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Chapter

Glow-Discharge Plasmas

The powerful concept of using a plasma to couple nonthermal energy
from an electric field into a film-deposition process was introduced in
the last chapter. There, we defined the plasma state and examined the
arc type of plasma for metal vaporization. We also examined in detail
the use of the ion stream emanating from plasmas to accomplish sput-
ter vaporization and film modification. In this chapter, we will focus on
the structure and behavior of the widely used glow-discharge type of
plasma. We will further see that plasma energy appears not only as
ion bombardment, but also as neutral fragments of gas molecules.
These “free radicals” have high chemical reactivity which promotes
compound formation at a T much lower than that required for thermal
reaction. Additional but smaller amounts of plasma energy appear as
light and heat.

There are many ways to couple electrical energy into a plasma and
many geometrical arrangements of plasma volume, sputtering target,
gas source, and film substrate. These factors greatly influence the gen-
eration of ions and free radicals and their delivery to the process, so it
is important to understand their behavior to obtain the desired ﬁlm
properties. In the following sections, we will examine energy coupling,
plasma configuration, and the chemistry of free-radical reactions.

For all plasma configurations, the stages of energy transfer through
the plasma are the same, namely: (1) acceleration of free electrons in
the applied electric field; (2) electron-impact reactions with gas mole-
cules to generate ions, electrons, free radicals, and excited-state mole-
cules; (3) diffusion of these energetic particles out of the plasma
toward the containment walls and film surface, where they dissipate
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their energy; and (4) acceleration of ions into the wall and film by the
“sheath field” next to it. The steady-state concentration of each type of
particle within the plasma represents a balance between its genera-
tion rate and its loss rate to the walls. We will first examine the gener-
ation of energetic particles by electron impact.

9.1 Electron-Impact Reactions

Consider a free electron of charge q, immersed in a gas and in an elec-
tric field E (V/m). The resulting Lorentz force, q.E, on the electron
[Eq. (8.15)] accelerates it in accordance with F = m,dv/dt until it col-
lides with a gas molecule. There are many possible outcomes of this
collision depending on the electron’s (translational) kinetic energy, E,
(in electron-volts, or eV). All of these outcomes are important to the
behavior of the plasma, and we will examine them in order of increas-
ing E,. In the lowest E, range of <2 eV or so depending on the mole-
cule, the collisions are elastic; that is, the energy remains
translational. At higher E,, a variety of inelastic collisions take place,
in which E, is partially converted into internal energy of the target
molecule. In the highest E, range of > 15 eV or so, collisions result in
ionization (potential energy increase), which sustains the plasma by
producing positive ions and new free electrons in accordance with
Eq. (8.14).

The key feature of the elastic collision is that the fractional energy
transfer, v, is very small, because the electron’s mass is only ~107° of
the molecule’s mass. For example, in a head-on collision with Ar,
Ym = 5.4x107° by Eq. (8.20). Thus, if E is strong enough, the electrons
can continue to gain energy as they drift through the field undergoing
many elastic collisions, until some electrons finally gain enough en-
ergy to cause the ionization which sustains the plasma. The low Yy,
also means that the gas does not get heated very much by the electron
flux. In a glow-discharge plasma producing enough free radicals and
ions for thin-film processing, the gas T may only reach 200° C or so.
This is different from the arc discharge of Sec. 8.3, whose constricted
cross section results in such a high electron flux that the gas does be-
come very hot despite the low y,,. Considerable gas heating can also
occur in very intense glow discharges, as we will see in Sec. 9.5.

The ions gain just as much translational kinetic energy as the elec-
trons per unit travel distance along E [(see Eq. (6.6)], but they lose
much of it in their first collision with a molecule because of a high vy,.
This process also produces some gas heating, but not very much, be-
cause, as we will see in the next section, E is by far the strongest at
the edge of the plasma and is in the direction that accelerates ions
into the wall and electrons into the plasma. Thus, the predominant
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energy transfer paths from the plasma’s charged pgrf.icles are ion
bombardment of the walls and inelastic electron collisions with gas
molecules. i

These inelastic collisions occur at higher electr?n lgnetlc energy, Ee,
than the elastic ones, and they result first in exqtan?n of an electron
in the target atom or molecule. The excitation is stimulated by the
electric-field pulse produced in the molecule as the free electron
passes through it. The excited molecule can then spox}taneously (th?.t
is, without further collision) undergo one of the following processes, 1n
order of increasing E,: (1) electron relaxation back toward the g'rour}d
state, (2) dissociation, or (3) ionization. We discuss these processes 1n

turn below.

Relaxation of an electronically excited state is practically -insr,anta-
neous (~10° s) in most cases and is accompanied by the emission of
a UV or visible photon whose wavelength correspon'ds to th'e excxt:ed
electron’s energy-level drop per Eq. (6.5). Thesle emission hlnes give
plasmas their glow and also provide for co:}vement and nonintrusive
qualitative analysis of the plasma’s atomic composition by optma}-
emission spectroscopy (OES). However, when molecules and free radlli-
cals are present along with atoms, the spectra become qu'nte comp ;‘
cated and many lines remain unidentified. Allso, 'quantlﬁcatlon_ o
atomic concentration is frustrated by not knowing elt'her_ the_ fraction
of atoms in the ground state or the electron energy dlstr}butlon, both
of which affect excitation rate. These problem are sometgnes b'lut not
always eliminated [1-3] by the use of “actinometry” [4], in which an
emission line at a nearby energy and from an atom of known concen-
tration is used to calibrate the electron flux at that energy.

We mention in passing that other analytical_ techniques such as la-
ser-induced fluorescence (LIF) [5] and ]ine-of-s_lght mass spectrometry
[6] provide more quantitative chemical an.alyals of plasn.ls..s anlgh ga:f:t;
but they are too complex to use for routine ﬁlnl'n depos}tm.n. e "
most convenient analytical techniques are optical emission, as dis-
cussed above, and mass-spectrometric sampling of ‘the_ eﬁ‘hfent gas
(Sec. 3.5). A survey of plasma diagnostic techniques 1s given i Kroe-

n (1993). il
l%Tlfua rel:)axation of an electronically excited atom by photon emission
is sometimes quantum-mechanically impeded, and then the atom ::e;itf
linger in a “metastable” excited state for many seconds until 111 -
nally radiates a photon or is deactivated in a collision. The thﬂee gg E
est inert gases have the highest-energy metastable:s [7]: He* at 19.
eV, Ne* at 16.7, and Ar* at 11.7. Sufficiently energetic met.astables can
contribute to dissociation and ionization of weaker species by “Pen-
ning” reactions:
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AB + He* - A+ B + He (9.1)

C + He* - C* + He (9.2)

where A and B are atoms or free radicals.

Moving up in electron impact energy, we next come to the dissocia-
tion reactions:

AB + e — A* + B + 2e (dissociative ionization) (9.3)
AB + e — A + B + e (dissociation) (9.4)
AB + e = A + B~ (dissociative electron attachment) (9.5)

The free radicals produced here are very active chemically because of
their unsatisfied (dangling) bond, and they are usually the primary
reactants in plasma-activated film deposition. Radicals may be molec-
ular fragments or reactive atoms; thus, we have both in

SiH, - SiH3 + H (9.6)

In very intense plasmas where fractional ionization is high, positive
ions can become the primary reactants instead of neutral radicals.
Negative ions are also formed in plasmas [Eq. (9.5)], but they are not
reactive when their formation completes an electron shell®, as with F-
and SiHj™.

The reactive-plasma deposition processes are distinguished from
each other according to how each source material is supplied. In acti-
vated reactive evaporation (ARE), a solid or liquid (say Al) is thermally
evaporated into a plasma of reactive gas (say O,); thus, 2Al + 30 —
AlyO3. Reactive sputtering uses the same plasma for sputter-volatil-
ization of the solid source material and for dissociation of the gaseous
one. Plasma-enhanced chemical-vapor deposition (PECVD) uses only
gaseous source materials, as does thermal CVD (Chap. 7). Plasma dis-
sociation of gaseous reactants can also be employed in any of the beam
techniques of Chap. 8. The various plasma configurations appropriate
to these processes will be discussed further in subsequent sections.

The key feature of all plasma-activated reactive deposition is that
the film-forming reaction(s) can occur at much lower substrate tem-
perature, T, than with thermal processes. This is important in the
many cases where high T causes undesired diffusion across film inter-
faces, decomposition of film or substrate, or excessive thermal-mis-
match stresses upon cool-down. The T, for deposition is reduced
because electron-impact dissociation of relatively cool gas is providing
the deposition reaction’s activation energy, E,. That is, free radicals
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have highly positive heats of formation because of their dangling
bond, so their formation brings the reactants much closer to the top of
the activation energy “hill” of Fig. 7.16, or often over it. This was i]lue:-
trated in Fig. 5.2 for the chemisorption reaction of the gaseous di-
atomic molecule Y, versus its atomic radical Y: for Yy, tl?ere. is a
positive E, for chemisorption, but for Y, there is none. The kinetics of
free-radical reactions will be discussed further in Sec. 9.6.

The threshold electron kinetic energy to cause dissociation, E.°, lies
well above the molecular bond strength, Ey, though below the ioniza-
tion threshold or ion “appearance potential,” E;. The excess of E,° over
bond strength is a consequence of the Franck-Condon principle of
quantum mechanics, which observes that electronic transitions occur
in a much shorter time than nucleus motion [8]. Thus, electron-_im-
pact dissociation becomes a two-step process involving first the excita-
tion of a bonding electron into an antibonding orbital without a
change in bond length, as illustrated in Fig. 9.1, followed by separa-
tion of the now unbonded radicals and relaxation of their electron en-
ergy levels. For example, the SiHg-H bond strength, Ey, is 376 kdJ/mol
or 3.9 eV/me, while the E,° for SiH, dissociation is =8 eV (Fig. 9.2). Be-
cause of the Fig. 9.1 behavior, E.° cannot be predicted reliably.

