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Abstract

The etch rates for 317 combinations of 16 materials (single-crystal silicon, doped and undoped
polysilicon, several types of silicon oxide, stoichiometric and silicon-rich silicon nitride, alumi
num, tungsten, titanium, Ti/W alloy, and two brands of positive photoresist) used in the fabrica
tion of microelectromechanical systems and integrated circuits in 28 wet, plasma, and
plasmaless-gas-phase etches (several HF solutions, H3PO4, HNO3 +H20 +NH4F, KOH, Type A
aluminum etchant, H20+H202 +HF, H202, piranha, acetone, HF vapor, XeF2, and various
combinations of SF6, CF4, CHF3, Cl2, O* N2, and He in plasmas) were measured and are tabu
lated. Etch preparation, use, and chemical reactions (from the technical literature) are given.
Sample preparation and MEMS applications are described for thematerials.

Because etch rates vary with a number of conditions, we also report in the tables the observed
range of etch rates bythe authors and others in our laboratory. Tohelp explain this variation, we
discuss at the length the chemical and physical steps in wet and dry etching, leading up to dis
cussions of 15 sourcesof wet-etch-ratevariation and 14 sourcesof plasma-etch-rate variation.

Tipsondetermining when an etch is complete are given.
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I. INTRODUCTION

When designing a new process flow for fabricating micromachined devices, the etch rate
of each layer that is to be patterned must be known. While the etch rates of many etchants that
target specific materials (e.g., thermally grown silicon dioxide in 5:1 buffered hydrofluoric acid)
are commonly known, the etch rates of the masking and underlying films are frequently not
available in the literature. This paper provides this information for 317 different combinations of
16 materials and 28 etches used in the micromachining of microelectromechanical systems
(MEMS) and inintegrated-circuit processing. These etch-rate data, based on tests performed in
the U. C. Berkeley Microfabrication Laboratory (Berkeley Microlab), are provided in table form.

Recognizing that etch rates vary due to many process factors (e.g., previous use of solution
or plasma chamber, temperature, area of wafer exposed), we have included further data in the
tables on the observed range of etch rates to provide an idea of the range of etch rates that might
be expected. These data are obtained from the authors and others in our laboratory. Because
etches are normally not perfectly reproducible, we discuss at length the physical and chemical
steps in wet and plasma etches and sources ofetch-rate variation, giving reactions and variations
with parameters such as temperature and concentration, if these are known from the literature on
etching. We also give methods of reducing some types of variation.

In addition to the tables and variation information, this paper describes the measurement
techniques used, the sample preparation and MEMS applications for each the materials, the
preparation and use ofeach etch, and tips on end-of-etch detection.

II. WET-ETCH PROCESSES AND ETCH-RATE VARIATION

A. Overview ofWet Etches

Most wet etches use water as the solvent for a chemical or chemicals, typically acids or
bases, which react chemically with the target material. Wafers are placed singly in holders or in
groups incassettes, which hold the wafers during wet-etch and rinse steps.

B. Wet-Etch Processes

A review of the physical and chemical processes involved in etching is required for adis
cussion of what causes etch rates to vary and how to achieve a uniform, repeatable etch. In any
etch, reactants must (Fig. 1) (a) be formed in the bulk solution; (b) be transported to the etch site,
which requires the substeps of mixing (forced or convective) or diffusion through a transition
layer in the liquid to the vicinity of the surface, diffusion through a stagnant boundary layer to
the surface, adsorption onto the surface, and diffusion along the surface to the etch site; (c) react,
which often involves a complicated series of oxidation-reduction subreactions that may take
place at pairs ofhighly localized adjacent sites; and (d) etch products must leave the site, which
again may require diffusion along a surface and desorption and diffusion through a boundary
layer.

The rate of each step can beexpressed in terms of fluxes (particles per unit area per unit
time) of chemicals for a balanced reaction being generated, transported to, consumed by, and
transported from the etch site. The slowest of the above steps is the rate-limiting step, which
determines the etch rate at a particular location on a wafer. In steady-state, all steps following
the rate-limiting step will be effectively controlled by the rate of this step. If the rates of two
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steps are of the same order of magnitude, both affect the etch rate, reducing it to less than the
slowerof the two. This canbe modeledusing a Deal-Grove-type model [1,2].

The following approximations for each of the four steps described above will aid in the
discussion of etch-rate variation.

(a) (i) Formation ofetch reactants in the bulk solution-equilibrium concentrations: The
dissociation constants for weak acids and bases, Ka and Kb, are used to find the equilibrium
values of ion concentrations using the law of mass action. For acids, theequation is

«n =®@&p- a>
where [H+] is the hydrogen ion concentration, [An-] is the concentration of some anion, and
[HAn] is the concentration of associated acid molecules. Ka and Kb are Arrhenius functions of
temperature, according to the form

Ka = Ka^"* (2)

where ATa0 isaconstant. Thus, in equilibrium at higher temperatures, more H+ ions ANd anions
and less associated molecules are available for a given reaction. The actual supply, however,
also depends onthe generation rate of reactants, as discussed below.

(a) (») Formation ofetch reactants in the bulk solution-generation rates: In many cases,
such as the dissociation of strong acids at lower concentrations, all of the reactive species are
formed when the solution is mixed. In other cases, however (e.g., HF solutions), only a limited
quantity of the active species is formed upon mixing. As these species are consumed, more are
generated through reactions in the bulk solution. The reaction rate RR if most such chemical
reactions follow Arrhenius equations of the type

RR = Kinit-^,Kr (3)

or

RR = K2nin2Q~EA,/kT (4)

for one- or two-species reactions, respectively, where K\ and K2 are pre-exponential frequency
factors, Tii and n2 are the concentrations (cm-3) of species 1and 2, EA \ and EA2 are the activa
tion energies for the reactions, k isthe Boltzmann constant, and T is the absolute temperature.

For a combination of sufficiently slow etch and rapid generation rates, the supply concen
tration throughout the bulk solution will be near equilibrium and constant. If the relative rates
are reversed, theoverall etch rate maybe slowed by a lower-than-equilibrium supply concentra
tion.

(b) (i) Mixing transport in a liquid: Reactants moving from the bulk solution to the etch
surface pass through aregion of lower concentration than that in the bulk. This region can be
divided into the boundary layer near the etch surface, which is mostly stagnant, and the transi
tion layer, which is between the boundary layer and the bulk solution (Fig. 1) [3]. The boun
daries of these layers are not well defined and vary with position on the wafer.

The transport of chemicals through the transition layer isdue to both diffusion and mixing.
Mixing, either forced (by agitation) or via convection (due to thermal or density gradients) thins
the transition layer and raises its concentration profile closer to that in the bulk solution. The
concentration at the edges of the boundary layer therefore rises, increasing the diffusive flux that
is possible, as discussed below. Mixing can also thin the boundary layer. These raise the etch
rate if diffusion is the rate-limiting step.
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(b) (w*) Diffusive transport in a liquid to the etch site: Reactants flow through the boundary
layer via diffusion. The diffusive flux T of aspecies in steady state, assuming no gain or loss of
the diffusing species, is given by

F = -£>i*2. = Dni»u»d-nSurf ^ (5)

where D is the diffusivity, dnldx =(8to«*/-/W/)/5 is the concentration gradient, ntound and
nsurf are the concentrations (in particles per unit volume) ofthe species at the edge ofthe boun
dary layer and at the surface, and 8 is the thickness of the boundary layer, which contains slow-
moving and stagnant fluid. The boundary-layer thickness varies with 1/Vv", where v is the free
flow fluid velocity outside the boundary layer [1,3]. The boundary-layer thickness also varies
withlocation on awafer, becoming wider downstream from protrusions on the surface.

The diffusivity of a species in a liquid is similar to that in a solid, typically varying with
temperature as the Arrhenius-factor function

D =ATMe~E"lkr , (6)

where A is aconstant and EAd is the activation energy for diffusion [4]. The diffusivity can rise
or fall with concentration, depending on the species involved.

The surface diffusivity also follows an Arrhenius-type equation.
Increasing the flux by raising the diffusivity or boundary-layer-edge concentration, or by

reducing the boundary-layer thickness or surface concentration, will enhance the etch rate, if this
is the rate-limiting step.

(c) Surface-reaction rate: The surface-reaction rate SR varies as

SR = ATce-£"'*V C7)

where Ks isthe surface-reaction-rate prefactor, EAs is the surface-reaction activation energy, and
n is the surface concentration (in particles per unit area).

The rate-limiting step can, in some cases, be altered. For example, at low concentrations,
the etch may be mass-transfer-limited, but can become surface-reaction-rate limited at higher
concentrations or with agitation, both of which increase the supply of reactants to the reaction
site. As another example, an etch that is limited by the surface-reaction rate may be sped up by
heating, eventually becoming mass-transfer-limited.

(d) Diffusive transport in a liquid away from the etch site: Diffusive transport of products
from the etch site is analogous to the diffusion of reactants to the etch site (except that the
relevant flux is away from thesurface), as discussed in Section (b).

C. Wet-Etch-Rate Variation

The sources of etch-rate variation can be divided into three categories: the etch setup, the
material being etched, and the layout and structure on the substrate. The most significant effects
on wet-etch rate in each category are as follows.

Etch-rate variation due to theetch setup is a function of (0 temperature, (w) loss of reactive
species, (Hi) loss of liquids to evaporation, (iv) mixing, (v) stratification of the solution, (vj)
etch-product blocking of chemical flow, (vii) elapsed time from the start of the etch, (viii)
applied potential, (ix) illumination, and (x) contamination. Etch-rate variation due to the
material being etched is affected by (xi) impurities in or on the material being etched, (xii)
microstructure, and (xiii) film stress. Etch-rate variation due the layout and structure on the sub
strate isaffected by (xiv) the distribution and fraction of surface area of the target layer exposed



and (xv) the structure geometry.
The manner in which the etch rate varies with each of these variables (some of which can

be controlled, as summarized in Table 1) is discussed below. There are probably still other fac
tors that affect etch rates not listed here.

(0 Temperature: Increasing temperature increases the etch rate of surface-reaction- and
supply-limited reactions by speeding up surface reactions (Eq. 7) and by increasing the equili
brium concentrations of reactive species in the solution (for solutions involving partially dissoci
ated compounds, Eqs. 2 and 3). In many such cases (non-diffusion-limited etching in
hydrofluoric acid, phosphoric acid, orpotassium hydroxide) theetch rate ER is described by

ER = Aae-E<*,kT (8)

where Aa is a constant and EAa is the apparent activation energy. Apparent activation energy
takes into account the effects of temperature on both supply of reactive species and the reaction
itself. Since the bulk concentration may rise and the diffusivity does rise with temperature (Eq.
6), diffusion-limited etching is alsoenhanced by raising the temperature.

Temperature-controlled baths can reduce temperature variation. If local heating occurs
because of a strongly exothermic reaction, agitation helps to maintain a constant temperature
throughthe volume of the solution.

(») Loss of reactive species: Previous use of a solution often results in a reduced etch rate
due to depletion of areactive species. Using a larger volume of etchant and buffering (e.g., 5:1
BHF) both act to reduce this effect. Use of fresh solutions for each batch of wafers also reduces
etch-rate variation, although noticeable depletion may still occur during long etches. Spray
etches, which supply streams of fresh solution, are an alternative toetch baths.

(mi) Loss ofliquids to evaporation: Water and other chemicals can be lost to evaporation.
Evaporation ofwater increases the concentration ofasolution. In most cases, the increased con
centration raises the etch rate, but in others, such as that of silicon nitride in 85% phosphoric
acid and of silicon in 33% potassium hydroxide, the etch rates go down. This rate reduction may
be due to water playing arole in the creation ofreactive species (e.g., dissociation ofan acid) or
because water is involved in the reaction itself (as is the case for KOH etching of Si [5,6]). The
use ofareflux system (which condenses vapor and returns the liquid to the solution) helps keep
the water concentration, and thus the etch rate, constant.

Other chemicals with high vapor pressures can also evaporate to change the concentration.
HF will evaporate faster than H20 in mixtures greater than about 35% HF (the azeotropic con
centration), making the solution etch oxides more slowly. Storing the solution covered will
reduce this effect. .

Although loss ofchemicals is similar to the loss ofreactive species (fisted in («) above), it
takes place mainly through evaporation rather than through exhaustion by chemical reaction, and
can occur even when the solution is not in use.

(jv) Mixing: Mixing, whether forced or occurring without intervention (e.g., due to self
heating), can accelerate etching in several ways. First, mixing increases the frequency ofcolli
sions of reactants, slightly raising the frequency factors Kx and K2 in Eqs. 4 and 5, increasing
the production rate of reactants.

Mixing has the most significant effect on diffusion-limited etching by decreasing the
transition-layer thickness and the boundary-layer thickness 6 (Eq. 5). This holds whether tur
bulent or laminar flow occurs.

(v) Stratification ofthe solution: Some etchants, such as KOH, have been observed to stra
tify, causing an etch-rate gradient from the top to the bottom of the bath. To prevent such a
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Wet-Etch-Rate Variation

User-Controlled

Parameter

Limiting Step
in the Etch

Pertinent

Equation(s)
Approximate

Effect

Explanation/
Assumptions

Temperature

Generation of reactants

in bulk solution

RR=Kln}n2&~E*/kT
Ka=K<fi-E»/a'

ER~e~E'/a'

Temperature will affect both reaction
rates and dissociation constants.

assumes reactants are used immediately.

(influence of diffusion is negligible).

Diffusive transport through
a boundary layer

T= -D (nbound-Tlsurf )/&
D=ATms~E"/k

Efl~7'1/2e~£*/Mr
Assumes boundary and.surface cones,

are constant. Both may vary with T.

Reaction rate

at surface
SR=Kse~EJkTn' E/?«e-£<*r

Assumes areal surf. cone, n is constant.

It will vary with SK and T, and thus T.

Mixing

Generation of reactants RR=Kimn2e~E*^r OotER t
The frequency prefactor

rises slightly.

Diffusive transport through
a boundary layer

T= -D (ntound-risurf )/8 ER t
Supply cone, rises and

boundary layer 8 gets thinner.
Reaction rate

at surface
SR=Kse~EJkTn ER t

The surface concentration

of reactants n' rises.

Fresh

Solution

Generation of reactants

in bulk solution

RR=K\n&-Wf
RR=K2mn2e'E*/kT £/?T

More reactants n j and n 2

are available.

Diffusive transport through
a boundary layer T= -D (jlbound-nsurf V§ £/?T

The bulk cone,

and boundary cone, ntound rise.

