the fourth column of the design is for the O, content (the
percentage of oxygen flow rate to the total gas flow rate) instead of O, flow rate. This
is simpler than to run a design which contains 3 columns for the SF¢ flow rate, the O,
flow rate and the interaction between them. In most instances, knowledge of the effect
of various input variables upon the process, and which input variables are likely to be
interactive are known and should be properly used in the orthogonal design.

5. Orthogonal design is also valuable for process control. In this case, it is more
important to guarantee the stability and reproducibility of the process rather than the
maximum throughput. As a consequence, the process should be chosen in a region
where the output averages are weak functions of the input variables.

7.4  Modelling and optimization of silicon trench etching processes
using Response Surface Methodology (RSM)

As shown in the previous section, orthogonal design can be used to qualitatively
characterize a plasma etching process and to select level settings of input variables for
the desired output functions of a process. However, there are some limitations with the
method:

1. The selection of level settings is limited to discrete level settings of input variables
pre-determined. However, a setting which results in the most desirable output functions
may not necessarily be the same as one of the pre-determined settings. Therefore,
important optimizing input level settings may be ignored.

2. Multi-objective optimization is rather difficult, if not impossible to perform, as shown
in Section 7.3.6. This is due to the discrete nature of the obtained output functions as
a result of experimental trials, which are bound to be discrete. The discreteness of the
output functions do not allow the application of available optimization algorithms to find
optimum settings for multi-objectives, as these usually require continuous output
functions.

Therefore, an alternative must be sought with which continuous output functions can be
obtained, so that any optimizing level setting between those pre-determined settings can
be found and multi-objective optimization is possible. One of the alternatives is the
Response Surface Methodology (RSM).

RSM is a statistical approach in which data from suitably designed experiments are used
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to construct polynomial response models, the coefficients of which are determined by
regression techniques. The methodology consists of experimentally measuring the
process responses at a specified set of conditions (the experimental design), fitting the
responses to a mathematical function and statistically evaluating the quality of the
experimental data and process representation by the mathematical models. Parametric
models are fitted to each response and are used to numerically explore and optimize the
process. The contour or 3-dimensional plots of each response give a visual
representation of the effects of the variation of input variables.

In this section, RSM will be explored to characterize and optimize the SF,/Q, chemistry
for deep silicon trench-etching process, which is of importance for the fabrication of
high-aspect ratio micromechanical structures and for trench isolation of IC’s.

7.4.1 Response surface designs for quadratic model
A full quadratic model, which includes linear, two-factor interactions and quadratic

terms for curvature, has been found to most adequately represent the real world of
plasma etching processes [7.7][7.14]. The general form of the full quadratic model is:

f 1 f f
2
Y = b+ bX, +) Y b XX, + b.X;, (7.2)
i=1 K1 =2 i=1
(>i)

where Y denotes the process response and the X, the input variables. In general, such
a full quadratic model for f factors (input variables) contains one constant term, f
linear terms, f(f-1)/2 interaction terms and f quadratic terms. Thus with 4 factors, which
is the case of the intended SF¢/O, chemistry, the model is:

Y = by + bX, + bX, + bX; + b X, + b, XX, + b, XX, + b XX,
+ XXy + by XX, + buXX, + byX] + bpXy + byXs + byX,

(7.3)
a. Choosing experimental design for the model

In principle, the number of experimental runs in the design must exceed that of
coefficients in the model. If the number of trials and coefficients are the same, the
solution will have no degrees of freedom for error estimation, and a "perfect" (i.e.
fitting the data completely) but usually erroneous fit will be obtained. Furthermore,
replicating data points in the design, as discussed in the orthogonal design, are
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necessary to calculate experimental errors. The number of factor levels must also be
adequate to support the model under consideration. A minimum of 3 levels is needed
for the above quadratic model. Alternatively, a minimum of 2 (or 4) levels is needed
for a linear (or cubic) model.

Therefore, the 4 factor, 3 level Box-Behnken design has been chosen for the process
development. The design, together with the experimental results, is shown in Table 7.6.
In this design there are 30 trials in total with 6 central replicating runs for experimental
error estimation.

b. Using coded level settings

As can be seen in Table 7.6, the input variables are standardized to a common range
of -1 to 1, with -1, 0 and 1 being the lower, central and upper setting, respectively.
This is in contrast to the orthogonal design, in which the level settings need not be
normalized. There are several advantages to use coded variables rather than the original
input variables [7.19]:

1. It facilitates the construction of experimental designs. Normalization removes the
units of measurement of the input variables and results in standardized distances
measured along the axes of the coded variables in k-dimensional space.

2. When fitting polynomial models, it eases computation and increases accuracy in
estimating the model coefficients.

3. It facilitates evaluation of the relative significance of each input variable and the
terms of the polynomial.

The following transformation can be used to scale the input variables for their coded
settings:

x, = (X; - X)/S, 7.4

1

where x; is the coded setting for original setting of X; ; Y‘ is the average value of

X, and S, is the standard deviation of X;.



7.4 RSM modelling and optimization of plasma etching process

181

Table 7.6 4-factor, 3-level Box-Behnken design for SF,/O, process
optimization and experimental results

No. | Designs Ry (pm/min) | Sgsion U (%) A

1 1100 0.720 13.4 3.2 0.594
2 1-100 0.310 5.2 1.7 0.834
3 -1100 0.381 17.5 7.2 0.730
4 -1-100 0.217 6.8 4.0 0.827
5 0011 0.167 3.8 8.2 0.958
6 001-1 0.535 11.0 3.9 0.539
7 00-11 0.292 7.7 6.0 0.930
8 00-1-1 0.456 14.9 5.5 0.519
9 0000 0.468 9.9 4.5 0.751
10 0000 0.546 12.9 5.0 0.654
11 1001 0.296 5.0 3.7 0.885
12 100-1 0.554 9.5 3.0 0.551
13 -1001 0.210 7.9 12.0 0.967
14 -100-1 0.467 17.7 7.6 0.501
15 0110 0.509 13.2 6.0 0.648
16 01-10 0.527 19.6 5.9 0.548
17 0-110 0.233 5.2 33 0.877
18 0-1-10 0.251 6.0 2.1 0.776
19 0000 0.412 9.7 5.0 0.685
20 0000 0.388 9.4 5.4 G.695
21 1010 0.445 7.7 4.3 0.730
22 10-10 0.473 9.2 2.9 0.645
23 [ -1010 0.502 17.9 5.8 0.837
24 -10-10 0.352 14.2 4.6 0.664
25 010t 0.381 10.2 7.3 0.953
26 010-1 0.603 19.6 4.7 0.490
27 0-101 0.076 1.6 6.7 0.658
28 0-10-1 0.292 6.1 2.0 0.639
29 0000 0.541 12.4 6.8 0.672
30 0000 0.466 11.3 8.3 0.679

7.4.2 Experimental details

The same RIE machine as described in Section 7.3.2 was used. The range of all input
variables are listed in Table 7.7. As can be seen the range of oxygen content is
considerably extended to 35%, compared with that in the previous design of Section
7.3.2 (20%). This is the consequence of the insight into the influence of oxygen content
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on etching anisotropy, i.e. higher oxygen content results in better anisotropy, which is
one of the conclusion obtained from the previous orthogonal design. The remaining
three input variables (i.e. power, pressure and total flow rate) are in the same ranges
as those used in the orthogonal design. The mask used was thermal silicon dioxide, in
view of that the selectivity of silicon etching over oxide is much higher than over resist
according to the results of the orthogonal design, so that very deep (> 10 pm) silicon
trenches can be etched.