\ AB* A*4B*
\/ - ./ [
& A N\ hv
g \\ A+B
‘g i e ~— — L
(=) |
e E,’

0 o

ey i \AB

Figure 9.1 Internal energy, U, vs. bond length, z, during electron-impact dissociation
of the molecule AB. z, is the relaxed bond length, the dashed line corre_sponds to
the antibonding orbital, and hv represents photon emission in relaxation of the
excited-state radicals A* and B*.
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Figure 9.2 Electron-impact reactions of silane gas (SiH,). Vibrati
excited states are denoted by V(i, j). 1 A% = 10720 2, {S;u:m;- l?eu:l't::atl:g
from Ref. 12 by permission.) oy

: Despite the high E, required, even very strongly bonded molecules
like N E_N (Ep, = 9.8 eV) become significantly dissociated in a plasma
As a calibration point, consider [9] plasma CVD from a flowing mix-.
ture of 1.(-‘{ scem _SiH4 + 45 sccem Ny to form amorphous silicon nitride
of composition SiN; 4Hy 3. There, a moderate power of 60 W applied
to a plasn;a confined between 15-cm-diameter electrodes 3 cm apart
(0.3 Wic_m )'was found to produce just enough N atoms to consume all
of the SiH, in deposition, implying that 1.1 scem or 2.5 percent of the
Ny was being dissociated. Molecules with more moderate bond
strengths will have higher dissociation fractions.

. W? finally co.me_to the highest-energy electron-impact reaction: ion-
ization. Thg ionization may be simple [Eq. (8.14)] or dissociative
[Eq. (9.3)], with the latter having a higher energy threshold for a given
molecule. The total ionization cross section by all reactions was plotted
versus electron energy for various molecules in Fig. 8.2. Ionization sus-
tains the plasma by supplying new free electrons to replace those being
lost to the walls, although electrons are sometimes also supplied by a
hot-cathode (thermionic) emitter (Sec. 8.1). The concentration of ions
0o a}ud electrons, n,, in a plasma at steady state—the so-called plasma,
dgnmty——can be quite low and still have a profound effect on film depo-
sition. (Note that n, and n, are about equal except in the thin “sheath”
at the plasma boundaries, because a tremendous electrical potential
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would develop otherwise.) A typical density for the “parallel-plate”
glow discharge (Sec. 9.3) is n, =~ n, ~10'° cm™3, although special elec-
trodeless coupling techniques (Sec. 9.5) can achieve ~10'2 ¢m™, Thus,
in a parallel-plate discharge operating at 100 Pa, where the molecular
concentration at room T is 2.4x10'® me/em?® [Eq. (2.10)), the fractional
jonization is <10~8! The level of n, is not usually monitored during film
deposition. The common techniques for doing so are simple in principle
but fraught with practical problems (Kroesen, 1993). One technique in-
volves interpreting the current versus voltage (I-V) curve of a small
wire “Langmuir” probe immersed in the plasma [10], but perturbation
of the plasma by the probe is always a concern, and interpretation of
the curve is not straightforward, especially in the presence of negative
ions, rf waves, or magnetic fields. In another technique, the plasma’s
refractive index, which increases with n,, is measured with a micro-
wave interferometer coupled through windows [11]. This technique is
less intrusive, but beam alignment is difficult and spatial resolution is
poor.

Ideally, one would like to know the steady-state concentration of all
of the active species in the plasma, including metastables, radicals,
and ions. In principle, this is obtained by setting the generation rate
equal to the loss rate for each species, but in practice these rates are
not easily determined. That portion of the loss rate occurring by diffu-
sion to the walls can be estimated reasonably well with the diffusion
equation [Eq. (2.27)], and that portion due to fluid flow by the equa-
tions of Sec. 3.3. Loss within the bulk of the plasma can take various
paths whose rates are more difficult to estimate. Volume recombina-
tion of atomic ions and radicals requires a third-body collision
[Eq. (7.38)] to carry away the energy released, and the probability of
such collisions is low at typical glow-discharge pressures. However,
molecular ions can recombine with electrons dissociatively without a

third body:
AB*+e—>A+B 9.7

Radicals can also recombine in the gas phase if one of them is molecu-
lar and has enough vibrational degrees of freedom to absorb the
energy released. In addition, metastables, radicals, and ions can all
react with gas molecules to produce new species. A few specific free-
radical reactions of PECVD are discussed in Sec. 9.6.4.

Generation rates of the various active species by electron impact are
even more difficult to determine. Electron-molecule reactions can be
described by a second-order rate equation similar to Eq. (7.34) for
thermal reactions:

Ra; (me/em®:8) = kpjneny (9.8)
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Here, subscript i indicates the particular reaction of molecule A to
which the rate R and rate constant k refer, and the n terms are the
concentrations of electrons and of molecule A per em?. The behavior of
k does not follow the Eq. (7.35) Arrhenius form of thermal reactions
however, because electron energy rather than thermal energy is sup:
plying the reaction activation energy, E,. Thus, the E, extracted from
an Arrhenius plot versus gas T or substrate T has little meaning in a
plasma reaction, even though such E, values are often reported. The
most one can conclude from such a plot is that if E, is low (say 0.1 eV)
the reaction is plasma activated, while if it is much higher, there is:
likely to be some degree of thermal activation involved.

It is useful to derive an expression for the k of Eq. (9.8) to see what
factors do influence it. An electron moving at speed c, in the plasma
undergoes molecular collisions resulting in the reaction of interest (i)
at a frequency given by

Vei (871) = o/l = co(0p;m8) (9.9)

where 0,; is not the total collision cross section with molecules but
?nly the cross section for the (i) reaction, and /,; is the correspond-
ing mean free path. The second equality above was derived earlier
as Eq. (2.22). Since c, and o,; are both functions of electron energy,
E, the reaction rate is not simply given by Ry; = v,;n,, but must bé
obtained by integrating over the electron energy distribution:
f(Ee) = (dny/dE,)/n,. That is,

+ PE,
Rpi = J Veidn, = “e“AJ- o Caif (Ep) dE, (9.10)
e
0

n,

where the second equality has been obtained by using Eq. (9.9) for v,;
and Eq. (8.7) for ¢, (or v,) in terms of E,. Thus, kp; is given by the sec-
ond integral.

In only a few cases such as silane (Fig. 9.2) are the o;(E,) functions
for the various electron-impact reactions known fairly well, and this is
the first hurdle faced in estimating Rj;. In Fig. 9.2, by the way, the one
neutral-dissociation curve shown includes all possible neutral frag-
mentation patterns. The v(1,3) and v(2,4) curves denote vibrational
excitation, which is another way for electrons to heat the gas besides
elastic collisions. The electron-attachment curve shown is for dissocia-
tive reactions of SiH4 by Eq. (9.5).

The second function needed for Eq. (9.10) is f(E,). If the electrons
gained and lost energy only by colliding elastically with each other—
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that is, if they were in kinetic equilibrium—f(E,) would assume the
Maxwell-Boltzmann form given in Eq. (2.1) for molecules. However,
e-e collisions dominate only when the plasma’s ionization fraction is
very high. Generally, the E, gain and loss mechanisms differ, as dis-
cussed above, so that f(E,) is non-Maxwellian. That is, the electrons
continue to gain energy in the electric field until they lose their energy
upon reaching the threshold for the high-c inelastic collisions—disso-
ciation and ionization. On balance, this process tends to produce an
f(E,) that is crudely Maxwellian at low E, and truncated at high E,,
but f(E,) cannot presently be estimated accurately enough for calcula-
tion of Ry; using Eq. (9.10), except for the simplest plasmas such as
the inert gases. Considerable research effort is underway to measure
o values and to predict f(E,) for practical processing plasmas. For ref-
erence, we note that a plasma in which e-molecule collisions dominate
is called “Lorentzian,” and one in which the ionization fraction is high
enough so that e-e collisions dominate is “Coulombic.”

Despite the above difficulties with f(E,), the plasma electrons can be
described by a characteristic kinetic energy, which can be extracted
from Langmuir probe [10] or other measurements. Recall that in a
Maxwell-Boltzmann distribution, the mean translational kinetic en-
ergy of a particle is related to temperature by (3/2)kgT [Eq. (2.11)]. On
this basis, it is customary in plasma physics to speak of an electron
“temperature” even for a non-Maxwellian f(E,). However, this temper-
ature is given in energy units of eV for convenience, and the (3/2) is
dropped; thus,

T, (eV) = kgTy/qe = 8.63x107° T, (9.11)

Here, kg is in J/K, and T, would be the temperature in K of a Max-
wellian distribution. The (~) over T, signifies eV units and will be used
below as a reminder that the electron temperature is in energy units
rather than in K. Because only a small fraction of the electrons need to
attain the ionization threshold, E;, in order to sustain the plasma and
because E; does not vary a great deal among gases, T, is typically a
few eV and is not particularly sensitive to plasma process conditions
such as power, pressure, and composition. However, in some plasmas
to be discussed later where rf fields and magnetic confinement allow
the electrons to gain a great deal of energy before being lost to the
walls and where the pressure is too low to provide sufficient collisional
cooling, T, can be much higher. The T, of a few eV is much higher
than the mean energy of the ions in a glow discharge, which are cooled
by momentum transfer to approach the gas T of a few hundred °C or
~0.1eV.
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As a final topic in electron-impact phenomena, it i i
mate the dc electrical conductivity ofp a plasm:"Il‘]tJt:Sc::;Zflr:tit\?it? t;;‘
any substf:mce is equal to its concentration of free charges times the
drift veloclty,.v, of those charges per unit of electric field strength (the
charge mobility, p), as was expressed for electrons in Eq. (6.2). Note
!;hat the_ electron drift velocity, v,, is the velocity of net electro;l r;lotion
in the direction of the field and is not the same as the random thermal
speed, Ces _of Eq. (9.9). For low ionization fraction (Lorentzian plasma)
the. mobl!ﬂfy of plasma electrons is limited by the drag produced b ;
tl"nelr collisions with molecules, which are predominantly elastic colli)-’
sions. Some electrons will leave these collisions retaining part of their
forward momentum, and some will have their momentum reversed. so
on average the momentum retained will be zero. Thus, the drift r’no-
mentum of an electron, m,v,, is reduced to zero at a fre’quency of just
Ve, the electron elastic-collision frequency with molecules from JES
(9.9). Thel dra.g force so produced must balance the Lorentz force of Eq'
(8.15) which is accelerating the electrons; that is, v

F = d(mgv,e)/dt = myv,v, = q.E (9.12)

Solving the last equality f ; s :
g quality for v, and inserting into Eq. (6.2) using SI

s[sxm or n“‘m"] = 9.13)

Here,zve_ was evaluated for the last equality using Eqgs. (9.9) and (8.7);
S, (l-n )isa mgan value of the elastic cross section; n is the gas oonc;an-,
tration (mdmuﬁ); and E, is in coulomb-V, not eV. Because the electrons
have only _10 times the mass of the ions and are about the same in
concentration, they dominate the conductivity even though their colli-
sion frequency is higher than that of the ions due to their higher
speed. Equation (9.13) also holds for rf plasmas as long as ®, <g< Ve

(“collisional” i i
ans/slfmna plasma), where w, is the rf-drive angular frequency (radi-

9.2 Plasma Structure

In the: above discu_ssion of the electron-impact reactions which couple
electrical energy into the plasma gas, we considered only the bulk
p'lasma region. We now move to the boundary region or “sheath” abut-
ting the walls that confine the plasma. Plasma behavior in this region
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is crucial both to sustaining the plasma and to controlling film deposi-
tion. Ton and electron loss occurs mostly at the walls, and electrical
energy must pass from the walls through the sheath to sustain the
plasma. Plasmas affect thin-film processes principally by providing
ion bombardment and free radicals to various surfaces, including sub-
strates, depositing films, and sputtering targets. Plasma-surface
interaction is determined largely by the way in which electrical energy
is coupled to the plasma electrons through surfaces, so we will discuss
in subsequent sections the various coupling methods and how they
affect thin-film processes. First, however, we need to examine the
approach of the plasma to the surface and how this results in the
plasma sheath.