Reaction rate

at surface
SR=Kse-E»/kTn' ER T

The areal surface concentration

of reactants ri probably rises.

Table 1 User-controllable parameters in wet-etch-rate variation



gradient, a recirculating pump for the KOH bathis used in the Berkeley Microlab.
(vi) Etch-product blocking of chemical flow: The flow of reactants to, and of products

from, a surface can be blocked by etch products, such as gas bubbles (e.g., during aluminum
etching in Type A aluminum etchant), orby a passivating layer that masks the area being etched.
This can slow the etch locally or across the whole wafer. The removal of gas bubbles can be
aided by agitation or the addition of a surfactant (e.g., alkylaryl polyether alcohol, produced
commercially as Baker Triton X-100).

A passivating layer can becaused byadsorbed nonreactive species orthe growth of an epi
taxial film such as an oxide film [7]. In many cases, another chemical can be added to the
etchant that targets the passivating layer (e.g., the HF created in the silicon wet etchant removes
the silicon oxide formed during an intermediate step).

(vi'O Elapsed time from the start of an etch: Elapsed time from the start of an etch can
affect the average etch rate in two ways. First, if mass transport is the rate-limiting step, at the
beginning of the etch (before steady-state etching conditions are reached), the supply of reac
tants nearthe surface is more plentiful, so the etchrate is higher.

Second, some etchants, particularly those with high surface tension, require time to wet
small features on a surface completely, which decreases the effective etch rate. Prewetting a
wafer by dipping it in water before placing it in the etchant or adding asurfactant to the etchant
accelerates wetting and thus the initiation of etching in all locations, improving the etch unifor
mity between large and small features.

In both cases, two 10-second etches yield different average etch rates than does a single
20-second etch; thedirection will depend onwhich of the above twoeffects dominates.

(viii) Applied potential: Since many of the steps in an etch are electrochemical, and since
ions are frequently involved, an applied potential should be expected to affect both the flow of
ions toand from an etch front and the etch* reaction itself. An applied potential can beproduced
externally, by an outside voltage source, or generated "internally" in the etch bath, as with apho-
tovoltaically orelectrochemically created potential.

An example of an externally applied potential is that used to create porous silicon, in
which asilicon wafer (of any type and doping) is biased positively with respect to ahydrofluoric
acid solution [2,8]. At zero potential, no etching ofthe silicon occurs. With asufficiently large
positive bias, the silicon is oxidized and etched away (a larger bias is required for more heavily
doped n-type silicon). Variations in the voltage cause variations in the etch rate.

Apotential difference can be created within the etch bath by electrically connected materi
als with different work functions, such as ap-n junction. A silicon selective-staining technique
in aHF-HNO3 solution exploits this potential to etch silicon from the p-type regions but not
from the n-type regions [2,9]. . .

A potential difference can also inhibit adesired reaction. This has been observed in the
BHF etching of athin layer of silicon dioxide above the nside of ap+-n+ junction while under
illumination with ambient light [10]. The generated photovoltage biases the/?+ side (and BHF)
positive with respect to the n+ side of the junction, creating an electric field across the oxide that
completely stops etching. An externally applied potential has the same effect, with thicker resi
dual oxide layers remaining for larger voltages [10].

(ix) Illumination: In addition to the photovoltaic effect discussed above, illumination ofa
semiconductor with sufficiently energetic photons creates electron-hole pairs, which may allow
the conduction ofelectron or hole current needed for areaction at the surface ofasemiconduc
tor greatly enhancing the etch rate. An example of this is the anodic etching of w-type silicon in
HF to create porous silicon. Illumination creates holes, which drift to the etch surface and take
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part in the reaction, increasing the etch rate [2,11].
(x) Contamination: As there are many possible types ofcontamination, it is difficult to

predict all effects of contamination. Possible consequences include unexpected etching from a
residual chemical left in apoorly rinsed etching tank, faster etching due to an additional reaction
taking place or due to catalysis, or slower etching caused by consumption ofthe etching species
or by the formation ofanew etch product that blocks the flow offresh chemicals.

(xi) Impurities in or on the material being etched: Impurities in the material under etch,
whether intentional (e.g., doping) or not, can affect the etch rate. In some cases, a few molar
percent of impurity changes the etch rate by more than an order of magnitude (e.g., phosphosili-
cate glass (PSG) is etched about 14 times faster than low-temperature oxide (LTO) in 10:1 HF).
If the additional component is etched relatively very slowly, itcan be viewed as blocking afrac
tion of the surface area, thus slowing the etch in proportion to its concentration (e.g, tungsten
cosputtered with titanium, etched in H2O2). Conversely, if the additive is etched relatively
rapidly, aporous version ofthe pure material is left at the surface, and etching is sped up (e.g.,
P205 in low-pressure chemical-vapor deposited (LPCVD) Si02, and argon incorporated in sput
tered oxide [12]).

In silicon, the Fermi level is affected by doping, which affects the supply of electrons at
the surface of the silicon where the reaction takes place. A few tenths of apercent of boron dop
ing can stop the etching of single-crystal silicon in hydroxide [13] and ethylenediamine-
pyrocatechol (ED?) [14] solutions.

Thin films unintentionally on the target layer can block the flow of etchants, slowing or
stopping etching until removed. Examples are native oxides, which can form when metals and
silicon are exposed toroom air, and undeveloped photoresist residue.

(xii) Microstructure: Bymicrostructure, we mean such properties as grain size and orien
tation, porosity, and crystal defects. All of these properties can affect the etch rate. Many films
(e.g. polysilicon) have preferred grain orientations, and some crystal faces etch faster than others
in some etchants. Film microstructures vary with deposition conditions and subsequent heat
treatments (e.g., annealing PSG), and can vary through the thickness of a film (e.g., LPCVD
polysilicon [15]). Defects can becaused during processing.

Smaller grains tend to etch more rapidly, as grain boundaries are higher-energy regions
from which atoms are more easily removed [16,17]. Dislocations are likewise crystal regions of
high energy, so high-dislocation-density films should be expected to etch faster [16]. More-
porous films also etch more rapidly, as etchants can penetrate the film more easily and there is
less material per unit volume tobe removed [17]. The porosity of some films (e.g., LTO) can be
decreased by annealing.

(xiii) Film stress: Residual stress in a material can affect its etch rate. For example, both
single-crystal silicon in KOH [18] and silicon dioxide in BHF [19] are etched more rapidly in
tension than under compression. A reason for this relationship has not been presented in the
literature, but it can betheorized that in tension, the atoms in a solid are pulled from their quies
cent positions relative toeach other. Some of the energy required toremove them has thus been
supplied mechanically, so that less chemical energy is required to break the bonds in the solid.
The opposite can be argued for solids under compression.

The stress state may, however, be less significant than other parameters, such as porosity
and incorporation ofother materials into the film [12]. Variation in residual stress can be caused
by different deposition and annealing conditions, by the use of substrates with different thermal
expansion rates, and even by masking layers [17].
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(xiv) Distribution andfraction ofsurfacearea of the target layer exposed: Distribution and
fraction of surface area of the target layer exposed is important if the reaction is limited by the
transport of reactants to theetch site. The etch rate can be slower in the locations of a wafer with
the highest demand (largest areas of film being etched) and that are farthest from the bulk solu
tion (e.g., the center of the wafer or between wafers in a cassette). (This is referred to as "load
ing.") For this reason, the wet-etch rates for the 100%-exposure-area wafers in Table 3 can be
considered to be a lower limit. Agitation to keep theconcentration of reactants uniform reduces
this effect

Uniformity of etching is also promoted by making the features to be etched of small size
and the windows in the mask of uniform shape, and by placing them far apart, so that each has
the same demand forreactants andthe etchant consumption in one region does not interfere with
that of itsneighbors. Lowering the reaction rate at the surface (e.g., by lowering the temperature)
permits asufficient supply ofreactants to reach the reaction site and favors uniformity (assuming
that the diffusivity does not drop dramatically).

(xv) Structure geometry: Small depth variations in the surface topography, (smaller than
the boundary-layer thickness), have little or no effect on etch rates. Deep-aspect-ratio trenches
(i.e„ much deeper than they are wide) and structures requiring alot of undercut are etched more
slowly (aperture effect). For sufficiently long transport paths, etches are limited by the diffusion
of reactants to orof products from the etch site (Eq. 5).

HI. PLASMA-ETCH PROCESSES AND ETCH-RATE VARIATION

A. Overview ofPlasma Etches

The plasmas used for etching are gases composed ofa neutral feed gas and dissociated
molecules along with asmall concentration ofions and electrons. The bulk ofthe plasma, which
is most of the volume of the plasma chamber away from the walls, contains equal numbers of
positively and negatively charged species, and is therefore electrically neutral. Between the
edges of the bulk plasma and the plasma chamber walls are the sheaths, which are high-electric-
field regions with the field pointing away from the bulk plasma (Fig. 2). The bulk plasma is
therefore positive with respect to the walls. # #

The sheaths drive the positive ions that enter them outward to the walls, while containing
electrons for most of the AC drive cycle. The voltage drop through the sheaths varies from
around zero to alarge positive value during the cycle. Because the bulk plasma has no voltage
drop across it, the difference between the sheath voltages is equal to the drive voltage. The
sheath voltages increase with increasing plasma-generation input power and decreasing elec
trode area.

The most common plasma-etching systems used for micromachimng are parallel-plate
reactors (Fig. 2). Energy is supplied to the plasma from acapacitively coupled radio-frequency
(typically 13.56 MHz) power supply. The RF field accelerates the low-mass electrons to ener
gies averaging a few electron volts, while the ions are too massive to respond to such high-
frequency fields. The electrons continuously pass energy to gas molecules through inelastic col
lisions, creating radicals, ions, and more electrons. (The term "radical" is used in plasma physics
for atoms or groups of atoms that are electrically neutral, but have incomplete chemical bonding,
making them very reactive. Examples are CI and CF3.) Kinetic energy of ions and neutrals is
lost to the walls and exhaust as energetic particles leave the system. Typical operating pressures
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are 0.01 to 10Torr [17], and with the fraction of ionized species being 10"4 to 10-6 [20], electron
densities (also known asplasma densities) are in the range 109 to 1012 cm-3 [20,21]. Thedensity
ofradicals increases with power, normally being 5 to 50% of the total number of neutrals [20].

Plasma etches can be divided into three classes, depending on the degree of ion-
bombardment involvement in the etch: chemical-plasma etching, ion-enhanced etching, and
sputtering.

Chemical-plasma etching (usually referred to simply as "plasma etching") is purely chemi
cal: chemically active neutrals (mostly radicals, but also stable gas molecules), are generated
from the input gases in the source plasma, then travel out of the bulk plasma to the wafer sur
face, where they are responsible for all of the etching that occurs. The sheath voltages in
chemical-plasma etching are relatively low (tens of volts) [1] and the pressures are moderate to
high (in the 300-mTorr range). With the resulting shorter mean-free paths and low electric fields,
ions cannot gain sufficient energy as they traverse the sheath toaffect the etch. Purely chemical
plasma etching is fairly isotropic: the reactive gas neutrals move via diffusion and mixing just as
do the reactive species in aliquid, and can therefore undercut masking layers (Fig. 3). Halogen-
containing feed gases are used for most plasma etches (an exception is the purely oxygen-based
plasmas used to etch photoresist).

Ion-enhanced etching is usually done at the same or at slightly lower pressures than purely
chemical plasma etching (a typical value in the Berkeley Microlab is 250 mTorr, although over
lap of the pressure ranges occurs) and with alarger voltage drop (hundreds of volts) across the
sheath [1,2,20]. The larger voltage drop can be attained partially by making the chuck holding
the substrate to be small and also to be the ground rather than the driven electrode. Its smaller
size (as compared to the driven electrode, which is made up ofmost ofthe rest ofthe chamber)
results in alarger average ion current density and thus ahigher average voltage drop through the
sheath adjacent to the substrate. Higher input power also results in agreater voltage across the
sheath.

At the pressures and sheath voltages used for ion-enhanced etching, the ions are
accelerated through the sheath to higher energies (compared to chemical-plasma etching), which
is transferred upon collision to the region being etched. The major component ofthe ion velo
city is vertical, so ions tend to strike horizontal surfaces without touching the vertical sidewalls
(Fig. 3). This is one of two factors leading to anisotropy in ion-enhanced plasma etching.

The ions can help drive areaction (known as ion-enhanced energy-driven etching), or can
aid in the removal of polymer films that have developed on horizontal surfaces (known as ion-
enhanced inhibitor etching) [22]. (Polymer films are formed from carbon and fluonne or
chlorine during the etch. The carbon can be supplied by the etch gas, the photoresist mask, or by
agraphite electrode, while the halogen derives from the feed gases.) Polymer films that have
formed on sidewalls remain to block chemical etching by neutrals (Fig. 3). The requirement of
ions for the etch tooccur is the second factor favoring anisotropic plasma etching.

The mean-free paths ofthe neutrals, like those of the ions, are longer at lower pressures. If
the mean-free path is larger than the chamber dimensions, flow is effectively coUisionless rather
than diffusive. __. ....

Ion-enhanced etching is frequently referred to as "reactive-ion etching (RIE), which is a
misnomer [20]. The ions supply energy to some process in the etch, greatly increasing the etch
rate beyond what apurely chemical etch would achieve. The ion flux is orders of magnitude too
small to be responsible for the etching that does occur [1,22]. Radiation damage (e.g., lattice
point defects), however, can result from the energetic ions in ion-enhanced etching [21]. The
charging and damage of thin dielectric films (e.g., MOSFET gate oxides) by ions is another
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concern in IC processing [23].
Sputter etching (also known as ion milling) is performed at lower pressures (in the 10-

mTorr range), enabling ions to be accelerated through the sheath with few or no collisions. An
inert gas (frequently argon) and an external dc bias are normally used. The energetic ions col
lide with substrate atoms, causing them to be ejected. Sputtering is purely physical (no chemical
reaction occurs), so it is not as selective as chemical-plasma etching.

B. Plasma-Etch Processes

In plasma etching, there are gross similarities to the actions described earlier for wetetches
(Fig. 2): (a) reactive species (radicals and ions) are generated in the bulk plasma; (b) these
species are transported to the etch site by processes that may include forced flow (from the
incoming gases), diffusion, ordrift (ofions in an electric field) to a surface, followed by adsorp
tion and diffusion along the surface; (c) a chemical or physical reaction takes place, which may
require several sub-steps; and (d) the etch products leave the site, which may require diffusion
along a surface, desorption, and diffusion back into the gas flow. The slowest of these steps is
rate-limiting and determines the etch rate of the target material at aparticular point on the wafer.
As with wet etching, if two steps are of the same order of magnitude, the overall etch rate is less
than the slower of the two.

