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1ing region of the substrate.

A window in SiO, which is 5000A thick is to be etched over a region of Si substrate

taining a 2500A deep pn junction. It is decided that no more than 1500A of this junctio

-kness can be removed during the etch. Determine the Sf if the oxide thickness unifoJ it ; 'n

b, the etch rate uniformity is £10%, and a 20% overetch is Sspeciﬁed. .
Polysilicon features 4000A thick cross over a field oxide step of 7000A in height and

e Si(.)2 layer that is 300A thick. Determine the S¢y and Sgg if the polysiligcon etc:v:artea
formity is *5 %, and A = 1 and AL = 04. In this problem the polysilicon thickness

iformity is +3%, the mask edge profile is 80°, it is desi
s 5 esired to control the linewi
1 the mask etch rate uniformity is +3%. e fo 0.1k,

Explain how the isoetch curves of Fig. 13 are interpretted. If silicon is to be etched in a

L;I(I)On of HF: HNOg: CH,;COOH = 1:x:1, show how the etch rate changes as x is varied from 1

Describe some of the problems associated with wet etching of aluminum.
Summarize the advantages and prolems of lift-off as a patterning technique.
Suggest some problems that may be encountered when resist is stripped by dry-etching
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In Chapter 15 the procedure of transferring patterns onto regions of silicon wafers by wet
etching was described. Wet etching was the standard pattern transfer technique in the process
sequences used to fabricate early generations of integrated circuits. Its widespread use stemmed
from the facts that the technology of wet etching was well established, and that liquid etchant
systems are available with very high selectivity to both substrate and the masking layer (defined
in Chap. 15). As noted in Chap. 15, however, wet etching processes are typically isotropic.
Therefore, if the thickness of the film being etched is comparable to the minimum pattern di-
mension, undercutting due to isotropic etching, becomes intolerable (Fig. 1a & b). Since many
films used in VLSI fabrication are 0.5-1.0 um thick, reproducible and controllable transfer of
patterns in the 1-2 pum range becomes difficult if not impossible with wet etching. Alternative
pattern transfer processes must therefore be employed to fabricate devices with such dimensions.

One alternative pattern transfer method that offers the capability of non-isotropic (or
anisotropic) etching is "dry" etching. As a result, considerable effort has been expended to
develop dry etch processes as replacements for wet etch processes. Dry etching also offers the
important manufacturing advantage of eliminating the handling, consumption, and disposal of the
relatively large quantities of dangerous acids and solvents used in wet etching and resist stripping
processes. Dry etching and resist stripping operations utilize comparatively small amounts of
chemicals (although, as will be discussed later, some of these may still be quite toxic or cor-
rosive). This chapter deals with the technology of dry etch processes for VLSI fabrication,
although many of the terms generic to both wet and dry etching are defined in Chap. 15.

Before launching into a description of the details of dry etching, it is worthwhile to identify
the characteristics that a useful etching process should exhibit. This approach helps to define the
problems that must be overcome when developing adequate dry etch processes, and shows why
some types of dry etch processes may not be suitable for all VLSI applications.

The overall goal of an etch process for VLSI fabrication is to be able to reproduce the
features on the mask with fidelity. ~ This should be achievable together with control of the
following aspects of etched features: a) the slope of the feature sidewalls (e.g. the slope of the
sidewalls of the etched feature should have the desired specific angle, in some cases vertical,
Fig. 1c - f); and b) the degree of undercutting (i.e. usually the less undercutting the better). In
addition to this capability, a useful etch process should have the following characteristics:

1) Tt should be highly selective against etching the mask layer material;

2) It should be highly selective against etching the material under the film being etched;

3) The etch rate should be rapid, or the throughput of a machine performing the etch

should be suitably high; 539
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Desired Pattern\

A glow-discharge sputtering [Chap. 10], or ion milling), a chemical basis (e.g. plasma etching), or
/ W // // /}D / a combination of the two (e.g. reactive ion etching, RIE, and reactive ion beam etching, RIB.E).
- 4 & SHEES =) In processes that rely predominantly on the physical mechanism of sputtering (including
RIBE), the strongly directional nature of the incident energetic ions allows substrate material to
Mask b) be removed in a highly anisotropic manner (i.e. essentially vertical etch profiles are pr'oduced).
Unfortunately, such material removal mechanisms are also quite non-selective against both
masking material and materials underlying the layers being etched. That is, the selectivity
« depends largely on sputter yield differences between materials. Since the sputter yields for most
WD W<D materials are within a factor of three of each other, selectivities are typically not adequate. Fur-
Impossible thermore, since the ejected species are not inherently volatile, redeposition and trenching (see
Chap. 10) can occur. Another major problem of pattern transfer by physical sputtering involves
the redeposition of nonvolatile species on the sidewalls of the etched feature’. As a result of
these drawbacks, dry etch processes for pattern transfer based on physical removal mechanisms
have not found wide use in VLSI fabrication applications.

On the other hand, dry processes relying strictly on chemical mechanisms for etching can
exhibit very high selectivities against both mask and underlying substrate layers. Such purely
chemical etching mechanisms, however, typically etch in an isotropic fashion. Although some
applications in VLSI fabrication (e.g. photoresist stripping in oxygen plasmas) utilize such
o processes, the problem of undercutting associated with isotropic etching is not solved by them.
) d> By adding a physical component to a purely chemical etching mechanism, however, the

shortcomings of both sputter-based and purely-chemical dry etching processes can be surmounted.
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w w Dry etch processes based on a combination of physical and chemical mechanisms offer the
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Fig. 1 (a) and (b) Isotropic etching of narrow and deep grooves. (a) shows the desired pattern and
(b) shows how the mask must be dimensioned in order to obtain a pattern which resembles the
desired pattern. (c) - (f) SEM micrographs show the results of highly anisotropic etching for
several materials. (c) Anisotropically etched contact hole in an SiO2 layer over Si. (d)
Anisotropically etched poly-Si film over S5i0,. (e) 1 pm-wide features in single-crystal Si. (f)
Anisotropically etched 1.5 pm thick Al-0.7% Cu film, with an Sio, substrate>> Copyright 1983,
Bell Telephone Laboratories, reprinted with permission.
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4) The etching should be uniform across the entire wafer, from wafer-to-wafer, and from
run-to-run; PLASMA ETCHING

5) The process should be safe;

6) The etch process should cause minimal damage to substrates;

7) The etch mask material should be easily removable after the etching is completed; HIGHER

8) The process should be clean (i.e. low incidence of particulate and film contamination); PRESSURE
9) The process should be conducive to full automation,

Chemical, thus faster by 10-1000X
Isotropic

More selective

Less prone to radiation damage

Y
As shown in Fig. 2 there is a variety of dry etch process types. This figure also indicates

that the mechanism of etching in each type of process can have a physical basis (e.g. Fig. 2 The dry-etching spectrum.
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Fig. 3 Primary processes occurring in a plasma etch process. Reprinted with permission of
Ref. 1, Copyright, 1983, the American Chemical Society.
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potential of controlled anisotropic etching, together with adequate selectivity.

In this chapter we primarily focus on plasma etching processes (i.c. purely chemical) and
reactive ion etching (RIE) processes (i.e. physical /chemical processcs, which are more aptly
described as ion-assisted etching processes). Even though purely chemical processes find less
application than RIE for VLSI pattern transfer, an understanding of RIE processes is facilitated if
the mechanisms which underlie plasma etching processes are understood first.  Sputter-based
etching processes receive little attention here, as their use for pattern transfer in VLSI production
is limited, and substantial information on sputtering processes is presented in Chap. 10.

BASIC PHYSICS and CHEMISTRY of PLASMA ETCHING

The basic concept of plasma etching is rather direct. A glow discharge is utilized to produce
chemically reactive species (atoms, radicals, and ions) from a relatively inert melecular gas. The
etching gas is selected so as to generate species which react chemically with the material to be
etched, and whose reaction product with the etched material is volatile. An ideal dry etch process
based solely on chemical mechanisms for material removal, can thus be¢ broken down into six
steps, as shown in Fig. 3. These steps are listed as: 1) reactive species are generated in a
plasma; 2) these species diffuse to the surface of the material being ctched; 3) the species are
adsorbed on the surface; 4) a chemical reaction occurs, with the formation of a volatile
by-product; 5) the b ‘y product is desorbed from the surface; and 6) the desorbed species diffuse into
the bulk of the gas®. If any of these steps fails to occur, the overall ctch cycle ceases. Product
desorption is the most important step. Many reactive species can react rapidly with a solid
surface, but unless the product has a reasonable vapor pressure so that desorption occurs, no
etching takes place. Steps 1, 2, and 6 involve events occurring in the gas phase and plasma,
while steps 3, 4, and 5 are steps that take place at the surface of the solid layer being etched.
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Hence, it is useful to briefly consider the physics and chemistry of events that involve the
etching process that occur in a) the plasma, and b) the etched surface.

The Reactive Gas Glow Discharge

In Chap. 10, the methods for producing a glow-discharge using a dc diode and an rf diode
configuration are described. In plasma-etching processes an 1f diode configuration is normally
used to establish the glow discharge, for the reasons listed in Chap. 10. The glow discharge in
Chap. 10 was treated primarily as a source of energetic jons which are used to bombard target
surfaces and cause sputtering. In plasma etching applications the glow discharge can be used to
produce energetic ionic bombardment of the etched surface, but it also has another even more
important role, that of producing reactive species for chemically etching the surfaces of interest.
Thus, it is necessary to examine the properties of glow discharges related to this function.

Since plasmas consisting of fluorine-containing gases are extensively used for etching Si,
SiO,, and other materials used in VLSI fabrication, it is appropriate to study the glow discharge
of CF, gas as an example. Before a glow discharge is established, the only species present are
CF, molecules. Over the pressure range at which an rf glow dischar, ‘ge can be maintained, 1 Pa
(7. 5 mtorr) - 750 Pa (5.6 torr), the gas density ranges from 2. 7x10'4- 2x10'7 molecules /cm3.
When a glow-discharge exists, some fraction of the CF 4 molecules are dissociated into other
species. As will be described in a later section dealing with the utilization factor, it is better to
have a CF 4 flow rate that is much larger than the dissociation rate. For moderately sized etching
systems this represents a flow rate of > 10 scem?.

A plasma is defined to be a partially ionized gas composed of ions, electrons, and a variety
of neutral species. A glow discharge is a plasma that exists in the pressure range given above,
containing approximately equal concentrations of positive particles (positive ions) and negative
particles (electrons and ne% ative ions). The density of these charged particles in glow dlscharges
ranges from 10°-1011 /cm”, and the fraction of ions-to-neutral species is thus ~10"4-10. The
average energies of electrons in glow discharges is between 1-10 eV. The reactions that occur in
the gas phase (plasma) are called homogeneous reactions, while those that occur at the surface are
termed heterogeneous reactions. Table 1 lists the general types of homogeneous electron-impact

Table 1. HOMOGENEOUS REACTIONS (ELECTRON-IMPACT) and
HETEROGENEOUS REACTIONS THAT OCCUR IN PLASMAS

Electron Impact Reactions
Excitation (rotational, vibrational, electronic): Atom Recombination:
e+ Ay = Ay + e (e+F = F*+e) S-A+A= 3 + A

Dissociation:

e + A2 = A +A + ¢
Ionization:

e + A2 =5 A2+ + 2e
Dissociative lonization:

e+Ay, AT +A+2e
Dissociative Attachment:

(F* =F +hvp)
(e+02=>0+0+e)
(e +02 =>02‘" + 2e)

(e+02==O++O+2e)

e+A2=>A++A'+e

Metastable dfexcitation:
S+ M = S + M
Atom abstraction (etching):
S-B+A = S* + AB
Sputtering (etching):
s-B+ Mt = 8" +B +M
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reactions and heterogeneous surface-plasma reactions that can take place.

The properties listed above, impart glow discharges with unique and useful capabilities. The
first ionization potential of most gas atoms and molecules is >8 eV. Since the energies of the
plasma electrons have a distribution whose average is between 1-10 eV, some of these electrons
will be energetic enough to cause such ionization. Collisions of these energetic electrons with
neutral etch gas molecules (Table 1), in fact, are primarily responsible for the production of the
reactive species in a plasma (electron-impact reactions). These reactive species, however, can
also react with themselves in the plasma (inelastic collisions among heavy particles, Table 1),
and alter the overall plasma chemistry.

The most abundant ionic specie found in CF 4 plasmas is CF3+, and such ions are
formed by the electron-impact reaction>: e + CF,= CF3+ + F + 2e. Other ionization reacti~=z
also occur, but the products of these reactions are found in less abundance than CF3+ ions,
because the probability that such reactions occur is smaller, and their products also react with
CF,, while CF3+ ions do not. In addition to CF, molecules, ionic species, and electrons, there
are a large number of radicals that are formed. A radical is an atom, or collection of atoms,
which is electrically neutral, but which also exists in a state of incomplete chemical bonding,
making it very reactive. Some examples of radicals include F, Cl, O, H, and CFx, where x = 1,
2,o0r3. In CF, plasmas, the most abundant radicals are CF; and F, formed by the reaction:
e + CF, => CF; + F + e. In general, radicals are thought to exist in plasmas in much higher
concentrations than ions, because they are generated at a faster rate, and they survive longer than
ions in the plasma. This view is substantiated by measurements of radical concentrations in
plasmas, but in fact, only a few such measurements have been reported. One measurement
determined that the F atom pressure was 20 percent of the total gas pressure in the system4. To
summarize, the gas in an etch chamber when plasma etching is underway, generally consists of
the following specie55 (in order of decreasing concentration, and estimated concentration ranges):
a) etch gas molecules (70-98% of the total species in the chamber); b) etch-product molecules
(2-20%); c) radicals 0.1-20%); charged species, including positive ions, electrons, and negative
ions (0.001-0.01%).

The radicals, in fact, are responsible for most of the actual chemical etching phenomena that
occur at the surface of the material being etched (except for the etching of Al, which is apparently
etched by molecular Cly). As will be described later, the ionic species are believed primarily to
enhance the etching that occurs, by causing events that are not in them- selves chemical
reactions. Thus, the term reactive ion etching, that is commonly used to denote processes in
which plasma etching is accompanied by ionic bombardment, is actually somewhat of a
misnomer. Since the etching by the reactive radicals is principally erhanced by the ionic
bombardment, these processes would more aptly be described as ion-assisted etching processes.