Recall that a plasma is a partially ionized gas containing about
equal concentrations of positive and negative particles. We assume
here, as we have previously, that the negative particles are mostly
electrons. On the other hand, plasmas rich in extremely electronega-
tive gases such as the halogens can contain more negative ions than
electrons, and this increase in mass of the negative particle alters
plasma-sheath behavior considerably [13]. However, such plasmas are
generally encountered in plasma etching rather than in film deposi-
tion. We also continue to assume here that the gas pressure is low
enough that the electrons become much hotter than the ions; that is,
we are in the glow-discharge regime. Finally, we assume only singly
charged ions, which is valid except in very intense plasmas.

Now envision a volume of plasma suspended within a gas. The free
electrons and positive ions are held within this volume by their mu-
tual attraction, and there are two quantities which are very useful in
characterizing this attraction. The first describes the screening of an
ion charge by the electrons which accumulate around it. The electrical
potential surrounding a screened ion falls off exponentially with in-
creasing distance away from it. One would expect the distance needed
for effective screening to decrease with increasing plasma density, n,,
and also to increase with electron “temperature” (energy), T, since
the latter will increase the distance to which the electrons can remove
themselves from the attraction of the ion’s potential field. The distance
within which the ion’s potential falls to 1/e of the value it would have
without screening (the Coulomb potential of Fig. 8.20) is called the
Debye length and is derived in Chapman (1980; p. 57) as:

1/2
e TS =
Ap(cm) = 0.l[n a ] = 743,/T¢/n, (9.14)

e ‘e

where ¢, = electrical permittivity of vacuum = 8.84x107'? F/m
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T, = electron T in eV [Eq. (9.11)]
n, = plasma density, e/cm?
qe = electron charge = 1.60x10719 C

ng;Le O.Idappgars because of the use of em rather than the SI unit of m
in Ap and n,.) A typical plasma havin = 1x10'° e/cm3 =
has Ap = 0.013 cm. i e
The second quantity used in characterizing charge attraction re-
lates to the Plasma’s response to a displacement of electrons from ions.
I .the electric field causing the displacement is removed, the electrons
w1ll be pulled back toward the ions, but they will then overshoot and
oscillate about the ions at an angular frequency known as the plasma

frequency, a.\p(s'l), which is also the rate at which the electrons can
traverse Ap:

2\1/72
W = -‘r—e = 103 .rﬁ e
gt Miggmghyion 56,400 /n, (9.15)

Eor the se_conc_l equality here, the mean electron velocity in the direc-
tion of oscillation, v_, was evaluated by setting kinetic energy equal to
the thermal energy of one dimension, (1/2) kgT,. (If SI units were used
for n,, the 103 would drop out.) The value of ®, depends only on plasma
delnmty, and for our typical n, of 1x101° e/cm?, we have ©p = 5.6x10°
fi o, divid?'ng by 2r, 897 MHz or 0.9 GHz (gigahertz, pronounced
Jiga,” referring to “gigantic”). Observe that the second equality has the
form of the eq_uation for a mass-spring oscillator, J/k/m [Eq. (4.36)].
Here, the spring constant, k, is the Coulomb restoring force of the
plasma charge, n,q, (= n.q,), acting on an electron charge, q.. op will
be useﬁlll later on when we discuss wave propagation of rf electrical
energy in plasmas. Because of the restoring force of charge attraction
plasmas are rich in wave phenomena. ,

We can now proceed with examining our volume of plasma as it ap-
pr?a.ches the surface. The plasma will diffuse outward toward its con-
t.almlng surfaces, just like any particles diffuse down a concentration
grad.lent. The much higher thermal velocity of the electrons relative to
the ions in the bulk of the plasma causes them to lead this diffusion,
so that the plasma bulk is left with a net positive charge while the
edge collects a negative charge of electrons. These leading electrons
are retarded by the positive-ion charge, while at the same time the
ions are accelerated out of the plasma by the leading negative charge,
so that in steady state, the diffusion velocities of both charges become
equal, and the diffusion is said to be “ambipolar.” The ambipolar dif-
fusion velocity, u,, can be obtained by setting the electron-plus-ion
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thermal energy in one dimension equal to the kinetic energy of the dif-
fusing plasma:

1 z 2
Uk (T, +T,) = 3(mg+m)u,=5m.u, (9.16)

Here, the electron and ion temperatures are in K. Solving for u, and
adding a second term to account for the drag of ion-molecule collisions
due to their mean free path, ,, in collisions with molecules [14], we
have

(T, +T)1VY2 1 ahp]-72  [q.Te]'?
o s = |0 | Bl )2 (9.17)
a m+(kg) 2I+ m+

where we have converted to T in eV, and where the last expression
holds in the low-pressure (I, >> Ap) and high-T, (T, >> T ) regime
that usually characterizes film-deposition plasmas. A close analogy
exists here to the effusion of gas from an orifice. There, the gas
reaches a maximum velocity equal to the speed of sound, which has
the same m and T dependence as does u, (see Appendix E). Thus, u,
is known as the “ion sound velocity.” Both phenomena involve the
conversion of thermal energy into directed energy. For a plasma of
Ar (m, = 40 u x 1.67x1072" kg/u) with T, = 3 eV, u, by the last
expression of Eq. (9.17) is 2.9x10° cm/s.

When the ambipolar diffusion front arrives at the surface, the elec-
tron charge that leads it is replaced by a negative surface potential
that serves the same purpose; namely, to accelerate the ions and re-
tard the electrons so that, in steady state, the escaping fluxes of ions
and electrons are equal. The retardation of electrons produces a
sheath of positive space charge against the surface, as shown in Fig.
9.3. In this figure, the surface is shown at ground potential, and the
plasma potential, V,, is positive with respect to it by AV, =V, - 0.
The level of AV, needed to repel sufficient electrons increases with T,
and also depends on the electron energy distribution, f(E,), of Eq.
(9.10). This boundary condition leads to a key feature of the glow-dis-
charge plasma, namely that the plasma bulk is always more positive
than the most positive of the containing surfaces (excluding very small
surfaces, such as a fine-wire Langmuir probe). As soon as a substan-
tial surface is introduced which has a more positive potential, say Vj,
plasma electrons flow into it until the plasma charges up to AV, above
it; that is, until V, = V + AV, This fact will be important in under-
standing the behavior of plasmas under ac and rf excitation.

The above considerations also apply to electrically floating surfaces,
such as substrates suspended in the plasma for deposition. Since these
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Figure 9.3 Charge distribution and voltage profile
near a surface abutting a glow-discharge plasma.
AV, is the minimum (anode) sheath voltage drop.

surfaces must receive a balanced charge flow in steady state, they de-
velop a “floating” potential, V; (measured from ground), which is
negative with respect to the plasma to retard electrons. This means
that they also become surrounded by a sheath of positive space charge.
For a Maxwellian f(E,), it can be shown (Chapman, 1980; p. 70) that
the voltage drop across this sheath is

Vi—Vp = AVg= T, In(m,/2.3m,) = -T, (6.7 + In M,,) (9.18)

where M, is the ion molecular weight. For Ar(M, = 40), for example,
AVe=-10T, . Although f(E,) is generally non-Maxwellian, AV is still
of this order. V; is easily measured as the potential at which no cur-
rent flows into or out of a conducting surface or wire (a Langmuir
probe [10]) immersed in the plasma.

The presence of AVy and AV, means that all surfaces exposed to a
plasma have ions accelerated into them through at least this high a
potential; that is, at least 10 eV or so. The acceleration potential can
!)e made much higher by negatively biasing the surface, as we will see
in the next section, but it cannot be made lower. Fortunately, 10 eV
lies in the desirable ion-bombardment-energy window in which sur-
face processes are activated but subsurface damage is avoided, as was
discussed in Sec. 8.5. To estimate and control ion-bombardment en-
ergy and flux, we need to examine more closely the structure of the
sheath and its interface with the bulk plasma.

The interface between the sheath and the plasma occurs roughly
fr.rhere the charge neutrality of the bulk plasma breaks down. Accord-
ing to the conventional “Bohm criterion,” this is where the ion velocity
begins to exceed the u, of Eq. (9.17). A more recent definition [15],
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which provides a smoother mathematical transition across the inter-
face, places it where the electric field reaches a level of

E=T./Ap (9.19)

The region of ion acceleration between the bulk plasma and the sheath
edge is known as the presheath and is shown in Fig. 9.3. Acceleration
in the presheath causes a drop in plasma density to a fraction of the
bulk value, n,, which is 0.6 if one makes the approximations of a
Maxwellian f(E,) and thermal equilibrium (Chapman, 1980; p. 69).
Using this 0.6 factor and the Bohm criterion, the ion current density
or ion flux injected into the sheath is given by the conventional
expression for flux as a product of particle concentration and velocity
[as in Egs. (2.5), (4.35), and (6.2)]:

j, (A/em?) = 0.6n4,q,u, (9.20)

with ng, and u, in cm units. For our earlier example [after Egs. (9.14)
and (9.17)] of a 1010 e/cm® Ar plasma at T, =3 eV, we have j, =0.28 mA/
cm?. Measurement of n,, requires special techniques (Sec. 9.1 under
ionization), but we will see later that j, can be roughly estimated
just from plasma power density for both dc (Sec. 9.3.1) and rf (Sec.
9.4.3) plasmas.