The following approximate relations govern the four above steps.
(a) (0 Generation ofradicals: The density ofradicals in an electropositive plasma is given

roughly by

flrad = AradPngas ®)
where Arad is aconstant that depends on the gas, P is the input power, nrad and ngas are the con
centrations of radicals and input gas molecules (per unit volume), and b is aconstant that varies
from about 0.5 to 0.7, depending on the gas [22].

(a) («) Generation ofions: The density ofions at the edge ofthe sheath n* in an electropo
sitive plasma is given approximately by

n- = A P (10)

where Aum is aconstant that depends on the gas, electrode area, and weakly on the pressure, and
P is the input power. . .

(b) (i) Flux in diffusive flow: In steady-state lossless diffusive flow, the flux r isgiven by
r = Dnbulk-nSurf (11)

where nbuik and nw/ are the concentrations of aspecies in the bulk plasma at the surface (in
particles per unit volume), D is the diffusivity, and 5is the boundary-layer thickness. The dif-
fusivities of gases vary with temperature and pressure as

°">JL£n*p (12)
where Do is the diffusivity at T0 and p0 (any reference temperature and pressure) and m varies
from 1.5 to2.0, depending on the gas [4,24]. , . .

(b) (») Flux in coUisionless flow: In coUisionless flow, the flux ofagiven neutral species is
given by
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where ng is the gas density (in particles per unit volume), v^ is the average gas-molecule velo
city in agiven direction, Tg is the temperature of the gas molecules, and mg is their mass [22].
The gas temperature depends primarily on the feed gas and chamber temperature, as discussed in
a later section.

(b) (iii) Adsorption, desorption, and surface diffusion: Adsorption and diffusion rates on
the surface are described by Arrhenius-factor equations. Likewise, the converse of the adsorp
tion rate, the desorption rateDR, is given by

DR ^A+TMc-**'"** (14)
where A& isaconstant, E& is the desorption activation energy, and njm is the surface density of
volatile molecules (in particles per unit area) [22].

(c) (0 Reaction rate at the surface involving neutrals: The reaction rate RR involving neu
trals at the surface is typically given by anequation of the form

RR = K<fi-E»'Kr'n; (15)
where Kq is a rate-constant prefactor, EAs is the reaction activation energy, Ts is surface tem
perature, and ng is the density ofgas atoms covering the surface (in particles per unit area).

Most chemical-plasma etches are limited by the reaction rate at the surface [22]. An
example is F-atom etching of Si. In this case, the surface gas density is proportional to the
fluorine flux, which is proportional toTm. Thus, the overall etch rate as a function of tempera
ture isproportional to T1/2e -E*'kT' [20].

(c) (ii) Reaction rate at the surface involving ions: In ion-enhanced etching, the ions aid in
removal of a film. The equations are the same whether the film is an etch product or a polymer
whichblockschemical etching. The etchrate involving ions at the surface is crudely given by

ER =KiYinisnfiUn =K^^AionPnfUm (I6)
where Kt is therate constant for the ion-enhanced process, 7,- is the sputter yield (number of film
molecules removed per incident ion), T| is the sputtering efficiency, Et is the ion energy, Eb is
the binding energy of molecules in the film, n,-5 is the number of ions at the edge of the sheath
(Eq. 10), Aion is a constant, P is the input power, and n'fam is the density of film molecules
adsorbed on the surface (in particles per unit area) [22].

(d) Flux in diffusive flow, coUisionless flow, and adsorption, desorption, andsurface diffu
sion (after the surface reactions): A discussion of these processes follows that given previously
as (b) (0 to (iii) above, with species leaving rather thanmoving toward the etch site.

As a practical matter, the predictive value of the relations discussed in this section is low.
This is partially because they are approximate and partially due to interaction effects. As a prac
tical matter, it is best to perform tests for an individual etching system to establish its perfor
mance under varying conditions.

C. Plasma-Etch-Rate Variation

Assuming that an etch chemistry (reactive gases and additives), reactor configuration
(grounded or driven wafer holder), and RF-power supply (which sets the frequency and power
range) have been selected, we have identified a number of factors that can affect plasma-etch
rates. These sources of etch-rate variation can be divided into three categories: the etch setup,
the material being etched, and the layout and structure on the substrate. The most significant
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effects on plasma-etch rate in each category are as follows.
Etch-rate variation due to the etch setup is a function of (0 power, (if) pressure, (iii) gas-

flow rates, (iv) temperature, (v) film blocking of chemical flow, (vi) elapsed time from the start
of the etch, (vii) materials present in theplasma chamber, (viii) changes in theetchchamber, and
(ix) contamination. Etch-rate variation due to thematerial being etched is affected by (x) impur
ities in or on thematerial being etched, (xi) microstructure, and (xiii) film stress. Etch rates also
vary as aconsequence of the layout and structure due to the (xii) distribution and fraction ofsur
face area of the target layer exposed, and (xiv) specimen structure geometry.

The manner in which the etch rate varies with each of these variables (some of which can
be controlled, as summarized inTable 2) is discussed below. There are undoubtedly other fac
tors that affect etch rates.

In addition to the target material, the etch rate of the masking layer will vary. These may
vary at different rates, resulting invariation of selectivity.

(0 Power. If the etch rate is limited by the supply of reactants in the bulk plasma, it
increases with power (Eq. 9). The etch rate also increases if the etch isdiffusion-limited because
thegradient from plasma to wafer surface rises (Eq. 11).

The sheath voltage isroughly proportional to the square root ofthe power, so higher power
increases ion-bombardment energy. Near the threshold of ion-enhanced etching, increasing the
power results in a large increase in etch rate as an inhibitor film is removed or ions supply
energy to the etch [22]. Further increases in power continue to enhance the etch rate as long as
thesupply of ionenergy is rate-limiting (Eq. 16).

(ii) Pressure: The chamber pressure is set by the pumping speed, the gas-flow rates, the
power (higher power results in more dissociation of multiatomic feed gases), and the types of
gases involved (some dissociate more readily than others). We assume for the following discus
sion that the pressure magnitude has been established for chemical-plasma or ion-enhanced etch
ing, as discussedpreviously.

Changes in gas pressure under typical ion-enhanced etching conditions have a negligible
effect on the plasma density (which is set primarily by the input power) [20]. The density of
radicals inthe bulk plasma, however, increases with pressure (Eq. 9).

Reactions involving gases, both in the bulk plasma and at surfaces, vary with pressure
depending on the reaction order. The reaction rate depends on the product of the concentrations
of each particle taking part in areaction (cf. Eqs. 4and 5), and therefore depends on the partial
pressure of each (for atoms and molecules). Since the partial pressure for each gas is propor
tional to the total pressure, the reaction rates are proportional to some power of the pressure.
First-order reactions, involving single gas molecules and a surface, vary linearly with pressure.
Second-order reactions, involving two gas molecules, vary with the square of the total pressure.
Third-order reactions, which involve three gas molecules in a rapid series of reactions (three-
particle reactions are highly unlikely), vary with the cube of the pressure. Thus, if the formation
ofreactants in the plasma (second- or third-order) or surface reaction (first-order) is the rate-
limiting step in an etch, the etch can be sped up by raising the pressure (assuming the ratio of
individual gas partial pressures is unchanged).

Both diffusive (Eq. 12) and forced-flow motion of individual particles (as opposed to the
overall flux as in Eq. 13) increase with decreasing total pressure. If the etch rate is limited by
flow ofreactants to the surface rather than by their production, lowering the total pressure may
actually increase the etch rate by increasing the concentration at the surface. For diffusive-
flow-limited etching, the etch rate may rise or fall, depending on the relative effects on dif
fusivity (Eq. 12) and the concentration gradient for the diffusing species (Eq. 11). Local
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Plasma-Etch-Rate Variation

User-Controlled

Parameter

Limiting Step
in the Etch

Pertinent

Equation(s)

Approximate
Effect

Explanation/
Assumptions

Power

Generation

of reactants

flmd—Afojrngds

T= 'AriradVrad
ERocP

Assumes reactants

are used immediately.

Diffusion

of neutrals
T=-D{nbutk-nsurf)fo E/?T nbuik rises

Reaction rate at surface

involving neutrals
RR=K&-EJkTn'g ERocP

Assumes theareal cone. n's
is ~/W.

Polymer inhibitor removal

or energy from ion flux
EiER=Ki Tl-gr-AfoB PrifiUn ER t faster than ~ p

Both ion flux and

energy Ei rise with P.

Pressure

Generation

of reactants

RR=K2n}n2t-E*'/kT
T- 'ArindVrad ERocpn

Assumes reactants are used

immediately and gas
fractions are constant.

Diffusion through

a boundary layer
T= -D (ntuik -nSUTf V5

ER~pn-1 ER assumes nsurf <£«&,/* •

CoUisionless flux

to surface
nrad~Arad*ngds
T= '/WradVrad

ER~p06
Assume reactants

are used immediately.

Reaction rate at surface
flrad—Arud *ngds

SR=Kse-E»/kTn
ERocp Assumes a first-order reaction.

Polymer inhibitor removal

or energy from ion flux
E-ER=Ki T|-£—Aion PrifiUn ERl

Ion energy falls while

ion density is about the same.

Flow

Rate

Generation

of reactants
"rod=«rad'Hgas ERt

Increased supply of reactants
rigas- Same pumpspeed.

Loss of

reactants to exhaust
- ERocl/(flow rate)

At very high flow rates,
reactants are swept away.

Substrate

Temperature

Generation of

reactants (at low p)
RR=Kxnie~E"AT

RR=K2n1n2e~E^T
ER~e-E^T

The substrate

heats the gas.

Generation of

reactants (at high p)
- 0 The gas is at a different

T than the substrate.

Polymer inhibitor removal
or energy from ion flux

- 0
Ion flux and energy are not

affected by substrate temperature.

Diffusion of neutrals

through a boundary layer °=Oo(015 er~t]15
Assumes main effect

of T is on diffusivity.

CoUisionless flow

of reactants ~T~\ Ttmg ' ERocTl/1
Substrate heats

the gas.

Diffusion along
a surface

D=D<fi-E"/kT ERoce-E"AT
Assumes a species

must always surface diffuse.

Desorption of
Product Film

DR=AdrTV±-E«/kTnL £/?«r1/2e'£*'*r
Assumes the slowest step is
desorption of a product film.

Table 2 User-Controllable Parameters in Plasma-Etch-Rate Variation
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depletion of reactants occurs less at lower pressures, giving better uniformity in mass-transport-
limited etching [20].

(iii) Gas-flow rates: For agiven pumping speed, input gas-flow rates help to determine the
pressure, causing thepressure effects discussed above.

The flow rate of a gas sets the etch rate if the supply of reactive atoms in the bulk plasma
derived from that gas is the rate-limiting factor. In such cases, raising the flow rate raises the
etch rate.

Raising the flow rate also enhances the etch rate ofdiffusion-limited etches by thinning tiie
boundary-layer thickness 8 (Eq. 11). Under laminar-flow conditions, 8 is proportional to 1/vv,
where v is the free-flow gas velocity outside theboundary layer.

Asin wet etching, the supply ofreactants in dry etching can be depleted, and ismost likely
tooccur in etches with along residence time (i.e., low gas flow and low pumping speed). Deple
tion can cause uniform orlocalized etch-rate slowing, depending on the diffusion rate to the sur
face and the reaction rate there (e.g., a high surface-reaction rate and low diffusion rate can
cause local etch-rate variation; a higher diffusion rate tends to equalize the etch rates across a
surface). In plasma etching, one can increase the supply of fresh gaseous reactants by raising the
flow rate and the pumping speed.

In the case ofextremely high flow rates and pumping speeds, the residence time ofreactive
particles can be so short that many do not have achance to reach the surface after being created
before being swept from the chamber. In this limit, the etch rate is inversely proportional to the
flow rate [20].

Finally, the gas-flow rates determine the the ratio of partial pressures of the gases in the
chamber. Etch rates can vary greatly with the gas-flow ratio, depending on the series of reac
tions involved in the plasma.

(iv) Temperature: Temperature affects the rate of any surface or gas-phase reaction, typi
cally as described by an Arrhenius equation, possibly with a temperature-dependent prefactor
[20].

In plasma etching, one must distinguish between the surface, gas, and electron tempera
tures, as the system is not in thermal equilibrium. Due to the large mass ratio between electrons
and other species, very little energy is passed from the energetic electrons during elastic colli
sions. Thus, the electrons remain "hot" (with energies of several eV), while the temperatures of
the ions and gas atoms in the bulk plasma are determined by the feed-gas temperature and possi
bly by the chamber-wall temperature (with energies ofafew hundredths ofan eV). The reaction
rates in the gas are governed bythe temperatures of the gas particles involved.

The gas temperature within the thermal-boundary layer near the walls (which is much
thicker than a mean-free path [3]), is close to the wall temperature [20]. Elsewhere in the
chamber it is close to the temperature of the feed gas. Thus, at sufficiently low pressures, the
gas-phase reaction rate can beenhanced byheating the chamber.

Surface-reaction rates can beincreased orslowed by heating orcooling the surface. Selec
tivity can be improved by altering the temperature, taking advantage ofactivation-energy differ
ences to speed up adesired reaction more than an undesired one. (For example, the activation
energy for the etching ofSi and Si02 in Fare 0.107 and 0.163 eV, respectively, which favors Si
etching at lower temperatures [20].) The overall etch rate places a practical limit on the max
imum or minimum temperatures chosen.

In addition toaffecting the reaction rate itself, temperature also affects the flux ofreactants
to the surface and thus the surface coverage. These can be modeled in an equation for the
overall effect of temperature on the etch rate. An example is collisionless-flow F-atom etching
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of Si. In this case, the surface coverage ng is proportional to the flux, which is proportional to
Tm (Eq. 13). Thus, the overall etch rate as a function of temperature is proportional to
7-1/23-£u/«V (Eq. 15) [20]. The flux of reactants in diffusional flow is also enhanced at higher
temperatures (Eq. 12).

In high-power-density etches, the wafer can be heated enough to affect various reactions,
enhancing the etch rate during the course of an etch and for etches of subsequent wafers. In
some cases, photoresist is eroded more easily. Such effects can be reduced bycooling the wafer
andchamber, or by adding a wait step to the etchrecipe.