Electrical Aspects of Glow Discharges

It is important to have some information about the electrical potential distribution in
systems containing glow discharges. In Chap. 10, details about this subject were given for both
dc and rf diode glow discharges, and the information was used to explain how glow discharge
sputtering occurs. In plasma etching systems, high frequency (13.5 MHz) rf diode configura-
tions are primarily used, and readers are directed to Chap. 10 for more general information on rf
glow discharges. In plasma etching systems, knowledge about the potential distribution is use-
ful because the energy with which particles impinge on the etched surface depends on the
potential distribution. In addition, the plasma potential determines the energy with which ions
strike other surfaces in the chamber, and high energy bombardment of these surfaces can cause
sputtering and consequent redeposition of the sputtered material (as contamination on the wafers).

ION SHEATHS
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Fig. 4 (a) Schematic view of an rf glow discharge. (b) Potential distribution in a parallel plate
plasma etcher with a grounded surface area larger than the powered electrode area.

As shown in Fig. 4 the potential of the plasma is positive relative to that of the grounded
electrode (which is usually connected electrically to the chamber walls, grounding them as w‘ell),
and the powered electrode develops a negative dc self-bias voltage relative to .ground, as descpbed
in Chap. 106. The magnitude of the self-bias voltage depends on the amplitude of the rf signal
applied to the electrodes. As also noted in Chap. 10, if the electrodes of the rf plasma sy'stem
are of comparable area, the potential difference across the dark space of both elec'trodes will be
equal. Since the powered electrode develops a negative dc self-bias voltage, in order for a
potential difference of equal magnitude to exist across the dark space of the grounded F:lectrode, the
plasma must assume a positive potential of comparable magnitude. Thus, even 1f wafers are
placed on the grounded electrode of such systems, they will be subjected to _substannal energetic
ion bombardment. In systems in which the area of the powered electrode is much smaller than
that of the grounded electrode, smaller potential differences exist between the plasma and the
grounded electrode, and thus grounded surfaces are subjected to less energetic borpbafdment.

If a 13.56 MHz frequency is used for the applied rf power, this frequency is high enough' SO
that the ions require several rf cycles to traverse the dark space between the bulk plasma region
and the wafer surface. Some investigation of systems using lower frequency power has also bf’.en
conducted (100-450 kHz). Under such circumstances, the ions can cross the dark space in a
relatively small fraction of an rf cycle. This can enable ions to strike the surface.wn‘h greater
energies than in the high frequency case, a condition that can be useful in some applications.

Heterogeneous (Surface) Reaction Considerations

The reactive etch species that undergo chemical reactions at the surf_acc that result in et.chmg,
and the ionic species that bombard the surface to enhance such etching are produced in t'he
plasma. The events that take place at the surface are interactions between the_ gas phase species
and the solid material to produce etching. The issues related to the mechan1§ms that occur on
the surface include3%: a) the sticking probabilities of radicals and ions; b) chemical recombl_nat‘xon
processes that form films, cause species to be adsorbed, or lead to othe:r gas phas‘.a species; c?
reaction paths which are followed, from adsorption to the eventual formation of volatile pr(fdugt;,
d) desorption of species from the surface; €) effect of ion.and electron ﬂuxe; on the.surfacle, 21;1 }
the synergistic effects on the surface of of multiple species bompardment (i-e. by ions, electro g,
and photons). As shown in Fig. 5, some of the parameters that 1'mpact heterogeneous reacuonsd,
include the surface temperature, the surface electrical potential, the nature of the surface, an
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Table 2 EXAMPLES OF SOLID-GAS SYSTEMS USED IN PLASMA ETCHING

SOLID ETCH GAS ETCH PRODUCT
Si, Si02, Si3N4 CF4, SF6, NF3 SiF4
Si C12, CCle2 SiClz, SiCl4
Al BC13, CC14‘ SiCl4, Cl2 A1C13, A12C16
Organic Solids O2 CO, COZ’ H20
02 + CF4 CO, COZ’ HF
Refractory Metals (W, Ta, Mo...) CF4 WF6,

geometrical aspects of the surface (e.g. the angle of incidence of impinging ions depends upon
whether they are striking the bottom, or the sidewall of an etched feature).

The gases adopted for plasma etching processes have been selected on the basis of their
ability to form reactive species in a plasma, which then react with the surface materials being
etched and lead to volatile products. Table 2 lists the gas-solid systems for various solids to be
etched in VLSI fabrication, together with their resultant etch products.

Parameter Control in Plasma Processes

One of the more challenging aspects of implementing a useful and reproducible etch process

Excitation
Frequency
Excitation Gas Flow
Power Rate
Nature of n,. f(E) Geometrical
Discharge ———p N,'g_ <+——— Factors
Gas (Basic plasma (Reactor)
parameters)
Pumping
Speed
Geometrical Consequences
Factors —— | of Plasma-Surface Nature of
(Surface) Interaction Surface
Temperature Potential
of Surface of Surface

Fig. 5 Representation of the parameter problem in plasma etching systems (n, is the electron
density, f (E) is the electron energy distribution function, N is the gas density, and T is the
residence time”. Reprinted with permission of Springer-Verlag Publishing Company.
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involves the control of the large number of parameters that affect the process. Figure 5
illustrates some of the parameters that impact the gas-phase interactions, as well as the
surface-plasma interactions. Although many macroscopic parameters can be controlled , such as
the type of feed gas, power, and pressure, the precise effect of making any changes in these
parameters is usually not well understood. In fact, a change in a single macroscopic parameter
typically alters two or more basic plasma parameters, and possibly one or more of the surface
parameters, such as temperature or electrical potential. This makes process development in
plasma systems a challenge, and the use of factorial experimental design techniques for such tasks
very useful® (see Chap. 18). In the introduction to the section on Dry-Etch System

Configurations, a discussion is presented on how gas flow, pumping speed, and pressure are
interrelated, and how this interrelationship is used to control pressure.

ETCHING SILICON and SILICON DIOXIDE in
FLUOROCARBON-CONTAINING PLASMAS

The etching of silicon and SiO, in fluorocarbon plasmas is described in this s.ecti.ofl in
substantial detail. This is done because these etching processes are very important in silicon
VLSI fabrication. In addition, when the mechanisms of plasma etching were being first studied,
the etching of silicon and SiO, in plasmas containing CF,, mixtures of CF, + 'Oz,and
mixtures of CF, + H,, yielded important data about many of the fundamental 'mechamsms that
are operative in plasma etching, as well as information about the specific materials system under
investigation. The conclusions from these studies led to the development of two models for
organizing chemical and physical information on plasma etching. These m(ﬁels are the
fluorine-to-carbon ratio model (orFIC model)lo, and the efchant-unsaturate model® *. Since the
models are conceptually similar, although they emphasize different aspects of plasma etching, we
describe only the F /C model. Details of the etchant-unsaturate model are given in Ref. 25. ]

We begin the discussion by considering several basic phenomena related to plasma etching
processes. First, it is known that in the absence of a glow discharge, the gases commonly used
in plasma etching do not react with the surfaces to be etched. For example, CF4 does not etch
silicon without a discharge. This is due to the fact that CF, does not chemisorb on Si, and thus
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Fig. 6 The fluorine pressure dependence of the etch rate of amorphous silicon at room

temperature ' “. Reprinted with permission of the publisher, the Electrochemical Society.
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steady-state surface seems to be a stable "SiF,-like" that must be penetrated by impinging F
atoms in order for the SiF, to be formed. The etch rate of silicon (and SiO,) in pure CF,,
however, is relatively low.
If small concentrations of O, are added to the CF, feed Fas. however, the etch rates of both
Si and SiO, are observed to dramatically increase (Fig. 8) 4 The addition of the O, is also
accompanied by an increase in the density of F-atoms in the discharge. Although several reasons
have been advanced for this effect, it is certain that reactions between the oxygen atoms (Or
molecules) and the CF, molecules are responsible for the increased F-concentration. One of
these reactions might be the gas phase oxidation of CF, to first form COF, + F, which then
dissociates into CO + F,. Another suggested reaction could involve CF; radicals that reach the
silicon surface, and upon adsorption, contribute one C atom and 3 F-atoms to the surface. If an
oxygen atom reacts with the adsorbed C atom, the 3 remaining F atoms are available to etch the
Si. In any case, the etch rate of Si continues to increase until ~12% O, (by volume) is added.
The etch rate of SiO, reaches its maximum value when ~20% O, is added. At greater
concentrations, the additional O2 dilutes the F concentration, and causes the etch rate to decrease.
Figure 8 also shows that Si is etched much more rapidly than SiO, in CF 4O, plasmas, and
thus high selectivity of Si over SiO, is in such plasmas is easy t0 obtain.
IfH, is added to the CF, feed gas, the etch rate of silicon decreases monotonically to almost
zero for H, additions 2 40%. The etch rate of SiO,, however, remains nearly constant for H,
additions of up to 40% (Fig. 9)15. The silicon etch rate decrease occurs because the molecular
hydrogen reacts with fluorine to form HF, and this drastically reduces the F atom concentration in
the plasma. (It is said that the hydrogen scavenges Fatoms). Although the effect of the Si etch
rate decrease by itself may not be useful, the fact that the Sio, etch rate does not substantially
decrease at the same time is valuable, because the S i02-to-Si etch rate ratio increases. Asa
result, this allows a higher selectivity with respect to the substrate to be achieved when etching
SiO, over Si. This selectivity is necessary when SiO, films must be etched down to an
underlying Si layer, without significantly etching the Si.
The mechanism responsible for the high SiOz—to-Si etch rate selectivity involves the
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Fig. 9 The etch rate of Si, resist, and SiOy (measured in a reactive ion etching configuration) as
a function of the concentrations of H, in the CF4-Hy etch gas™~. Reprinted with permission of

the publisher, the Electrochemical Society.



550 SILICON PROCESSING FOR THE VLSI ERA

combination of two phenomena: 1) the deposition of a nonvolatile residue; and b) the role of
oxygen in the etching of SiO,. If an nonvolatile layer (e.g. carbon residue) deposits on a surface
during etching, and it is not removed, etching will cease. While such carbon residues are found
to deposit on all surfaces inside an etch chamber containing CF 4-H, plasmas, less accumulation
is observed to occur on oxide surfaces than on non-oxide surfaces. There are several ways in
which carbon can be deposited on a surface in fluorocarbon discharges. One way involves the
dissociation of CF,, or other fluorocarbon radicals, upon being chemisorbed on a surface. Less
residue accumulates on SiO, surfaces because some of the carbon combines with the oxygen in
the SiO, to form CO and CO,, which are volatile. ~This in turn allows the SiO, layer to
continue to be etched under conditions when etching of the Si has ceased. Nevertheless, if the
deposition rate of the carbon residue becomes too great, etching eventually stops on all surfaces
in the chamber, including SiO2 surfaces. Other gases which also consume F atoms have been
found to produce high SiO,-to-Si selectivities!® (even without the use of H,), including CHF,,
C3F8, and C2F6. The reason for this effect is described as a part of the discussion on the F /C
ratio model.

In practice, the exact process conditions that produce selective etching of SiO, over Si are
generally empirically derived for each reactor. This is due to the fact that high selectivity
requires that the process be operated very close to the demarcation between etching and
polymerization (where etching abruptly ceases). Although the adjustment of plasma conditions
to achieve high SiO, /Si selectivity remains an art, high selectivity is achievable. For example,
selectivities of >20:1 at oxide etch rates of 600-1000A / min have been reponcd”.

Fluorine-to-Carbon Ratio Model

The fluorine-to-carbon ratio (F IC) model 10 jg one of the two models which have been
evolved to assist in assimilating the large amount of information on chemical and physical
mechanisms observed in plasma etching. That is, the model represents an attempt to organize
such information into a framework that allows processes to be developed more efficiently, by
providing some basis for predicting the effects of various parametric variations. The F /C ratio
is the ratio of the fluorine-to-carbon species, which are the two "active species” involved in the
etching of Si and SiO, (as well as other materials etchable in fluorocarbon plasmas, including
SizNy, Ti, and W). The F /C ratio model does not attempt to account for the specific chemistry
taking place in the glow discharge, but instead treats the plasma as a ratio of F to C species
which can interact with the Si or SiO, surface. The generation or elimination of these "active
species” by various mechanisms or gas additions then alters the initial F /C ratio of the inlet
gas. Increasing the F /C ratio increases Si etch rates, and decreasing the F /C ratio lowers them.

For example, a pure CF, feed gas has an F /C ratio equal to four. If the plasma
environment causes Si etching, however, this phenomenon consumes F atoms without
consuming any carbon, and thus the F /C ratio is reduced. If more Si surface is added to the
etching environment, the F /C ratio is further decreased, and the etch rate is also reduced. The
addition of H, to the CF, feed gas causes the formation of HF, but does not consume any
carbon, thereby the F /C ratio and the etch rate are again reduced. Finally, the utilization of
gases in which the F /C ratio is <4, such as CHF; or C;Fg, also has the effect of producing an
F /C ratio smaller than that present in a plasma of pure CF 4 Their use is found to produce very
similar effects in the etching chemistry as the other two procedures. Plasmas in which the F /C
ratio is decreased to less than 4, are termed fluorine-deficient plasmas.

Conversely, the addition of O, has the effect of increasing the F /C ratio, because the
oxygen consumes more carbon (by forming CO or CO,), than F atoms (by the formation of
COF,). Other feed gases that can be added to increase the F /C ratio include CO,, F,, and NO,.