Table 7.7 Ranges of input variables corresponding to their coded level
settings.
Input variables
Level
setting Power Pressure Flow rate O, content
(W) (mTorr) (sccm) (%)
-1 50 22.5 20 5
0 75 45 35 20
1 100 67.5 50 35

7.4.3 Experimental results and least square regression (LSR) analysis

The responses of the 30-run Box-Behnken design, including etch rate, selectivity over
the oxide, uniformity and anisotropy, are listed in Table 7.6, together with the 4-factor,
3-level Box-Behnken design.

The data obtained for a response surface design can be analyzed using Least Squares
Regression (LSR) analysis, which determines the model coefficients by minimizing the
residual variance [7.19]. In Appendix Al the principle of LSR is described. Using a
nonlinear regression analysis program "NONLIN" [7.20], the coefficients for each of
the 4 responses, together with the ANOVA (ANalysis Of VAriance) results are
obtained. As an example, Appendix A2 shows the output file of NONLIN for the etch
rate.

a. Statistical analysis of the estimations for the coefficients

For each coefficient, NONLIN displays, in addition to the final (maximum likelihood)
estimates, the standard errors of the estimated coefficient values, the "t" statistic
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comparing the estimated coefficient values with zero and the significance of the t
statistic. These information are very useful to test the probability that the actual value
of any coefficient could be zero, and thus the term of the model containing the
coefficient can be eliminated without significantly affecting the accuracy of the
regression.

In Appendix A2 the "t" statistic is computed by dividing the estimated value of a
coefficient by its standard error. This statistic is a measure of the likelihood that the
actual value of the parameter is not zero. The larger the absolute value of t, the less
likely it is that the actual value of the coefficient could be zero. The "Prob (t)" value
is the probability of obtaining the estimated value of the coefficient if the actual
coefficient value is zero. The smaller the value of Prob (t), the more significant the
coefficient and the less likely that the actual coefficient value is zero. Looking at Prob
(t)’s corresponding to each coefficient, it is found that coefficients b3, b14, b23, b24
and bl1 have a Prob (t) of 83%, 99%, 100%, 96% and 91%, respectively, implying
that the terms of the model containing these coefficients can be eliminated.

Therefore, a second LSR analysis was carried out without those terms in the model.
The results are shown in Appendix A3. Now it is clear that none of the coefficients is
likely zero.

b. The ANalysis-Of-VAriance (ANOVA) to test the significance of the model

The procedure of testing the significance of the model is described in Appendix 4. A
model is said to be significant if not all the coefficients of the model is zero. An
ANOVA table is generated with NONLIN, which provides statistics about the overall
significance of the model being fitted, referring to Appendix A3. The Prob (1) in the
table indicates the probability that all the coefficients of the model are zero (in other
words, the response can be represented properly by the mean value of all the
experimental results and the model is not significant). For example, in the ANOVA
table of Appendix A3, Prob (t) is 0.001%, indicating that the etch rate model is most
significant.

The "proportion of variance explained (R”)" in appendix A3 indicates how much better
the model predicts the dependent function than just using the mean value of the
dependent function. If the model perfectly predicts the observed data, the value of this
statistic will be 1 (100%). The "adjusted coefficient of multiple determination (R.2)" in
Appendix A3 is an R? statistic adjusted for the number of coefficients in the model and
the number of data observations. It is a more conservative estimate of the percentage
of variance explained, especially when the sample size is small compared to the number
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of coefficients. From Appendix A3, it is seen that R? and R.? are 93% and 89%,
respectively, indicating that the obtained model predicts the observed data very well.

c. Testing lack of fit of the fitted model using replicated observations

The F value and Prob (F) in the ANOVA table are to test the null hypothesis H, : b,
=b, = ... = by, = 0 in the case of the 4-factor quadratic model. Rejecting the
hypothesis by large F value (or low Prob (F)) means only that it could be inferred that
at least one of coefficients in H, is not zero. This inference is not the same as saying
that the fitted model adequately describes the behaviour of the response over the
experimental ranges of the variables. For example, higher order effects of the input
variables may play important role and thus a quadratic model is not adequate. A
procedure for checking the adequacy of the fitted model is called testing lack of fit of
the fitted model. The procedure is outlined in the Appendix A5 and it is shown that the
quadratic model describes the etch rate behaviour of the plasma adequately.

d. Summary of the models

Following the procedure outlined above, the 4 quadratic models for the etch rate,
selectivity, uniformity and anisotropy are obtained and evaluated. Table 7.8 summarizes
the coefficients of the 4 models and Table 7.9 and Table 7.10 list the ANOVA tables,
R? and R,? of the 4 models. From the 3 tables it is concluded:

1. All the Prob (F)’s in the ANOVA tables are very small (< 0.006%), meaning all
the fitted models are significant. It is not likely that all of the coefficients for any one
of the models are zero.

2. All the F values which test the lack of fit of the models are rather small (< 4.9),
meaning that the quadratic models fit the observed data very well. It is not likely that
any higher order effects of the input variables are significant.

3. The fitted models for etch rate and selectivity explain most part of total variations of
the observed values very well (R? > 89.38%), while those for uniformity and
anisotropy less well (R,> < 78.12%). This is probably due to the fact that the former
two responses are relatively easy to precisely measure but the latter two are not.
Therefore, less measurement errors have been introduced in the former data.
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Table 7.8 Summary of the coefficients for the 4 quadratic models
Coefficient | Etch rate Selectivity Uniformity Anisotropy
b, 0.4643 11.1944 5.5538 0.7039
b, 0.05575 -2.6667 -1.8642 -0.02392
b, 0.1452 5.2167 1.2108 -0.05400
b, 0 -1.0667 0.3750 0.04225
b, -0.1238 -3.5500 1.4333 0.1760
by, 0.06150 0 0 0
by -0.04450 -1.3000 0 0
by, 0 1.3250 -0.9250 0
by 0 -1.4000 0 0
b,s 0 -1.2250 0 0.1110
b, -0.05100 0 0.9500 0
by, 0 0 0 0.02647
by, 0 0 -1.1468 0
b -0.02513 0 -0.6005 0
by -0.07675 -1.6111 0.9120 0

7.4.4 Discussions

Since it has been confirmed that the 4 models are significant and adequate, it is now
possible to examine the major effects of all the input variables on the responses by
looking at the models, i.e. inferring the relative importance of the input variables to a
specific response by comparing the absolute value of the coefficients for the linear terms
of the models. Whether the responses will increase with the input variables or vice
versa can be known from the sign of the coefficients. Also the interactions among the
input variables and the second order effects (curvature of the response surface) can be
known. Fig. 7.5 shows the 3-dimensional plots of all the responses as a function of two
input variables, with the remaining two variables being set to their central levels (level
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Table 7.9 The ANOVA tables, R® and R of the eich rate and selectivity
models.
Etch rate
Source DF Sum of Mean F value Prob (F)
Squares Square
SSR 10 0.5645 0.05645 25.40 0.00001
SSE 19 0.04222 0.02222 0.4948
SSpe 5 0.01770
SS.or 14 0.02452
Total 29 0.6067
R? = 0.9304, R,> = 0.8938
Selectivity
Source DF Sum of Mean F value Prob (F)
Squares Square
SSR 9 623.0939 | 69.2327 28.66 0.00001
SSE 20 48.3211 2.4161 1.1186
SSee 5 11.0933
SS, or 15 37.2278
Total 29 671.4150