We next need to know the sheath width, shown as b in Fig. 9.3.
This width is determined by the necessity to maintain a positive field,
E = —dV/dx, to draw ions to the surface despite the intervening posi-
tive space charge, which reduces E at the sheath-presheath boundary.
In the low-pressure limit where the ions undergo free fall across the
sheath without encountering collisions with molecules, this situation
is governed by the Child-Langmuir law of space-charge-limited cur-
rent flow, which was derived as Eq. (8.11) for thermionic electron emis-
sion from hot surfaces. Substituting m, for m, in that equation, we
have

3/2 3/2
4e A% A%
i, = 5 2 Lt s, 9.21)
L TS M, b

where M, is in atomic mass units, and where the units of b determine
the units of j,. The sheath voltage drop, Vj,, will be equal to AV, of Fig.
9.3, or it will be larger if a negative bias is applied to the surface. Solv-
ing for the sheath width, b, and setting the current injected from the
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plasma [Eq. (9.20)] equal to the current extracted by the sheath field
(Eq. (9.21)], we have

v3/2
bz = 1.‘05)(10‘2 2 (922)

for units of cm and e/em®. Observe that b has the same ng, depen-
dence, as does Ay [Eq. (9.14)], but a different T, dependence. For this
collisionless or Child-Langmuir sheath, the ions bombard the sur-
face at their maximum energy, which is the sum of their kinetic
energy upon entering the sheath [(1/2) T, from Eq. (9.17)] and the
potential-energy drop across the sheath (q, V). In rf sheaths, however,
bombardment energy is less, as we will see in Sec. 9.4.2,

At higher pressures, or for higher V, where b is larger, various types
of collisions occur within the sheath, which both reduce the ion-bom-
bardment energy and increase the space charge. In the charge-ex-
change collision, an electron from a gas atom or molecule Jjumps
over to an ion passing nearby, leaving the atom ionized and the ion
neutralized. The latter continues on its course toward the surface
without further acceleration, and the former accelerates in the sheath
field. When the ion and molecule have the same nuclei, the collision
cross section, op, is very large; for example, it is about 4x10~15 ¢m? for
Ar*— Ar in the 10-eV range. Ions can also be deflected by molecules
without charge exchange occurring, as they are in solids (Fig. 8.21),
but the effective Om Vvalues are much lower for these collisions. Ioniza-
tion can also occur in the high-pressure sheath by the impact of sec-
ondary electrons which are emitted from the surface because of ion
bombardment [Eq. (8.13)] and are accelerated toward the plasma by
the sheath field.

The effects of charge exchange and electron-impact ionization on b
have been calculated [16] for Ar plasma and are shown in Fig. 9.4 for
various values of V}, and of injected J;- Also shown is the mean free
path of Ar* in room-T Ar based on its charge-exchange Omn quoted
above and using Eq. (2.22) [which applies here instead of Eq. (2.24) be-
cause the Ar* is traveling much faster than the Ar]. We see that b be-
gins to decrease when pressure, p, increases to the point where the
mean free path is less than b; finally, b<1/p in the “ionization limit”
where electron-impact ionization dominates the space charge. The in-
crease in space-charge density with p causes b to decrease because it
increases the electric-field gradient in accordance with Eq. (8.4). A
more recent sheath model [15] uses the presheath-interface criterion
of Eq. (9.19) and accounts only for charge exchange, which was found
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ure 9.4 Calculated effect of pressure, sheath v_oltag‘e,
::d injected-current density, j,, on the sheath width in
an Ar dc plasma. The dashed line is the mean free path
of Ar* between charge-exchange collisions. (Source:
Adapted from a figure in Ref. 16.)

to have a relatively small effect on b. The graphical results reported
can be approximated by

4/3

eV
b*~107 2L __ (9.23)
nq,Te

where n, (e/cm?) is the value at the presheath interface‘, and b is in
cm. Observe that this equation is similar to Eq. §9.22) W'lth.aome dif-
ferences in the exponents. It is not easy to determine b experimentally,
because it is perturbed by probing and is qﬁ':en smallef than 1 mm.
One possible method is observéneg ghg 21:)'0811;10:1 at which gas-phase
icles accumulate (see Sec. 9.6.2). i)

m?sli-gr;:::lortant to know the extent to wh.ic}} the sheath is colllsmm?.l
in order to estimate ion-bombardment conditions at th_e surface'. Colli-
sions reduce the energy of the bombardment and also increase its flux
by adding to it fast charge-exchanged neutrals and new ions made h{yi'
electron impact. Both modeling and measurement of thgse energy an

flux distributions are difficult and are not usually avallabltf fm: film-
deposition processes, but it is useful to be aware of the qua_hta?twe ef(‘i
fects of plasma parameters on ion bombardment when designing an

operating such processes. Figure 9.4 and Eq. (9._21} together can be
used as a guide to determine whether the maximum ion bombard-
ment energy will be reduced by sheath collisions. When subsurface
film damage is a concern, it is best to keep the sheat.h_ voltsf.ge drop at
its minimum at the film surface by avoiding ne_gatlve bias, rather
than depending on sheath collisions to reduce ion energy. On the
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other hand, when sputtering is the objective, one wants to minimize
sheath collisions and maximize the voltage drop across the sheath in
front of the sputtering target. We will see in the following sections
how to control the electric fields driving the plasma so as to accom-
plish these objectives.

9.3 DC Excitation

In the following three sections, we will examine the ways in which
electrical energy can be coupled to the plasma and the consequences
for thin-film processing. These ways include: (1) applying a dc voltage
across electrodes within the plasma vacuum chamber; (2) applying ac
or rf voltage across these electrodes; and (3) coupling electromagnetic
energy through an insulating chamber wall (electrodeless excitation).
DC excitation is the oldest and also the simplest of these in concept, so
we will address it first. However, its use is limited to electrically con-
ducting materials on the electrodes. RF excitation avoids this restric-
tion because of capacitive coupling, and it also reduces the drive
voltage required. Coupling of electromagnetic energy through the vac-
uum wall is receiving increased attention because of its avoidance of
electrodes within the chamber and because of its ability to achieve
extremely high plasma density without developing excessive voltages
within the chamber.

Recall from previous discussion that plasmas can enhance a film-
deposition process in two ways: ion bombardment and free-radical re-
actions. Ion bombardment can be used for sputter-volatilization of
source material or for structural modification of the depositing film, as
was discussed in Sec. 8.5. Free radicals made by electron-impact disso-
ciation of gas molecules are useful for their enhanced reaction rates
with sputtered source material (reactive sputtering), evaporated
source material (activated reactive evaporation—ARE), or each other
(plasma-enhanced chemical vapor deposition—PECVD), as was dis-
cussed in Sec. 9.1. In this chapter, these various ion-bombardment and
free-radical processes will be analyzed in the context of each particu-
lar electrical coupling technique rather than process by process.

9.3.1 Parallel-plate configuration

This most widely used plasma configuration and the potential distribu-
tion between its two electrode plates are shown in Fig. 9.5. It is often
called a “planar diode” by analogy to the vacuum-tube diode, although
its electrical behavior is actually rather different. In the figure, the
anode is at ground and the cathode is driven negative by the power
supply. The bulk of the plasma floats above ground by the plasma
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Figure 8.5 Geometry and typical voltage prf)ﬁle of_ the paral-
lel-plate dc glow discharge. For good coating uniformity in
sputtering or PECVD onto stationary substrates, the ratio
of electrode diameter to L would be much larger than

shown.

potential, AV, and has little voltage drop across it becat{se of its mgh
conductivity relative to that of the sheaths (see Exercise 9.2). This
means that essentially all of the applied voltagp, o appears across the
cathode sheath. This voltage drop results in hlgl}-energy ion bombard-
ment and sputtering of the cathode. The polarity could be t.-eversed,
with the cathode at ground and the anode (and the plasma!) driven pos-
itive. However, then the grounded chamber walls vfrould also act as part
of the cathode, and their sputtering would contaminate the process.
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The cathode voltage drop also sustains the pla i
secondary electrons emitted from the cathodg [:31-:;.8 {?flgl}:lceilr?g t:ﬁg
plasma_ whf.'re they initiate a cascade of ionizing collisions, as was
shown m_Flg. 8.2. The dc parallel-plate glow discharge oper{;tes at a
pressure in t?le 3-300 Pa range and at a V, of about 1000-2000 V. The
pressure limits are approximate and will shift with electrode spa:u:ing
a'nd gas composition. At pressures below the limit, not enough colli-
sions occur before the electrons reach the anode. At higher pressures
the dlschargt? tequ to switch to the concentrated and low-voltage art.:
mode &Ehown in Fig. 8.7, especially at high power. The high V, of the dc
glow discharge is required so that each cathode secondary elgctron can
product_a enough ionizing collisions before losing its energy. A small in-
crease in V, results in a large increase in current because of the cas-
Fade effect, so for good power control a current-regulated power suppl
is used. To “strike” (initiate) the discharge, it is often necessary to su y
f]ly a; splge of higher voltage or to adjust pressure to the minimum Ef
VOTtag?E‘,z?l :tl):i:e (Fig. 8.3) so that the gas will break down at the

As we follow the secondary electrons out from the cathode they first

cross the .“dark space,” which is dark because not enough inélastic col-
h.smns with molecules have occurred yet for the glow from their ex-
cited states to be visible. The dark-space width may be smaller than
the sheatl:l width at high pressure and low plasma density, or it may
be larger in opposite case, and it may not in general be assumed equal
to the shegt.h width. Since the electrons follow the sheath field, which
is perpendicular to the cathode surface, they travel in a broad ;;arallel
Pea.m antj are k._nown as “beam” electrons. After acceleration, they pass
into the negatwe-glow” region, where they ionize gas mole’acules and
also lose their directionality by scattering. If the electrode gap, L, is
s.maller than the width of the negative glow, the beam elect.rm;s :are
llke_l}' to reach the anode before undergoing an ionizing collision. Such
a discharge is said to be “obstructed,” and any further decreas;e in L
causes afsharp rise in V,, and ultimately extinction of the plasma. The
zslgl:;r:nt')” plasma beyond the negative glow is known as the “positive
_ The w'1dth' qf the negative glow is roughly the mean free path for
ionizing collisions as given by Eq. (2.22). Using the ideal-gas law
[Eq. (2.10)] and room T to obtain the molecular concentration, n, in
Eq. (2.22), and taking the ionization cross section for small mOl:ECl;leS
at 1 keV from Fig. 8.2 (o, = 110716 ¢cm?), we have

Lp~40Pa-cm (9.24)
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for the minimum product of electrode gap and gas pressure in a dc dis-
charge. This minimum is useful in designing plasma reactors. It is
also used to advantage in preventing undesired discharges along the
back of the electrode and its voltage lead, by installing a grounded
“dark-space shield” along these surfaces at a spacing well under the L
of Eq. (9.24), as shown in Fig. 9.5. A similar minimum L applies with
rf excitation (Sec. 9.4).