The cause of the high selectivity of SiO,-to-Siin CF, + H, plasmas can be elucidated
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Fig. 10  Illustrative plot of the boundary between polymerizing ar.1d etching c.onditioTls as
influenced by the fluorine-to-carbon ratio of the chemically reactive species and. the bxas applied to
a surface in the dischzn'ge1 . Reprinted with permission of the American Physical Society.

with the aid of the F /C ratio model. That is, even though the F /C ratio in such plasma: nxs
less than 4, the SiO, contributes oxygen (whigl consumes carbon), thus .locally con}(ipens;aif ; c§
for the decreased F /C ratio at the SiO, surface™”. As long as _the F/C 'ratxo at Qle oxide su .
has a value close to that which exists in a pure CF 4 plasma, Sl(?2 etchmg continues to proiee 1
at the same rate. Meanwhile, since the F/Cratio at the Si surfa_ce is less than 4, Lhef focs:
etch rate decreases. To summarize, the F /C ratio model is useful for linking .togeth_er t}le e_: .(;,c S
of a diverse set of phenomena, including the effects of many feed gases afld Si0, /Sise ercl:'tlvx yr.ld
The F /C ratio can also be used to qualitatively portray the demarcaggn bet\fveen etc 1rllg :h !
polymerization as it varies according to changes ip sS)me process condmog.(Fxg. 110).e : ?amg
figure the boundary between polymerization (x-axis) is shown to vary as a x:; ;0 aé;ard 3'1 S
is applied to the substrate. The bias voltage has the effect (?f causing mcreasb ontlterin l
the surface by energetic ions, which removes the nonvolatile residue layer by Spl;« er “i;re m
allows etching to occur at lower F /C ratios than if the c‘arbonaceous ;_)oli/;nzr 1ribed et
simultaneously removed by sputtering and etching. This ‘cffect, as »\fﬂl : [e;ced oo
following section, may be utilized as a technique to control sidewall profiles of etc yers.

ANISOTROPIC ETCHING and CONTROL OF EDGE PROFILE

Up to this point in our discussion we have considered the f_:tching‘of Si ag}d f;aoc%i érrll
fluorocarbon plasmas largely as a mechanism that proceeds by chgxmcal gcngn (1.e.1 ihemic;u
of Si by F-atoms generated by the plasma to form SiF,). If etchlgg action :181 ;;1(1)1;1611)(') ! gaineé

ial is i i dvantage in dimension
however, the removal of material is isotropic, and no a
over wet etching (Chap. 15). In such processes, the plasma plays no role other than to produce
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the etchant. The attractiveness of dry-etching for VLSI patterning,
potential to etch in an anisotropic manner (defined in Chap. 15),
believed to produce anisotropic etching need to be considered.

It should be mentioned before discussing details of the directional etching mechanisms, that
the desired degree of directionality varies with the specific application in the final device. For
example, if the lines etched from a deposited film are designed to carry current, steep-walled
profiles are preferred, so that the cross-sectional area of the conductor is maximized. On the
other hand, if an etched feature must be subsequently covered by another film, tapered profiles on
the walls of the etched feature are more desirable, since highly anisotropic profiles in underlying
topography may result in poor step coverage by the overlying film. As also mentioned in
Chap. 15, a highly anisotropic etch will cause "stringers" in the overlying film to be left behind
at the base of steep underlying steps (Fig. 9, Chap. 15). Since such stringers represent regions
of incomplete etching between adjacent lines, the etch process must remove them. This can be
done in several ways including: a) overetching the overlying film; b) introducing a finite lateral
etching component into the etch process; and c) insuring that the underlying feature steps have
tapered wall profiles. Achieving wall profiles with the desired degree of slope may require the
use of a multi-step etch process, in which each of the sub-processes would employ of an etch
mechanism with its own degree of anisotropy. A multi-step etch process for producing
arbitrarily shaped wall profiles by such piece-wise anisotropic etching is described in Ref. 19,

The ability to achieve anisotropic etching is thought to depend in some way or another on
the bombardment of the etched surface with energetic ions. Other parameters, such as the
chemical nature of the plasma, may influence the degree of anisotropy, but unless energetic
particles strike a surface, only isotropic etching can be expected. The directional etching effects
in ion-assisted etching processes, however, cannot be due to sputtering alone, as product yields of
over several hundred substrate atoms per incident ion have been reported in jon-assisted etch
processes. Such product yields are much greater than those of typical sputtering yields (e.g. <2
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Fig. 11 An example of ion-assisted gas-surface chemistry in the etching of silicon with XeF,.
The XeF, flow is 2x10!3 molecules /sec and the Ar energy and current are 450 eV and 2.5 HA,
respectively“”. Reprinted with permission of the American Physical Society.

DRY ETCHING FOR VLSI FABRICATION 553

SURFACE DAMAGE
MECHANISM

SURFACE INHIBITOR
MECHANISM

@) toNs +) 1ons

s

V4
2 ® s W o s ~/® o’ ar
(o}
L} 4 ° * e ° ° ° ° ° e . o ° . . .
L O ¥ % % e % @ @ @ @
(@) ETCHANT ‘@) SUBSTRATE {em) JNHIBITOR

Fig. 12 (a) Surface damage, and (b) surface inhibitor mechanisms, for ion-assisted anisotropic
etching13. Reprinted with permission of the American Physical Society.

for 400 eV Ar ions, see Chap. 10). This is fortunate, for as was discussed at rl}e.(?utset of the
chapter, purely sputter etch mechanisms result in processes with inadequate selectllvgles. ated
The fact that sputtering alone is not operative ir12 (s)uch processes, was elegant)t: emons e
in an experimental manner by Coburn and Winters“~. In one experiment, they first el):(.pos1 )
Si surface to a gas of XeF, (not a plasma of XeF,), and obft?rved a low'etch rate ( 1g.f 456
Next, while continuing to expose the surface to XeF,, an Ar™ ion beam w1th. an energy o
eV was directed at the Si. The observed etch rate was ~10 times as great as with the XeF, a:}ci;le.
Finally, when the Ar* beam alone was directed at the surface, the smallest etch rate of the ﬁsz
conditions was produced. The results of this experiment demonstrate that a strong coopera ¢
effect can be result if the etching surface is simultaneously.exposed to a reactlve'gasb an_
bombardment by energetic particles. The microscopic details of. exactly I:IOW the xgn otxin1
bardment enhances the reaction between a reactive gas and a surface, is the .subject o.f substantia
research efforts. Evidence indicates that different mechax}isms ex1§t fgr specific _chemxcal sygter;i.
Two principal mechanisms by which energetic ions assist in e.nha_ncxfxg t}.1c e]tc tC}rlj '
produced by reactive gases, however, have been postulated tq be .ope'rau.ve in dlrse(c):mo\x’la :oduc 5
processes (Fig. 12)%L. They are: a) Relatively high energy impinging ions (> theth) p;urface
lattice damage at the surface being etched, extending severa.l monolayers benea;l n e S é
Reaction at these damaged sites is enhanced compared to reaction at surfaces at which no 1 til%
has occurred; and b) lower energy ions (< 50 eV) provide enougt.l energy to deso(rjb noriz:(; : i
polymer layers (also referred to as surface inhibiting, or blockt‘n.g layers) thzaltrf ep(;snm .
surfaces being etched. In processes in which such polymer deposition occurs, su fmet oy by
by the ions do not have the blocking layer removed, and h;nc; are protecte:d agalln? gt
the reactive gas. In features being etched on a wafer, the incident energetic palt')tlc es gSurfaceg
arrive in a direction perpendicular to the wafer surface, and hence the)'/ strike the. ott(()in: e O.r
of the etched features. The sidewalls of the etched features, meanw.hl-le, are subjecte h.o i
no bombardment. As a result, the bottom of the features ext}lblt fanhanced etc 1n§.MHZ)
bombardment effects are enhanced by decreasing the pressure in a high frequency (>
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plasma, or by decreasing the frequency of the discharge.

Examples of specific data that illustrates anisotropic etching are given in the discussions on
the etching of the various types films, but two idealized examples will be given here to illustrate
the kind of approaches that have been suggested to achieve directional etching.

In the first case, shown in Fig. 13, hypothetical Si and SiO, surfaces are subjected to
positive ion bombardment as a result of a negative bias voltage of -150 V being applied to the
wafers““. Since the etch rate of SiO2 is zero without ionic bombardment, but finite rate under
ion bombardment (Fig. 13), the SiO, film etches anisotropically. ~The silicon etch rate is finite
but smaller on surfaces that receive no ionic bombardment, and thus the lateral etch rate is slower
than the vertical etch rate. The etched feature ends up having a profile in which the sidewalls are
not vertical.

In the second example, the chemistry of the discharge together with ionic bombardment is
used to control the directionality of etchingzz. As was shown in the first hypothetical example,
Si is etched more rapidly under energetic ion bombardment (e.g. from 150 eV ions) than when no
bombardment occurs. If H, is added to the CF, feed gas, the Si etch rate decreases
(Fig. 14). At some value of H, concentration, the non-bombarded surface etch rate decreases to
zero, but the bombarded surfaces continue to be etched. Thus, under those conditions, the
bottom of the feature is etched, while the non-bombarded sidewalls are not etched, and the
resulting etched profile is vertical.

One other technique suggested for introducing a non-vertical shape to a feature being etched
by a completely anisotro;_)ic process, involves the introduction of some rounding to the sidewall
angle of the resist mask 324 The selectivity of the etch process is then adjusted, so that the
resist and the layer to be patterned are both etched anisotropically at the same rate. In this
manner the slope of the resist wall is replicated in the walls of the etched layer (Fig. 15). In
practice, this technique is difficult to successfully implement, because stringent control of all
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Fig. 13 Illustrative figure which shows the relationship between the shape of the etched wall
profile and the dependence of the etch rate on the wafer potentiallo. Reprinted with permission
of the American Physical Society. '

DRY ETCHING FOR VLSI FABRICATION 555

bias = -150 volts

Silicon Etch Rate

10 20 30 )
no bias percentage of H,in CF,

X M

10% H2in CF, Etch Gas

Pure CF4eth\ gas

Fig. 14 Illustrative figure which shows the way in which the shape of a wall profil.e .can be
influenced by decreasing the fluorine-to-carbon ratio (in this example by H, addition) .
Reprinted with permission of the American Physical Society.

plasma parameters must be maintained (temperature, ion energy distributions, etc.). Itisa
particularly formidable process to control when wafers are etched in a batch mode.

DRY-ETCHING VARIOUS TYPES of THIN FILMS
Silicon Dioxide (SiO,)

It was described earlier how fluorocarbon-containing pla§ma can pe used to etch SiO,, alr:i1
how selectivity with respect to silicon can be obtained b'y using ﬂuor%ne-deﬁmentv;'/);lasm;sc.h g
example approach for producing anisotropic etching of SiO, was also 111uera_ted. d efrér e
contact holes in SiO,, however, it is advantageous to have slop.ed contact s1de\yabs i)
filling by the following conductor layer. One method for p}'oducu.xg such a sk_)pe is }1' o
resist erosion, as described earlier??. By adjusting the resist : oxide etch ratio, tl.1e s ope o
transferred to the oxide. A technique for adjusting the resist : -OXIZde etch rate ratio, 15 to a sza
or SF to the fluorocarbon feed gas. A second method for achieving sloped walls is tl.m utsae i
reflow step, but this is not an etching procedure (see Chap. _6). annollably producing tape
sidewalls on small SiO, contacts by an etching process remains a.dlfﬁcglt task. o

The etch rate of the oxide films depends on several factors 1.nc1udmg. pressure, t1310w };arac_
gas composition, and film characteristics. For a given se:t of etching conditions, the Siorr‘; 1c o
teristics impact the etch rate. For example, thermal SiO, generally et.che.s xglorf; - la;ler
CVD SiO, films, and the etch rate may depend on the dopant concentration in the 5% :



556 SILICON PROCESSING FOR THE VLSI ERA

88109 25ki. 0.5l

Fig. 15 SEM photograph of a contact hole in a 1 pm thick phosphorus-doped CVD SiO, with
tapered profile achieved by controlled resist erosion during etchingfz’. Reprinted with s
of the Applied Materials. P

Silicon Nitride

Fluorine atoms isotropically etch silicon nitride with a ivi ili itride : Si
~1:8 in thc:: 'tempefature range of 30-100°C2°. As described in g:;fl;l?wgfrs:rl: (():; llégtsng;t: S;
types of silicon nitride are used in VLSI fabrication. The first type is’usually deposited b ;HC
pressure CVD (ITPCVD) at 700-800°C, and results in a stoichiometric compouxll)d Si;N yfil(::l
The s;cond .ty'pe is deposited by plasma-enhanced CVD techniques at < 350°C, and suc3h 4las .
deposx[.ed nitrides are really polymer-like Si-N-H materials. Although both n,itn'des arclzlsu:Ia
c;ltlc:i% ;nng 4O, plasmas, the plasma nitride films normally etch more rapidly than the LPCVDy

In most z.xpplications, nitride films are patterned with relatively coarse lateral dimensions
(e.g. the opening olf bonfiing pads in nitride passivation layers, or the patterning of a thin nitride
layer [~1000 A thick] in the LOCOS process), and thus a high degree of anisotropy is not
usually ‘necessary for patterning the nitride. In the LOCOS applic::tion however spu};fi ient
se}ectx\flty with respect to SiO, must exist so that the thin oxide layer unde’r the niLriée (~2§1(;31}\
thick) is nqt etched away. This would expose the silicon under the SiO, to a fast-etchin
plasm‘a,.whxch as noted above, would etch the silicon ~8 times as rapidly azs the nitride Thi
selectivity of a CF, isotropic Si;N, etching process with respect to SiO,, is ~2-3, but 1.nore
favorable selectivity (e.g. 9-10) can be obtained with the use of NF, plasmazszs. ’

Polysilicon

In MOS applications, the gate length is a critical, fine line dimension that determines the
channel length of the devices. Thus, when polysilicon serves as the gate material, it is
paramoun.t tl3at the etched linewidth dimension faithfully reproduces the dimension on thé mask
(e.g. to within .iS%). A polysilicon etch process must therefore exhibit excellent linewidth
control, and hl‘gh uniformity of etching. In addition, a high degree of anisotropy is also
generally reql'nred, as the doping of the source-drain and the polysilicon itself is typically
performefi by ion implantation. If the etch process produced sloped sidewalls in the polysilicon
then portions of the gate would not be thick enough to effectively mask the substrate against thé

DRY ETCHING FOR VLSI FABRICATION 557

implanation. This would produce devices whose channel length depended on the degree of
sidewall taper, and unless the taper could be accurately controlled, would cause a manufacturing
control problem.