R? = 0.9280, R,;> = 0.8956

settings = 0).
a. Etch rate

From Table 7.8, it is seen that b, and b, are much larger than b,, while b, is zero. This
indicates that in the sense of first order effects, the etch rate is mainly determined by
the pressure and oxygen contents and is little by the power, while the flow rate has no
influence on the etch rate. b, and b, are positive (the etch rate increases with the power
and pressure), while b, is negative (the etch rate decreases with the oxygen content).
by, bs; and by, are non-zero and all negative, meaning that the second order effects of
the pressure, flow rate and oxygen content are significant and that all the three variables
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Table 7.10 The ANOVA tables, R* and R of the uniformity and anisotropy

models.
Uniformity
Source DF Sum of Mean F value Prob (F)
Squares Square
SSR 9 112.1694 12.4633 8.04 0.00006
SSE 20 31.0175 1.5509 0.6569
SSpe 5 10.4413
SS, or 15 20.5762
Total 29 143.1869
R? = 0.7834, R,> = 0.6859
Anisotropy
Source DF Sum of Mean F value Prob (F)
Squares Square
SSR 6 0.4893 0.08155 18.26 0.00001
SSE 23 0.1027 0.004466 4.9016
SSpe 5 0.005509
SS, oe 18 0.0921
Total 29 0.5920

R? = 0.8265, R,> = 0.7812

result in convex response surfaces. The fact that by, bj; and by, are non-zero is an
indication that there exist interactions between power and pressure, power and flow rate
and flow rate and oxygen content.

b. Selectivity

From Table 7.8, it is seen that the power, pressure and oxygen content play major roles
in determining the selectivity, while the effect of flow rate is minor. The selectivity
increases with the pressure but decreases with the remaining three variables. The second
order effects of the oxygen content are significant and there exist interactions between
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Fig. 7.5 3-dimensional plots of the responses as a function of 2 of the 4 input
variables, with the remaining 2 variables set to level O (central level).

power and flow rate, power and oxygen content, pressure and flow rate and pressure
and oxygen content.

c. Uniformity

From Table 7.8, it is seen that the same 3 variables that are dominant in determining
the selectivity (power, pressure and oxygen content) are important in determining the
uniformity. The non-uniformity is improved with increasing power but degraded with
the remaining three variables. The second order effects of pressure, flow rate and
oxygen content are significant. There exist interactions between power and oxygen
content and between flow rate and oxygen content.

d. Anisotropy

From Table 7.8, it is seen that all the 4 variables are equally important in determining
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the anisotropy. The anisotropy increases with the flow rate and oxygen content but
decreases with the power and pressure. The second order effects of the power are
significant. There exist interactions between pressure and oxygen content.

From above discussion, it is concluded that in the SF,/O, chemistry, the pressure and
oxygen content are most important in determining the etching characteristics. The power
is less important and the flow rate is the least significant. All these features are in good
agreement with those of a chemistry in which ion-enhanced chemical etching is the
major etching mechanism, which has been confirmed by many authors for the SF,/O,
chemistry [7.21][7.22]. The conclusions are also in agreement with those obtained by
the orthogonal design method.

7.4.5 Optimization of the SF,/O, chemistry for desired applications

Mathematical optimization concerns the minimization or maximization of functions.
Many algorithms have been developed for unconstrained optimization, in which
searching of the minimum is not subject to any constrain. The principle algorithms are
the Nelder-Mead simplex search method [7.23] and the BFGS quasi-Newton method
[7.24]. For constrained optimization, in which minimizing process is subjected to
constrains, variations of Sequential Quadratic Programming (SQP) [7.25] are used.

However, in such a practical design problem as plasma etching process development,
a single objective with several hard constrains rarely adequately represents the problem
being faced. More often the problem is a multi-objective optimization, i.e. a vector of
objectives, f(x) = {f(x)...f(x)} must be traded-off in some way. The relative
importance of this objectives is not generally known until the system’s best capabilities
are determined and trade-offs between the objectives fully understood. The necessity of
such trade-offs is obvious in the development of the SF(/O, process. As modelled in the
previous section, increasing (or decreasing) any input variable is always in favour of
one or more response, while not in favour of the remaining responses. For example,
high pressure is beneficial to high etch rate and selectivity, but harmful to uniformity
and anisotropy; high oxygen content can improve anisotropy but degrade the remaining
3 responses. Therefore, multi-objective optimization is essential to the plasma process
development. The principle of multi-objective optimization is described in Appendix A6.

a. Optimization results
Deep silicon trench etching represents one of the most challenging processes to plasma

etching process development. It requires high etch rate, high selectivity over the mask,
good uniformity and anisotropy. All these 4 requirements must be met simultaneously.
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Using the 4 models obtained by the RSM, optimization of the SF./O, process for deep
silicon trench etching has been carried out by applying the Goal Attainment (GA)
method in the Optimization Toolbox of Matlab® Numeric Computation Software [7.26-
7.27}, which deals with the multi-objective optimization problem.

Suppose an etching process with the characteristics listed in Table 7.11 is required,
executing the GA method results in the optimized input variables as power = 1,
pressure = 1, flow rate = -0.0324 and oxygen content = 1. Performing a confirming
etching test results in the etching characteristics listed also in Table 7.11. In the
optimization, the absolute values of the weighting factors have been set to be the same
as the goals with the signs for etch rate, selectivity and anisotropy being negative and
that for uniformity being positive (referring to Appendix A6). Moreover, the boundaries
of the input variables are limited from -1 to 1. It can be seen that the testing results is
in good agreement with the design goals. The deviation of the testing results from the
goal values is within 10%. The results described here confirm that the GA method is
very powerful in optimizing a plasma process provided that adequate models for the
objectives are available. Fig. 7.6 shows 15 pm silicon trench using the optimized
process with 2.25 um PSG mask.

Table 7.11 The goal, predicted responses by GA method and experimenial
results of the trench process
Etch rate Selectivity Uniformity Anisotropy
(pm/min) (%)
Goals 0.5 5 5 0.9
Predicted results | 0.4738 8.8 5.13 0.9381
Test results 0.4780 7.98 5.59 0.8362

7.4.6 Transferability of the optimized process

An attempt was made to transfer the optimized input level settings of the power,
pressure, total flow rate and oxygen content to the DRYTEK 384T etcher, described
in Chapter 2. This is because the optimized etch rate of silicon with the Alcatel machine
is still not very high (about 5000 A/min), as indicated in Table 7.11. With such an etch
rate a silicon trench of e.g. more than 20 um would take very long time, although not
impossible. Due to its much higher plasma density, DRYTEK machine usually exhibits
much higher etch rates than the Alcatel counterpart.
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Fig. 7.6 SEM photograph showing 15 um deep trench etching with 2.25 um
PSG mask using the optimized process of 100 W, 67.5 mTorr, 34.5
scem total gas flow rate and 35% oxygen content.

Therefore, an etching test was carried out with the DRYTEK machine using 150 W RF
power, 150 mTorr pressure, 86 sccm total flow rate and 35% oxygen content. The
power and pressure levels are at the upper ranges of the process windows of the two
variables, beyond these limits, an unstable plasma results. It was found that the etch
conditions result in an etch rate of 1.56 um/min, a selectivity of 7.8, a uniformity of
4.5% and an anisotropy of 0.9. It is seen that a much higher etch rate is indeed
obtained with the DRYTEK machine with the remaining 3 etching characteristics similar
to those obtained with the Alcatel machine. Note the selection of the input level settings
of the DRYTEK machine is solely based on the insight to the process obtained
previously with Alcatel machine, without any optimization specifically carried out for
the DRYTEK machine. Nevertheless, the etching results of the DRYTEK machine
indicate that the optimized level settings are reasonably transferrable.

7.4.7 Limitation of the RSM
Although the quadratic model obtained in the RSM can represent the plasma etching

characteristics quite adequately, the results are applicable only within the ranges of the
original experimental settings. Any attempt to extrapolate the model and make it suitable
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for the prediction of the responses outside the ranges may result in misleading or even
absurd results. This can be understood by realizing that the quadratic model represents,
in fact, an oval, which at any rate should not be the real response of plasma processes
to any input variable in the complete variable space. In this aspect process modelling
based on neural networks may be one of the solutions [7.28].