In addition to changing the surface reaction rate, increasing the surface temperature
decreases adsorption of reactants and increases desorption or evaporation of etch products (Eq.
14). Thus, a surface-temperature increase can slow etching that is limited by surface adsorption
(e.g., plasmaless etching of Si in XeF2 [20]), and speed etching that is limited by desorption of
the etch products (e.g., the etch product of Al in Cl2, A12C16, is not very volatile at room tem
perature).

Temperature can also change the etch product. At room temperature, the product of F
etching of Si is SiF4. At higher temperatures, some SiF2, which is normally an intermediate pro
duct, isable toleave as an unstable gas [20]. This does not affect the etch rate if the rate-limiting
step has already occurred; otherwise, it increases the etch rate as later steps are bypassed.

(v) Film blocking ofchemical flow: Films blocking chemical flow to impede an etch can
include native oxides, etch products, and polymer films.

Native-oxide layers form on silicon and most metals. These can stop the etch if they are
not removed by one of the species in the plasma (e.g., A12C>3 stops pure Cl2 etching of Al).
Functional plasma etches either already have a gas that results in removal of the native oxide
(chemically or through ion bombardment), or have one added specifically for this purpose.
Fluorine radicals, present inmany plasma etches, remove most native oxides of interest

If the etch products do not leave the surface, they can impede etching. For example, Al
cannot beetched in an F-atom plasma because the product, A1F3, is not volatile at normal pro
cessing temperatures. A12C16 ismore volatile, but heating of the surface is required for areason
abledesorption rateof this product.

Etch-blocking polymer films form on surfaces in the appropriate plasma chemistry. As
they are typically removed with the aid ofenergetic ions in ion-enhanced etching, lower-flux or
lower-energy ions result in slower etching if film removal is the rate-limiting step. Both can
result from reduced input power.

Polymer-film formation is sensitive to feed-gas chemistry. For example, it has been found
that for ratios of F atoms to C atoms in the plasma lower than about 3, polymer films stop the
etching of Si and Si02 [1,25]. Increasing the ion-bombardment energy from zero to a few-
hundred volts decreases the F-to-C ratio thatcauses etching to stop to about 2.2.

(vi) Elapsed time from the start ofthe etch: It normally takes several seconds for aplasma
to stablize, so the etch rate will be different (typically lower) before steady-state operation has
been established. Conversely, in plasmaless-gas-phase etching, the initial reactant supply may
be higher than that in steady state. HF vapor, on the other hand, has been observed to require an
incubation time forthe formation of anHF/H20 layer on the surface [26a].

(vii) Materials present in the plasma chamber: Materials other than the target layer present
in the plasma chamber affect some plasma etch rates. These materials can be usefully divided
into etchant consumers and polymer-film precursors (chamber contaminants are discussed
separately in the following section).
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Etchant consumers remove active species. They can include the target film, masking layer,
and the layer under a target film. If etching at a point on the wafer is limited by the supply or
flow of active species, the presence of a nearby consumer layer can slow the etch rate at that
point Thus, faster (but possibly less-uniform) etching may be achieved by changing from a
masking film that isetched (e.g., photoresist in F) to one that isdoes not etch (e.g., Al inF).

The polymer-film precursors of carbon and fluorine (or carbon and chlorine in some cases
[22]) are required for the formation of polymer films. The fluorine orchlorine is generally sup
plied by the feed gases, while the carbon can come from the feed gases, from an organic film, or
from a graphite electrode. If the carbon source is an organic masking film on the wafer, chang
ing to an inorganic or alternative organic mask may alter the supply of carbon. If less carbon is
available for the formation of a film, a vertical ion-enhanced etch may become isotropic. If the
film can grow at a faster rate on horizontal surfaces, the ion-enhanced etch rate on the horizontal
surfaces decreases if it is controlled by the ion flux to the wafer.

(viii) Changes in the Etch Chamber: Changes in the etch chamber are primarily related to
"wear" of the top electrode to which the driving voltage is applied (Fig. 2). This can change the
electrode-wafer spacing, and, due to roughness, the electrode surface area. The result can be an
altered and nonuniform etch rate.

(ix) Contamination: Because there are many possible types of contamination, it is difficult
to predict all the effects contamination might contribute. The effects can be either an increased
ora decreased etch rate of the target film. There can also be altered etch rates of the masking or
underlying layers, which yields achange in selectivity (etch-rate ratio).

If achamber is used for more than one process, it is possible that materials deposited on its
walls during one etch can participate in the chemistry of subsequent etches.

Gases such as water vapor, if allowed to enter the chamber, can affect the etch rate. One
effect of water vapor in plasmas is the generation of hydrogen ions (protons). These positive
ions are much lighter and more mobile than their counterparts from other gases and are therefore
able to carry a significant amount of the RF current. For agiven input power, this decreases the
current carried by the feed-gas cations, resulting in different ion densities and sheath voltages.
This can result in increased etch rates. Since water vapor is present in roomair, water molecules
adsorb on the walls of an exposed vacuum chamber. Time is required for them to to desorb
under vacuum, affecting the etch rate during that period. For example, the silicon plasma etcher
in the Berkeley Microlab has an anodized aluminum electrode. The anodization is porous and
the electrode can therefore absorb a lot of water vapor when exposed to the atmosphere (it is
normally protected by an airlock). The water vapor desorbs slowly, resulting in greatly enhanced
etched rates (up to50%) for several days after exposure, depending on usage [26b].

(x) Impurities in or on the material being etched: Asis the case for wet etching, impurities
in the material being etched can affect the plasma-etch rate. For example, in F-atom plasmas,
p-type silicon etches slightly more slowly than undoped silicon, while n+ silicon etches faster
[20]. In Cl-atom plasmas, however, n+ silicon can be etched up to an order of magnitude more
rapidly [20], although an effect this large has not been observed in the Berkeley Microlab
(presumably because different etching systems were used). AtBerkeley, phosphorus doping of
LTO has been found to enhance theetch rate for all of the plasma chemistries tested for Table 4,
while the etch rate of silicon-rich silicon nitride was always suppressed.

Films unintentionally covering the target layer can slow or stop the etch. Examples are
undeveloped photoresist on any material and aluminum oxide on aluminum.

(jo) Microstructure: Microstructure affects the etch rate, both globally and locally, for the
reasons discussed in the wet-etch-rate section: porous, defective, and small-grained films tend to
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etch faster. Ion bombardment during plasma etching may introduce defects in a material,
enhancing the rates of subsequent etching steps.

(xii) Film Stress: While theeffect of film stress on plasma etching has received little study,
it might be expected that, as with wet etching, the etch rate of amaterial will be affected by its
stress state. Tensile films may etch slightly faster, as energy has been supplied mechanically,
which reduces the energy required to remove atoms.

(xiti) Distribution andfraction of surface area of the target layer exposed: As is the case
for wet etching, the distribution and fraction of surface area exposed in aplasma etch can affect
both the overall and the local etch rates. Such loading effects, in which the etchdecreases as the
area being etched increases, are due to depletion ofTeactants at the surface (Eq. 15). For this
reason, the plasma-etch rates for the 100%-exposure-area wafers in Table 4 may be considered
as lower limits. The etch rate is uniformly lower if the etchant supply remains uniform with
position. Frequentiy, however, the etch rate is fastest at the edge of the wafer (or at the edge of
the wafer holder, for multi-wafer systems), as has been the experience in the Berkeley Microlab
with the majority of the parallel-plate plasma etchers. This faster etching occurs when there isno
etchant demand just outside the wafer periphery, resulting in a higher reactant concentration at
the wafer edge. Nonuniform gas flow can result in oddly shaped etching patterns across awafer.
This has been observed in the XeF2 etching of silicon.

In amass-transport-limited etch, if the demand for reactants is not uniform across a wafer
(because the masking layer is attacked more slowly than the target layer), etching varies with
layout. Small, isolated openings etch more uniformly and rapidly than do large, closely spaced
ones, in aminiature version of the effect described above for a whole wafer.

Etch-chemical demand changes near the end of an etch, as the target film disappears and
underlying layers with different etch rates are exposed. The etch rate of the target film rises if
the consumption by the newly exposed layer is lower, but falls if the demand rises.

Loading effects are common in plasma etching, and are one of the main concerns of equip
ment manufacturers. One of the solutions to the problem is the use of single-wafer processing,
which decreases the area over which uniformity must be maintained. The use of "showerhead"
gas ports in the top electrode greatly improves gas-distribution uniformity across the wafer.

(xiv) Specimen structure geometry: As with wet etching, high-aspect-ratio trenches and
structures requiring significant undercutting are etched more slowly in the horizontal direction
(aperture effect) for both chemical-plasma and ion-enhanced-plasma etching. For sufficiently
long transport paths, etches are limited by diffusion ofreactants to or of products from the etch
site(Eq. 11).

IV. THE WET ETCHES

A. Comparison of Wet andPlasma Etches

The etches in the tables are divided intowet and plasma and plasmaless-gas-phase ("dry")
etches. Wet etching was used for early generations of integrated circuits, but has been supersed
ed for most IC processes by plasma etching. Wet etching is commonly used in micromachining,
particularly for the orientation-dependent etching of silicon and for the removal of oxide
sacrificial layers.

The advantages and disadvantages of wet and dry etching are well known [1,2]; the most
important are as follows. Wet etching uses simpler, cheaper equipment, is usually isotropic
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(desirable in some cases), and can be very selective. Plasma etching uses fresh chemicals for
each etch, does not yield large quantities ofchemicals requiring disposal, and can be anisotropic
(as well as isotropic), allowing the patterning ofnarrow lines. However, plasma etching requires
expensive systems of power supplies, reaction chambers, and vacuum pumps. When removing a
sacrificial layer in micromachining, wet etching has the disadvantage of capillary-force pull
down of free-standing structures [27]. This can be avoided by using asupercritical-liquid drying
process [28] or by switching to aplasma- or plasmaless-gas-etched sacrificial layer [29,30].

B. Wet-Etch Chemicals

All etching was done at room temperature (about 20°C in the temperature-controlled
Berkeley Microfabrication Laboratory), unless otherwise indicated. All wet etching was done
with fresh solutions, agitatingoccasionally.

Each etchant is listed by its name from Table 3 in italics, followed by its complete name,
target material, notes on use, information on the reaction(s) that occur, if known, and major
sources of etch-rate variations. For brevity, etchants with the same reactions are discussed
together. The etchants are grouped by target material. Unless otherwise noted, all of the wet
etchants are isotropic.

All mixtures done in the Berkeley Microlab, with a few noted exceptions, are by volume,
while those made by chemical supply companies areby weight.

Acetic acid is supplied pure and sulfuric acid nearly pure (96%), while other acids nor
mally come in lower concentrations for various reasons: Phosphoric acid is a deliquescent solid
at room temperature [31]. Above the 85% concentration at which it is supplied, it is very
viscous and tends to oligomerize into polyphosphoric acids. Pure hydrofluoric acid has a boiling
point of 19.5°C [31]. As supplied at 49% concentration, it has a greatly reduced vapor pressure,
increasing personal safety and allowing room-temperature storage in unpressurized containers.
Nitric acid is a liquid in the range near room temperature, but tends to decompose above the sup
plied concentration of 70%. Sulfuric [32] and acetic [33] acids are liquids that are completely
miscible in water at room temperature at all concentrations to 100%. Hydrofluoric acid [34] is
also a completely soluble liquid below its boiling point.

An extensive list of other wet etchants for a variety of semiconductors, metals, insulators,
and other compounds has been compiled by Vossen and Kern [7].

C. Information about Individual Wet Etches

1. Silicon Dioxide Wet Etchants

Notes: All of the silicon dioxide etchants given here are based on hydrofluoric acid. HF-based
etchants are used mainly for etching silicon dioxide, although they can also be used to remove
silicon nitride. In our tests, they were observed to etch polysilicon very slowly, but other
researchers have noted that various solutions attack polysilicon at the grain boundaries, result
ing in noticeable surface roughness [35,36]. Recent research indicates that HF can diffuse
through thin (< 0.2-|im) polysilicon to etch underlying LTO [36,37].

HF-based solutions should be handled with polypropylene, high-density polyethylene
(HDPE), polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), or similar-material
containers and tools (not glass containers, which will be attacked). In the Berkeley Microlab,
molded PVDF has replaced welded polypropylene in most room-temperature chemical tanks in
an effort to reduce particle counts and contamination from chemicals that have leaked into
cracks in the welds. PTFE cassettes are used. All HF and other wet etching is done under fume
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hoods to remove the vapors created by the etchants. Rubber gloves, face shields, and aprons are
worn for personal protection.
Reaction: Several similar reactions for the HF-based etching of silicon dioxide are given in the

literature. For pure HF etching, the overall reaction is [2,17]

Si02 + 6HF -» H2SiF6(aq) + 2H20 .

Kikuyama et al. give the reaction in BHF solutions as

Si02 + 4 HF + 2 NHjF-^ (NH4)2SiF6 + 2 H20

and the reaction involving the HFf ion as [38]

Si02 +3HF2+H+->SiF?- +2H20 .

HF is a weak acid; except when present in very small concentrations, it does not com
pletely dissociate into H+ and F" ions in water. Judge [39] and Deckert [40] have found the
etch rate of both silicon dioxide and silicon nitride to increase linearly with the concentrations
of both HF and HFf for concentrations lower than 10 M, while being independent of the con
centration of F- ions alone. The HFf complex attacks oxide about 4.5 times faster than HF.
Higher-order complexes, such as H2Ff, appear to occur at higher HF concentrations (e.g., in
49% HF), and attack oxide even faster than HFf [39]. Thus, the etch rate increases faster
than linearly with HFconcentration.

In buffered 15 MHF solutions, for pH values above about 1, the concentration of HF2 is
greater than that ofHF [39]. For more acidic solutions, there is sufficient hydrogen to com
bine with the fluoride to make HF the dominant species. As HF and HFf are consumed, the
etch rate decreases. Buffering with NH4F helps keep the pH and thus the concentrations of
HFand HFf constant, stabilizing theetch rate.

The etch rate of silicon dioxide increases with temperature. Judge gives an apparent
activation energy of 0.29 eV over the temperature range 30 to 60°C for concentrated HF, and
higher activation energies as the ratio of NH4F to HF increases [39]. By contrast, Pansi et al.
found the apparent activation energy to be independent of buffer ratio at 0.43 eV over the
range25to55°C[41]. jt^ .

Tenny and Ghezzo found the etch rates of annealed phosphorus-doped LTO to increase
monotonically with both P205 content and concentration of HF in BHF solutions [42], the
same result found by Monk for HF solutions [36]. Tenny and Ghezzo concluded that the P205
in the glass is etched more rapidly than the Si02. They also found that for annealed borosih-
cate glasses, the etch rate in strong solutions of HF decreases for small concentrations of
B203, before rising for concentrations above 17 molar percent.