The degree of anisotropy, however, is dictated by other considerations as well, including the
extent of overetching required to remove stringers at the base of steep steps in the inderlying
topography (Fig. 9, Chap. 15), and the coverage of the etched polysilicon features by
subsequently deposited layers. In the first of these cases, completely anisotropic etching will
require extensve overetching to remove the stringers, while in the second, it will produce features
that may be difficult for overlying films to cover. Thus, in general, an important characteristic
of a process is its ability to produce a profile with the desired degree of slope.

Finally, the polysilicon layer is usually deposited over thin SiO, (e.g. gate oxides,
250-500 A thick). Thus, the etch process must be selective over SiO, etching, since if this
oxide layer was removed, the shallow source-drain junction regions in the underlying Si substrate
would be rapidly etched by the reactants that cause polysilicon etching. In some cases, where
buried contacts between polysilicon and the single crystal substrate are made, high selectivity
over single crystal Si must also be exhibited (a subject discussed in Ref. 30).

As described in the earlier section on etching of Si with fluorine-based plasmas, fluorine
atoms etch Si isotropically, and hence controlled anisotropic etching of Si with fluorine-based
chemistries, such as CF, or SFy, is difficult. In addition, such processes exhibit a large loading
effect, also an undesirable characteristic in etching processes (see later section on Loading
Effects). As a result, several other methods have been investigated to overcome these
limitations. First, chlorine plasmas were found to etch polysilicon very anisotropically and
exhibited excellent selectivty over SiO,, but they etch Si more slowly than fluorine containing
gases. Thus, etch gases containing both chlorine and fluorine have come to be preferred for
polysilicon etching 7. For example, a detailed description of an etching process utilizing SF
and Cl, is given in Ref. 28. In that study, undercutting was controlled to less than 0.3 pm,
while maintaining high etch rates and good selectivity over SiO,, by adding small amounts of
chlorine to SFg plasmas. It was concluded that the chlorine together with the resist mask
material reacted, to form a thin polymer that deposits on the sidewalls of the etching polysilicon,
to produce less etching at the sidewalls. Other proposed process for etchinfgpolysilicon with all
of the required etching parameters, involve multi-step etching processes7'7’ .

Refractory Metal Silicides and Polycides

Refractory metal silicides are deposited onto polysilicon to form a low resistance polycide

~—

a = 45°forw = 4pum, a = 60° forw = 3pm

o= 70°forw = 2pum,a = 80° forw = 1pm .

Sloped wall Improves interconnection step coverage, but limited by lon implantation
self-alignment technique

Fig. 16 Polysilicon etchingzg. Reprinted with permission of Solid State Technolog)"
published by Technical Publishing, a company of Dun & Bradstreet.
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structure that can serve as both a gate and an interconnect layer (Chap. 11). In many
applications, etching is used to pattern such polycide structures, but this is a difficult etching
task2>33,  As in polysilicon etching, the process must provide a vertical profile on the etched
polycide, good selectivity over oxide (i.e. >10), and minimal resist erosion. Etching of
refractory metal silicides with both fluorine and chlorine based plasmas has been investigated, as
both the fluorides and the chlorides of the refractory metals are relatively volatile (Fig. 17a).
Etch gases that result in high concentrations of F atoms, however, are not suitable, as they tend
to undercut either the n* polysilicon or the silicide (or both). On the other hand,
fluorine-deficient plasmas can produce anisoropic etching of both the polysilicon and the
silicides, but the etch ratio with respect to SiO, is less than one.

Chlorine plasmas are known to etch SiO, quite slowly, and anisotropic etching of n*
polysilicon and silicides is easier to obtain. Unfortunately, the vapor pressures of the refractory
metal chlorides are much lower than those of the fluorides, and so to assist the etching process,
the use of mixtures of gases that consist of both fluorine and chlorine containing gases have been
studied (e.g. SF¢ : Cl,). Reference 31 describes the results of etching tantalum silicides and
polycides with such mixtures (Fig. 17). It is reported that etch profiles vary widely with process
parameters, especially the gas composition. As the silicide etch rates also vary with silicide
composition, the successful implementation of a polycide etching process requires stringent
process controls. In addition, it has been suggested that in order to achieve a polycide etch
process that produces an appropriately-shaped polycide profile, together with high selectivity over
Si0,, a multi-step etch process may need to be employed.
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Fig. 17 (a) Vapor pressures of transition metal halides. (b) Polycide etching31. Reprinted with
permission of Solid State Technology, published by Technical Publishing, a company of Dun &
Bradstreet.
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Aluminum and Aluminum Alloys

The etching of aluminum and aluminum alloy films is a very important step uztgth;cs
fabrication of integrated circuits. The device density, on many of t.hc mo§t advanced cg;ul a. ,e s
limited by the area occupied by the interconnect paths. An1§otr9pxc etching of thg.me ion}; -
permits the use of smaller minimum metal pitches (i.e. the pzth is the sum of th; . 1me’r11‘sh N
a metal line and the space between lines), which increases the interconnect capability. o V,L i
isotropic nature of aluminum wet etching process;is renders them inadequate fo [

lications, and there is a need for a directional dry etching Qrocess. '
app -Cmeoﬂuorine-containing gases used to etch Si and 81102, howeg::ers,sirrz ?Foltg Slilgt;?“le foo[:

i i i t, AlF,, has a very low vapor : ;
e T ot Smce'[he et; }:\Fr:.dlchlCI ,3Fig. 18) have sufficiently high vapor pressures to
the other hand, other halides o (e.g s 8) e el pp
allow plasma etching of Al, and thus chlonne-cont.ammg gases have been d :) e
dry-etch processes for aluminum films. The chlorine cox.namm.g gases used to e s also’
BCl,, CCl,, SiCl,, and Cl,, however, are all either carcinogenic or highly toxic. y

g serisiEy o G d in pump oils. Consequently, special care
B s Esricing COﬂCf}gt;iiien conlzact%r inhalation of vapors from cold

taken during system servicing to avoi :

Itrrl:;;b:ﬂ filters, pungxpsyor pump oils of aluminum etching systems. ’I’ht(al reacs(\)'it:j co\:rg;)l;lnuiz,
AICl; and BCl,, also degrade silicone and hydrocarbon pump fluids, Ian dtg son Op;( o
decomposition, perfluoropolyethers are often used gsee Chap. 3). Sn 3 iti S;lch s
A1C13,BC13, or SiCl, results in particulate formation (e.g. A1203, i 2).bearin e !
together with polymeric residues in the oil, can produce vacx.xum pump '1‘155 g
plugging lubrication ducts®®. Hence, it is reclouLmended that oil filters be utili

ife and allow longer intervals between oil ¢ anges. =
pumpltl Iizsabeen dcterm%ned that a freshly exposed aluminum surface, }mcovxecci bz;vaelﬁr?rllng1 .
oxide (Al,05) will react spontaneously with Cl or molecu.lar Cl'2 to om; o ¢ 3, i o
absence of a plasma36. If, however, the surface of the aluminum is covere
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\1203 (i.e. a native oxide of ~30 A), it will not react with C1
s two-step process, involving removal of the native oxide lay
The successful removal of the native oxide
chieving an effective aluminum etching process.
ifficult than the etching of pure aluminum, an
4n-to-run, depending on several factors. Thus,
vith an initiation period, during which the nativ
lowly removed. The removal can be accomplished by sputtering with energetic ions, a
‘ondition that can be established in reactive ion etching systems, or by chemical reduction. The
‘hemical reduction of the Al, O requires the availability of oxide reducing species. The
lissociation of BCl; or CCly, for example, produces fragments capable of reducing Al,O,.
“hat is, CCIX, (where x <4) can reduce the oxide according to ALO; + ccl, --> AlCl; + CO,
ut ion bombardment is still apparently necessary to assist these reducing reactions. If there is
vater vapor present in the etch chamber, however, it will scavenge the oxide-reducing species and
eact with the exposed aluminum to form new AlL,O5. This represents one of the factors which
‘ontribute to non-reproducible initiation times. BC%3 has become the preferred source gas for
he role of native oxide removal in many processes> BCl, is a much better getter of oxygen
T water vapor than is CCl 4» and the etch products of CCl 4 have been identified as carcinogenic

see section on Plasma Etching Safety Considerations). Figure 19a shows the results of one

eport in which the aluminum initiation period was reduced to a relatively short interval, by

ncreasing the flow rate of BCl;. It should be noted, however, that BCl, is highly reactive and

or Cl,. Thus, etching of Al films
er, and etching of the Al film.
isone of the most important  steps in
This is because removal of Al,O5 is far more
d the thickness of this oxide ‘can vary from
an aluminum etch cycle is observed to begin
¢ oxide and the moisture from the chamber is
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Fig. 19 a) Time necessary for initiation of Al etching vs. BCI% flow. Other parameters include:
20 sccm Clz, 200 sccm He, 200 Pa total preésg;ure, 1.75 W /em~. Reprinted with permission of
the publisher, the Electrochemical Society”". b) Effect of small concentrations of HZO on the
initiation period (designated as the Al,O4 etching rate)?’9 This figure was originally presented at
the Fall, 1981 Meeting of the Electrochemical Society, held in Denver, Colorado.
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i aust
forms nonvolatile residues upon contact with oxygen or water, for example in the pump exh
e Water vapor, nevertheless, must be excluded from the c;,ltchtec}(l)z;n:;ero deZ(::; Steos ?:ggglv};c
i ’ es. As shown in Fig. 19b, the etch ra f ALO5 .
r\:iptilo?;::cr:::ir‘gl ;;Sttilarl,rpﬁesire of water vapor3 9 Ifanetch chamber' is ex;:i(ﬁie(;intcg:g?;xsxt ;féi;
an etch run, moisture can be adsorbed on the c{xamber walls. Thlst ((:)(I)lnthC gl
severe if the etch product of aluminum, A1C13, is allowed to depomAlC1 e e
Such deposition occurs on surfaces maintained at room temperatun;s. : T%u e i
and thus absorbs considerable moisture on exposure to atmosph er -ther S erlons o e
desorbed after the plasma is struck. The deposition of AI.CI.3 afls_o as ode e e
the etch process, which are described later, and sq mxmmx.zmg its e é)]?me s g
Techniques used to manage AICl, in plasma etching apphcano.ns 1r e eh tomperures
temperature in the etch chamber above 35°C (as the AlCl, evapcn.'anolr;r ety ek
is high enough to assist in removing it from the chamber), an'd using ffgctigv e it i ok
its partial pressure low. Water vapor in the etch chamber is mgst effes i At Suer
locllz chamber designs. In non-load locked designs, water vapor 1s decreastg 40);(:) o
pumpdowns, heating the chamber walls when the chamberAls. open (e}.\gl.cl buildu)p -
the chamber with a nitrogen purge b0).(, use of BCl, and mlrl::;llltz(l;gth e sminum I
It should also be noted at [hlS point that the cleygen ﬁgwn . ks pyga st
play a significant role in determining the etch ratg. ,ass ki mara] e
i rated during the aluminum sputter deposition step, as a result o p R et
l()l:;(c)?g;) in the sputter chamber during deposition. Since oxygen concentratio
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Fig. 21 Etch rate of Al vs. Cl, flow for different BCl; flows.  Other parameters include: 250

sccm  He, 9.4 sccm CHCl5, 160 Pa total pressure4 - This figure was originally presented at the
Fall, 1981 Meeting of the Electrochemical Society, held in Denver, Colorado.

aluminum do not alter the resistivity of the film, this contamination may go unnoticed. In
addition, since the oxygen tends to segregate to the grain boundaries, the aluminum in these
regions will etch more slowly, leaving a "stencil" of the grains. If a large concentration of
oxygen is present, complete etching of grain boundary regions may require undue overetching.

After the native oxide is removed, the aluminum etching proceeds at a rate and with a
resultant profile, that is affected by the gases used (e.g. Fig. 21 8) In general, the demands of
high throughput require the highest etch rate consistent with good results. Processes with high
concentrations of Cl, in the feed gas exhibit isotropic etching, and the etch rate in such
processes is not enhanced by energetic ionic bombardment. Thus, it is postulated that
anisotropic etchin§ of aluminum occurs as a result of the formation of an inhibiting layer on the
aluminum surface*2, which is removed on surfaces struck by energetic ions, allowing etching to
occur there (Fig. 12b).  Such inhibiting layers are believed to arise from the formation of
chlorocarbon polymers (e.g. CCl,), originating from the carbon in CCl, or resist etch products.
In fact, CCI4, CHC13, and other chlorocarbon gases are added to Cl2 plasmas to reduce
undercutting. It has also been observed that if aluminum is etched with an SiO2 etch mask,
with gases containing large concentrations of Cl, and no carbon containing species, isotropic
etching occurs™. A partial list of the gases and gas mixtures (neglecting rare gas diluents)
which have been reported to successfully etch aluminum include: CCl 4 BCl3, C1,, CCl, +
BC13, CCl4 + Clz, BCl3 + Clz, BC]3 + Cl2 + 02, CCl4 + CI2 + 02, SiCl4, and BBr'3.

Selectivity with respect to SiO, is sufficient for VLSI applications. Selectivity with
respect to silicon (or polysilicon), however, is typically inadequate with chlorine-containing
gases (e.g. aluminum /silicon selectivities are typically only 2-5:1). As a result, Al patterns
must overlap contact windows, and this serves to restrict the density of Al conductor lines.