7.5 Conclusions

In this chapter, plasma process development using statistical experimental design and
data analysis is described, with the SFy/O, plasma process for deep silicon trench
etching being an example. Using orthogonal experimental design, the dependence of
etching characteristics on instrumentational variables of plasma etching processes can
be understood qualitatively, with much fewer experimental runs than factorial designs
and fractional factorial designs. The data analysis associated with the design is rather
simple and straightforward. An optimized process can be obtained using the level
settings as suggested by the data analysis. However, due to the discreteness of the
experimental results, it is not possible to find out any optimizing level which is not one
of the originally pre-determined level settings for the experiment. Also multi-objective
optimization is very difficult.

With Response Surface Methodology (RSM), plasma etching characteristics can be
expressed as continuous functions of instrumental variables, using polynomial models.
Statistical analysis can be used to test the significance and adequacy of the models.
Quantitative relationship between input variables and output responses are obtained.
Existing optimizing methods, such as the Goal Attainment method, can be used to obtain
input level settings for desired applications.
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Chapter 8 Conclusions

8.1 General conclusions

Silicon micromachining is essential to the fabrication of micromechanical structures,
which are required by silicon-based sensors and actuators. Plasma etching is an
important alternative to conventional wet etching due to its superior etching
characteristics to those of wet etching, such as small feature size, good linewidth
control, independence of crystal orientation and ability to achieve sidewall profile
control. Although many plasma etching processes exist for the fabrication of various
microelectronic devices, especially high-density integrated circuits, plasma etching
processes for silicon micromachining need to be developed to meet the requirements for
the fabrication of silicon micromechanical structures, which are rather different from
those for conventional IC fabrication. Moreover, by using the unique sidewall profile
controllability of plasma etching, novel microstructures can be fabricated and, therefore
resulting in new sensing and actuating devices.

In the development of plasma etching techniques for surface micromachining, etching
selectivity over the underlying layer and uniformity are two major concerns. In Chapter
3 it is shown that a high etching selectivity of silicon nitride over polysilicon can be
achieved by using a CHF -based chemistry with N, addition. The high selectivity is the
result of the enhancement of silicon nitride etching upon N, addition and the formation
of a etch-retarding thin polymer layer on the surface of polysilicon. Proper post-
processing using in sifu O, plasma treatment is required to remove this polymer layer
to ensure good electrical contact of the polysilicon layer with the subsequently deposited
conductive layer. When multi-layer structural membranes need to be patterned, multi-
step etching approach is necessary. This is demonstrated in the patterning of a
polysilicon/silicon nitride/polysilicon sandwich structure. The top two layers of the
sandwich need to be etched, while the etching to the lower polysilicon must be
minimized. The developed two-step etching process uses a 70 sccm CF, + 10 sccm SF,
+ 10 sccm O, plasma to etching the top polysilicon layer with high etch rate, and a 7.5
sccm CHF; + 42.5 scem N, chemistry to in situ etching the silicon nitride layer with
high selectivity over the lower polysilicon and with good uniformity. Analysis indicates
that although a single step etching, using the same chemistry as for the top polysilicon
eiching, could be used to etch the top two layers, this would result in unacceptable
etching to the lower polysilicon and high non-uniformity.

Surface non-planarity as a result of patterning of thick sacrificial films in surface
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micromachining can result in severe problems of step coverage and stress concentration
of structural films. These problems are relieved by a local planarization technique,
developed in Chapter 4, which uses phosphosilicate glass (PSG) spacers along the
sidewall of sacrificial PSG patterns. The spacer is formed by anisotropy etching-back
of an extra PSG layer using a 162 sccm CHF, + 18 sccm C,F; plasma chemistry. The
original sharp corners of PSG patterns are rounded-off with the spacer formation. When
a genuine double clamped beam instead of a step-up one is desired, or when multi-layer
surface micromachining would result in severe surface non-planarity, filling trenches
in silicon substrate by PSG provides a proper solution, as described in Chapter 4.
Filling silicon trenches by PSG is achieved by a two-layer resist coating scheme, in
which an image reversal photoresist is used, followed by a blank plasma etching back,
in which O, is used to match the etch rate of the resist to that of the PSG.

Bulk silicon etching for micromachining using plasma is very promising since it is not
crystalline orientation dependent. The ability of sidewall profile control with plasma
etching, in which adding Cl, to a CF, plasma is shown to change the sidewall profile
of silicon etching significantly, is demonstrated in Chapter 5. Using a 10 sccm Cl,
addition to 210 sccm CF,, in combination with a composite mask of resist and silicon
oxide, a vertical sidewall profile is obtained for selective epitaxial growth (SEG)
applications. Controlled degree of bowing in the etched sidewall is achieved using 50
sccm Cl, addition to 170 sccm CF, with silicon oxide masks. This enables the
fabrication of recessed silicon micro-tips with a curvature of radius less than 100 A,
which find applications for vacuum microelectronic devices.

By combining anisotropic and isotropic etching properties of plasmas, a new
micromachining technique - SIMPLE (Silicon Micromachining by Plasma Etching) is
developed. The technique, described in Chapter 6, is based on a Cl, plasma with BCl,
addition, which etches lightly n-doped silicon epitaxial layer anisotropically but a
heavily n-doped buried layer underneath laterally. Free-standing single crystal
micromechanical structures with high aspect ratio (4) and small separation (2 um) can
be formed in the single plasma etching. The technique is compatible with standard IC
processing and therefore, on-chip integration of microstructures with electronic circuitry
is possible. Because dry etching is used in the releasing of the structure from the
substrate, sticking problems associated with wet sacrificial etching in conventional
surface micromachining is eliminated.

Appropriate characterization and optimization of plasma etching chemistries require
empirical modelling based on statistical experimental design and data analysis. This is
demonstrated in Chapter 7, in which orthogonal design and response surface
methodology (RSM) are used to develop a SF, + O, process for silicon etching.
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Orthogonal designs provide mostly qualitative characterization of the process, with the
minimum number of experimental runs. RSM results in polynomial models for each
etching characteristics, allowing multi-objective optimization of the etching process
using existing algorithms, at a cost of more experimental runs than orthogonal designs
require.

8.2 Perspective

With the rapid development of microsystem technology, plasma etching is expected to
play more and more important role in silicon micromachining. In addition to applying
plasma eiching in a conventional way (i.e. to achieve small feature size), for
micromachining, new application areas of plasma etching are increasingly explored.
Using plasma etching to replace the conventional wet anisotropic through-wafer etching
is an example. Since plasma etching is not dependent on crystal orientation and can
achieve vertical sidewall profile, bulk micromachining using plasma etching will provide
much more opportunities to new device design than wet etching. To achieve through-
wafer plasma etching, not only the input instrumental variables of plasma etching
process need to be properly determined, but also new type of machines need to be
developed to meet the very demanding requirements for the etching characteristics. For
example, new plasma etching machines specialized for very deep (up to several hundred
microns) silicon etching are appearing. These machines can etch silicon with very high
etch rate (> 2um/min), very high selectivity (> 50 for resist and > 200 for oxide) and
with vertical sidewall profiles. To achieve these, new machine configurations, such as
ICP (Inductive Coupled Plasma) or ECR (Electron Cyclotron Resonance) sources and
low temperature { ~ -100°C) electrodes, are used. New etching chemistries need to be
investigated to ensure the very challenging etching characteristics.

Another interesting development of plasma etching in micromachining will be the lateral
etching of sacrificial layer, for example PSG, to release microstructures in surface
micromachining. This dry sacrificial etching will eliminate the sticking problem
associated with wet sacrificial etching in conventional surface micromachining. To
achieve high lateral etch rate for the sacrificial etching, high plasma density must be
maintained, which may require also very specialized plasma etching set-up. High lateral
etching selectivity over the structural layer, the substrate and masking materials is a
prerequisite for the process to be useful in practice, which makes the process
development very challenging.