One would like to estimate the ion-bombardment flux or current
density, j,, at the electrodes to estimate its effect on film processing.
Note that j, will be about the same at both electrodes, because it is de-
termined by the rate of ion injection into the sheath from the bulk
plasma and not by the sheath voltage drop [see Eq. (9.20)]. In dc and
low-frequency-ac plasma (< 1 MHz), the current passing across the
sheath is mostly ion current, since the secondary-electron yield at the
cathode is only about 0.2 [Eq. (8.13)], s0 j, i8 roughly estimated by di-
viding current in the external circuit by the electrode area. For the
grounded anode, this area needs to include all grounded surface
reached by the plasma, not just the anode itself.

9.3.2 Chemical-activation applications

Both dc and rf parallel-plate plasmas can be used to activate CVD
reactions at low T, such as the silane decomposition reaction of
Eq. (9.6), which is one of the reactions leading to amorphous Si deposi-
tion. These processes are known as plasma-enhanced CVD
(PECVD). We will address the chemistry of PECVD reactions in Sec.
9.6 and concentrate for now on the plasma configuration. As with ther-
mal CVD, plasma-CVD films deposit wherever the reaction energy is
being supplied, including wherever the plasma touches a surface and
sometimes downstream of the plasma as well. Usually, substrate-T
control is important to film quality, and therefore the substrate is gen-
erally placed on one of the electrodes rather than being suspended in
the plasma. This maximizes heat transfer by gas conduction (Sec.
5.8.2) between the substrate and the electrode, whose T can be con-
trolled. The choice of anode or cathode for the substrate position
depends on the desired energy of film ion bombardment. In amorphous
Si films, for example, termination of dangling Si bonds by H is needed
to remove electron trap states from the band gap, and excessive bom-
bardment dislodges the H. There, “anode material” is a better semi-
conductor than “cathode material.” On the other hand, when the
tensile stress of a film is excessive, high bombardment energy can
counteract it by the ion-peening effect (Sec. 8.5.3). For good plasma
uniformity across the substrate, both electrodes should be larger in
radius than the substrate by several times the electrode gap to avoid
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the plasma-density dropoff regi i
e g :!yl (Sec‘.) 9.2)Iegmn at the edges, which results from
-When a large substrate needs to be coated, the rea

distributed evenly over it through a “showerhead” arr:t;l;; }ﬁ?izr:
hollow counterelectrode into which the gases are metered. The holes
should have a diameter much less than the sheath width so that the
do not create “hot spots” in the plasma. This problem results from thi
hollo?v-cathode effect illustrated in Fig. 9.6. Penetration of the sheath
edge into the hole creates a region of plasma that is more intense than
elsewhere, because beam electrons are being injected into it from all
around rather than just from a plane. This localized region of en-
hanced conductivity preferentially attracts the applied power, which
further er'xhe.mces the local current of ion bombardment and besjm elec-
trons. This is an unstable, “runaway” situation which results in arc
plasmas (Sec. 8.3) developing at some or all of the holes and much less
power _being dissipated where one usually wants it—in the uniform
glow discharge. Moreover, the arcs quickly erode away the edges of the
hc:ules. The same situation develops in rf plasmas. Because sheath
width decreases with increasing plasma density [Eq. (9.22)], arc
bfeakdown sets an upper limit to plasma density and power in’glow
discharges and is one of the reasons why electrodeless discharges (Sec.

Figure 9.6 Hollow-cathode inten-
sification effect at a hole in the
plasma cathode.

N
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9.5) are attractive. Of course, one could specifically design a shower-
head to operate in the hollow-cathode mode as a way to achieve high
localized plasma density. Even in the absence of holes in the elec-
trodes, high enough plasma density leads to arc breakdown at cathode
surface asperities due to field emission [Eq. (8.12)].

A glow discharge can also be used to activate a gaseous reactant in
the presence of a thermally evaporated reactant in the process known
as activated reactive evaporation (ARE) [17]. The evaporant is
usually a metal, and the gas can be, for example, Og, NH3, or CHy, for
the formation of metal oxide, nitride, or carbide films, respectively. In
ARE, a thermionic (hot) cathode (Fig. 8.1) is preferred to a simple
plate cathode, for the following reason. The parallel-plate glow dis-
charge is a “cold-cathode” discharge in which the sustaining electrons
are generated mostly by gas ionization. This places a lower limit on
gas pressure, p [Eq. (9.24)], and this limit can cause various problems.
In subsequent discussion, we will see how excessive p scatters ions
and vaporized source material, depletes the kinetic energy of sput-
tered species, and causes macroparticle formation. There are several
ways in which a glow discharge can be made to operate at lower p, in-
cluding electrodeless excitation (Sec. 9.5), the magnetron (Sec. 9.3.4),
and the thermionic cathode which we presently consider.

One geometry for ARE is shown in Fig. 9.7. Electrons thermionically
emitted from the hot-filament cathode are accelerated toward the pos-

%

substrate

+V,

anode

gaseous
reactant

evaporant

Figure 9.7 Typical geometry for compound-film deposition by plasma-
activated reactive thermal evaporation.
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itively biased anode plate. Even without a plasma, this current disso-
ciates and ionizes intervening gas by electron impact, as it does in the
ion gauge (Fig. 3.6¢c). With increasing p, additional current flows be-
cause of the resulting plasma. However, because of the thermionic
emission, there is no lower p limit. Thus, p can be low enough that
evaporant can be transported across the plasma to the substrate with-
out being excessively scattered by intervening gas. Some of this evapo-
rant will also become ionized as it crosses the electron beam (see
Exercise 9.6). The ions of gas and vapor can be accelerated into the
film if so desired by applying a negative potential to the substrate. Fi-
nally, the film-forming reaction takes place on the surface between ad-
sorbing vapor and gas radicals. The filament may need to be shielded
from the vapor to prevent alloying, and in oxidizing gases it needs to
be made of Ir rather than W. Filament design is discussed in Appendix
D. ARE can also be done with an electron-beam evaporation source
(Fig. 8.4). There, the plasma which is always generated over the
source in the presence of a gas background can be enhanced by adding
an anode collector plate or ring above the source. Electrodeless sources
of gas radicals and ions can also be used for ARE, and these will be
discussed in Sec. 9.5.

The third mode of plasma chemical activation uses a sputtered
source material along with a gaseous one. The gas becomes dissociated
in the sputtering plasma and reacts to form a compound film, such as
Ti + Ny — TiN. This reactive sputtering technique will be discussed
in the next section.

9.3.3 Sputtering

The parallel-plate plasma of Fig. 9.5 is widely used to supply vapor for
film deposition by sputter-erosion of the cathode, or “target.” Often,
the plasma is magnetized using the “magnetron” cathode to be dis-
cussed in the next section. In either case, the cathode is bombarded by
plasma ions having energies approaching the externally applied volt-
age, although ion energy is distributed downward by scattering in the
sheath (Fig. 9.4). The mechanism of sputtering was discussed in Sec.
8.5.4. Target purity and cooling are discussed later with reference to
Fig. 9.10 for the magnetron cathode. Here, we examine three effects of
the plasma on sputtering process behavior; namely, scattering of par-
ticles by the plasma gas, negative-ion ejection from the target, and
reactive sputtering. A fourth effect involves the acceleration of plasma
ions into the substrate using the negative bias shown in Fig. 8.25. The
resulting “resputtering” of the depositing film can produce effective
planarization of rough topography (Fig. 8.31), and the bombardment
can modify film structure in various ways (Sec. 8.5.3).
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sputtered particle (5 eV) and that of a reflected plasma ion or ejected
negative ion (1000 eV) coming from the target. These calculations also
take into account the increase in mean free path with decreasing mass
and with increasing energy [18]. The thermalization distance is mini-
mum for M, = M, as expected. For our example above, the substrate
was 40 mean free paths from the target, so even for large mass differ-
ences, sputtered particles will be thermalized before reaching the sub-
strate. On the other hand, the more energetic reflected (positive) or
ejected (negative) ions can arrive still retaining some energy. Figure
9.8 can be used to estimate the conditions needed either to preserve
the desirable kinetic energy of the sputtered particles or to thermalize
the much higher and usually undesirable kinetic energy of the re-
flected or ejected ions. At high sputtering power, however, local rar-
efaction of the gas in front of the target due to “sweep-out” by the
sputtered particle flux-increases the ! in the electrode gap above that
calculated from gauge pressure [19].

The fractional deposition-rate loss due to a thermalization dis-
tance, d, which is less than the electrode gap, L, can be estimated as
follows. The sputtered particles are essentially being “implanted” into
the plasma gas to a depth d from their source at the target surface,
just as ions are implanted into a solid to a depth determined by the
stopping power of their binary collisions with atoms in the solid (Sec.
8.5.2.2). Once thermalized, the particles have lost their directed en-
ergy and then proceed to diffuse by Fick’s law [Eq. (2.27)] both forward
toward the substrate and backward toward the target, from a planar
source situated at distance d from the target. Since both surfaces are
particle sinks, the concentration gradients driving the diffusion de-
pend only on distances to the two surfaces. Thus, the fraction of ther-
malized particles reaching a substrate at distance L from the target is

just d/L, and the rest is redeposited on the target. Deposition efficiency
in planar-diode sputtering has recently been analyzed in more detail
along these lines [20].

Scattering of the sputtered particles also broadens their spread of
incident angles at the substrate. Thermalization and spreading to-
gether cause a generally undesirable shift in film microstructure
from the bombardment-compacted Zone T to the more porous and
weakly bonded Zone 1, as was discussed in Sec. 5.4.1 and later in con-
nection with Fig. 5.38 on film stress. Operation at lower plasma pres-
sure using the magnetron avoids this problem.

We now turn to the second plasma effect on sputtering behavior:
negative ions ejected from the target. In a compound target, when
one element has a low ionization potential, E;, (say 6 eV) and the other
has a high electron affinity (say 2 eV), so that the difference between
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and becomes buried (“getter” pumping). If the metal is depositing
much faster than the gas, C, is the same as the conductance of a
molecular-flow orifice: 11.6xA /s for the case of room-T air [Eq. (3.5)],
where A is the adsorption area in cm?2. That is, all of the gas arriving
at A is pumped by burial. For slower metal-deposition rate or higher
p;» Cs will be reduced by the fractional surface coverage of reactive
gas, ©, in accordance with the Langmuir adsorption model discussed
prior to Eq. (6.20). Returning now to Fig. 9.9, consider an attempt to
operate at point E on the hysteresis loop, where the ratio of metal
deposition flux to p; happens to produce the desired stoichiometry in
the compound being deposited. Now if Q; should drift up by the
slightest amount, p; will increase and cause both © and target poison-
ing to increase. These effects both reduce C, and cause p; to increase
further per Eq. (9.25). This positive feedback produces an inherently
anstable situation which results in the process drifting to point F,
where for the same Q;, metal deposition rate is much lower and p; is
much higher, thus reducing process throughput and shifting film
composition. From point F, a slight downward drift in Q; could cause
a return to point E, so film composition is not controllable within the
hysteresis-loop area.