Small quantities of other materials are added to aluminum to improve some of its properties.
That is, 1-2 at% silicon is often added to prevent the aluminum from spiking through shallow
junctions (see Chap. 10), and 2-4 at% copper, or 0.1-0.5 at% Ti (often together with Si), are
added to enhance the electromigration resistance. Since SiCly is volatile at room temperature,
Al-Si films are readily etchable in chlorine-containing gases. Titanium also forms volatile etch
products (TiCly, Fig. 17a), and thus also does not pose a problem, provided the titanium is not
oxidized. That is, titanium readily oxidizes, and TiO, is difficult to etch in chlorine plasmas.
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Copper, on the other hand, forms an etch product with chlorine, Cu(?l,lthat i§ relatively
non-volatile below temperatures of 175°C (Fig. 20b)44. Thus, copper containing residues ofte.n
remain after these alloy films have been dry-etched. This makes Al-Cu more diffiCL'llt to etch in
chlorine plasmas. The degree of difficulty increases with increasing Cu concentration, and 4%
Cu-containing films pose quite a formidable dry etching challenge. Two methods are 1_15ed to
promote CuCl desorption: increasing the substrate temperature, commensura.lte w1Lh. th.e
maximum temperature allowed with the resist material being used; and enhancing the ionic
bombardment of the surface, so that significant sputtering occurs. In batch etchers, low pressure
operation together with a slower etch rate, promotes high energy bombardment while.allowmg
more time for the sputtering to remove CuCI®S. In single wafer etchers, high.er power is neede.d
to produce sufficient ion bombardment under the conditions of greater operating pressure. This
causes the unwanted effect of eroding the resist during etch. In ad%itg(ém, the etclh ;.)roduct, AlClL,,
is highly reactive, and it can also attack and degrade the resist*%: o Thu.s, it is necessary to
employ special UV-thermal resist stabilization steps to enable the resist to vsflthstand such harsh
etching environments. See Chap. 12 for more information on UV-stabilization proc.edures.

Another problem with etching Al is that of post-etch corrosion. The effe‘ct arises 'from the
hydrolysis of the chlorine or chlorine-containing residues (mostly AlCl,) Wth}-l remain on the
film sidewalls, substrate, or resist after etch. Upon absorbing moisture, these residues form HCI
which corrodes the aluminum. The reaction of HCI and Al progluces more A1C13, and thus as
long as moisture is available, corrosion will continue (Fig. 22)4 . The problem is even more
severe in Al-Cu alloys48, since Al-Cu compounds formed in the film (primarily CuA.lz) create a
galvanic couple with the Al (Fig. 23), and this drives the corrosion even more rapidly than in
pure aluminum films. Consequently, the residual chlorine and ambient moisture levels necessary
to induce corrosion are much lower when Cu is present in the aluminum films.

Various techniques have been suggested to deal with the post-etch corfosion problem, all
involving the removal of the chlorinated species . These include: a) removing the wafers froTn
the chamber and rinsing in cold deionized water. It has been suggested, l}owe“\(f)er, that this
method is not likely to be effective for alleviating corrosion in Al-Cu alloy fllITlS ; b) plasma
ashing of the resist in an O, plasma before removal from the etch chamber, which removes the
chlorine present in the resist, and restores the passivating Al,04 layer; and c) exposing the
aluminum to a fluorine-containing plasma before removal from the chamber (e.g. CF, or
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Fig. 22 Corrosion of etched Al lines‘”. Reprinted by permission of Semiconductor Internat'l
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Fig. 23 Corrosion of Al-Cu films in Cl-containing plasmas48.

the American Physical Society.

Reprinted with permission of

CHF3)46. The CF, exposure is believed to cause the chemisorbed chlorine to be replaced with
fluorine, thereby passivating the Al by the formation of nonhydroscopic AlF;. The CHF,
exposure is thought to deposit a polymer film over the aluminum, thus "sealing" the surface and
preventing moisture from penetrating to the chlorine residues. Long term reliability studies on

the effectiveness of these treatments, especially on circuits in plastic packages, have yet to be
reported in detail.

Organic Films

Organic films are exposed to plasma etching environments in many applications during
VLSI fabrication.  Photoresist is most commonly used as an etch mask, and in such
applications it is usually desired that the resist not be etched by the plasma. In some cases,
however, the resist is deliberately etched as part of a technique used to produce directional etching
effects in underlying films (e.g. sloped contact sidewalls), or as a method for producing
planarization of layers under the resist. In some of these instances, the etch rate of the resist
must be accurately known and controlled. At the conclusion of the pattern etching step the resist
must be removed, and this can be achieved by a plasma etch process as well. Organic film
etching is also performed in dry-developable resist and tri-layer resist processes (see Chap. 12),
and in etching polyimide films.

Plasmas containing pure oxygen at moderate pressures produce species that attack organic
materials to form CO, CO,, and H,O as end products 12549 such oxygen plasmas provide a
highly selective method for removing organic materials, since the O., plasmas do not etch Si,
SiO,, or Al. The addition of fluorine-containing gases to the O, causes the etch rate of organic
materials to significantly increase. This occurs because the F atoms extract hydrogen from the
organic films to form HF, producing sites that react more rapidly with molecular oxygen.

Ion bombardment can also be used to accelerate organic film etching. Under conditions in
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which the concentrations of oxygen atoms are small (e.g. low pressure and loading), the etched
profiles are completely anisotropic=.

The resistance of organic materials (e.g. resists) to plasma conditions depends on the
chemical composition of the organic layer and the type of plasma. There are some plasma
conditions, however, in which the durability of commonly used positive resists is quite high,
espcially those used for the selective etching of SiO, and SigN,.

PROCESS MONITORING and END POINT DETECTION

Dry etch equipment used in a VLSI production environment requires the availability of
effective diagnostic and etch end point detection tools. Extremely tight contr.ol' gf all process
parameters must be maintained to ensure wafer-to-wafer and run-to-run re_producxblhty. In typical
production facilities, some of these parameters can be controlled, while others cannot. For
example, as will be described, reactor wall conditions, which contribute to the heterogeneous
destruction of active reactants, become a bona fide variable, if the walls are exposed to atmos-
phere after every run. Similarly outgassing, virtual leaks, and backstreaming from pumps can
sufficiently change the chemistry, so that a calibrated etch-time approach to re'produc1b1hty
generally proves to be inadequate. Thus, techniques for determining the' end point 9f a cyFle
become highly valuable as procedures for reducing the degree for overetching, and for increasing
throughput and run-to-run reproducibility. In this section we describe four common methods'for
determining the end point of dry etch processes: 1) laser interferometry and reﬂ.ecu'\nty; 2) optical
emission spectroscopy; ) direct observation of the etched surface through a viewing port on the

chamber, by a human operator; and d) mass spectroscopy, which of the four, is least widely
used !0 1)’

Laser Interferometry and Laser Reflectance ) -

Laser interferometry monitors the thickness of optically transparent films on'reﬂecnye
substrates by making use of interference effect&® The laser reflectance method explou§ the dlf-
ference in the reflectivity between a nontransparent material being etched and an underlying layer.

AMPLIFIER
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I REACTOR CHAMBER WIGH VOLTAGE
SUPPLY
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Fig. 24 (a) Experimental apparatus for using emission spectroscopy as an end point detector; (.b)

. i ' i ion30. Reprinted by permis-
Typical apparatus for the optical reflection method of end point detection™ . Rep :
sion of Solid State Technology, published by Technical Publishing, company of Dun & Bradstreet.
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he same apparatus can be utilized to carry-out both techniques, and is shown in Fig. 24b. The
ystem is designed to measure the intensity of light reflected from films being monitored.

In the case where a transparent film is being etched (e.g. SiO,), the amplitude of the

ntensity of the reflected light varies, in approximately a sinusoidal manner, as interference
onditions change with decreasing film thickness. If the incident light is normal to the surface,
he film thickness change, Ad, between any two adjacent maxima or minima is given by
5d = X /2n, where A is the wavelength of the incident light, and n is the index of refraction of the
tched layer. As a result, if the etch time between two adjacent maxima is known, in situ etch
ates can be inferred. Laser interferometry can also provide end point detection. That is, the
nterface between two dielectrics is identifiable as a change in slope caused by the different
efractive indices, and by a change in the frequency of the reflectance variations, due to the etch
‘ate variations of the two materials.

Opaque /transparent interfaces (e.g. metal /dielectric) are distinguished by a variation from an
Ipproximately constant reflectivity to an oscillating one. In the case when two nontransparent
ilms are etched there is a change in the reflected signal when the end point is reached, if the
eflectivity of the underlying layer differs significantly from the film being etched. This change
's proportional to the ratio of the reflectivity of the layer being etched to the underlying layer. Of
sourse, the laser reflectance method does not provide any information on the in situ etch rate, and
therefore does not provide as much information as laser interferometry.

These techniques, however, do have several limitations. First, the laser must be focused on
1 flat region of the wafer on which the film being etched is exposed. Thus, in many etching
applications, where the area being etched is too small for good reflectivity measurements (e.g.
etching of contacts in an SiO, film), a larger test site (>0.5 mm) must be added to the wafer
patterning to facilitate this measurement. This requirement can be costly, as the open space
must be located in a prime area of the wafer. Even when such a test area is present, each wafer
must then be accurately aligned, so that the laser is incident on this area during the etch process.
Second, this method provides etching information only on that specific area on a single wafer.
If a large batch of wafers is being processed, non-uniformities in the batch etching process cannot

be compensated for by this technique. Finally, in some cases, enhanced etching occurs at
locations upon which the laser is focused, which yields inaccurate etch rate data.

Table 3. SPECIES and EMISSION WAVELENGTH
for OPTICAL EMISSION END POINT DETECTION’9

FILM SPECIES MONITORED WAVELENGTH (NM)
Resist CcO 297.7, 483.5, 519.8
OH 308.9
H 656.3
Silicon, Polysilicon F 704
SiF 777
Silicon Nitride F 704
CN 387
N 674
Aluminum AlCI 261.4
Al 396
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Optical Emission Spectroscopy . .

Optical emission spectrocopy is the most widely used metl}od for end_ point d.etecuon,
because it is easy to implement, can offer high sensitivity, anq provides useful mformzmon .abf)ut
both etching species and etch products. The technique relies on the change in the emxi§10h11
intensity of characteristic optical radiation, from either a reactant or product in a plasma. 1[g t
is emitted by excited atoms or molecules in a plasma when electrons re:lax f'rom one energy sta e
to another. Atoms and molecules emit a series of spectral lines that is unique to each species.
The emission intensity is a function of the relative concentration of a species in th(? plasma, and
emitted light is observed through a viewing port on the etch chamber. A t‘ypxcal appgrgms
utilized for end point detection is shown in Fig. 24a. It operates by rs:cordmg the emlssmdn
spectrum during the etch process in the presence and abs.ence. of the material ﬂ??[ is to be etc}l:ie 1
The comparison of these two spectra indicates the emission lines that are seps.1t1v§ to the etc ng
process. To detect the end point, the emission intensity of the process-s?n§1t1v§ line ‘(or band) is
monitored at a fixed wavelength. When the end point is reached, the emission mtensnt_y charfgc;s.
The change in emission intensity at end point depends on the species being monitored; n;:t
intensity due to reactive species increases, while the intensity due to etch pr@ucts'decreases. |
is useful to monitor emission from both reactive species and product species mmultane.ou; y
(Table 3), as in some etching applications one or the other of these measgr?ments may yfelt z;
stronger signall. Optical emission spectroscopy is widely used for determining tthe enfi ;zion}v ::d
SiO,, polysilicon, and aluminum layers. In batch etch processes, the end point signal }s eri o
from the average of etch conditions in the process. As a result, a degree of overetching is sti
required to insure that all wafers have been completely etched. _ .

Optical emission spectroscopy also some drawbacks, one of the most important ng e
its sensitivity is determined by the etch rate and the total area being etcht.x.i. .'I‘h-us, for slow Z c [
processes, the end point may be difficult to detect. The fact that the 'sensmvx.ty is also dcg)ehn de:xo
on the total area being etched, in some instances requires Lhat_a sp‘emal test site be ezstabhs e S
provide sufficient exposed area to cause a detectable end point signal (e'a.g. ~1 cm 'of Tl)](p(zs;]
SiSO). Separate test sites are most necessary when small contacts are being etched (i.e. the 0
area of etched surface is small), or when the etch depths become comparable to the §eparauog
between features. In the latter case, the total area (side wall + bottom) of material being etched
can remain almost constant, even after the bottom of the film has been reached and only
undercutting is occurring.

Mass Spectrosco '

Like emi;’sion spectfgscopy, mass spcctroscopy_is a gas phase r?leasurement‘ m(]:lh(x:)lgltd(i
offers the ability to detect and identify individual species in a plasma. dxsch‘arg.e.. Itisa slo a leto
provide information about the presence of species in the chamber prior to igniting the plasm :;tuq
in the effluent extracted from the etching chamber. A diagram of a mass spectrometer appar o a
used for monitoring chamber effluents is shown in Fig. 25_. . Although mass spe(cjtfoslic:‘piwt); 5;[0
useful technique, it is more difficult to implement than emission _spf:ctroscopy, an 1sObtainS o
the sampling of species removed from the plasma, whereas emission spectroscopy

m the bulk plasma.

s f/r\cs' shown in gig. 25, a small orifice is utilized to sample qle process efﬂuen{tr,1 :::efl::?nog
impact is used to create ions. The species present are analyzed,m much the same imm;mem
residual gas analyzer (described in Chap. 3), or in a secondary ion ma'ss.spef:trgs;(t)sp)ifm(; i nment
(escrived i Chap. 17 M e ameamsaturate mode, that lucidies e

i mple, the development of the etchant- : lel,
zz;zg::iss}nl(:)(lzrr:c;(izalgroduction andpquamiﬁes the role of added ox1dfmts xtrll] hzlocarbon plasmas,
was evolved with the assistance of experimental data obtained from this method.
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Fig. 25 Diagram for mass spectrometric monitoring of effluents from a plasma etching reactor.
Reprinted with permission of Ref. 1, copyright, 1983, the American Chemical Soc.

DRY-ETCH EQUIPMENT CONFIGURATIONS

Plasma etching systems consist of several components: a) an etching chamber, that is
evacuated to reduced pressures; b) a pumping system for establishing and maintaining the reduced
pressure; ¢) pressure gauges to monitor pressure in the chamber; d) a variable conductance
between the pump and etching chamber so that the pressure and flow rate in the chamber can be
controlled independently; ) an rf power supply to create the glow discharge; f) a gas handling
capability to meter and control the flow of reactant gases; and g) electrodes. Detailed assembly
of such systems from these components has evolved a variety of configurations, depending upon
which parameters of a process need to be controlled, as well as the specific applications of the
system”“. In this section we describe several of the most important commercially available
plasma etch /RIE etch system configurations, together with some of their applications,
advantages, and limitations. They include: 1) barrel etchers; 2) "downstream" etchers 3)
parallel-electrode (planar) reactor etchers; 4) stacked parallel-electrode etchers; 5) hexode batch
etchers; 6) magnetron ion etchers. After describing each of these configurations, a brief
comparison of the characteristics single wafer and batch etchers is given.