Monk [36] has done athorough characterization on the transport of HF and H2SiF6 dur
ing the undercutting of oxide sacrificial layers. He found that, for deep micromachined[under
cuts, the etch rate is controlled by diffusion (i.e., slower for longer undercutting), and is not
affected by agitation of the bath.

Concentrated HF (49%): Concentrated hydrofluoric acid (49% by weight in water). Produced
commercially. . . ,.

Notes: Etches oxides very rapidly. Often used to remove sacrificial oxide when micromachin-
ing. Concentrated HF tends to peel off photoresist, while lower concentrations (less than 3:1)
do not [43].
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10:1 HF: 10:1 H20: concentrated HF (49% HF).
Notes: Typically used for stripping oxide and for HF dips, diluted HF is cheaper than buffered

HF.

25:1 HF: 25:1 H20 : concentrated HF (49% HF).
Notes: This slow etch is used for HF dips to strip native oxide without removing much of the

other oxides on the wafer.

5:1 BHF: 5:1 buffered hydrofluoric acid (also known as buffered oxide etch, or BOE). "5:1"
refers to 5 parts by weight of 40-weight-percent ammonium fluoride (the buffer) to 1 part by
weight 49-weight-percent hydrofluoric acid, which results in a total of about 33% NH4F and
8.3% HF, by weight[44]. Produced commercially. ThepH is about 3.

Notes: This etch can be masked with photoresist (the adhesion is much better than in concen
trated HF). Because it is buffered, its etch rate does not vary as much with use. It is the often
best choice for controlled etching of oxides. Some researchers have, however, observed a
slight attack of 5:1 BHFon polysilicon, causing surface roughening [35].

2. Silicon Nitride Wet Etchant

Phosphoric Acid(85%): Phosphoric acid (85% by weight, remainder H20) at 160°C. Produced
commercially. In the Berkeley Microlab, this etchant is heated in a PFA tank with a Pyrex
reflux system to return condensed watervaporto the solution.

Notes: Phosphoric acid is used for wet etching of silicon nitride. Ournitride is typically masked
with densified PSG (densifying at 1000°C for an hour does not affect low-stress nitride). If
the PSG mask is not densified it is removed faster and may also have pores through which the
acidcan seep. The nitride can also be masked with polysilicon.

At 160°C, the vapor pressure over 85% phosphoric acid is slightly more than one atmo
sphere, with the vaporbeingvirtually pure water [45].

Reaction: The literature does not list a chemical reaction for the etching of silicon nitride. Gelder
and Hauser propose that the water in the solution hydrolizes the nitride to some form of
hydrous silicaand ammonia [45].

Gelder and Hauser [45] report the "real" activation energy for the etching of silicon
nitride in a constant concentration of 94.5% phosphoric acid as 0.99 eV. The "apparent"
activation energies, taken with theetch temperature and boiling pointbeing the same (i.e., for
varying concentrations of H3PO4) are 0.55 eV for silicon nitride, 1.20 eV for silicon dioxide,
and 1.15 eV for silicon. These apparent activation energies take into account the effects of
temperature onboth concentration of H3PO4 in the solution and the etch reactions themselves.

As the water content in the etch bath decreases (e.g., due to evaporation, the etch rate of
silicon nitride decreases, while the etch rate of silicon dioxide increases [45], so the use of a
reflux system is important in maintaining aconstant etch rate and maskselectivity.

3. Isotropic Silicon Wet Etchant
Silicon Etchant: Wet silicon etchant. This solution is mixed and bottied in the Berkeley Micro

lab from 126:60:5 HNO3 (70%): H20: NH4F (40%).
Notes: This etch, similar to the HNO3 + H20 + HF etches discussed in a series of papers by

Robbins andSchwartz [2,46], is usedmainly for polysilicon wet etching. The slightchange in
chemistry, used at Trilogy, provides some buffering for the HF concentration [47]. It can be
masked by photoresist
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Reaction: A simplified description of the reaction is that the nitric acid in the solution oxidizes
the silicon, then the hydrofluoric acid (formed from the fluoride ions in this acidic solution)
etches the oxidized compound. Many metal etches not discussed in this paper remove
material in this two-step manner. The overall reaction is [2,48]

18 HF + 4 HNO3 + 3 Si -* 3 H2SiF6(aq) + 4 NO(g) + 8 H20 .

Turner has found the peak etch rate of silicon to occur at an HF:HNQ3 ratio of 4.5, the
same ratio as in the balanced reaction given above [48]. The rate-limiting step for the etch
solution in this table, which has a low HF concentration, is the supply of HF to the reaction
site [48]. The etch rate of a given bath decreases with use as the HF isdepleted. The use of
NH4F rather than HF results in abuffer action, keeping the HF and HFf (both responsible for
etching the oxidized silicon) concentrations from changing as rapidly with use. Used solu
tions turn yellow due to dissolved NO gas.

4. Orientation-DependentSilicon Wet Etchants
KOH 80°C: Potassium hydroxide solution at 80°C. Mixed from 1 kg KOH pellets : 2 liters

H20. This solution is about 29% KOH by weight because the KOH pellets normally contain
10 to 15% water [49]. It is heated in a perfluoroalkoxy polytetrafluoroethylene (PFA) tank
with recirculating pump.

Notes: This solution is selfheating. It should be allowed to equilibrate before using for a con
trolled temperature. When etching single-crystal silicon (SCS), the silicon can be masked
with silicon nitride. To reduce undercutting of the nitride mask, An HF dip should becarried
out immediately before the nitride deposition to remove any native oxide.

We have found that the KOH in unagitated solutions tends to stratify, resulting in etch-
rate variation from the top to the bottom of the solution. This problem was solved by the use
of a recirculation pump.

KOH is used for orientation-dependent etching (ODE) of single-crystal silicon. ODEs
attack {lll}-type planes, which have a high bond density, much more slowly that other
planes [2,50]. (Unfortunately, this high-bond-density reasoning for slow-etch-rate planes
cannot be extended to explain the etch-rate ratio between {100} and {110} planes [50].) The
etch rate listed in Table 3 is the one perpendicular to the surface of the (100) wafers used for
this etch-rate test. KOH stops etching on very heavily doped p-type material [13].

Isopropyl alcohol is sometimes added to KOH solutions. This decreases the etch rate, but
improves uniformity, reducing the requirement for stirring [5]. It also slows {110}-plane and
accelerates {lll}-plane etching (not affecting {100} planes much) and lessens the severity of
the etchingofconvex corners [50].

(Other inorganic hydroxides [5,13], organic hydroxides such as Tetramethyl ammonium
hydroxide (TMAH) [51,52], and ethylenediamine pyrocatechol (ED?) [5,13], an organic
base, are orientation-dependent etchants similar to KOH. In the Berkeley Microlab and oth
ers, EDP has been found to be better than KOH at stopping abruptly at heavily boron-doped
regions [13,14]. TMAH has the advantages ofnot being asource of sodium (which contam
inates the gate oxide in MOS circuitry), and not attacking aluminum when it has been
"doped" with a small amount of silicon [52].)

Reaction: Several different reactions for KOH etching of silicon are listed inthe literature [2,5].
Seidel et al. list the grossreaction as [5]

Si + 2 OH" + 2 H20 -> Si02(OH)22" + 2 H2(g) .
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Glembocki et al. list a very similar reaction [53] This chemical reaction is independent of the
source of the hydroxide ion, whether LiOH, NaOH, or KOH, in agreement with experiment.

The dependence of the reaction on p-type doping isexplained by Seidel et al. [5] and also
by Raley et al. [14]: At intermediate steps in the etch, four free electrons are generated that
reside near the surface before being exchanged. P-type doping reduces this surface supply of
electrons. The etchrate decreases as the fourth power of the concentration for p-typedoping
beyond degeneracy, which occurs at about 2xl019cirr3 ofactive boron atoms.

Seidel found theetch-rate ratio for {110} to {100} to {111} planes to be about 160:100:1
at 20°C, decreasing to50:30:1 at 100°C [5]. In contrast, Kendall measured even higher ratios
of 400:200:1 at 85°C, and discussed the extreme difficulty in making these measurements
[50].

The etch rate in KOH increases with temperature. Seidel et al. give activation energies
for the concentration of KOH in Table 3 (33% by weight) of 0.61 eV for (100) silicon and
0.89 eV for silicon dioxide [5]. They also found that, at 80°C, the etch rates of (100) silicon
and silicon dioxide peak at concentrations of about 18 and 34 weight %, respectively. Lower
concentrations of either H20 or OH", both used in the reaction, result in lower etch rates. The
surfaces, however, appear rough and insoluble white residues form for KOH concentrations
below 20% [54]. The temperature and KOH concentration effects on the etch rate (ER) of
(100) silicon were empirically found to fit well to the equation [5]

ERsunKOH = *0[H2O]4[KOH]i/4e-£*'*T
where the etch rate is in (im/min, the concentrations are in mol/liter, *o = 248°
^im/hr^mol/liter)-4-25, and EA =0.595 eV.

5. Metal Wet Etchants

Aluminum Etchant Type A: Aluminum etchant Type A from bottle at 50°C. This solution, sold
commercially, is composed of80% phosphoric acid, 5% nitric acid, 5% acetic acid, and 10%
water [55]. Some formulations may include asurfactant. According to the manufacturer, this
etchant is designed to etch aluminum at 6000 A/min at 50°C. It is heated in aPFA tank.

Notes: This etch isused for wet etching ofaluminum. It can be masked with photoresist.
Reaction: In this multi-step etch [56], the aluminum is first oxidized by the nitric acid. The

phosphoric acid and water simultaneously etch the resulting oxide. With the concentrations
given, these two processes occur at roughly the same rate, so that either could be the rate-
limiting step [56]. Because the phosphoric acid also removes the native aluminum oxide, no
additional component is needed for this purpose.

The etch rate increases with temperature and decreases significantly with use due to
depletion of the active chemicals.

Similar solutions with areduced fraction ofwater etch more rapidly [56]. Agitating also
increases the etch rate, as well as helping to remove the hydrogen bubbles that evolve. If not
removed, these bubbles can block the flow ofreactant to the surface, resulting in etch nonuni-
formity.

Titanium Etchant: Mixed from 20:1:1 H20: HF (49%): H202 (30%).
Notes: HF is the active ingredient is this etchant, so italso etches oxides. Raising the fraction of

HF in the solution increases the etch rate. Titanium etched in this solution can be masked
with photoresist.
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Reaction: No reaction is given inthe literature. Titanium isknown to be readily oxidized, so it
likely forms an oxide from the water and peroxide, which is readily etched by the HF in this
solution.

H202 (30%): Hydrogen peroxide (30% by weight). From bottle.
Notes: This etchant is used to wet-etch tungsten and its alloys, which can be masked with pho

toresist We have observed that H^-etching of tungsten sometimes leaves a residue. We
have also observed that when a titanium adhesion layer is used between tungsten and an
underlying layer of phosphosilicate glass, and these films are annealed, that athin conductive,
optically transparent film isleft after H202-etching of the tungsten. This film isnot etched by
a dilute HF solution, but can be removed in an SF6 plasma.

Reaction: In thisetch, a film of tungsten oxide is formed that is dissolved in the hydrogen perox
ide [57]. This etchant also etches tungsten/titanium alloys, butnotpure titanium.

Theetch rate rises with temperature, but any significant increase may cause a photoresist
mask to be eroded or to peel. CVD silicon-based masking layers, successful for other films,
cannot be used with tungsten, as the silicon reacts to form tungsten silicides during the high-
temperature deposition. Sputtered aluminum is a suitable mask layer, although when used, it
becomes difficult to observe the end of the aluminum etch either optically or electrically.

(Another tungsten etch, which has been found in our lab not to leave the residue men
tioned above, contains 1 liter H20, 34 g K3Fe(CN)6, 13.4 g KOH, and 33 g KH2P04. It can
be masked with photoresist, does not attack oxide or nitride at an appreciable rate, and etches
tungsten at 340 A/min.)

6. Wet Wafer Cleaning

Piranha 120°C: Piranha in 120°C heated bath. In the Berkeley Microlab, piranha consists of
about 5.6 liters of 96% H2S04 heated to 120°C in a PFA tank, to which 100 ml of 30% H202
is added immediately before use.

Notes: Piranha has been in use for wafercleaning for decades [58,59]. This term refers is a hot
solution of H2S04 and H202 mixed in any ratio [58,59]. In lower ratios of H2S04 to H202
(e.g., 5:1), the solution is noticeably self-heating (no external heat source is needed).

Piranha is used in the Berkeley Microlab for 10 minutes to clean organic and metallic
contaminants from wafers before furnace steps. Kern and Puotinen [60] have observed that
the desorption of 90% of monatomic metal films from silicon into similar acidic peroxide
solutions can take several minutes.

Reaction: Like other acidic hydrogen peroxide solutions, piranha strips photoresist and other
organics by oxidizing them, and removes metals by forming complexes that stay in the solu
tion [60,61]. It does not affect silicon dioxide and silicon nitride, and has the minor effecton
bare silicon of forming a thin layer of hydrous silicon oxide [60]. This oxide film is typically
removed with a short (10- to 20-second) 10:1 or 25:1 HFdip after the piranha clean andrinse.

Acetone: Acetone spray from a photoresist developer.
Notes: Acetone is used to strip photoresist (PR) and for lift-off patterning of films [1]. The

machine used in the Berkeley Microlab gives a stream of fresh acetone for PR stripping. An
acetone bath would be used for liftoff processes. Liftoff processes can be sped up by heating
the acetone (with a loose lid to slow evaporative loss) orby placing it in an ultrasonic tank.

While acetone readily stripped the photoresists listed in this table, its effectiveness
depends on the processing the PR has gone through. Heating the PR by a few tens of degrees
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above 120°C, either while hardbaking or during a process step, will make it significantly
harder to dissolve [1]. Some plasma processing gives rise to a similar effect (known as
"plasma hardening"). In such cases, an oxygen plasma, a commercial PR stripper (such as
Baker PRS 2000), or piranha can usually be used to remove the PR.

Reaction: Acetone breaks down the structure of the photoresist, making it soluble [1].