The width of the loop can be reduced by increasing C, in Eq. (9.25),

because that lessens the effect of a fluctuating C,. Also, the loop can be
shifted to the right by introducing the reactive gas near the substrate
to produce a higher p; there than at the target [24], thus reducing the
degree of poisoning for a given Q;. Operating at high sputtering rate
further reduces poisoning by causing gas rarefaction in front of the
target [19]. However, it may still be desirable to operate at point E to
obtain the desired stoichiometry at high deposition rate. This can be
done if sufficient negative feedback is imposed to counteract the posi-
tive feedback inherent to the process. To do this, one needs to monitor
p; or some related signal and inject it into a feedback control loop to
drive Q;. (The same technique was applied to T control in Sec. 4.5.3.)
That is, if p; starts to drift up from its programmed set point, Q; needs
to be driven down to restabilize it. Convenient signals include the p;
reading on a downstream mass spectrometer, an optical-emission line
from the reactive gas in the plasma, or the voltage across the plasma
under constant-power control, since plasma impedance changes with
gas composition. Extensive mathematical modeling of reactive sput-
tering has been done [24], including the case of two reactive gases for
the deposition of compounds such as oxynitrides, where the control
problem is much more difficult [25). In reactive deposition by the nar-
row-beam evaporation processes of Secs. 8.2-8.4, source poisoning
does not occur, because the evaporation flux is always much higher
than the adsorption flux of reactive gas.
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9.3.4 Magnetrons

The lower limit of operating pressure in the planar-diode sputtering
plasma (Fig. 9.5) was imposed by the need for the beam electrons
ejected from the cathode to undergo enough ionizing collisions with
the gas to sustain the plasma before they reach the anode and are re-
moved there. The magnetron has been a major advance in sputtering
technology, and greatly improves upon this situation. Basically, it in-
corporates a crosswise magnetic field over the cathode, which traps
the beam electrons in orbits in that location and thus greatly increases
their path length before they finally escape to the anode by collisional
scattering. Because the electron’s travel path is now much longer than
the electrode gap, L in Eq. (9.24), the minimum pressure to sustain
the plasma is much lower for the magnetron than for the planar
diode—typically 0.1 Pa instead of 3 Pa. At 0.1 Pa, the sputtered parti-
cles retain most of their kinetic energy upon reaching the substrate, so
one obtains the beneficial effects of this energy on film structure, as
discussed in Sec. 8.5.1.3. Also, deposition rate is increased because of
reduced scattering and redeposition of sputtered particles on the cath-
ode, although redeposition is still measurable [19]. Finally, the in-
creased efficiency of electron usage means that lower applied voltage
(typically 500 V) is needed to sustain a plasma of a given density, n,,
and that the voltage increases even less steeply with power than it
does in the planar diode [26]. Unfortunately, the magnetic field cannot
be made strong enough to deflect the problematic cathode negative
ions that were discussed in the previous section, although their influ-
ence is reduced by the lower cathode-sheath voltage of the magnetron.
Another problem is that the erosion pattern of a magnetron target is
highly nonuniform across the surface, as we will see below. This pat-
tern becomes imprinted on films deposited on stationary substrates
when negative ions are affecting the film, because of the beam nature
of these ions. Deposition-rate nonuniformity is less sharply imprinted,
because the sputtered particles are neutral and are emitted in more or
less the broad cosine distribution (Sec. 8.5.4.2). Both magnetrons and
planar diodes can also be operated using rf excitation when one needs
to couple power through insulating targets.

Many configurations of magnetic field and cathode shape have been
developed for various applications [26, 27], but we will discuss magne-
tron operating principles with reference to the planar, circular config-
uration of Fig. 9.10. The overall setup for magnetron sputtering was
discussed in connection with Fig. 8.25b, while here we examine the
magnetron cathode in more detail. The target material to be sputtered
is a disc 3 to 10 mm thick which is bonded for good thermal contact to
a water-cooled Cu backing plate. Bonding is best done by soldering, al-
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Figure 9.10 Planar-magnetron structure and behavior. The electron-orbit radius is shown much larger than actual size for clarity.
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though epoxy bonding or clamping onto a coating of thermally conduc-
tive vacuum grease can be employed instead at moderate plasma
power densities. Target-material selection was discussed in Sec.
8.5.4.1. The cooling water is best deionized to prevent electrolytic cor-
rosion between the electrically biased backing plate and the grounded
water supply. The entire cathode assembly is floated off ground by a
ceramic insulator ring which can also form part of the vacuum wall by
employing O-ring seals. The adjoining grounded metal vacuum wall
then acts as the anode, although grounded shields are often added to
confine the sputtered material. The anode is spaced closely enough to
the edge of the cathode so that a plasma cannot ignite between them,

in accordance with the discussion following Eq. (9.24). The crosswise

magnetic field is established by a ring of bar magnets plus one central
one, and these are connected on the back by an Fe “field-return” plate
to complete the magnetic circuit and to confine the field. Using the
strongest (Nd-Fe-B) magnets, the field over the target can approach
one kilogauss, or 0.1 T in SI units.

Upon igniting the plasma, beam electrons emitted from the cathode
become accelerated into the plasma by the cathode-sheath electric
field, E, just as in the case of the planar diode of Fig. 9.5. However, the
presence of the magnetic field, B, causes them to also curve into orbits
as shown in Fig. 9.10 as a result of the Lorentz force given by
Eq. (8.15). The gyratron-orbit radius depends on B and on the electron
velocity component perpendicular to B in accordance with Eq. (8.17).
For example, an electron accelerated vertically to a kinetic energy of
500 eV by E and immersed in a B of 0.03 T would have a gyratron ra-
dius of 2.5 mm. For B to affect the electrons, pressure must be low
enough that the electron mean free path is not significantly less than
the gyratron radius; that is, it must be less than a few Pa. The plasma
electrons are then said to be “magnetized,” although the ions are not.
The magnetron will still operate as a sputtering source at much
higher pressure, but gas scattering will dominate electron behavior
rather than B.

At low pressure, the magnetron behaves as follows, with reference
to Fig. 9.10. Electrons emitted from the target surface or created by
ionization in the sheath field are accelerated vertically by E but, at the
same time, forced sideways by B, so they eventually reverse direction
and return toward the target, decelerating in E as they proceed until
their direction is again reversed and the cycle repeats. The net motion
is a clockwise drift around the circle of the target, in the so-called
E x B direction using the vector notation of Eq. (8.15). If there were no
collisions and if E were uniform, an electron starting at the target
with zero kinetic energy would follow a “cycloidal” path, which is the
same as that of a point on the periphery of a wheel rolling along the
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ground, and the time-average ExB drift velocity would be (Cecchi,
1990)

|E[(V/m)
uy(m/s) = B|(tesla) (9.26)
Actually, the path is more complicated because of co_llisions and
because E decreases with distance from the target (see Fig. 9.3). Also,
uq measured in magnetrons [27] has been found to be much larger
than that predicted by Eq. (9.26), suggesting that plasmaf waves may
be driving the motion. In any case, good magnetron design requires
that the E x B drift path close on itself so that the glectrons do not pile
up somewhere. The post magnetron of Fig. 9.11 is another common
closed-path configuration. It offers very efficient target-matenal_utll?-
zation in coating numerous small parts placed all around the cylindri-
cal substrate holder as shown. .

The planar magnetron of Fig. 9.10 suffers from poor target-mater?al
utilization because of the trenched erosion pattern shown. The radial
narrowness of this trench results from radial compression of_' the
plasma by the magnetic-mirror effect illustrated in Fig. 9.}2. This elf-
fect is also important in other magnetized plasmas to be discussed in
Sec. 9.5. Consider first the electron a, which is orbiting at.'. some veloc-
ity v, in a plane perpendicular to the z axis due to B, w%nch is bert:om-
ing stronger with increasing z as shown by the converging ﬁe!d lme-_s.
By Eq. (8.15), the resulting force F exerted on this electron \lvﬂl b'e in
the v, x B direction, perpendicular to B. Because B at the orbit periph-
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Figure 9.11 Geometry of the cylin-
drical post magnetron. (Anode

rings not shown.)
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Figure 9.12 Behavior of electrons in a magnetic mirror,

ery is not parallel to z, F resolves into an axial component, F,, as well
as a radial one, F,, and F, accelerates the electron away from the con-
verging field. Note that this would also be true for reversed polarity of
field or charge. Since F is always perpendicular to Ve, the electron’s ki-
netic energy remains unchanged in this process, and therefore the ax-
ial acceleration has to be accompanied by a corresponding reduction in
the circumferential (orbit) velocity. Conversely, consider electron b,
whose velocity v, has a z component, v, as well as a circumferential
one, v,,. As this electron spirals toward the converging field, the di-
rected velocity, v,, decreases, and the “thermal” one, v,,, increases. If
v, passes through zero before the electron reaches the position of max-
imum field strength, B,,, the electron will be reflected by the magnetic
mirror and accelerated back in the diverging direction, with Vg de-
creasing (cooling) as it proceeds. This cooling and acceleration is anal-
ogous to molecular behavior in the supersonic nozzle of Fig. 4.11,
although the energy transfer mechanism is different. Whether elec-
tron b gets reflected depends on its approach angle, 0, at the z position
where B has some lower value, B,. When the fractional change in B
per orbit cycle is small, conservation of energy and momentum lead to
a simple formula (Cecchi, 1990) for the angle of the “escape cone”
within which the mirror is not strong enough to reflect the electron:

sin%0 = [B/B,,| 9.27)

Returning now to Fig. 9.10 to relate the magnetic-mirror effect to
magnetron operation, we see that plasma electrons will be forced
away from both the small and the large magnetron radii where B con-
verges toward the magnet pole pieces. The plasma electrons will be
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compressed by these mirrors toward an intermediate radius where B
is uniform, and that is where the plasma and the ion bombardment of
the target will be most intense. This effect can be reduced somewhat
by designing a flatter B or by mechanically scanning the magnets back
and forth during sputtering, although the latter solution is awkward.