Some general comments on two equipment related topic are presented before starting a more
detailed look at the various systems. These are: a) the impact of electrode materials on dry etch
processes; and b) available procedures for adjusting pressure in the etch chamber.

The type of electrode material can have an impact on the etch process in a number of ways.
First, in some systems sputtering of the electrodes can occur, and the sputtered material can
redeposit on the wafer surfaces. If these products are nonvolatile, they become a source of
contamination. Thus, use of electrodes containing materials that will result in nonvolatile
sputter etch products, should be avoided. For example, an aluminum electrode in a system
utilized to etch Si and SiO, with fluorocarbon gases may be prone to causing such problems.
Second, some materials can suppress loading effects (see later section on this topic) which can be
advantageous, but may also influence the discharge chemistry. For example, carbon and silicon
electrodes may suppress loading effects in fluorine-based plasmas, but they may also decrease the
F /C ratio. Third, the etching of some electrode materials may cause etch products that impact
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or even obscure end point information. Finally, dthe etl)zztr_odel x:\ater::z;}or:ay contribute to etch
_uniformity effects across the wafer, as is described in a later s ;

e n’?‘l?eu;rlessuret}i'n an etch chamber may be adjusted in_tv:'o waysz. The pressure deper}rdengt?uzi
the etch rates can depend on which of these pressure variation proccdufes is followed\.)e oa edJ o
the pressure, either the flow rate can be kept constant ?nd the the pumping speeg‘ gznme\;:;de;l o
the pumping speed kept constant and the flow rate ad;ust?,d. In the former me th, e et
time in the chamber changes, while in the latter it remains constax.lt. Possibly .ebl s method
for operating a dry-etch system, from the point of view of comfroll_mg the gas vgna es, -
a fixed flow rate and then maintain a constant pressure by adjusting the pumpmg'spee e
variable conductance and an automatic pressure contrc')ller (see Chap. 3): In. this ;nar;r;ztm
adequately high flow rate can be chosen, thereby avoiding the gnwanted. suua.txon of op g
under conditions of a high utilization factor (see subsequent section on this topic).

Commercial Dry-Etch System Configurations

Barrel Etchers )

The first, and simplest, plasma etchers to be developed53 were barrel etchers i(tilgf. 2::,33}
This configuration consists of a cylindrical reaction vessel, usua}ly made of quan.z, ;vl 262 N
supplied by metal electrodes placed above and be.IO\fV the cylinder, as sh%z'n 1relrvegs.to co.nﬁne
perforated metal cylindrical etch tunnel is placed within the etch chamber. 1; S| e fers
the glow discharge to the annulur region between the. etch tunnel and the cham .erl on.nection s
are placed ina holder or boat at the center of the cylinder, and .usually no elmmca ih.n e
made to them. The reactive species created by the discharge diffuse to L‘.ne region wtrh 1e oo
tunnel, but the energetic ions and electrons of the plasma do not enter this region.
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Fig. 26 Schematic of: (a) 2 barrel-type plasma etching system. (b) a downstream plasma €
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rf Power

(a) Wafers (b)

rf Power
Fig. 27 Parallel-electrode (planar) type dry etcher. (a) When wafers are placed on the grounded
electrode, the system is configured in the plasma etch mode. (b) When wafers are placed on the
powered electrode, the system is operated in the reactive ion etch, or RIE, mode.

species from the plasma diffuse to the surfaces to be etched, and since there is no ionic
bombardment, the etching is almost purely chemical. As a result, the etching tends to be
isotropic, and it is possible to obtain good selectivity, with little or no radiation damage. Most
barrel etchers are operated in the high pressure range of dry etching (0.5-2.0 torr). The isotropic
nature of the etch, however, limits barrel etchers to such applications as resist stripping and
"non-critical" etch steps. Nevertheless, these applications are well served by such systems. In
fact, for processes that do not require ion bombardment for directional etching, barrel etchers

should be considered. Some materials, such as Al, however, cannot be successfully etched in
barrel etchers.

Downstream Etchers

Downstream etchers># derive their name from the fact that the reactive species are created in
a plasma, and are then transported to the etching chamber downstream of the plasma (Fig. 26b).
Microwave sources have been used to create the long lived chemical species necessary for this
configuration. Since the reactive species are created outside of the etching region, as in barrel
reactors, temperature control and radiation damage problems can be minimized or avoided®>.
These systems are mostly operated in the high pressure range (0.5-2.0 torr). In order to obtain
directional etching, however, some form of bias must still be applied to wafers in downstream
etchers, otherwise etching again proceeds in a purely chemical manner.

Parallel Electrode (Planar) Reactors

As described earlier, wafers exposed to energetic ions of a plasma can be subjected to
jon-assisted etching processes. Etcher configurations that utilize parallel electrodes can direct
energetic ions at the surfaces being etched, by causing them to be accelerated across the potential
difference that exists between the plasma and the electrode surfaces (Fig. 4b). As aresult, both a
physical and a chemical component can impart directionality to the etch process.

In parallel-electrode systems, the electrodes have a planar, circular shape, and are of
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approximately the same size>®. One of the two electrodes of the planar rtl',act(c)lr conf?xg]\;rrat(i)cfn: }12
d. Wafers can be placed on €1
connected to the f supply, and the other to groun :
e?ectrodes (Fig. 27). When wafers are etched in such systemshby p;acu;%’h therx:v 2?5 ::e;u g;%\;:éleeéi
system is sai i tch mode. en
trode, the system is said to be operated in the plasmfz e .  are
zliigctly on the r¥-powered electrode, these systems are said to configured in artlh reacl:tn;; w:nﬁtff:e
i i ial difference between the plasma
ode. As discussed in Chap. 10, however, a potentia ffer !
:rounded electrode can still exist, since the plasma potential is arlw.'ay§ all))(())r\rll% ir;;zgtp:;;rxaglﬁ
i ject to energetic 10n1C s
Thus, even in the plasma etch mode, wafers are subject : ot, 2
usually to a lesselP degree than in the RIE mode. For example, energies qf bombargullngblgn\i :;12
1-100 eV in the plasma etch mode, and 100-1000 eV in the RIE mode.. Since th.e ct ;cam .
are also grounded, in the plasma etch mode they mayﬂll)ie t;ub]tec}: c[}?a nsfe?(i o ter
i i ition to occur within the etc €.
bombardment, causing sputtering and redeposition / : : e
lectrode is subject to energetic po
urfaces). In the RIE mode, only the powered € t \ -
:)ombargment and there is less likelihood of sputtering nc;nvol;ttx)lc t;})lrocgu;tsmc;x:tgo t:}llep\;ifcrzl
ing i ’ i less, is affected by the Ia
Etching in both modes in such systems, neve@e A fecte . oy
and chgemical mechanisms are operative. Typically opgrauon in the RIE mo;lgo‘xﬂst\ocr;mducte a
low pressures (<100 mtorr), while plasma etching is carried out at pr.essures > o S ems or
Commercial systems built in the parallel—electrodc configuration can be batc my L
single wafer systems. Batch systems are typically manually 1oade'd, and Psually ltllaveste::n : \1; o
ity of being operated in either the plasma etch or RIE mode. ”n.us provides such sy 450 KH2)
useful flexibility. Some such systems, have been offreed \.mth a low frequency
power supply. Single wafer parallel electrode etchers are described later.

Stacked Parallel-Electrode Etchers _ )
'I'hi, stacked parallel-electrode etcher is a small batch machine capable of handl;qg 62:)afcrs at
atime. Its unique design provides an individual pair of electrodes for each wafer (Fig. 29),

MASS FLOW
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ig 28 (a) Stacked electrode etcher™~. Reprimed ith permlssmn of Semil
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International. (b) Magnetron jon etching system " ". Courtesy of MRC, Inc.
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Glow

b)

% 29 (a) Schematic of the electrode co

nfiguration of the hexode batch etcher.
a hexode batch etcher.

(b) Photograph
Courtesy of Applied Materials.
reby combining some of the advantages of single-wafer and batch etchers>’.
iers may hold that it offers less benefits than larger batch systems, while maintaini
wdvantage of end point detection from only a si
'ower densities can be kept in the ranges betw 3 - power-density
ode batch etchers, and high pressure, high power-density single wafer RIE machines. The
lem operates Cassette-to-cassette, and does not

offer load-locks. The major applications of this
*hine are for etching SiOz, Si3N4. and polysilicon.

(Although,
ng the same

Cylindrical Batch Etch Reactors (Hexode Etchers)

Cylindrical batch etchers are designed with a hexagonal inner electrode?5-58,59 (hexode), and
chamber walls serve as the opposite electrode (Fig. 29). Up t0 24-150 mm wafers per run are
unted on the hexode, which is the powered electrode, while the other electrode (chamber walls)
rounded. The result is a system in which the area of the hexode is much smaller than the area
the grounded electrode (typically one-half the area). This is just the kind of highly

mmetrical electrode configuration needed to cause ionic bombardment of the powered electrode,
le minimizing jon bombardment of the grounded electrod

e and other chamber surfaces (see
p. 10, RF Sputtering, which explains why). Thus, hexode etchers are well designed to
rate in the RIE mode and to provide good directional etching capability, but not for operation
le plasma etch mode. Most hexode models are not load-locked and must be manually loaded.
1e of the newer models have been designed with load-locks and robotic autoloading. In those
-loadlocked models, more elaborate pumping systems must be provided to remove water
or from the chamber after €xposure to atmosphere (although the load-locked models are also
pped with comparably elaborate pumping systems). Etching is conducted at low pressures
100 mtorr) and low power densities.
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Etchers

Comparison of Single-Wafer and Batch Dr_y ) .
Dry el:chers capable of anisotropic etching are available as sysFems configured fotf' SSISIE:E
wafer or batch processing (the latter being primarily hexode-type des:gps). Eac':;} pre \:hi g'h o
has its advantages and limitations. In this section, we compare their capabilities,
summarized in Table 4. )

Hexode batch etchers can accommodate a group of \yafers (batch) in each run. }ieecigs: ltlgsvy
can process multiple wafers in a single run, their operating power and pressure can hods nfem 01:
while maintaining high throughput. The low pressure allows more energetic bom tﬁr et o
the surface at lower powers. Thus, non-volatile species that must ll)le rerllllov.ed lt)(})' i :oI:t t); o

i ively etched without having
component of the etching, such as CuCl, are effecgtlve y 101 O 1
highgr power density levels that promote resist erosion, reduced selgctmty, and radlanfcf)'n _dz:lt[ns;gneé
In addition, multi-step etch processes can be performed in the reaction chamber, as sufficie
i ilable ition i ber.
is available to change the gas composition in the cham . .

The disadvantages of hexode batch etchers are the following: a) an entire balchfof \tzl:;rrss C;;[;
be lost if the etch process is somehow incorrectly performed, while in single wafer ; sl
loss due to a flaw in any cycle can be limited to one wafer; b) end ;'101.nt detection is de mined
from the average of the etching conditions over the entire batch ('emISSIOIl spectfoscopy), }(1) =
a single wafer in the batch, while a single wafer etcher can momt.or the end pomtk(?f eacf h\::()dé
¢) more laboratory space is required for batch etchers; d) automation and 1oad-%oc 1§g o exoce
etchers is more complex and expensive than in single-wafer etchers; e) the etching c aralc ristes
of the batch etcher may depend on the load of wafers in the 'chamber, and thus se(\ilerami oo
recipes might have to be developed for the machine, depending on batch size; and f)
uniformity represents an extra variable. ) .

Singe \fafer etchers have the advantage that wafer—to-wszer ur'nformlty pr'obler'x;saoé al;ivrgiz
batch systems is avoided. In addition, since only one wafc; is atnnsk_at atr}xl); t:;et, :V it

i i i be corrected before allowing k
the process is detected, theoretically it can ' Ayl
i i i i - i d automation are more easily
etched. Likewise, end point detection, load-locking, an .
New etch processes can usually be more more rapidly deve.lope‘d on single wafer ;Fchclzlrs, acl;d it{:;
establishment of multiple recipes dependent on batch size is 1Ilmnecessary. inally, cap
i i i ts smaller.
equipment costs are lower, and equipment space requiremen 1 ' _ _ :
! pOn the other hand, single wafer etchers must perform thc‘nr etching at high rates 1(111 oig:i'no
achieve adequate throughputs. There may be unwanted 31d<? effects of' suchT;a'plFilems). bg)
requirements, such as: a) excessive resist erosion (see Dry Etchmflg of b/ilur:ér};zltg; sy;'[lems ) ,me
tivi i i ulti-chamber e ,
reduced selectivity; and ¢) multi-step etches may require multi- : ]
time to evacuate ay chamber after each sub-step may be prohibitively long. I}: is tt}(xi';foreengme) 3'_
that single wafer etchers will be utilized in processes that can tolerate the harsher e g

Table 4. SINGLE WAFER versus BATCH ETCHING

SINGLE BATCH
Pressure Low - High (often high) L(.)w
Throughput Depends on Pressure High ,
i i Adequate
Etch Uniformity Good
End Point Detection Good Control Average. ovirl batch
Automation Relatively Easy More Difficult

Laboratory Space Smaller Larger
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- 30 Etch rate of sputtered quartz, demonstrating the utilization factor concepl“. Reprintéd

h permission of the American Physical Society.

often batch systems, such as some hexode reactor models, are not load-locked, but are opened
itmosphere after every run. Several techniques are employed to reduce the above mentioned
blems in such systems45 , including using a cryopump to more completely remove moisture
m the chamber before beginning the etch cycle, employing etch gases that are effective
isture getters (e.g. BCl,), and surrounding the etch chamber with a nitrogen purged box.