Many plasma etching characteristics which were not desired for conventional
microfabrication should be re-examined and even intendedly enforced, so as to provide
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etching characteristics and open opportunities for novel device fabrication. This will
motivate many new areas of research in terms of both plasma etching and device design.
On one hand, with the increasing research and development activities on microsystem,
many new sensors and actuators based on silicon will be required, therefore putting
forward continuously new requirements for plasma etching research. On the other hand,
successful development of new plasma etching processes will promote the advancement
of the research and development of silicon sensing and actuating devices.
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Appendix

Appendix A1l Principle of the least square regression

Let us assume provisionally that N observations of the response are expressible by
means of the quadratic model:

f [ f f
bO + E bl‘Xui * 2 qumXu) 21 bu‘Xil + e, (All)
i=1 i=1 j=2 i=
G>i)

In Eq. (Al.1), Y, denotes the observed response for the uth trial, X,; represents the
level of factor i at the uth trial, by, b;, b; and b; are unknown coefficients, and e,
represents the random error in Y,. It is assumed that €, have zero mean and common
variance o, are mutually independent in the statistical sense and are normally
distributed.

The method of LSR selects as estimates for the unknown coefficients in Eq. (Al.1),
such that the quantity

N f -1 f f
R(b,, b, y, b) = Z; Y, - b beX; 1 Zz:biixxz 21: ‘X,
= i= Jj= =
)

(A1.2)
is minimized. The coefficient estimates by, b;, b; and b;; are the solutions to the n, +
1 normal equations, with n, being the total number of the coefficients, written as:

and

Y = Xb+e, (A1.4)

which is the matrix notation of Eq. (Al.1). The least squares estimates, 3, of the
elements of b in Eq. (A1.4) are
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B = (XIX)—lle (AIS)
where X’ is the transverse of X and (X’X)" is the inverse of X’X.
Appendix A2 Output file of NONLIN for the etch rate

Title Estimate the influence of PWR,P,F,0O on the ERSi

Variable PWR ! Power in Watts

Variable P ! Pressure in mTorr

Variable F ! Total Gas Flow in sccm
Variable O ! % 02 in Total Gas Flow
Variable ERSi ! Etch Rate of Si in micron/min

Parameters b0,b1,b2,b3,b4,b12,b13,b14,b23,b24,b34,b11,b22,b33,b44

Function ~ ERSi=b0+b1*PWR +b2*P+b3*F +b4*0 +b12*PWR*P+b13*PWR*F
+b14*PWR*O +b23*PHF +b24*P*0+b34*F*0+b11*PWR*2 +b22*P*2 +b33+F*2
+b44*0"2

---- Final Results ----

Number of observations = 30

Maximum allowed number of iterations = 50

Convergence tolerance factor = 1.000000E-010

Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 2

Final sum of squared deviations = 4.21719E-002

Standard error of estimate = 0.0530232

Average deviation = 0.0282111

Maximum deviation for any observation = 0.0803333

Proportion of variance explained (R*2) = 0.9305 (93.05%)
Adjusted coefficient of multiple determination (Ra*2) = 0.8656 (86.56%)
Durbin-Watson test for autocorrelation = 1.799
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---- Descriptive Statistics for Variables ----

Variable Minimum value Maximum value Mean value Standard dev.
PWR -1 1 0 0.6432675
P -1 1 0 0.6432675
F -1 1 0 0.6432675
0 -1 1 0 0.6432675
ERSi 0.076 0.72 0.4014333 0.1446369
---- Calculated Parameter Values ----
Parameter Initial Final estimate  Standard error t Prob(t)
guess
b0 1 0.465666667 0.02164664 21.51 0.00001
bl 1 0.05575 0.01530648 3.64 0.00241
b2 1 0.145166667 0.01530648 9.48 0.00001
b3 1 0.00333333333 0.01530648 0.22 0.83054
b4 1 -0.12375 0.01530648 -8.08  0.00001
bi2 1 0.0615 0.02651161 2.32 0.03487
b13 1 -0.0444999999 0.02651161 -1.68 0.11395
bl4 1 -0.00025000 0.02651161 -0.01  0.99260
b23 1 2.1660E-011 0.02651161 0.00 1.00000
b24 1 -0.0015 0.02651161 -0.06 0.95563
b34 1 -0.051 0.02651161 -1.92  0.07358
bl1l 1 -0.0023333333  0.02024857 -0.12  0.90979
b22 1 -0.0557083333  0.02024857 -2.75 0.01485
b33 1 -0.0254583334  0.02024857 -1.26  0.22787
b44 1 -0.0770833333 0.02024857 -3.81 0.00172
---- Analysis of Variance ----

Source DF Sum of Squares Mean Square F value Prob(F)
Regression 14 0.5645035 0.04032168 14.34  (0.00001
Error 15 0.04217192 0.002811461
Total 29 0.6066754
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Appendix A3 The output file of NONLIN for the etch rate
when some terms of the model are removed as
suggested by the "t" statistics of Appendix A2

Title Estimate the influence of PWR,P,F,0 on the ERSi
Parameters b0,b1,b2,b4,b12,b13,b34,b22,b33,b44

Function ERSi = b0+b1*PWR +b2*P+b4*0+b12*PWR*P +b13*PWR*F+;
b34*F*Q+b22*P*2 +b33*F*2+b44*0"2

--— Final Results ----

Number of observations = 30

Maximum allowed number of iterations = 50

Convergence tolerance factor = 1.000000E-010

Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 2

Final sum of squared deviations = 4.23518E-002

Standard error of estimate = 0.0460173

Average deviation = 0.0276694

Maximum deviation for any observation = 0.0816667

Proportion of variance explained (R*2) = 0.9302 (93.02%)
Adjusted coefficient of multiple determination (Ra*2) = 0.8988 (89.88%)
Durbin-Watson test for autocorrelation = 1.861

- Descriptive Statistics for Variables ----

Variable Minimum value Maximum value Mean value Standard dev.

PWR -1 1 0 0.6432675
P -1 1 0 0.6432675
F -1 1 0 0.6432675
0O -1 1 0 0.6432675
ERSi 0.076 0.72 0.4014333 0.1446369
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---- Calculated Parameter Values ----

Parameter Initial Final estimate  Standard error t Prob(t)
guess
b0 1 0.464333333  0.01587748 29.24  0.00001
bl 1 0.05575 0.01328405 4.20  0.00044
b2 1 0.145166667  0.01328405 10.93  0.00001
b4 1 -0.12375 0.01328405 -9.32 0.00001
b12 1 0.0615 0.02300865 2.67 0.01462
b13 1 -0.0445000001 0.02300865 -1.93  0.06738
b34 1 -0.051 0.02300865 -2.22 0.03841
b22 - 1 -0.055375 0.0173929 -3.18  0.00467
b33 1 -0.025125 0.0173929 -1.44  0.16407
b44 1 -0.07675 0.0173929 4.41  0.00027
---- Analysis of Variance ----

Source DF Sum of Squares Mean Square F value Prob(F)
Regression 9 0.5643235 0.06270261 29.61 0.00001
Error 20 0.04235183 0.002117592
Total 29 0.6066754
Appendix A4 The calculation of F statistics to test the

significance of the model

The last line of the Analysis of Variance table (Appendix A3) indicates the total
variation in a set of data, which is called the total sum of squares (SST). It is computed
by summing the squares of the deviations of the observed Y,’s about their average
value,

Y = (Y, +Y, + =+ Y))IN (A4.1)

thus,
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N
SST = Y (Y, - Y) (Ad4.2)
u=1

The quantity SST has associated with it N - 1 degrees of freedom since the sum of the

deviations, ¥, - Y , is equal to zero.