The film-thickness nonuniformity that results from plasma com-
pression in magnetrons can be avoided by moving the substrates
around during deposition, as was done in dealing with point sources of
evaporant in Sec. 4.6. One common deposition geometry utilizes the
rectangular magnetron, a variation of the Fig. 9.10 design in which
the disc is stretched to an arbitrary length in one direction so that the
electrons follow an oblong “racetrack” ExB path above the target.
When a rectangular magnetron is used in the Fig. 4.13 substrate-
transport configuration, +2 percent uniformity can be obtained over
very large areas such as rolls of plastic film or sheets of architectural
glass.

Localization of the plasma over the target by the magnetron’s trans-
verse magnetic field results in a much lower plasma density over the
substrate than in the case of the planar diode (Fig. 9.5), and ion bom-
bardment flux to the substrate is reduced proportionately per
Eq. (9.20). This is desirable when the neutral sputtered particles alone
carry sufficient kinetic energy to optimize film structure or when one
wants to minimize the substrate heating that results from ion bom-
bardment. In other cases, however, one may want to further increase
film bombardment while retaining the low operating pressure of the
magnetron. One way to do this is by “unbalancing” the magnets [28,
29] as shown in Fig. 9.13. There, the central bar magnet has been re-
placed by a smaller one that cannot pull in all the field lines emanat-
ing from the magnets in the ring. Some of these lines then curve away
toward the substrate. Since electrons traveling parallel to B are not

substrate

Figure 9.13 Plasma flow toward
the substrate along magnetic
field lines in an wunbalanced

magnetron.
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acted on by B, they can escape along these field lines and toward the
substrate, pulling positive ions along with them by ambipolar diffu-
sion [Eq. (9.17)] and thus increasing ion flux to the substrate. The
bombardment energy may then be increased if necessary by nega-
tively biasing the substrate.

Another way to increase ion-bombardment flux to the film is to ion-
ize the mostly neutral sputtered-particle flux during its transport to
the substrate. This can be done as shown in Fig. 9.14, where an rf-
powered coil is used to couple energy inductively into a secondary
plasma downstream of the magnetron plasma [30]. The inductive cou-
pling mechanism is discussed in Sec. 9.5.3. By increasing pressure to
4 Pa to increase sputtered-particle transport time and by using an 8-
to 10-cm deep secondary plasma, 85 percent ionization of sputtered
metal can be achieved [30]. This is much higher than the ionization
fraction of the background Ar, because the ionization potential of met-
als is much lower. The ionized metal can then be accelerated into the
substrate using negative bias. Metal-ion acceleration has an advan-
tage over just Ar* acceleration in that it causes the depositing metal to
arrive more perpendicularly to the substrate, thus reducing the prob-
lem of film buildup on the top corners of topography, which was illus-
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Figure 9.14 Ionization of sputtered particles using a secondary, inductively coupled
plasma.
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trated in Fig. 8.30. Cathodic-arc evaporation (Sec. 8.3) shares the
advantage of high ionization fraction, but it suffers from the macro-
particle problem.

9.4 Frequency Effects

We have so far focused on plasmas driven by dc electrical power, sucp
as the vacuum arc (Sec. 8.3), the dc planar diode (Fig. 9.5), the: thermi-
onically supported diode (Fig. 9.7), and the dc magnetron (Fig. 9.10?.
DC operation requires that the surfaces of both electf‘odes be electri-
cally conductive, including any sputter-target materials, spbstrat:es,
or thin films that may be placed on them. The presence of insulating
layers on the electrodes deflects dc plasma current into any surrr?und-
ing conductive areas and thus leads to gross plasma nonuniformity or
to plasma extinction. Insulating substrates can be placed elsewhere,
parallel to the current flow path, but this tends to be. an awkwgrd and
limited mode of operation. Therefore, when insulating materials are
involved, ac power is usually employed so that power may pass
through the insulator by capacitive coupling. b '

The effect of electrical drive frequency on capacitive cr:mphng may
be understood by considering the ignition of a planar-diode plasma
when an insulating substrate is covering the driven electrode. For an-
alytical simplicity, we will use a square-wave vo]tage. smemcﬂ
about ground, although the voltage would normally be sinusoidal. Let
the voltage start on the negative swing of the cycle at -V, as shown at
the left of Fig. 9.15. Initially, the substrate surface also floats to -V, so
that most of the drive voltage is dropped across the gas space to
ground. Then, a dc plasma ignites, and ion current starttli to be fh‘avfm
to the surface of the substrate across the cathode sheath just as in Fig.
9.5. How quickly the surface charges up positively c_iue to this ion cur-
rent is determined by the capacitor operative equation,

-1—]_;’\;0 e
v, |- s
e g
| | t Figure 9.15 Voltage on the sur-
0 | | | face of an insulating substrate
| I (dashed line) which is sitting on
| i | | a planar-diode electrode being
- g NE driven by a square-wave voltage
-Vo S T L= (solid line) of frequency v, Hz.
V,
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I=j,A=C(dV,/dt) (9.28)

where, using SI units,
I = current, A
J4 = ion current density, A/m?
A = area of the insulating substrate and of the electrode, m?
C = capacitance, F
V = voltage drop across the capacitor, V
t = time, s

For a parallel-plate capacitor such as the substrate in question,

C =g e4A/w (9.29)

where ¢, = electrical permittivity of vacuum = 8.84x10-12 F/m
€q = dielectric constant of the capacitor medium
w = plate spacing (substrate thickness here), m

During the initial chargeup, when VwceV, dV,/dt is constant and
may be replaced by AV, /At. Then we may combine Eqs. (9.28) and
(9.29) and rearrange to give the time to charge up to some AV,

At = 8.84x10712%.AV /j, w (9.30)

Taking the case of a 1-mm-thick quartz substrate (e = 3.8) and the typ-
ical j, of 0.28 mA/em? [which was calculated following Eq. (9.21)] and
converting these to SI units, we find that AV, rises to 100 V in only

up to +V, plus the plasma potential, AV, of Fig. 9.3. These electrons
neutralize the positive charge residing on the surface of the substrate
so that it again starts from AV, = 0 when the next dose of ions arrives,
as shown in Fig. 9.15. That is, the electrons displace the positive
charge, and the capacitive substrate is said to be passing “displace-
ment” current,

The above situation may also be analyzed using the concept of cir-
cuit impedance. The capacitive impedance or reactance, Xg, to current
flow decreases with increasing sinusoidal drive frequency, v, (Hz), ac-

cording to
Xc (Q) = 1/21v,C = Vw,C (9.31)

where w, is the angular drive frequency, v/2n (radians/s or s™1), and C
is in farads (F). The impedance of our substrate for unit area at 400
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kHz is thus 1.2x105 Q- cm2. This may be compared to the'impe.da{-lce of
the plasma, which is largely in the cathode sheath and I8 resistive at
this v,. For a typical sheath voltage of 1002 v, the' shelath Impedance is
(1000 V)/(2.8x10~* A/em?) = 3.6x10° Q. cm2. Considering the substrate
and sheath as a voltage divider, this says that the t:me-fwer:age vo-lt—
age drop across the substrate will be 3 percent of V,, }vhlch is consis-
tent with our Eq. (9.30) calculation in which the maximum substrate
voltage drop was 10 percent of V,. Operation at lower Vo wpuld result
in too much of V, being dropped across the substrgte, causing plasma
extinction, or causing the plasma to seek lower-impedance current
paths, or causing plasma nonuniformity across the suh§trate dt{e‘to
variation in the substrate-electrode gap and therefore in capagtpre
coupling. When the depositing film itself i's the largest capacitive
impedance, as in the case of reactive sputtering or PECVD of insulat-
ing compound films onto conducting substrates, AV, may have to be
held to an even lower value to avoid electrical-breakdown damage
across the film (see Exercise 9.8). .
The above example illustrates the motivation to operate g]()“t dis-
charges at high frequency. Plasma drive volt:.age dropped across insu-
lating layers can cause film damage, loss of 1on-bou.1bardment energy,
plasma nonuniformity, or plasma extinction, and this voltage drqp de-
creases with increasing frequency. However, other factors also m_ﬂu-
ence the selection of drive frequency. We will see below that there is a
distinct change in plasma behavior in crossing 1 MHz or so. Thg
<1 MHz regime includes 60 Hz ac up thro.ugh the audio range ;‘ne
through the low-frequency rf range and .wﬂl be termed t.}lle lor;te -
quency regime here. Above 1 MHz is the hlgh-fre(!uency regime. T,
in Sec. 9.5, we will examine operation in the microwave or UHF re-
gime (> 300 MHz) as a means to drive an electrodeless discharge.

9.4.1 Low-frequency regime

t drive frequencies below 1 MHz or so, the planar-djor:le plaamg may
bAe :llzuught gf as a dc plasma that is periodir:'ally reversing polarity, ;:l
shown in Fig. 9.16. To the left is the sinusoidal wavef?rm |_:|f the v;: -
age being applied to the driven electrode, and to the right is thg;ie et;;
trical potential versus position across the gap, I',, from the . \tr;
electrode to the grounded electrode at the far right. At t‘ =0, 1 e
plasma looks identical to the dc plasma of F1g 9..5: the driven e zc-
trode is at its negative peak voltage, -V, and' is acting as the cathg 12
and the potential of the bulk plasma is Qthg ‘?VP above glroun ! -
half cycle later, the driven electrode is at its positive peak vo t.agedan
has become the anode. Meanwhile, the plasx.:na potent._ml _has floate ug
to a value of AV, above +V, in accordance with the principle of Sec. 9.
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Figure 8.16 Voltages vs. time (left) and vs. position across the electrode gap, L (right),
in a low-frequency planar-diode glow discharge. On the left, the solid waveform is

the voltage applied to the electrode, and the dashed waveform is the plasma poten-
tial relative to ground, Vp.

that the bulk plasma is always more positive than the most positive of
its containing surfaces. The plasma potential measured from ground,
Vp, tracks the positive-going drive voltage essentially instantaneously
as shown on its Fig. 9.16 waveform, because the mobile plasma elec-
trons are quickly drawn into the positive-going electrode. Thus, at +V,
the cathode sheath has shifted from the driven electrode to the
grounded electrode. Then, as drive voltage decreases, V, drops to
maintain the AVp criterion, by the flow of ions to ground. &p eventu-
ally remains pinned at AV, above ground when the drive voltage
returns to the negative swing of its cycle. The resulting V, waveform
is essentially that of a half-wave rectified sinusoid because of the recti-
fying action of the sheaths, which pass electrons much more easily
than ions.