V. THE PLASMA AND PLASMALESS-GAS-PHASE ETCHES

A. Purposes ofthe Etch Gases

Because many gases are used in more than one of the etches in Table 4, each gas (in italics)
and its purpose are presented here.
Oxygen (02): 02 dissociates into O radicals, which are more reactive. Oxygen has several pur

poses. Pure 02 plasmas are used to etch photoresist. In plasmas involving CF4,0 atoms dis
place Fin the CF4 molecule, generating more free F [21]. This can both increase the etch rate
and cause enough Ftobepresent toallow the formation of C-F sidewall polymer films. 02 is
nontoxic at subatmospheric pressures [62] Gong exposure to high-concentration 02 burns
lungs).

Sulfur Hexafluoride (SF6): SF6 is one source of very reactive F atoms, which etch all of the
materials in Table 4 except for aluminum. Fluorine atoms are not very selective, etching
most of these materials at rates varying by less than a factor of 5. Molecular fluorine (F^ is
notused for silicon etching because it is hazardous, and, for reasons not understood, it leaves
rough surfaces [7,22]. SF6 has alow order of toxicity [62,63].

Tetrafluoromethane (CF4, carbon tetrafluoride, Freon 14): CF4 is a source of Fand also asource
of C, bothof which are required for C-F sidewall-polymer formation.

Trifluoromethane (CHF3, Freon 23): CHF3 is another source ofFand C, but with alower ratio of
FtoC. Like many fluorocarbons, CF4 and CHF3 are considered tobe nontoxic [20,21].

Chlorine (Cl2): Cl2 dissociates into CI atoms, which are quite reactive. Like F, CI etches most
materials, including aluminum. Cl2 is toxic [64].

Trichloromethane (CHCI3, chloroform): CHCI3 supplies chlorine for etching and carbon and
chlorine for sidewall polymer formation [22]. It isamildly toxic [65,66].

Boron trichloride (BCI3): BCI3 etches the native aluminum oxide film on aluminum. It also
scavenges 02and H20 in the vacuum system, preventing oxide growth [20]. BCI3 isatissue
irritant [67].

Helium (He): He can be used in plasma etching as a diluent and a plasma stabilizer [21].
Diluents give the user another process control variable. For example, an inert gas can be
added to increase the total pressure while keeping the partial pressures of the other gases con
stant. In addition, some gas species can improve energy transfer from the "hot" electrons to
reactive gas molecules (e.g., He enhances the dissociation of BCI3 [21]). He, anoble gas, is
nontoxic.

Nitrogen (N2): N2 isalso used as adiluent. The main component of air, N2 isnontoxic.
Hydrogen Fluoride Vapor (HF): HF vapor evaporates rapidly from concentrated HF solutions.

Like its liquid counterpart, it is used for etching silicon dioxide. HF in contact with skin and
mucous membranes causes severe bums.



-30-

Xenon difluoride (XeF^: XeF2 is supplied as granular crystals. At room temperature, it has an
equilibrium vapor pressure of about 4.5 Torr [68]. XeF2 supplies fluorine atoms in the
plasmaless-gas-phase etching of silicon and some other materials. Supplying Fatoms also
makes XeF2 a potent oxidizer [69]. Upon contact with water, hydrogen fluoride is formed,
which bums the skin, eyes, and lungs [69].

Other gases: Many other gases in various combinations have been used for plasma etching, as
discussed in several of the references [1,2,20-22].

B.Information about Individual Plasma and Plasmaless-Gas-Phase Etches

All of the plasma etches in Table 4 were done with recently cleaned chambers. The
plasma and plasmaless-gas-phase etches are fairly isotropic unless otherwise noted. The plasma
etches presented inthis section have recipes that are based on the manufacturers' general recom
mendations for each machine, being adapted to yield a useful compromise among a reasonably
fast etch rate for the target material, fairly straight sidewalls, selectivity over a photoresist mask
layer, and (in most cases) uniformity across the wafer.

The etches are grouped by target material. The reactions listed are summaries; the
occurrence of a complicated series of subreactions, adsorptions, and possibly energetic ion
involvement should be considered typical. Details of some of the reactions are given in the
references.

Each etch is listed byitsname from Table 4 in italics, which includes the gases, their flow
rates, equipment brand and model number, power, pressure, electrode gap, and operating fre
quency.

The plasmaless-gas-phase etchants, HF vapor and XeF2, are listed with the plasma etches
because they are more similar to chemical-plasma etching than to wet etching: reactant and pro
duct flow occurs in the gas phase and there isa fresh flow of reactants to the etch surface.

1. Fluorocarbon-Plasma Silicon-Dioxide Etches

Reaction: It appears that CFX (x £ 3) radicals chemisorb on the SiC^ and dissociate. The radi
cals supply carbon to form CO, C02, and COF2 gases from the oxygen in the film. They also
supply fluorine to form SiF4 gas [70]. Overall reactions such as the following occur [2]:

3 Si02 + 4 CF3 -> 2 CO + 2 C02 + 3 SiF4

Si02 + 2 CHF2 -» 2 CO + H2 + SiF4 .

CF4+CHF3+He (90:30:130 seem), Lam 590, 450W, 2.8T, gap=0.38cm, 1356MHz: Parallel-
plate configuration, graphite electrode (others are aluminum), driven electrode area « 350
cm2.

Notes: This etch targets silicon dioxide, but also etches silicon nitride well. It can be masked
withphotoresist. Thisetch is anisotropic (fairly vertical sidewalls).

If total etch times longer than about 2 minutes are required, the etch is often broken up
into several shorter times, giving the PR achance to cooland thuserode less.

CF4+CHF3+He (90:30:130 seem), Lam 590, 850W, 2.8T, gap=0.38cm, 1356MHz: Parallel-
plate configuration, graphite electrode (others are aluminum), driven electrode area « 350
cm2.

Notes: This is a faster oxide etch than the lower-power etch above, butwith lower selectivity to
photoresist.
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2. Fluorine-Atom-Plasma Silicon-Nitride Etches

Reaction: Fluorine atoms are adsorbed onto the surface one at a time. In a surface reaction,
volatile products are formed. The overall reaction is [2]

Si3N4 + 12 F -> 3 SiF4 + 2 N2 .

The apparent activation energy for F-atom etching of Si3N4 isabout 0.17 eV [20].
SF&He (13:21 seem), Technics PE II-A, 100W, 250mT, 50kHz sq. wave: Parallel-plate

configuration, fixed gap « 2.6 cm, driven electrode area « 600 cm2 . The chamber holds four
wafers; the test was performed with one wafer.

Notes: This etch isused to plasma-etch silicon nitride. Itcan bemasked with photoresist
This etch exhibits asevere loading effect. It is not only affected by the number of wafers

in the chamber, but also by the fraction of nitride surface area that is exposed. Furthermore,
the etch rate varies with position in the chamber, so wafers should be rotated 3-4 times during
an etch (some users of this etcher also move their wafers among the four available wafer posi
tions in a "planetary" motion).

Plasma etching, especially at higher power, heats the chamber, which can affect etch
rates and thus selectivity. During all Technics PE II-A tests, the plate temperature varied
from20to30°C.

CFA+CHF3+He (10:5:10 seem), Technics PE II-A, 200W, 250mT, 50kHz sq. wave : Parallel-
plate configuration, fixed gap «2.6 cm, driven electrode area «600 cm2. The chamber holds
four wafers; the test was performed withonewafer.

Notes: This silicon nitride plasma etch uses fluorocarbons rather than SF6 as the source of F
atoms.

SF6+He (175:50 seem), Lam 480, 150W, 375mT, gap=135cm, 1356MHz: Parallel-plate
configuration, driven electrode area « 350 cm2.

This silicon nitride plasma etch is in a single-wafer system. The slower etch rate is
intended for thin nitride films. It can be masked with photoresist. The etch is anisotropic
(fairly vertical sidewalls).

SF6+He (175:50 seem), Lam 480, 250W, 375mT, gap=1.35cm, 1356MHz: Parallel-plate
configuration, driven electrode area « 350 cm2.

Notes: This silicon nitride plasma etch is faster and therefore useful for thicker nitride films. It
can be masked with photoresist. The etch is isotropic.

If total etch times longer than about 2 minutes are required, we break the etch up into
several shorter times, giving the PR achance to cool and thus erode less.

SF6 (25 seem), Tegal Inline Plasma 701,125W, 200mT, 1356MHz: Parallel-plate configuration,
fixed gap « 3.8 cm, driven electrode area «250 cm2.

Notes: This slower etch is intended for thinner, stoichiometric silicon nitride films.
CF4+CHF3+He (45:15:60 seem), Tegal Inline Plasma 701,100W, 300mT, 1356MHz: Parallel-

plate configuration, fixed gap *3.8 cm, driven electrode area *250 cm2 .
Notes: This etch has adifferent gas chemistry than the previous etch, aimed at thicker, silicon-

rich nitride films.

3. Plasma Silicon Etches

ClztHe (180:400 seem), Lam Rainbow 4420, 275W, 425mT, 40°C, gap=0.80cm, 1356MHz:
Parallel-plate configuration, driven electrode area «390 cm2.
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Notes: This isan anisotropic silicon plasma etch. An SF6 step prior to this one is typically used
to break through the native oxide.

This etch has been used to micromachine 80-u.m-deep trenches with fairly vertical
sidewalls [71].

Reaction: Chlorine atoms are chemisorbed one at atime on the silicon surface, eventually form
ingvolatile SiCU [20]. The overall reaction is

4 CI + Si -» SiCl4 .

Chlorine etching of undoped silicon occurs very slowly in the absence of ion bombard
ment [20]. Unlike F-atom silicon etches, CI- and Br-based etches tend to be vertical [21].

As the Fermi level rises, the energy barrier for charge transfer of chemisorbed CI, a step
in the etch process, falls [20]. Thus, p-type doping slows etching while n-type doping
accelerates it.

Chlorine-based plasma etch rates of single-crystal silicon can also depend on crystallo-
graphic orientation. Kinoshita and Jinno found that, with CCl4+He plasmas, the {100} and
{110} planes could be etched faster than the {111} planes [72]. The selectivity was not, how
ever, as great as with KOH- or EDP-based etches.

HBr+Cl2 (70:70 seem), Lam Rainbow 4420, 200W, 300mT, 40°C, gap=0.80cm, 13.56MHz:
Parallel-plate configuration, driven electrode area * 390 cm2.

Notes: This is another anisotropic silicon plasma etch, with better selectivity of silicon over
oxide.

Reaction: Bromine atoms probably react with silicon in a manner similar to chlorine as
described above.

4. Plasma Metal Etches

Cl2+BCl3+CHCl3+N2 (30:50:20:50 seem), Lam 690,250W, 250mT, 60°C, 1356MHz: Parallel-
plate grounded-chuck configuration, fixed gap * 2.5 cm, driven electrode area «350 cm2.

Notes: This is an anisotropic aluminum plasma etch due to the sidewall inhibitor formed from
the CHC13 [22].

Due to poor selectivity, for thick layers of Al, thicker photoresist, plasma-hardened PR,
or a more-durable masking layer must be used. The higher temperature is used to keep the
etch product volatile so that it leaves the wafer [2] and does not coat the chamber or exhaust
plumbing.

Reaction: The dominant overall reaction below 200°C [22] is

2 Al + 3 Cl2 -> A12C16 •

Cl2 rather than CI appears to be the main etchant [22]. The etch product becomes AICI3 at
higher temperatures [7,22].

All aluminum etches are followed by airlock plasma processing: CF4=90 seem, C^ =10
seem, P=400 W, for 1 minute. The airlock recipe is not intended to do any etching. It
replaces the chlorine in the residual Al2Cl6 with fluorine. If this step were not performed, the
chlorine would form hydrochloric acid upon exposure to atmospheric moisture, causing later
corrosion of the aluminum.

SF6 (80 seem), Tegal Inline Plasma 701, 200W, 150mT, 40°C, 1356MHz: Parallel-plate
configuration, fixed gap « 3.8 cm, driven electrode area « 250 cm2. Grounded chuck.
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Notes: This tungsten plasma etch is fairly isotropic. CF4 added to the feed gas increases aniso-
tropy as sidewall polymers form, but slows the etch rate.

The chuck is heated to enhance the etch rate.

Reaction: The overall reaction is

W + 6F-4 WF6 .

5. Oxygen-Plasma Photoresist Etches

Reaction: Oxygen atoms "burn" or "ash" the organic photoresist, forming mostly H20, C02, and
CO [20]. Activation energies for O-atom etching of photoresist have been measured in the
range of 0.22 to 0.65 eV [20]. Below 60°C, PMMA has an activation energy of about0.2 eV
[22].

02 (51 seem), Technics PE II-A, SOW, 300mT,50kHz sq. wave: Parallel-plate configuration, gap
« 2.6 cm, driven electrode area « 600 cm2. The chamber holds four wafers; the test was per
formed with one wafer.

Notes: This plasma-processing step is used for "descumming" (removing undesired thin layers)
of freshly developed photoresist, typically for one minute. Unbaked OCG 820 PR was
removed 6% faster than hardbaked PR during a descum test.

02 (51 seem), Technics PE II-A, 400W, 300mT, 50kHz sq. wave: Parallel-plate configuration,
fixed gap » 2.6 cm, driven electrode area » 600 cm2 . The chamber holds four wafers; the
test was performed with one wafer.

Notes: This oxygen plasma is used to ash (strip) photoresist for 5-10 minutes. A power of 300
W is also often used. It has been argued that lower power is better because there is less possi
bility of plasmahardening during stripping andof damage to MOS devices.

A loading effect, in which the etch rate decreases when there is more photoresist surface
area, has been observed. In a 400 W PR stripping test, ashing four wafers at the same time
was 23% slower than ashing one alone.

6. Plasmless HF-Vapor Silicon-Dioxide Etch

HFVapor, 1 cm over plastic dish, Roomtemperature and pressure:
Notes: Like liquid-based HF etches, HF vapor etches silicon dioxide. It has been used to
remove native oxide from silicon before the growth of epitaxial silicon [73] and other
processes such as the XeF2 etching of silicon.

In these tests, the HF/H20 vapor condensed into droplets on the surfaces of the oxide
samples during the one-minute etch, causing faster etching where these droplets had formed.
This nonuniform etching can be greatly reduced by etching in "pulses," removing the wafer
from the vapor before droplets form and allowing it to evaporate.

HF vapor may also be suitable for vapor-phase removal of a sacrificial oxide layer for
micromechanical fabrication; however, caution should be used with photoresist masks, which
peel (in these tests, the photoresist peeled when the wafers were rinsed).

In these tests, thermal oxide was etched at one third the rate of unannealed PSG. Other
researchers have found that this selectivity goes up by two orders of magnitude when the
wafers are heated to 50°C [26a].