The total sum of squares can be partitioned into two parts; the sum of squares due to
regression (SSR) and the sum of squares unaccounted for by the fitted model (SSE).
The formula for calculating SSR is

N
SSR = ¥ (Px,) - Y] (A4.3)
u=1

The deviation Y( X,) - Y s the difference between the value predicted by the fitted

model for the uth observation and the overall average of the Y,’s. If the fitted model
contains p coefficients, the number of degrees of freedom associated with SSRis p - 1.

The SSE is

SSE = XNj ¥, - Px,)T (A4.4)
u=1

The quantity SSE is also called the sum of squares of the residuals. The number of
degrees of freedom for SSE is defined as N - p which is the difference between that for
SST and that for SSR, i.e. (N-1)-(p-1) = N - p. The SSR and SSE are listed in the
first and second row, respectively, of the ANOVA table in Appendix A3.

The usual test of the significance of the fitted regression equation is by calculating the
value of the F-statistic

SSR/(p-1) (A4.5)
SSE/(N-p)

and comparing the F value to the table value, F, ,, x,, which is the upper 100« percent
point of the F-distribution with p - 1 and N - p degrees of freedom, respectively. The
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result is indicated in the ANOVA table by Prob (F). The lower the Prob (F), the more
significant the model and the less likely that the actual values of all the coefficients are
Z€e10.

The "proportion of variance explained (R*)" in Appendix A3 indicates how much better
the model predicts the dependent function than just using the mean value of the
dependent function. This is also known as the coefficient of multiple determination:

R? = SSR/SST (A4.6)

If the model perfectly predicts the observed data, the value of this statistic will be 1
(100%). The "adjusted coefficient of multiple determination (R,%)" in Appendix A3 is
an R? statistic adjusted for the number of coefficients in the model and the number of
data observations. It is a more conservative estimate of the percentage of variance
explained, especially when the sample size is small compared to the number of
coefficients. It is computed using the formula:

R: - 1 - SSE/(N-p) (A4.7)
@ SST/(N-1)

From Appendix A3, it is seen that R* and R are 93% and 89%, respectively,
indicating that the obtained model predicts the observed data very well.

Appendix A5 Test the lack of fit of the model

In general, to say the fitted model is inadequate or is lacking in fit is to imply the
proposed model does not contain a sufficient number of terms. This inadequacy of the
model is due to either or both of the following causes:

1. Factors (other than those in the proposed model) that are omitted from the proposed
model but affect the response.

2. The omission of higher-order terms involving the factors in the proposed model
which are needed to adequately explain the behaviour of the response.

In the following analysis, it is assumed that the inadequacy is due to the second cause,
i.e. the omission of higher order terms in the fitted model. This is because in most
plasma modelling situation the factors have been determined by consideration of
underlying principle of plasma process and previous knowledge of chemistry. Therefore,
it is not likely that new factors should be introduced into the experimental design upon
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detecting inadequacy of the fitted model.

The test for adequacy (or zero lack of fit) of the fitted model requires two conditions
be met regarding the collection (design) of the data values:

1. The number of distinct design points, n, must exceed the number of terms in the
fitted model. If the fitted model contains p terms, then n > p.

2. An estimate of the experimental error variance that does not depend on the form of
the fitted model is required. This can be achieved by collecting at least two replicate
observations at one or more of the design points and calculating the variation among the
replicates at each point.

When the above two conditions are met, the residual sum of squares, SSE, can be
partitioned into two sources of variation: the variation among the replicates at those
design points where replicates are collected, and the variation arising from the lack of
fit of the fitted model. The sum of squares due to the replicate observations is called the
sum of squares for pure error (SS;¢) and is calculated using

n Y]
SSpp = Z 2 (Y, - ?1)2 (AS-1)
=1 w=t
where Y, denotes the uth observation at the I/th design point (u = 1,2, ..., 1, = 1,1
=1, 2,..., n). —}7, is defined as the average of the r, observations at the /th design

point. The sum of squares due to lack of fit (SS ) is found by subtraction

SS,0r = SSE - 8S,; (A5.2)

or, alternatively, if Yl is the predicted value of the response at the /th design point,

then

$Si0r = Y n(¥, - 1Y (45.3)
=1

The degrees of freedom associated with SSp; in Eq. (AS5.1) is N, - n, where N, is the
total number of replicated observations, so that the degrees of freedom associated with
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SS, o, Obtained by subtraction, is (N - p) - (N, - n).

In the etch rate example, there is only one design point (settings 0,0,0,0) with 6
replicates. Therefore, I = 1, 1, = 6 and SS is

6
S8z = Y, (¥, - 1), (AS5.4)
u=1

which is found to be 0.0177. Therefore, SS;or = SSE - SSpz = 0.0422 - 0.0177 =
0.0245.

The test of the null hypothesis of adequacy of fit (or lack of fit is zero) involves
calculating the value of the F-ratio

_ 88106/ [(N-p) - (N,-m)] (AS5.5)
)

and comparing the value with a table value of F. Lack of fit can be detected at the «
level of significance if the value F exceeds the table value, F, n_; - - e - Where
the latter quantity is the upper 100« percentage point of the central F-distribution. In
the etch rate example,

Foo 00245/(19 -5) o, (A5.6)

0.0177/5

which is less than the table value Fy, |, s = 3.25. Therefore, we infer that there is no
evidence to indicate that the fitted model exhibits lack of fit at the « = 0.1 level of
significance. In other words, the quadratic model is adequate to fit the etch rate data.

Appendix A6 Principles of multi-objective optimization

Multi-objective optimization is concerned with the minimization of a vector of objectives
f(x) which may be the subject of a number of constrains or bounds. Mathematically it
is expressed as:

minimize f(x)

x € R
subject to: gx) =0 i=1, .., m
g(x) <0 i=m-+1, ..., m

X £xXx<X

u
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Since f(x) is a vector, if any of the components of it are competing, there is no unique
solution to this problem. Instead, the concept of non-inferiority [A6.1] must be used to
characterize the objectives. A non-inferior solution is one in which an improvement in
one objective requires a degradation of another. In two-dimensional representation, the
set of non-inferior solutions lies on the curve between C and D of Fig. A6.1. Since any
point in the variable space that is not a non-inferior point represents a point in which
improvement can be obtained in all the objectives, it is clear that such a point is of no
value to solve the problem. Multi-objective optimization is, therefore, concerned with
the generation and selection of non-inferior solution points.

|

Non-inferior
solutions

Fig. A6.1 2-dimensional representation of non-inferior solutions.
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Of the various methods of multi-objective optimization, the Goal Attainment method
[A6.2] is described next and will be found to be most useful for the optimization of the
SF,/O, process. The method involves expressing a set of design goals, f* = {f", ...,
f."}, which is associated with a set of objectives, f(x) = {f(x), ..., f,(x)}. The problem
formulation allows the objectives to be under- or over-achieved, enabling the designer
to be relatively imprecise about initial design goals. The relative degree of under- or
over-achievement of the goal is controlled by a vector of weighting coefficients, w =

{wy, ..., w,,} and is expressed as a standard optimization problem using the following
formulation:

minimize vy

yE R XxEQ

fx)-wy<f i1i=1,..,m

The term w,y introduces an element of slackness into the problem which otherwise
imposes that the goals be rigidly met. The weighting factor, w, enables the designer to
express a measure of the relative trade-offs among the objectives. For instances, setting
w equal to the initial goals indicates that the same percentage under- or over-attainment
of the goals is achieved. Hard constrains can be incorporated into the design by setting
a particular weighting factor to zero (i.e., w; = 0). The method provides a convenient
intuitive interpretation of the design problem, which is solvable using standard
optimizing procedures. Due to its ability and flexibility, the method has been chosen for
the optimization of the plasma etching process for deep silicon trench etching.
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Summary

Integrated silicon sensors are very promising in realizing high performance, low cost
information processing systems, due to the integration of sensing and actuating elements
with signal processing circuits in a single silicon chip. Silicon micromachining is an
essential step in the fabrication of various silicon-based micromechanical structures
required for integrated silicon sensors. Plasma etching, a key technique of pattern
transfer in integrated circuit manufacturing, is a very important alternative to wet
chemical etching techniques conventionally dominating in silicon micromachining. This
is because plasma etching has a number of advantages over the traditional wet etching,
such as the ability of achieving very small (~pum) feature size and independency on
crystal orientation of the substrate. The former is important in surface micromachining,
while the latter provides more flexibility for bulk micromachining. Moreover, plasma
etching can yield unique micromachining techniques which, due to the nature of dry
processing, can circumvent some fundamental problems of using wet chemicals, such
as sticking in surface micromachining. This thesis presents plasma etching techniques
which have been developed for the fabrication of integrated silicon sensors.