Gas Distribution

A uniform supply of reactive species to the wafer surfaces is necessary to bring about
form etch rates across a wafer, and from wafer-to-wafer in batch etchers. Thus, reactors must
designed with gas feed systems that produce such uniform reactant distributions. This is a
llenging task, as viscous flow prevails over the range of working pressures and reactor
rensions. In viscous flow, the local molecular interactions are strong, and gas mixing is poor.
rious gas distributions designs have been evolved, depending on the reactor configuration.
ich-type planar etchers usually use gas rings to distribute the gas uniformly around the
phery of the circular electrodes. Some single wafer etchers, that have smaller chambers utilize

hower head electrode, that emits gas from the top electrode. Hexode etchers employ a gas tree
iribution design along the axis of the hexagonal electrode.

Gas Flow Rates (Utilization Factor)

Not only must a uniform quantity of reactants be provided to all wafer surfaces in order to
iieve uniform and reproducible etch rates, but an adequate quantity of reactant must also be
splied. That is, if the etch rate is limited by the supply of reactant, small variations in flow
: or gas distribution uniformity may lead to etch rate nonuniformities. As a result, there isa
nimum flow rate of reactant gas that must be supplied to prevent the process from being

7
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ilizati loped to
the utilization factor has been deve (
imi ant supply. A concept known as : S
gﬁ:rtli?f; mesri:s;:ion 11)3%1?' example, in a CF, based etchxzﬁ Proﬂfe?{cﬂzgu;ﬁ::nm Sl
’ - . . n e 1
io of the rate at which fluorine is consumed 10 e & =5 -
deﬁﬂsidc;oﬂti: tgi;?;‘;"emm the system as CF. If thef _etck% rate is hmulect;;y tglg)g\;;.)plzhas
?ﬁt:av:tants then all the fluorine is consumed, and ‘the uuhzatpn _f?;:;oruzlizaﬁoi. Lo Ml
i dete’miued B o Opﬂ(;n gn:hb:h;\:(ﬁtiliza:ion factor be determined
less. It is therefore recommende at : ( B oS
3}(3:;@3;0;;,11 c:::l;’liflz process parameter is changed"'. Relatively simple techniques for
the utilization factor are given in Reference 63.

e i i There, a plasma
Ilzlozfaimfa etching systems, etch gas is fed into the r;acnon Cttl}lae?:ze(;}centratjon, fnd o
creates reactive species. The etch rate is generally proportional tg B cfimspeties
concentration in turn is reflected by the partial pressure of the s;?ecxes, % m e oy the eiching
are removed from the chamber by one of the following events.nztx) n;:(())sxtsluike[;y o ,occur e
i : bination, an eve
- aking place at a rate S, ,; b) recom ost i e
rrZ?if:?i(\)rgs’s;eciesg fome in contacteg/:im the non-etchable s:rfz)ices nwlv;iﬁl;ugnot}x:h c;h:pedcs o e
;and € ¢
recombination removes reactants at a rate, Srecomb’ 2 g 1111)1 e O e s iveil b o
chamber before one of the other two events occurs, an S
| d the
B e sPum : i i being created and removed at equal rates, an
In the steady-state, reactive species are g r b e e
partial pressure o);' the reactive species, Py = Gy /S, whsere_Gxs is tht:,L gsene o
species, and S is the sum of the three remova! rates, S = etc{ll nisgc{)hrg o ;?1 - ore
pI;ocess,es in which the etch reaction is the dominant rem'ov:! me;lc z;) ropo,n o o
i irec >
and hence etch rate, is controlled by Sgcp- Since Sy, 18 o C g's S e v
exposed etch surface, the etch rate decreases as more etched s ac.e e oan in Fig. St
f?ect is known as the loading effect, and an example of the loading € A pCemnire i
?n this figure, the etch rate of polysilicon decreases with expt?sed z:re;cvmw e o cffot.
increased to ,140°C. Note that an increase in the gas flow w1}1 1?0 f:; e LT Smsnnt
}I’he concentration of reactive species will be increased by a hig e:m :ins do;ninam’ o
area of etched surface, the etch rate will be faster. But 1f S_e[ch T o ok o mee
e etch rate will still decrease. R ST JoAT A vt B
waferlsnarfoi(tii:ghﬂ;)rocesses the loading effect is undesirable for ﬂ[ne follov;nlgorst:?sz(; Sinc)e o T
tch rate drops, some of the throughput benefits of batch proce:ss.m%)etromes ; A paTeE
:ate depends u;;on the amount of etchable area in the chamber, ;hxs ol of ssetch D
that leads to process non-uniformities from run-to-run; and 3) when B D in the fleld i
is reached, the etchable area undergoes a pr;,cipnous gle:ix;lez;s;,o aszd s itk prerie
. i tures re: . ;
aly the sidewalls of the etched fea ! o e sidewalls are
?m: ‘;:l;s:dﬂ?e thch rate to increase. As a result, during any (t);:icrztch :vr::e e e
elt’:hed at a higher rate than the nominal process et;:h 1::6, :1111; i t: 1ogaﬁrmg e sy
be utilized to ‘ 8 L
re are several methods that can’ ; . (i cighin
gfblf::.regig the rate of removal of reactive species byv othgr» mechani
- h ce ce loadi atical model that
TCHCU'?gS (;I;:&f;f :he procedures utilized to reduce loadu.lg effects,haasmt::zinéonsmcted i
lates tl(lle various parameters involved in with the lc?adu‘xg effec/::) e see. and CXpIESSES
The odel provides a good description of silicon etching in CF, /O, IacpeEe ioh reprosenis
Ele mh té) of m wafers, R, in terms of the etch rate of an empty reactor, R,
e etchra » Ry

sion:
the etch rate when the etchable area approaches zero), by the following expres

X 7
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Fig. 21 (a) Reciprocal of Si etch rate vs. number of 3" wafers, demonstrating the loading
effect”~. Reprinted with permission of the publisher, the Electrochemical Society. (b) The etch
rate of Si is increased sufficiently and /or the reactivity is increased sufficiently by increasing
temperature™ ", Reprinted with permission of the Japanese Journal of Applied Physics.

Ry/Rpy=1+md = 1+ mfA,, Keyopn /(A Krecomb *+ V k)] (1)
where: ® is the ratio of reactant species consumed by etching a wafer to the rate of removal of
reactant species by all other mechanisms; Kecp is the reactant species consumption rate per unit
area of etched surface; Aw is the area of exposed etched surface per wafer; krecomb is the removal
rate per unit area due to recombination at reactor wall surfaces; Ach is the area of the chamber
wall surfaces; k,, is the volumetric removal rate per unit volume due to pumping; and V is the
volume of the chamber. When & is small, the etch rate approaches that of an empty chamber.

In plasma etching processes for which the above model is applicable, the sensitivity of etch
rate to loading conditions can be reduced by several procedures, including: a) conducting the
etching in a chamber with a large volume and high surface area; b) utilizing large gas flows,
(large k) which will cause the removal rate due to pumping to dominate; c) using an electrode
constructed of the same material as that being etched, thereby maintaining a fully-loaded
condition in the chamber, regardless of the number of wafers present (in the latter method,
however, end pont detection by optical emission spectroscopy becomes difficult); and d) in
processes in which the etch rate is controlled by ionic bombardment, it may be possible to reduce
@ by maintaining a sufficiently slow etch rate.

Not all plasma etching processes are well modeled by Eq. 1, and some of those that are not
do not exhibit loading effects. For example, the concentration of chlorine atoms, a reactive

species in some chlorine-containing plasmas, is limited by recombination, rather than by the
atom-substrate reaction that causes etching. In these plasmas the etching is independent of
etchable areaZ>,
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- d Effects .

g:sl(;;;g 2:teR zé?xf:niformity effects across a wafer, arising fron;f aspe:::olf)t:xhz Zl:;;zdteo
material and configuration, can also occur. Two examples of su.ch i? tﬁ?i lect‘rode i
which the electrode material is etched can pla)-' a role. That is, s bl Siey
consumption of reactive species occurs above reglons where the elec thz e bies il Ta ok
These species then represent an additional supPly of reactants neaxjdl e e . 3o e
available to central wafer regions. Hence, etching occurs more ra;?: # zversely . i
wafer clears from the outside to the center (bullseye pattern). oy i ed,g i e
material etches more rapidly than the wafer surface, reacftanf at We: ﬂ‘:,[he T e
depleted, causing the center of the wafer to etch more rapidly; 2t)h i ot i i
electrode, the electric field lines of the dark space are disturbed at e W o wguh it atine: ol
increase in the ion bombardment near the edge. If the etch rate increa S L echaiquee
bombardment flux, etching again becomes greater near the edge th.an atth e (l::c troclle e or
suggested for reducing this effect includc' mccs§ing .of the wafers into the ¢!
surrounding the wafer with conducting or insulating rings.

nd Point Detection . . ion. There are
ift:r an etch cycle is completed, it is necessary to tgrmmzﬁ)ed meﬁzﬁ?:fﬁ?ﬁ;zm o merely
usually too many variables in an etch process performed in a p ‘}c tead, he process st be
use the etch time as a measure of when the cycle is com_Plete- l'ns anc{ s bormmtion phiped
monitored with an end point detection technique, as described ear 1er'ﬁon should be terminated.
from such monitoring must be utilized to decide. whex'x the etchu;g i:;: oo Featiniies et
(It should be noted, however, that in processes in which end podmt ‘et of an etch cycle prevents
effective, timed etches are used.) Effectively determining the en pon;1 O Thickmess
insufficient etching as well as overetching, and can also be used t%gc(l) inp:n S neqtio,
and etch rate variability. End point detection techniques are descri

Contamination and Damage of Etched Surfaces

gv(;?:;:?c'ﬁ::g; dry processes can be subjected to conmmi'r{aﬁonfﬁom z(x) lx:tlixll;g l:)[t;xs;;t:l;c:;
including: a) polymeric residues from the etch process; b) cleposm(.)nu(;é1 t:(;r:)\;w ooy
from sputtering events associated with the etch process; and ¢) pa1:txc i, us

Polymeric residue contamination is caused by ha-logen det}cx:nsciyand S CE e 0 A
described earlier in the section dealing with the etching mode 3; o beileg e 1{1e hoton
H,. Such contamination can produce rough surface§ on the s Aumpe s
unzcierlayers), can lead to high.contact resistarj:et, ;ﬁﬁx 11\11:11;) ::S:oi(:i o re;idues ogle
"YZSZ;VO?;;:;:: :lrlc?sli’o/?: ‘:;(s)nrifa:l ;llgge:ll:ls;)f a dry-etclg'ng cycle, thereby allowing any residue
SO!
o remov?d’ andhx:()it mfloﬁi%ntaminated by deposits of nonvolatile solids sputterid f;i}'::

S\lrf?CCS bem;gx 'emcharfzier Sputtering events occur in etching chfxmbers asa regt:: }t‘ :mber
Su’fac_es m'the o ”:ﬁat exits b;,tween the plasma, and the surfaces being etched a; i
o dlffer}elnceber surfaces consist of materials containing heavy m.etals (e.g. c-:i S réduce
bl ok o d. and then end up being deposited on the surfaces being etchi. ek
thf"y can be sputtered, a;ion- 1) the chamber walls and electrode surfaces sh(?uld mSiO ko
ek = 'Of COntaII}ulla con; atible with the surfaces being etched (e.g. ?lqunufllx.l, or i azcés o
2o Wlﬂ:)rzl ZIT;:SdS be dg,signed so that sputtering events are mxmlmlzed : u?:me o
iz)gflglzgeesolids. The latter is accomplished by electrically connecting t0g
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of high-rate etching, but that other, more critical steps, will continue to be performed by
;s damaging batch etch processes.

Aagnetron Ion Etchers

Aagnetron ion etchers (MIE) are single wafer machines in which the magnetron principle
sputter deposition is adapted to make the Gprimary electron excitation process in plasma
s more efficient at lower gas pressures 0 Asa result, both higher reactant species
«ction and ion bombardment rates of the surfaces being etched can be achieved at lower
rs and pressures, than are required in non-MIE single wafer etchers. Thus, some of the
»acks of single wafer etchers associated with having to operate at high power densities and
ure (such as bulk radiation damage and resist erosion), can be reduced, while still
aining the high etch rates necessary for adequate throughputs in single wafer etchers.

As shown in Fig. 28b, a band magnetron cathode is utilized to create a uniform magnetic
1bove the wafer. This causes the electrons emitted by the cathode to be constrained from
sing the discharge region to the collecting surfaces. These electrons are thus more likely to
¢ with, and ionize, gas particles in a low pressure gas. Etch rates of Si0, of 6,000 A /min
deen reported using various fluorocarbon-based gas mixtures, with a 5% uniformity over a

nm wafer, and at a low voltage. Polysilicon etch rates of 1 pm /min have also been
ed, using an SF /CF, gas mixture.

’ROCESSING ISSUES RELATED TO DRY-ETCHING

’lasma Etching Safety Considerations

vMany dry etching processes require the use of potentially hazardous and /or toxic gases. It
portant that these gases be used safely in the course of operating and maintaining
cching systems. This section provides a brief, but far from complete introduction to this
't and other dry-etching safety issues. Readers are directed to references 61 and 62, as well
the Semiconductor Safety Association, and to local safety representatives for further
nation on these topics. The following safety aspects of dry etching are presented in this
n: a) working with compressed gases; b) working with toxic and /or corrosive gases; and ¢)
safety design considerations in plasma etching equipment.

jases contained in cylinders at high pressures (>225 psig @ 70°F) should be treated with
ne respect. The total force that could be exerted during the release of the gas in a cylinder
*hes high with a diameter of 9 inches and a pressure of 2000 psig, is in excess of 24
n pounds. The correct regulator should be used to make connection to the cylinder.
ressed-gas cylinders should be securely fastened in properly designed cabinets. The exhaust
ity of a gas cabinet should be able to rapidly handle the entire contents of the cylinder to
the exposure area. Cylinders containing flammable materials should be electrically
ded to avoid static charge.