Reaction: The overall reaction is [73]

Si02 + 4HF->SiF4 + H20
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Water is assumed to catalyze the reaction [73], so a pure HF vapor may have a much slower
etch rate than that over the 49% HF/51% H20 used here. There is a brief incubation time at
the beginning of the etch during which water molecules condense on the surface to be etched
[73].

7. Plasmaless XeF2 Silicon Etch

XeF2, Simple custom vacuum chamber, room temperature, 2.6 Torr:
Notes: XeF2 was first synthesized in 1962 [74] and has been the subject of several papers on
silicon etching [68,75], but was only recently "rediscovered" for its suitability for
micromachining [76].

XeF2 gas has theunusual capability to etch silicon ata significant rate without requiring a
plasma to generate reactive species. As with chemical-plasma etching, etching is isotropic.
The etched surface in deeply etched bulk silicon has been reported to have a roughness of
several micrometers [76].

XeF2 has been used to micromachine free-standing structures made of aluminum and
polysilicon protected by a layer of oxide [76]. XeF2 has the advantage over wet silicon
etchants of gently etching without applying capillary forces, and the advantage over plasma
etches of being extremely selective over almost all of the traditional masking layers, such as
silicon dioxide, silicon nitride, and photoresist.

Because the native oxide on silicon surfaces completely stops etching, the silicon etch
samples in these etch-rate tests were dipped in 10:1 HF, rinsed, and spun dry a few minutes
before the etch rate tests. A period of 18 hours in a wafer box in room air was found
sufficient to grow enough native oxide ondoped polysilicon to stop etching completely.

The etching apparatus used for these etch-rate measurements consists of a source
chamber containing XeF2 crystals (with a 2.9-liter volume) separated by an inlet valve from
the chamberwhere the etching takes place (with an 0.6-liter volume), which is connected to a
roughing pump through an exhaust valve. The wafer is placed in the etch chamber, pumped
down to its base pressure of about 12 mTorr, vented with dry nitrogen and pumped down
again to reduce the amount of residual water vapor. Etching is initiated when the inlet valve
is opened. Because of the large volume ratio of the source chamber to the etching chamber,
the XeF2 partial pressure remains about the same as its room-temperature equilibrium pres
sure after the valve is opened. Etching proceeds for 30 seconds before the inlet valve is
closed. The exhaustvalve is then opened for 30 seconds. For etchesof total time longer than
30 seconds, this "pulsed-etching" cycle is repeated. All of the data reported here are for one
minute of etch time.

The silicon etch rate in these tests varied greatly across the wafer, being higher in the
stream beyond the gas inlet and slower to the sides. The etch rate of the single-crystal silicon
wafer was higher in the areas adjacent to the photoresist mask. Attempting to reduce the
etch-rate variation by increasing the pressure with dry nitrogen to about 100 mTorr resulted in
one-tenth the original etch rate, but the same percentage uniformity (ratio of standard devia
tion of etch rate to average etch rate).

The etch rate has been reported to be extremely load-dependent [76], and measured
values are as low as 11 nm/min when an entire 4-inch wafer is exposed to the XeF2 to 10
(xm/min for small chips of silicon.

It is possible that water vapor could result in the formation of HF, which then could
attack oxide. An experiment to check this effect appeared to rule it out: When several drops
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of water were placed on an oxide-covered wafer while in the etch chamber and allowed to
vaporize into the chamber, the result was a higher base pressure before etching, but no etch
ing of the oxide.

Adsorbed water has also been reported to result in the formation of a polymer-like film
that inhibits etching [77]. Dehydration of silicon was recommended to avoid this problem.

To avoid possible problems resulting from adsorbed water vapor, the test wafers (except
for the silicon samples) were dehydrated for several hours in flowing dry nitrogen at 120°C.

It has been found in our lab that as etch holes get deeper, the etch rate slows down. This
may be due to a combination of local heating, which reduces the etch rate near room tempera
ture [75], and the increasing area undergoing etching.

Reaction: XeF2 molecules are physisorbed on the silicon surface [75] and dissociate to release
volatile xenon atoms, while the fluorine atoms (not F2 [68]) remain to react with the silicon to
form volatile SiF4. The overall reaction is

2 XeF2 + Si -» 2 Xe + SiF4 .

The limiting step in the etching process appears to be the supply of fluorine atoms to the
reaction site. Different steps in the supply processes dominate at different temperatures, caus
ing a minimum in the etch rate of silicon as a function of temperature at around 410 K [75].
Ibotson et al. hypothesize that the etch rate increases below 410 K because the surface cover
ageof physisorbed XeF2 is greater (the XeF2 is less volatile), and this is the etch-rate-limiting
step. When the etch-rate data at these lower temperatures were fitted to an Arrhenius equa
tion of the form of Eq. 14 multiplied by the density of XeF2, the effective activation energy
was found to be negative at -0.14 eV (which corresponds to a positive activation energy for
desorption). Above 410K the surface coverage is lower, butdirect impactdissociation greatly
increases the supply of fluorine atoms for the reaction. The effective activation energy for
these higher temperatures was found to be 0.26 eV.

The etch rate of silicon has been observed to be proportional to the density of XeF2
molecules for pressures below 0.5 Torr, rising less than linearly at higherpressures [75]. The
etch rate has been found to be proportional to the incident flux of XeF2 under flow that is
force-blown perpendicular to the surface.

While according to several references, XeF2 alone does not etch silicon dioxide and
nitride (to the contrary, stoichiometric silicon nitride was etched slowly in our tests), it does
etch these dielectrics in the presence of ion or electron bombardment andunderUV radiation
[68]. This may help to explain why fluorine atoms are nonselective in plasma etches.

VI. SAMPLE PREPARATION / MEMS APPLICATIONS

Most of the materials listed in the etch-rate tables are frequently used in the U. C. Berkeley
Microfabrication Laboratory for micromachining and IC fabrication. The materials are identified
in the following list, which shows the abbreviated material names from Tables 3 and 4 in italics.
Preparation methods for the films are given, along with some MEMS applications and com
ments.

SC Si <100>: Single-crystal silicon, lightly doped with boron, with <100> orientation.
Single-crystal silicon is the standard starting material for bulk micromachining [78].
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Poly n+: In-situ heavily n-dopedpolycrystalline silicon. Refractive index (RI)=3.97.
Deposited on a waferwith thermal oxide already on it to enable interferometric thickness

measurements. Deposited in a Tylan LPCVD furnace with the recipe SiH4=120 seem, PH3=1
seem, 605°C, p=300 mT. No anneal.

This deposition temperature and pressure were chosen to yield a low, tensile residual
stress [15], which is suitable for micromachined beams and shells.

Poly, both doped and undoped, is a common MEMS structural material.

Poly undop:Undoped polycrystalline silicon. RI=3.97.
Deposited on a wafer with thermal oxide already on it to enable interferometric thickness

measurements. Deposited in a Tylan LPCVD furnace with the recipe SiH4=100 seem, 605°C,
p=300mT. No anneal.

Wet Ox: Silicon dioxide thermally grown in water vapor. RI=1.46.
Grown in a Tylan atmospheric-pressure furnace with the recipe 1100°C, 02 carrier gas at

200 seem, H20 vapor at a pressure just below 1 atm (the water source is at 98°C), and a total
pressureof 1 atm, followed by a 20-minute N2 anneal at 1100°C.

Thermal oxide has been used for thin sacrificial layers and for sealing cavities [79].

Dry Ox: Silicon dioxide thermally grown in dry oxygen. RI=1.46.
Grown in a Tylan atmospheric-pressure furnace with the recipe 1100°C, N2=200 seem,

O2=4000 seem, p=l atm, followed by a 30-minute N2 anneal at 1100°C.
Dry oxidation, with its slow growth rate, can be used for very thin oxide layers of con

trolled thickness.

LTO undop: Undoped, annealed low-temperature oxide. RI=1.46.
Deposited in a Tylan LPCVD furnace with the recipe SiH4=60 seem, O2=90 seem,

PH3=0 seem (no doping), 450°C, p=300 mT. Annealed in N2 in a Tylan atmospheric-
pressure furnace at 1000°C for 60 minutes.

LTO is used as a sacrificial layer, but it has a much slower etch rate than that of PSG in
HF-based etches. It is only etched slightly faster than thermal oxides.

PSGunanl: Doped phosphosilicate glass with no anneal. RI=1.47.
Deposited in a Tylan LPCVD furnace with the recipe SiH4=60 seem, O2=90 seem,

PH3=10.3 seem (considered a high doping level), T=450°C, p=300mT.
Unannealed PSG has a much higher etch rate than annealed PSG. It has, however, been

observed in the Berkeley Microlab to outgas during subsequent high-temperature steps,
causing bubbling in overlying films, so it is not used as frequently as annealed PSG.

PSGannld: Doped, annealed phosphosilicate glass. RI=1.48.
Deposited in a Tylan LPCVD furnace under the same conditions as the unannealed PSG

above, then annealed in N2 in a Tylan atmospheric-pressure furnace at 1000°C for 60
minutes. This PSG has about 5.5 molar % P2Os in Si02.

Oxides, usually chemical-vapor-deposited rather than thermally grown, are common
sacrificial materials in micromachining. PSG (a doped LTO) etches much faster than
undoped LTO in HF solutions, and is therefore preferred in structures requiring significant
undercut.

Stoic Nitrid: Stoichiometric silicon nitride (Si3N4). RI=1.99.
Deposited in a Tylan LPCVD furnace with the recipe NH3=75 seem, SiH2Cl2=25 seem,

p=200mT,T=800°C.
Stoichiometric silicon nitride is used in masking and for layers that are not free-standing.



-37-

High tensile residual stress precludes its use in free-standing structures.
Low-cNitrid: Low-stress silicon nitride (silicon-rich SixNy). RI=2.18.

Deposited in a Tylan LPCVD furnace with the recipe NH3=16 seem, SiH2Cl2=64 seem,
p=300mT,T=835°C.

Low-stress silicon nitrideis used foroptically transparent membranes and shells [80,81].

Al/2% Si: Sputtered aluminum with 2% silicon in the target
Deposited in a CPA 9900 Sputtering System with the recipe p=4.5 kW, track speed=20

cm/min, p=6 mT. The substrate temperature was not controlled during sputtering and rose
above room temperature.

Aluminum is used for interconnects and as a structural material in conjunction with
organic sacrificial layers such as polyimide [29,30].

Sput Tung: Sputtered tungsten.
Deposited in a CPA 9900 Sputtering System with the recipe P=4.5 kW, track speed=10

cm/min, p=6 mT. The substrate temperature was not controlled during sputtering and rose
above room temperature.

Tungsten, both sputtered (with thermal anneal for stress control) and CVD, is used for
interconnects that can withstand high-temperature processing [82], as well as for a structural
material [83].

Sput 77: Sputtered titanium.
Deposited in a CPA 9900 Sputtering System with the recipe P=4.5 kW, track speed=10

cm/min, p=6 mT. The substrate temperature was not controlled during sputtering and rose
above room temperature.

Titanium, being very reactive, is one of the few metals with good adhesion to oxide and
nitride (aluminum and chromium are others). It is used as an adhesion layer for other, less-
adhesive films, such as tungsten and gold.

Sput TilW: Sputtered 90% titanium/10% tungsten alloy.
Ti/W is used as an adhesion layer for sputtered and CVD tungsten.

OCG820PR: OCG 820 (G-line sensitive) positivephotoresist. RI=1.65.
Spun on using an SVG photoresist coater. Hardbaked 30 minutes at 120°C (experiments

showed that baking for over 1 day had little difference on etch rate from 30 minutes of
hardbaking).

For situations requiring a more durable resist, hardbaking at a higher temperature (up to
180°C), plasma hardening, ordeep UV hardening can bedone [1].

Photoresist hardening can also occur unintentionally during plasma etching. Difficult-
to-remove PR can usually be removed in an oxygen plasma, piranha etch, or a commercial
photoresist stripper (e.g., J. T. Baker PRS-2000 at 90°C).

In addition to masking, various photoresists [84] and other polymers [29,30] have been
used as sacrificial layers in micromachining and as liftoff layers in patterning [1]. Photoresist
has been etched with acetone, but oxygen plasmas are most common for micromachining
removal of polymers, largely because no liquid is involved Giquid capillary forces cause
free-standing structures to be pulled down as theliquid dries [27]).

Olin HntPR: Olin Hunt 6512 (Mine-sensitive) positive photoresist
Spun on using an SVG photoresist coater. Hardbaked 30 minutes at 120°C. RI=1.63.
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VII. ETCH-RATE MEASUREMENT TECHNIQUES

Transparent films (polysilicon, oxides, nitrides, photoresists) were each coated over an
entire 100-mm (4-inch) wafer and etched without patterning. While 100% wafer area is rarely
etched at once in MEMS and IC processing, a full-wafer etch was carried out to avoid effects
caused by the presence of different materials in the etch. The film thicknesses were measured
interferometrically with a NanoSpec AFT interferometric film-thickness-measufement system.
Refractive indexes (RIs) were determined by ellipsometry and verified with the NanoSpec.
These RIs are listed in the samples section of this report. (The apparent RI of the low-stress
nitride films was significantly different when measured using the NanoSpec than by using the
ellipsometer. We give the ellipsometer RI, which most often agreeswith published data.)

Five locations on each wafer were measured before each etch, the films were etched, and
then the same five locations (to within a few millimeters) were measured again. The average of
the differences of these five points, divided by the etch time, determined the etch rate.

Opaque films (single-crystal silicon, metals) were etched several different ways to allow
for measurement. Most of the metal etches were done with a photoresist masking layer.
Previously patterned tungsten on a film of silicon nitride was used for tungsten in KOH and in
the oxygen plasmas. Single-crystal silicon (SCS) with a nitride mask was used for SCS in KOH.

Five step heights distributed around the wafer were measured with a Tencor Alphastep 200
step profiler, the film was etched, then the same steps (to within a few tenths of a millimeter)
were measured again. The average step-height difference (and the etch rate of the masking
layer, if nonzero) were used to determine the etch rate of the film.

Wet etches having moderately fast rates (> 1000 A/min) were done for one minute (even
less for a few very rapid etches). Slower wet etches were done for at least 10 minutes to get a
more accurate measurement. Samples with etch rates slower than 10 A/min were etched for at
least 30 minutes.

Plasma and plasmaless-gas-phase etching were done for one minute (or, for a few very
rapid etches, for 30 seconds), with one wafer in the etch chamber. Care was taken to avoid
plasma-hardening effects with the photoresist samples.