Chapter 1

In this chapter the potential of integrated silicon sensors and the fast-growing silicon
micromachining technology are highlighted. An overview of three major silicon
micromachining techniques is given, i.e. bulk micromachining, surface micromachining
and wafer-to-wafer bonding, as well as some emerging techniques, such as
micromachining using SOI substrates, porous silicon, epitaxial lateral overgrowth and
ion-beam or laser-assisted etching. The necessity of using plasma etching for
micromachining is discussed and the motivation of plasma etching research for the
application is put forward.

Chapter 2

In this chapter some theoretical and practical aspects of the plasma etching techniques
are discussed. After a brief introduction to the basic characteristics of plasma, the two
most important processes in a plasma, i.e. production of species and development of
self-bias at the RF-electrode, are described in detail. Mechanisms which are considered
to be responsible for the etching are discussed and some typical types of plasma reactors
are described. Major plasma etching chemistries, including F-atom dominant,
unsaturated etchant and chlorine/bromine based, are discussed. The most important
developments of plasma etching for micromachining, as described in literature, are also
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summarized. Process control strategy and method of process optimization are described
and finally problems encountered when using plasma etching are pointed out.

Chapter 3

This chapter describes plasma etching process development for the patterning of a
polysilicon/silicon nitride/polysilicon sandwich structure, which is used as the structural
membrane of a surface micromachined tactile image sensor and a tuneable
interferometer. A silicon nitride plasma etching chemistry selective over polysilicon is
developed using CHF, + N, gas mixtures. A multi-step process is designed for the
etching of the sandwich structure, using a CF, + SF¢ + O, plasma to etch the top
polysilicon layer and the CHF, + N, plasma to etch the nitride layer. Thus the top two
layers of the membrane can be patterned, while keeping the attack of the lower
polysilicon layer minimized. However, a thin polymer layer will be formed on the
polysilicon surface if the nitride layer above is etched using the CHF; + N, chemistry,
causing electrical insulation between this polysilicon layer and the subsequently
deposited conductive layer. Special post-processing after the nitride plasma etching using
in-situ O, plasma treatment has been found to be effective in removing the polymer
layer.

Chapter 4

In this chapter two planarization techniques for surface micromachining using plasma
etching are described. A local planarization technique is developed to improve the step
coverage of structural layers on steep sacrificial PSG steps. The technique involves
depositing an extra PSG layer followed by an anisotropic plasma etching-back. PSG
spacers are formed along the sidewalls of the sacrificial PSG pattern, rounding-off the
original sharp corners of the pattern. A CHF; + C,F¢ plasma is optimized for the
etching-back. A global planarization technique providing fully planarized PSG filling
in large area silicon trenches is developed using two-layer resist coating and plasma
etching-back. An image reversal photoresist is used in the two-layer resist system and
optimized conditions are found for the resist patterning and thermal cure. The plasma
etching-back uses a CHF, + C,F; + O, process in which O, content is varied to match
the etch rates of the PSG and photoresist.

Chapter 5
This chapter describes single crystal silicon plasma etching processes for Selective

Epitaxial Growth (SEG) and silicon micro-tip fabrication, in which gas mixtures of CF,
+ Cl, are used. The sidewall profile of the silicon etching (or the degree of bowing)
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can be changed and the etching selectivity over the resist or silicon dioxide mask can
be improved, by increasing the content of Cl, in the gas mixture. A vertical sidewall
profile is achieved for SEG application with 10 sccm Cl, addition in 210 sccm CF,
using a composite mask of resist and oxide. A controlled degree of bowing is realized
for silicon micro-tip fabrication when the Cl, addition is 50 sccm in 170 sccm CF, using
an oxide mask.

Chapter 6

In this chapter a silicon micromachining technique based on plasma etching - SIMPLE
is presented and tested. The SIMPLE technique combines the advantages of both
conventional bulk micromachining (thick structural layers) and surface micromachining
techniques (small lateral dimensions). It involves anisotropic etching of lightly n-doped
silicon epitaxial layers and isotropic etching of heavily n-doped buried layers using a
Cl, + BCl, plasma. Thus high aspect ratio single crystal silicon microstructures can be
fabricated with close separation (um) in a single plasma etching. The technique does not
depend on wet chemicals to remove the sacrificial layer, therefore eliminating sticking
problems. It is compatible with integrated circuit fabrication processes and, therefore,
on-chip integration of micromechanical structures with electronic circuitry can be
achieved. The Cl, + BCl, plasma etching chemistry is optimized to obtain the maximum
lateral etching of the n*-buried layer while keeping the etching of the lightly n-doped
epitaxial layer anisotropic.

Chapter 7

This chapter presents general methods of optimizing plasma etching processes using
statistical experimental design and data analysis, using a SF, + O, plasma as an
example. Practical constraints on the design of experiment are described and some of
the common experimental designs are given. Using an orthogonal design, the SF, + O,
plasma is optimized for the etching-through of silicon membranes, which is required for
the fabrication of many bulk-micromachined devices. The plasma is further
characterized using the Response Surface Methodology (RSM), which yields a series
of quadratic models of the process responses as a function of input variables. Based on
the models a multi-objective optimization scheme is used to optimize the plasma process
for deep silicon trench etching applications.

Chapter 8

In this chapter the conclusions of this research and some perspectives of future
development are given.
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Samenvatting

Door de integratie van sensoren en actuatoren met signaalverwerkende circuits op een
enkele silicium chip, kunnen geintegreerde complete informatie verwerkende systemen
worden gefabriceerd van hoge kwaliteit tegen lage kosten. Silicium micromachining is
een essentiele proces stap bij de fabricage van verschillende micromechanische
structuren in silicium, die nodig zijn voor geintegreerde siliciumsensoren. Plasma etsen,
een sleuteltechniek bij het overbrengen van patronen tijdens de fabricage van
geintegreerde circuits, is een zeer belangrijk alternatief voor de natte, chemische
etstechnieken die van ouds de micromechanica domineren. Dit komt door de voordelen
die plasma-etsen biedt ten opzichte van het traditionele natte etsen; zoals de zeer kleine
afmetingen van de structuren ( ~ pm) en het etsen onafhankelijk van de kristaloriéntatie
van het substraat. Het eerste punt is van belang bij surface-micromachining. Het laatste
geeft meer flexibiliteit bij bulk-micromachining. Verder biedt plasma-etsen unieke
mogelijkheden doordat door de droge ets enkele fundamentele problemen van het natte
etsen, zoals sticking, voorkomen kunnen worden. In dit proefschrift worden plasma-
etstechnieken gepresenteerd die zijn ontwikkeld voor de fabricage van geintegreerde
siliciumsensoren.