Jne of the most probable times when a life or health threatening accident can occur is when
rlinders are being changed, and thus safe procedures must be carefully followed when
ming this operation. In some plants, only engineers responsible for a particular operation
lange cylinders, and the procedure is performed using the "buddy" system.

‘he constituents of the feed stock gases used in common plasma processes are listed in
61 and 62.  Many of these constituents are toxic. Some of them (e.g. ammonia) cause
diate noticeable symptoms at concentrations below the immediately dangerous to life and
t levels (IDLH), but many others (e.g. phosgene [COCl,] an impurity constituent gas found
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in BCl, supplies) are colorless and odorless at concentrations well above the IDHL level. I;IS'hésf
demands that suitable gas detectors be used to monitor a‘nd warn of gas leaks, as a me; 2]
protecting the work environment from hazardous mat.enals. All‘ personnel t‘hat wor s
hazardous gases should attend safety courses dealing with such subjects as respirator use, sp
clean-up procedures, and fire procedures. )

Ifl; It)oxic gas is accidenglly inhaled, both emergency an.d axtfenfiefi. acﬂpn neec? to tée }tlz(x)l;erx;.
For example, the inhalation of chlorine produces only slight irritation in thefx:ﬁt ucous.
During the following period of up to 8 days, however, edema (a} swell.mg of the m o
membrane) may result and acute reaction set in. Thus, close obs_ervatton durm.g this en_nre pt; o
is mandatory to insure the well-being of anyone who has come into contact with chlorine (or any

Xic substance).
OmerCtZrbon tetrachllride (CCl,) is an etch gas used in some alumi.num dr'y-etch p'roct‘,sseisl.1
This etch products from this gas have been identified as ‘gleng carcinogenic, and tl1115 u;e;1 a
non-load-locked systems has been pronounced unacceptable®”. On tt}’ez other pand, 1;) (:ISIOSH
suggested that utilization of CCl, in load-locked systems can _be safe ,Prov1de:ii tl ;t,es (e
(part of OSHA) approved respirators with organic vapor and acid gas cartridge, and g o ring
of nitrile rubber, polyvinyl alcohol, or viton) are worn by personnel whenever pe
intenance or cleaning procedures on such systems.

- Plasma systems sitfuld also be designed for no-fail f)peration. f_"or example, thtf shl: t?gt
valve of gas cylinders should be normally off, and only driven on by hlgh p.ressu;? nitroge L
is interlocked to the gas monitor and electrical alarm systems. "I'hus, if either N, Erissruvalve
electrical power fails, these cylinders will be isolated. The gas line between the cylinde ¢
and the last valve in a line should be purged by cycling between over pressure and under Pressl:léh
conditions, to rapidly dilute the gas trapped in the line to low Yalues. This procedu're is m o
more effective in reducing the concentration of the gas in the line than merely flowing a purg

hrough the line. )
- [Plasrgna system pumps should be oversized and use 1\_12 ballast (see Chap}; 3)l dt(l))eei:zh
corrosive gases quickly, and to prevent condensation of corrosive vapors. Pumps shou Do e
marked so that maintenance personnel will follow proper protective procedures when perfo muctg1
oil changes or repairs. Use of synthetic pump oils is.recommended, because they éeqm;e,:aste
less frequent oil changes. The spent oil and filter cartridges must be treated as hazar (:1“18' : fo; <

The rf emissions from plasma etchers are normally below the U.S. recommende: 11?1 o
exposure (4.9 mW Jem? of body area over a 6 min pe:riod). However, damage hto an ertca I:negtCher
door or housing misalignment can result in excessive rf lealkage. Thus, W ene\fe an e
installed, moved, or modified, its rf emissions should be monitored to ensure the units integrity.

Uniformity and Reproducibility Considerations

It is important that dry etch processes are uniform across a wafer (an.d from wafgr-tt_lo-waferﬂix;
batch etch systems), and are reproducible from run-to-run. The following 'facto;s mb \ictr(x)creoom
uniformity and reproducibility of dry etch processes: a) exposure of the etching ct am:i c: o)
ambient; b) gas distribution within the system; ¢) gas flow rates; d) end point dete -
loading effects; and f) electrode-related efffects.

of Etching Chamber to Room Ambient ' L
ffﬁﬁ:s;:;ing chambergis periodically exposed to room ambient, the reprodl(xiangtn):o(i): ntllrlz
etch conditions from run-to-run may be impacted. The exposed chamber surfaceis a fsrav()ided =
which may affect the next etch cycle in a nonreproducible way. Th1§ pr(;b cn:= e i
systems that keep the etch chamber isolated from exposure to the ambient by us 5
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walls and non-wafer holding electrode, and making their combined area large relative to that of the
wafer-holding electrode.
Four main sources of

particulate contamination have been identified in dry-etching
systems®’

: 1) wafer transport materials and operation; 2) processing by-products; 3) particulates
from paper products utilized nearby the etcher (e.g. operations manuals and strip chart recorders);
and 4) the environment. Wafer transport related particulates are kept to a minimum by effective
system design. Processing by-product particulate densities depend on the specific process. In
those processes that are prone to particulate production from polymer build-up and subsequent
separation from the reactor walls, however, more frequent system cleanin

particulate densities is required. Paper product related Pparticulates can be reduced by using low
particulate stationary, or by keeping paper products entirely out of the clean room in which the
etchers are located. Clean room environment particulates are minimized by a host of elaborate
procedures, and these are described in detail in Vol. 2 of this text.

g to maintain low

Radiation Damage

As described earlier, in reactive ion etching (RIE), surfaces being etched are subject to
bombardment by energetic ions, electrons, and photons. These incident species can produce
various forms of radiation damage in the materials being etched including: a) electron traps in
gate oxides, which if not annealed out, cause shifts in the threshold voltages of MOS devices; b)
displaced atoms and implanted atoms in the surface due to jon bombardment; and ¢) under some
etching conditions, destruction of the gate oxide.

The type of trapping sites generated by RIE is reported to depend on the specific process68
For example, CF, plasmas have been shown to induce bulk trapping sites with a centroid of

approximately one half the thickness of the oxide, while exposure to O, plasmas leads to surface

(a) Plasma
Y+ ¥ oF
Sheath ==

Excess Positive
Charges (b)

+ + + + o+

avavA
“A<AA= Gate
Ty S0

Blocking ' ———t—Z

= BRNS

RF

l=— Photoresist

TV =]

(C} \ / RF

-1

Fig. 32  Gate oxide breakdown’ 0. Reprinted with permission of Solid State Technology,
published by Technical Publishing, a company of Dun & Bradstreet.
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S
Table 5 ETCH GASES USED FOR VARIOUS INTEGRATED CIRCUIT MATERIAL

MATERIAL GASES

Silicon CF,, CF, /0y, CF5Cl, SFg /Cl, Cly + H,, CIZI:ZH;SSF/Oz
(including polysilicon) SF6 /02, SiF4 /02, NF3, C1F3, CC13F5, C2C 5 6
Si0, CF, /Hy, C2F6, C3F8, CHF3

SizN, CF,4 /0y, C: 4 Igz, Cgllje C3F8

Organic Solids 0,02+C 4 Op + SF¢ .

Algminum 8%13, CCly, SiCly, BCl3 ICl,, CCly ICl,, SiCl, ICly
w, WSiZ, Mo CFy, CF4 /Oy, CzFﬁ, SFg

TaSi2 SF¢ ICly, CF4 ICl,

Au C2C12F4, C12

layer trapping sites. The bulk traps are removed by a 600°C anneal', 'and SO ir; (1)f c;g:i;;le?ir;ll);
if an RIE step is performed after an Al thin film is in place. Polysilicon an Alg yla
also effectively shield the oxide from such radiation dlam.age.th Suc:f ;rasdlé\:(zﬁe ;r oui o
inimi by placing the w
minimized by low power or low dc voltages, or | ; e,
electrodes®®. Batch etch systems tend to use lower powe; than conventi:,):ﬁl single wafer e
tron ion etching single wafer systems employ low power as well. .
but m'Ia}%: Zate oxide can aglso be destroyed by dielectric brg,%kdown during RIE a]l‘ po_ll.yszlwfsn bg;ciz;eg
iti i that as polysilicon
layers under some conditions. Watanabe and Yoshida'" propose ;
e‘tzcyhad (Fig. 32), it builds up a positive charge in response to the. electrons fr(?m the :éistc;a(rsg;
which accumulates on the wafer and then become stored in Ljne resist and blos:kmg cap; e
Chap. 10 for an explanation as to how electrons accumulate ion th:;1 su;fa(;(esi 51; c(:)(;rg?: e
. -Si i tinuous, it contacts the backs )
plasma). As long as the poly-Si layer is con : e o (e
i ial di de. Once the poly-Si is etched, the g _
there is no potential difference across the gate oxi B e
i i ltage may develop across the g :
substrate are no longer in contact and a sufficient vo . b
i iti s turned off, positive ions
1t in dielectric breakdown. In addition, whem_zver the power i i
x(Rieasrllt sll)ace recombine with the electrons in the resist, and negative charges sto‘red on the; :llooct}(lélli
capacitor recombine with the darkspace positive ions‘through .the conducn\tfzd xaa fh koo
cathode. If, however, the negative charges on the blocking capz.icxtt?r are ::utrac1 ythe ;:nSiem
charges on the isolated gate material, before enough recqmbl_nauon takes p ac;}e; A
surge current may also produce a sufficiently large potential dxffert;ncc a(;tt;o(s; suzh = ez aidown
i i i RIE processes the cau ¢
breakdown. It is noted, that in conventional \ .
f::rnsleot be removed, and that a solution to this problem requires a more complete understanding o
the details of this failure mechanism.

Process Gases for Dry Etching

i icati ither
Many different gases are used in dry etching processes 7f§)r YrLgllef;‘?gssaz)ons,t zfmme
individually or as the components of mixtures of sevefal gases'~. Ta iedprinly st
B e e St oo sombiaaon of Cly and one of the lher Specie)
1,,and SiCl,- usually in so : . j ;
Srlg ';cx:xllgn(lj;: Lf'sed to etcl';1 aluminum and aluminum alloys. Earlier 1we ((illsszlrlis;eec(ll :1:1: lll.\ss: 00f
fluorocarbon-based plasmas for etching Si, Si(')z, and S.13N » and a sotc l:,i e e St
various flourochlorocarbon gas mixtures for eLchmg polysnl‘xcon. In.dr)'! e & ;;gc ;;1 e
and SiO, that utilize CF,, it was found that the actlv? etching specxesfls a ity
Mo%e recently SF¢ and NF371 have been exploited as sources of atom
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ng Si and SiO,. These gases exhibit the advantages of higher Si and SiO, etch rates than
(up to 5000 1% /

min vs. ~1000 A /min), excellent silicon to silicon dioxide selectivities
50:1), and the fact that they exhibit a smaller loading effect than CF, etching processes.
NF; etching processes reportedly suffer from more pronounced loading effects than
nased etching processes_} but the NF; etching by-products formed from side reactions consist
ly volatile compounds’2. Therefore, polymer deposition on the silicon surface is minimal
etching with NF;.  Etching polysilicon with either SF¢ or NFj, alone, is typically
'pic, but anisotropic etching has been successfully performed by: a) adding small amounts of
ine-containing gases, such as CFCl; or CHC13' to the SF; or b) by decreasing the pressure
¢ NF5 plasma to ~100 mtorr, causing higher ion bombardment energies. Furthermore,
¢ . . i 4 72
¥ anisotropic etching of MoSi, in such low-pressure NF; plasmas has been reported’2,
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PROBLEMS

4

2 in

Cite five advantages that dry-etching possesses when compared to wet etching. Also list three
‘e most important disadvantages associated with dry-etching when compared to wet ctehing.
Vhy have ion-milling and reactive ion beam etching found little application in the fabrication
silicon VLSI circuits.

Explain the difference between the terms glow discharge and plasma.

Explain why the term ion-assisted etching is a more apt description of dry-etching processes
:h rely on both chemical and physical etching effects, than is the term reactive-ion elching.
Explain why the potential of a glow discharge used in dry-etching or sputter deposition, is
live relative to ground.

When etching Si over SiO, ina CF, plasma, the problem of obtaining an adequately high S
3 not usually exist. Explain why this is the case.

Explain why a short-lived reactive species, such as atomic chlorine, does not exhibit loading
cts when used to perform dry-etching.

If the selectivity of SiO2 over Si can be improved by adding H2 to the CF, feed gas, why have
sesses that use gases that contain no H2, but still offer improved selectivity compared to pure
, (eg C2F6), been investigated as alternatives?

The addition of }{2 to a CF, plasma is accompanied by the deposition of polymers
ymerization) on surfaces within the reaction chamber. Discuss the chemistry of such polymer
1ation. Note that it may be necessary to consult a chemistry text or the technical literature to
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wer this problem. .

ig‘jnpgit:elya:n:tch procezs that is apparently controlled by the s:rfa‘ce damage mechanism, and

i controlled by the surface inhibitor mechanism. o
T;(.)th}:(;?;;li:zp::ntt'lination of sloyped sidewall in etched features by co?troued'resist erosion is
such a difficult process to implement in a batch-etch production manufacturing environment. eid
12. Discuss some of the reasons why the development of an adequate dry-etch process for polycide

i allenging task.

11“;“;12 fi‘:;{le!ihcirocefsl fir an Al-4at% Cu alloy is conducted at 70‘-’C, use the vapor pre;surer ;)Hfl
CuCl versus temperature curve, given in Fig. 20b, to calculate the maximum etch ra‘te of. such a 1d
which would still allow the CuCl etch product to completely evaporate as the film xs'b.emg et.che h
14. In practice, the evaporating CuCl molecules of problem 13 would suffer collisions hwi\nltlht }tlce
argon sputter gas to a signifiant degree, and therefore be returned to the surf.ace from \\; tc tially
evaporated in relatively large numbers, in effect making the apparent evaporation rate substantially
lower. Calculate the mean free path of a CuCl molecule in an Ar plasma at a ;?ressure of 2 torr.
15. In some cases a loading effect is necessary in order to be able to monitor a.n etch process.
Cite at least one important aspect of a dry-etch process that takes .advantage of loading effects.
16. Explain the difference between the utilization factor and loading effects.