Accuracy ofmeasurements: An etch rate is listed if the computed standard deviation was
smaller than the average rate. In cases where the standard deviation was larger than the average
(or the surfaces were very rough when Alphastep measurements were used), an upper limit equal
to the average plus one standard deviation is given (e.g., < 50 A/min). Etch rates of zero are
recorded if the films were thicker after the etch, as often happened with photoresist (PR) in wet
etches (the PR absorbed water). In a few cases, such as PR in acetone, the entire film was
removed in a short time; a lower limit is listed for these etch rates (e.g. > 44kA/min). The
measurements are rounded to two significant figures. The results are estimated to be accurate to
within ±5% or ±5A/min, whichever is smaller.
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Vni. ETCH-RATE RESULTS

Due to the amount of data, the etch-rate information is divided into two tables. Table 3
covers wet etches; Table 4 deals with plasma and plasmaless-gas-phase etches. (Tables covering
all of the etches, in versions for outside and for Microlab use (with local equipment names), can
be found at the end of the paper.) Etches are grouped by target material. Etch rates are reported
in the commonly used units of angstroms per minute.

For each combination of material and etchant (e.g., n+ poly and silicon etchant), the top
value is the etch rate measured by the authors using fresh solutions, clean chambers, controlled
temperatures, etc. (e.g., 3100 A/min for n+ poly in wet silicon etchant). The middle and bottom
numbers are the slowest and fastest etch rates, respectively, observed by the authors or others in
our laboratory during the past five years, using fresh and used solutions, "clean" and "dirty"
plasma chambers, and looser temperature control (e.g., 1200 and 6000 A/min for n+ poly in
silicon etchant). These observed variation ranges for etch rates are quite wide in a number of
cases. Wider ranges usually occur for etches performed by many lab users. In some instances,
the observed variation is small. This may either indicate that the etch is particularly repeatable
or, perhaps, only a few results were reported by other lab users. An etch with a narrow range of
reported rates should, therefore, notbeconstrued as being particularly repeatable.

In some cases, an etch rate was not measured but something significant did happen. In
cases in which the film (usually photoresist) peeled, a "P" denotes this. When the material was
notetched significantly butwas attacked forming arough surface, an "A" denotes this.

Etch-rate tests for many of the combinations of materials and etches in the tables were not
performed, often due to cross-contamination concerns in our lab's plasma-etching equipment.
Where known, based on both published reports and local experience with the chemicals and
materials involved, Tables 1 and 2 list whether 73 of the combinations will support an etch rate
of at least 100 A/min (denoted bya"W" in the tables), and whether the etch will bevery fast (at
least 10 kA/min, denoted by an "F").

Because etch rates vary due to many factors, etch rates should not be expected to match
those listed here exactly. It is recommended that these etch rates be understood as order-of-
magnitude correct and as valid when considering relative etch rates for different materials.
Sources of etch-rate variation were discussed earlier in this paper.

B. DISCUSSION OF ETCH-RATE DATA

• Several conclusions can be drawn from the data in the etch-rate tables. Some are con
sidered common knowledge among those familiar with semiconductor processing or are expect
ed from the literature on the subject.

• Wet etches tend to be more selective than plasma etches. Plasma etches using SF6, CF4,
orCHF3, which supply fluorine radicals, are particularly nonselective.

• For hydrofluoric-acid-based etching of various types of silicon dioxide, we find that for
weaker concentrations of HF (going from 25:1 to 10:1), the etch rate increases almost linearly
with concentration, but rises much faster going to concentrated HF. No difference in the etch
rates of wet and dry thermally grown silicon dioxide is observed.

• Annealing PSG greatly slows its etch rate in most wet etches, but does not affect the
plasma-etch rate significantly. Annealed, undoped LTO etches much more slowly in all of the
wet etches, and slightly more slowly in the plasma etches than the annealed PSG (doped LTO),
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approaching the slow etch rate of the thermal oxides.
• N+ polysilicon etches faster than undoped poly in the silicon wet etchant and in the

chlorine-based plasma, but the two etch atroughly the same rate in the fluorine-based plasmas.
• Stoichiometric silicon nitride etches at the same rate or faster than the silicon-rich low-

stress nitride in all of the etches except HF vapor.
• Tungsten is removed slowly or not at all in all of the wet etches, including HF and KOH

solutions,making it a candidate for a structural material in micromachined devices.
• Titanium is etched so much faster than most oxides in HF solutions that it is possible to

stop a titanium etch on oxide.
• The etch rates of the two types of positive photoresist studied are within 15% of each

other in most of the etches, with neither photoresist always being etched more slowly or rapidly.
In results not reported in the table, we varied the hardbake time of the OCG 820 from its
standard 30 minutes to 1 hour and 1 day. Surprisingly, this had a negligible effect on the
removal rate.

• The oxygen plasmas, intended for descumming and stripping photoresist, attack only
photoresist

• Piranha, intended for cleaning metals and organics from wafers, attacks only the metals
and photoresists in these tests.

• Xenon difluoride selectively etches silicon, as well as titanium and tungsten. It
unexpectedly (but repeatedly) also etches stoichiometric silicon nitride, but not silicon-rich
nitride.

IX. END-OF-ETCH DETECTION

In some etches, it is easy to see when the film being etched has cleared to expose an under
lying layer of another color. Sometimes this can be seen unaided; other times a microscope is
necessary. In many situations, however, it is difficult to tell whether an etch is complete and
more sophistication is needed. Following are some such situations (listed in italics) and com
ments about etch-end detection.

In all cases, due to the possibility of etch-rate nonuniformity, several locations on the
wafer should be checked, particularly the center and the edges of the wafer. Steps in the
underlying substrate may result in "stringers" remaining after vertical anisotropic etches, so
these areas, too, should be checked.

Clear film on the substrate: Etch completeness can be tested by measuring the film
thickness in a window in the mask using an interferometer or ellipsometer.

Conductive film on nonconductive layer: A conductive film can be tested by measuring the
resistance by microprobing two adjacent points on the areabeing etched. A quantitative check of
etch progress can be obtained by measuring the resistance at the same region on the wafer, with
the same probe spacing, before and after etching. The etch is complete when an open circuit is
detected with an ohmmeter or curve tracer. (We have found a curve tracer applying a few volts
to be useful in breaking down a thin films of native oxide, polymer films, residue on the probe
tip, or other nonconductive layers, which might register as an open circuit with an ohmmeter.)
This technique is also useful for checking for "stringers" (narrow lines of residual film remaining
at the bottoms of steps in topography). A "sanity check" can be done by scratching through the
photoresist to check the resistance of the unetched film.
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Nonconductive film on conductive layer: Etch completeness can be detected by
microprobing two points on an area being opened up by the etch. The etch is complete when a
short circuit is observed with a curve tracer or ohmmeter.

Any film with a mask layer that is etched slowly: If the film- and mask-layer thicknesses
are known, a step profiler can be used to measure the step height.
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OCG

820PR

Olin

HntPR
Concentrated HF (49%)

Wet Sink

Room Temperature

Silicon

oxides
0 23k

18k

23k

F >l4k F 36k 140 52

30

52

42

0

42

<50 F P 0 P 0

10:1 HF

Sink 6

Room Temperature

Silicon

oxides

7 0 230 230 340 15k 4700 11 3 2500

2500

12k

0 Ilk <70 0 0

25:1 HF

Sink 6

Room Temperature

Silicon
oxides

0 0 97 95 150 W 1500 6 1 W 0 0 0

5:1 BHF

Sink 8

Room Temperature

Silicon

oxides
9 2 1000

900

1080

1000 1200 6800 4400

3500

4400

9 4

3

4

1400 <20

0.25

20

F 1000 0 0

PhosphoricAcid (85*)
Sink 7 Heated Bath
160-C

Silicon

nitrides

7

'

0.7 0.8 <l 37 24

9

24

28

28

42

19

19

42

9800
- -

550 390

Silicon Etchant (126 HNO,: 60H,0:5 NH4F)
Sink 8

Room Temperature

Silicon 1500 3100

1200

6000

1000 87 W 110 4000 1700 2 3 4000 130 3000 0 0

KOH (1K0H:2HjOby weight)
Sink 3 Heated Bath

80"C

<100> Silicon 14k >10k F 77

41

77
'

94 W 380 0 0 F 0
• •

F F

Aluminum EtchantType A (16 H,P04:1 HNO,: 1HAc :2H,0)
Sink 8 Heated Bath

SO'C

Alumnium <10 <9 0 0 0

'

<I0 0 2 6600

2600

6600

*
0 0 0

Titanium Etchant (20H20 : 1H202:1 HF)
Wet Sink

Room Temperature

Titanium 12 120 w W W 2100 8 4 W 0

0

<I0

8800
•

0 0

Hj02 (30*)
Wei Sink

Room Temperature

Tungsten 0 0 0 0 0 0 0 0 0 <20 190

190

1000

0 60

60

150

<2 0

Piranha (-50H,S04:1H202)
Sink 8 Heated Bath

120°C

Cleaning off

metals and

organic*

0 0 0 0 0 0 0 0 1800
•

2400
*

F F

Acetone

SinkS

Room Temperature

Photoresist 0 0 0 0 0
"

0 0 0 0
•

0
•

>44k >39k

HF Vapor
Wet sink--1 cm over plasticdish
Room temperature and pressure

Silicon

oxides

0 0 660 w 780 2100 1500 10 19 A 0 A
• "

P 0 P 0

XeF2
Old lab-Simple custom vacuum chamber
Room temperature. 2.6 Torr

Silicon 4600

2900

100k

1900

1100

2500

1800

1100

2300

0 0 0 0 120

120

180

2

0

2

0 800

440

1000

290

50

380

0 0

SF^+He (175:50 sccmMn THINSTD.RCP
Lam l"Lam 480 Plasma

l50W.375mT,gap=1.35cm. 13.56MHz

Thin

silicon

nitrides

W 6400 7000

2000

7000

300

220

400

w 280 530 540 1300

830

2300

870
"

W W w 1500

1300

1500

1400

SF6+He (175:50 sccm)--ln NITSTD1.RCP
Lam 1--Lam 480 Plasma
250W. 375mT.eap= 1.35cm. 13.56MHz

Thick

silicon

nitrides

W 8400 9200 800 w 77(1 1500 1200 2800

2100

4200

2100

'

W W w 3400

3100

3400

3100

CF4+CHF,+He (90:30:120 seem)
Lam 2--Lam 590 Plasma

4S0W.2.8T.eap=0.38cm. 13.56MHz

Silicon

oxides

W 1900

1400

1900

2100

1500

2100

4700

2400

4800

w 4500 7300

3000

7300

6200

2SIXI

7200

1800 1900

'

W W w 2200 2000

CF44CHF,+He (90:30:120 sccm)»InSI02ET.RCP
Lam 2--Lam 590 Plasma

850W.2.8T.eap=0.38cm. 13.56MHz

Silicon

oxides

W 2200

2200

2700

1700

1700

2100

6000

2500

7600

w 6400

6000

6400

7400

5500

7400

6700

5000

6700

4200

4000

6800

3800
*

W W w 260(1

2600

6700

2900

2900

7200

CI,+BC1,+CHCI,+N, (30:50:20:50 seem)
Um3--Lam690RlE

250W. 250mT.60°C. 13.56MHz

Aluminum w 4500 W 680 670 750 W 740 930 860 6000

1900

6400

W

'

6300

370(1

6300

6300

3300

6100
Cl2+He (180:4(X) sccm)--ln Recipes 400.500.550

Lam 4-Lam Rainbow 4420 Plasma

275W. 425mT. 40°C. gap=0.80cm. 13.56MHz

Silicon w

5000

5000

5700

3400

6300

3200

3200

3700

8

8

380

60 230 140 560 530 W W
"

3000

2400

3000

2700

HBr+CI, (70:70 sccm)~tn Recipes 500.550
Lam 4--Lam Rainbow 4420 Plasma

200W. 300mT. 40°C. gap=0.80cm. 13.56MHz

Silicon W 450

450

740

460 4

4

10

0 0 0 870 26 W W
"

350

350

500

300

0,(51 seem)
Technics-e-Technics PE II-A Plasma
SOW. 300mT. gap-2.6cm. 50kHz sq. wave

Descumming

photoresist

0 0 0 0 0 0 0 0 0 0 0 0
"

350 300

0,(51 seem)
Technics-e-Technics PE II-A Plasma

400W. 300mT. gap-2.6cm. 50kHz sq. wave

Ashing

Photoresist

0 0 0 0 0 0 0 0 0 0 0 0 341X1 3600

SF6+He 03:21 seem)
Technics-e-Technics PE II-A Plasma
IO0W. 250mT. gap-2.6em. 50kHz sq. wave

Silicon

nitrides

300

300

1000

730

730

800

670

670

760

310 350 370 610 480

230

480

820 620

550

800

*
W w w 690

690

830

630

CF4*CHF,*He (10:5:10 seem)
Technics-c--Technics PE II-A Plasma
2(X)W.250mT. gap-2.6cm. 50kHz sq. wave

Silicon

nitrides

1100 1900 W 730 710 730 W 900 1300 1100

'

w w w 69(1 600

SFt(80sccm)
Tegal-Tegal Inline Plasma 70]
200W. l50mT.40°C. 13.56MHz

Tungsten W 5800 5400 1200

2000

2000

W 1200 1800 1500 2600 2300

1900

2300
'

2800

2800

4000

w w 24IKI

2400

4IKKI

2400

SF4 (25seem)
Tegal-Tegal Inline Plasma701
l25W.200mT.40«C

Thin

silicon

nitrides

W 1700 2800 1100

1100

1600

W 1100 1400 1400 2800

2800

2800

2300
"

W w w 341X1

2900

34IKI

3100

CF44CHF,+He (45:15:60 seem)
Tegal-Tegal Inline Plasma701
100W.300mT. 13.56MHz

Si-rich

silicon

nitrides

W 350 360 320 W 320 530 450 760 600 w w w 41X1 360

Notation: - =test notperformed: Wcnotperformed, butknown toWork (a 100 A/min): F=not performed, butknown tobefast (i 10kA/min);
P=some of film fteled during etchorwhenrinsed; A=film wasvisiblyAttacked androughened.
Rates measured arerounded to twosignificant figures.
Etch areas are allof a4-inch waferforthetransparent filmsandhalfof thewaferforsingle-crystal silicon andthemetals.
Etch rates will vary with temperature and prior use ofsolution orplasma chamber, area ofexposure offilm, other materials present (e.g.. photoresist), film impurities and microstructure. etc. Some variation should be expected!
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