Hoofdstuk 1

In dithoofdstuk worden de mogelijkheden van geintegreerde siliciumsensoren behandeld
en wordt de snel groeiende micromachiningtechnologie toegelicht. Een overzicht wordt
gegeven van de drie voornaamste silicium micromachiningtechnieken, namelijk; bulk-
micromachining, surface-micromachining en wafer-to-wafer bonding. Ook worden
enkele opkomende technieken behandeld, zoals micromachining door gebruik te maken
van SOI substraten, poreus silicium, epitaxiale, laterale overgroei en ion-beam of laser
ondersteund etsen. De noodzaak van het gebruik van plasma-etsen voor micromachining
wordtbehandeld, evenals de motivering voor plasma-etsonderzoek voor deze toepassing.

Hoofdstuk 2

In dit hoofdstuk worden een aantal theoretische en praktische aspecten van plasma-
etstechnieken besproken. Na een korte introductie in de basiseigenschappen van
plasma’s worden de twee meesie belangrijke processen in een plasma in detail
behandeld; te weten het ontstaan van reactieve elementen en het ontstaan van self-bias
aan de RF elektrode. Mechanismen die verantwoordelijk worden geacht voor het
etsproces worden behandeld en enkele typische voorbeelden van plasma-reactoren



214 Samenvatting

worden beschreven. Ook wordt er aandacht besteed aan de belangrijkste plasma
samenstellingen, waaronder plasma’s in welke fluor dominant is, onverzadigd etsen en
etsen op basis van chloor/broom. De meest belangrijke ontwikkelingen op het gebied
van plasma-etsen voor micromachining, zoals die beschreven worden in de literatuur,
worden ook samengevat in dit hoofdstuk. Verder worden de wijze van procesbeheersing
en een methode voor procesoptimalisatie beschreven. Als laatste worden mogelijke
problemen toegelicht die tijdens het plasma-etsen op kunnen treden.

Hoofdstuk 3

Dit hoofdstuk beschrijft de plasma-etsprocesontwikkeling voor het aanbrengen van het
patroon in een meerlaags structuur samengesteld uit polysilicium/siliciumnitride/
polysilicium, welke wordt toegepast als membraan ineen surface-micromachined tactiele
sensor en in een instelbaar interferentiefilter. Een siliciumnitride plasma-ets is
ontwikkeld die selectief is ten opzichte van polysilicium, door gebruik te maken van een
CHF, + N, gasmengsel. Het proces bestaat uit verschillende stappen om de gestapelde
structuur te etsen. Een plasma bestaande uit; CF, + SF, + O,, is gebruikt om de
bovenste polysilicium laag te etsen en een CHF; + N, plasma voor het etsen van het
nitride. Hierdoor worden de twee bovenste lagen geétst en wordt de aantasting van de
onderste laag tot een minimum beperkt. Echter, een dun polymeer zal zich vormen op
de onderste polysiliciumlaag, als gevolg van de nitride ets met CHF; en N,. Dit zal een
elektrische isolatie veroorzaken tussen deze polylaag en de daarna gedeponeerde
geleidende laag. Een extra processtap volgende op de nitride plasma-ets bestaande uit
een in-situ O, plasma behandeling, was voldoende om dit polymeer te verwijderen.

Hoofdstuk 4

Twee planarisatie technieken voor surface-micromachining worden beschreven die
gebruik maken van plasma-etsen. Een lokale planarisatietechniek is ontwikkeld voor de
verbetering van de stapbedekking van structurele lagen over hoge stappen van het
sacrificial PSG. De techniek behelst het deponeren van een extra PSG laag gevolgt door
terugetsen met behulp van een anisotropische plasma-ets. Extra PSG zijwanden vormen
zich langs de rand van het PSG patroon die de originele scherpe randen afronden. Een
CHF, + G,F, plasma is geoptimaliseerd voor het terugetsen. Door gebruik te maken
van een fotolaklaag en terugetsen met plasma, is een globale planarisatietechniek
verkregen die geétste sleuven kan vullen met PSG. Er wordt een patrooninverterende
fotolak gebruikt en optimale omstandigheden zijn bepaald voor het aanbrengen van het
patroon in de fotolak en het uitbakken. De plasma terugets maakt gebruik van cen CHF,
+ C,F, + O, mengsel, waarbij de hoeveelheid O, wordt gevarieerd om een gelijke
etssnelheid van PSG en fotolak te verkrijgen.
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Hoofdstuk 5

Dit hoofdstuk beschrijft het monokristallijn silicium plasma-ets proces voor Selectieve
Epitaxiale Groei (SEG) en de fabricage van een microtip in silicium waarbij gebruik
wordt gemaakt van een CF, + Cl, mengsel. Het profiel van de zijwand van het silicium
etsproces (of de helling) kan worden veranderd en de etsselectiviteit ten opzichte van
fotolak of het siliciumdioxide masker kan worden verbeterd door een toename van de
hoeveelheid Cl, aan het mengsel. Een verticale zijwand voor SEG toepassingen is
mogelijk met 10 sccm Cl, toegevoegd aan 210 sccm CF,, gebruikmakend van een
samengesteld masker uit fotolak en oxide. Een gecontroleerde helling voor de silicium
microtip is bereikt door een toevoeging van 50 sccm Cl, aan 170 sccm CF, en het
gebruik van een oxide masker.

Hoofdstuk 6

In dit hoofdstuk wordt een silicium micromachining techniek, SIMPLE, gepresenteerd
en getest, die gebaseerd is op plasma-etsen. De SIMPLE technick combineert de
voordelen van bulk-micromachining (dikke structurele lagen) en surface-micromachining
(kleine laterale dimensies). Het bestaat uit het anisotroop etsen van een licht n-
gedoteerde silicium epitaxiale laag en isotroop etsen van een zwaar n-gedoteerde
begraven laag met behulp van een Cl, + BCl, plasma. Hiermee kunnen monokristallijne
siliciumstructuren worden verkregen met een grote hoogte-breedte verhouding en kleine
onderlinge afstanden (um) in een enkele plasma etsstap. Deze techniek gebruikt geen
natte etsen voor het verwijderen van sacrificial-lagen, waardoor er geen problemen
kunnen optreden als sticking. Het proces is compatibel met de fabricage van
geintegreerde circuits en het is dus mogelijk micromechanische structuren te combineren
met elektronica op dezelfde chip. De samenstelling van het Cl, + BCl, plasma is
geoptimaliseerd om een maximale, laterale etssnelheid te verkrijgen van de begraven
laag, terwijl de ets van de licht n-gedoteerde epitaxiale laag anisotroop blijft.

Hoofdstuk 7

Methodes worden gepresenteerd voor het optimaliseren van plasma-ets processen met
behulp van statistisch experimenteel ontwerpen en data analyse. Hierbij wordt SF, +
O, plasma als een voorbeeld gebruikt. Praktische beperkingen bij het ontwerpen van
experimenten worden besproken en een aantal veelvoorkomende experimentele
ontwerpen worden gegeven. Gebruikmakend van orthogonaal ontwerpen, is het SF, +
O, plasma geoptimaliseerd voor het etsen van silicium membranen, wat gebruikt wordt
bij de fabricage van veel sensoren gemaakt met bulk-micromachining. Het plasma is
verder gekarakteriseerd met behulp van de Response Surface Methodology (RSM). Dit
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levert een serie kwadratische modellen van de proces gedragingen op als een functie van
de invoervariabelen. Met deze modellen als basis wordt met behulp van een
meervoudig-doel-optimalisatie-methodologie het plasma proces geoptimaliseerd voor
het etsen van sleuven in silicium.

Hoofdstuk 8

In dit hoofdstuk worden de conclusies gepresenteerd die het gevolg zijn van dit
onderzoek en worden enkele toekomstperspectieven gegeven.
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