What are the effects of the above behavior on film deposition? The
low-frequency plasma is most often applied to plasma-enhanced CVD,
with the substrate residing on one or the other electrode. First of all,
for a drive waveform symmetrical about ground (no de component),
the experience of a film on either electrode will be the same. With re-
gard to ion bombardment, either film will receive alternating bursts of
low-energy ions across the anode sheath and high-energy ions across
the cathode sheath, as the sheaths periodically swap places. This
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mmonly observed “bimodal” time-average ion-energy
}ii:g:ibtt?tita};eaiothe elec)::rodes of low-frequel?cy plasmas [31]; that 13‘,;9.
low-energy hump at AV, and a sma]ln.arl hlgh—?nergy humptﬁealrl'i 1:_
However, at high pressure, sheath collhslons will chstnbui;ef se 52
energy hump to lower energies as discussed atf the. end o 'ec.d b
Meanwhile during this oscillation, the plasma is bem-g sustame.tteg
bursts of high-energy “beam electrons” (Sec. 9.3.1) which are en;.th a
from the cathode and accelerated into the pla'asma across _the ca e
sheath. Thus, the beam-generated reg'it.m o.f high electron-impact ;'leac-
tion rates (excitation, dissociation, ionization; see Sec 9.1) a?lso. ter'-;
nates between electrodes, and the degree of reaction localization a
each electrode increases with pressure. '!'hese eﬂ‘e(':ts can Pe .seer;r::s-
ing time- and position-resolved momt,onr‘lg of optical glmssm;o_? n;
electronically excited molecules [31{\2,], which relax rapidly (< 8

the drive-cycle time, 1/v,,.

coggl(::etif the r'api(ciy optical-emission decay time, 'the plasma :i?
pears to extinguish in the drive-voltage crossover region between l;‘
V, peaks, where little excitation occurs because of the low en}:zr%).r 0
tlge beam electrons. However, electron temperature, T, an@ the free-
radical population decay less rapidly, so whether a drop 12% segn in
them depends on drive frequency, v, (and on pressure). The ¢ o lec:‘l'y
time may be estimated as follows. The ej-lectrons are cooled_ y Tltag ic
collisions with molecules, as discussed in Sec. 9.1, and this collision

frequency is given by
Vo= talle (9.32)

re the electron mean speed and mean free path. At
:;};e:;pti::;lm 'iq:':}{? 3 eV, the mean electrqn k.inet:'u;3 energy is 4.5 ;\'f?')[s];ee
discussion preceding Eq. (9.11)], and c, is 1.3x10 _cm/‘s by Eq. (8. 'thi
Eq. (2.22), I, = 4/p cm, where p .is thfe pressure in Pa.1 Howftravsfi,onal
large electron-molecule mass dl{ipanty_regults in a (:]w_6 faAr o
energy transfer per head-on collision, which is Ym = 5.:4><1 ’ orI ct,mn
example [(by Eq. (8.20)]. Thus, the characteristic time for ele
thermalization to the gas T is

1 (8) = We¥m = lo/Ce¥m = 6x10~%p (9.33)

or 6 us at a typical PECVD operating pressure (?f 100 Pa:. At dnvi ger;
quencies low enough that the voltage crossover interval is longelil ;
this time, the loss of electron energy causes the sheaths to co apl»s
and thus causes ion bombardment to cease. Sheath collapse 'also
means that any negative ions or negativ.ely charged macmd?;mc ntez
that were trapped by the sheath’s retarding field can now diffuse
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the film surface. The negative-particle problem will be discussed fur-
ther in Sec. 9.6.3.

The population of the free radicals, some of which are film precur-
sors, decays much less rapidly because these usually must reach a sur-
face before reacting away. The characteristic time, tp, for diffusion
across a length A with a diffusivity D may be found by rearranging
Eq. (5.25). Taking A = 1 cm as typical, and using the D of Ar in Ar from
Table 2.1 with a 1/p pressure dependence, we have

tp = A%4D = 1.3x10-%p (9.34)

or 1.3 ms at 100 Pa. Thus, the free-radical supply to the surface will be
unmodulated except at very low drive frequencies or pressures. Note
that the pressure dependence of this decay time is opposite to that of
the T, decay time in Eq. (9.33).

9.4.2 Transition to high frequency

Two significant changes in plasma behavior occur as drive frequency,
Vo, crosses into the high-frequency regime above 1 MHz or so, although
there appears to be no coupling between these changes. One is that
plasma ions injected into the sheath no longer have enough time to
cross to the surface within a half-cycle time, 1/2v,). The other is that a
new electron-energy gain mechanism becomes operative, which
involves reflection of bulk electrons off the oscillating sheath. These
phenomena and their implications for film deposition will be discussed
in turn below.

9.4.2.1 lon transit time. Because ions are so much more massive than
electrons, the electron-related assumption of instantaneous response
to changes in sheath voltage at rf frequencies is not valid for ions. The
time for an ion to cross a collisionless (low-pressure) sheath may be
estimated by setting the force exerted on it by the sheath electric field,
E [see Eq. (6.6)], equal to the force of accelerating its mass:

q,E = m (dv,/dt) = m d(dx/dt)/dt (9.35)

Actually, E increases (more or less linearly) with distance from the
plasma edge to the electrode surface, as seen in Fig. 9.8, but it will suf-
fice here to give it a constant, average value of Vi/b across the sheath
width, b. If one also neglects the injection velocity at the sheath edge
[Eq. (9.17)] compared to the subsequent acceleration, integration of
Eq. (9.35) gives for the characteristic ion transit time across the
sheath (Exercise 9.9), in SI units:
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2
g e (9.36)

& q+vb

For Ar* crossing a typical cathode sheath having V}, = 1000 V and
b = 1 cm (see Fig. 9.4), we find that 1, = 0.29 ps. For some ions to bom-
bard the surface with energy corresponding to nearly the ﬁlll shea'th
voltage, they must cross the sheath while the drive vo}tage is near its
peak, or within a radian or so of the voltage cycle; that is, v, < 0.6 MHz.
At significantly higher v,, the ions will take many cylees to cross, expe-
riencing a burst of acceleration during each cathndllc phfa.se and then
coasting during each anodic phase, so that they arrive with an energy
corresponding to the time-average sheath voltage drop. .For tl.le Vo
waveform of Fig. 9.16, this average is V,/n. However, we will see in the
next section that in the high-frequency regime, the wavgform becomes
more sinusoidal so that the average becomes V/2. We will also see that
a lower V, is required in the high-frequency regm?e. The. result of the
time averaging and the lower V, is that the maximum ion-bombard-
ment energy is much lower in the high-frequency regime. .

The effect of the ion-energy transition is dramatically reflected in
the intrinsic stress of silicon nitride films deposited by PECVD over a
range of drive frequencies, as shown in Fig. 9.17. Thesg films are ten-
sile at >1 MHz due to a chemical mechanism which will be dlscuffsed
in Sec. 9.6.4.2. However, at <1 MHz, the “ion-peening” effect of high-
energy bombarding ions, as expressed in Eq. (8.33), overcompe'zns’ates
for the chemical effect and results in compressive stresg. In principle,
one could operate at an intermediate frequency to obtain zero stre_ss.
However, this is an awkward frequency regime due to the _changmg
plasma behavior (Sec. 9.4.2.2) and also due to power-c_ouplmg prob-
lems (Sec. 9.4.4). Instead, one can use a mixture of a high and a low

-9F 7
- — , — 1
.6 54 e — 73
¥ compressive —
i tensile
‘E 3 i
é 6+ freq(MHz)—» "
01 1 10

Figure 9.17 Effect of drive frequency on stress of PECVD silicon
nitride films deposited from SiH; + NH3 + Nj. (Source:
Reprinted from Ref. 33 by permission.)
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frequency in the power proportion appropriate to give zero stress (see
Sec. 9.4.4).

9.4.2.2 Electron energy gain. We now turn to the second change in
plaflma behavior that occurs upon crossing into the high-frequency
regime. Recall that in the de¢ and low-frequency regimes of plasma
drive power, the plasma is sustained by secondary electrons that are
generated by ion impact on the cathode and accelerated across the
sheath (the “beam” electrons). While this mechanism is still operative
at high frequency, another electron-energy gain mechanism becomes
more important: sheath oscillation. At any frequency, the sheath
thickness expands as the driven electrode swings negative, because of
the need to expose more volume of positive space charge to accommo-
date the increased voltage drop [(see derivation of Eq. (8.11)]. Then it
coptracts again on the positive swing and proceeds to oscillate in
thickness in a roughly sinusoidal manner, with some harmonic con-
tent due to various nonlinearities [14]. Figure 9.18 shows the ion and
electrop concentrations, n, and n,, versus position across the sheath
at an -mtermediate point of time in the cycle where the sheath has
some Iintermediate thickness, b(t), between the anodic and cathodic
limiting thicknesses, b, and b,. On the plasma side of b(t), we have n,

Plasma i
sheath
2 ~ 2
E., |+ Vi W -
(-] D
-~
-~
-
o -
- -
- - ——]
i 2
— %
b, b(t) b,

electrode

'Flmm‘a.w Ton and electron concentrations across the rf sheath edge, b(t), which
is oscillating between b, and b, limits and from which plasma electrons are
reflected. (Source: Adapted from a figure in Ref. 14.)
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= n, in accordance with the principle of plasma charge neutrality,
while at b(t), n, drops precipitously as we enter the positive-space-
charge region of the sheath. Meanwhile, n, decreases slowly toward
the electrode as the ions become accelerated toward it [Eq. (4.35) at
constant flux].

Now, recall from the discussion of Fig. 9.3 that the sheath develops
in the first place because of the high velocity of the electrons relative
to the ions. The sheath provides a potential barrier for electrons,
which reduces their escape flux so that it becomes equal to that of the
ions. Thus, all but the fastest electrons in the tail of the electron-en-
ergy distribution are reflected from the sheath edge and returned to
the plasma. If the sheath happens to be expanding when a particular
plasma electron reflects off it, that electron will receive a “swat” analo-
gous to that imparted to a ball by a tennis racket, and it will return to
the plasma hotter. At the usual rf frequency of v, = 13.56 MHz, the en-
ergy gain per swat is only 0.1 eV or so (see Exercise 9.10), but the elec-
tron soon bounces off a gas molecule and returns for another swat.
Statistically, some of the electrons will gain enough energy through
successive favorable collisions to ionize molecules, and the plasma is
thus sustained by this volume energy-gain mechanism without the
need for beam electrons from the surface. This is considered to be
“ohmic” heating because it is dominated by collisions. The advancing-
sheath mechanism is analogous to the heating of a gas by an advanc-
ing piston during gas compression. The electrons being swatted are
sometimes described as “wave-riding” on the advancing sheath, but
this is misleading because it does not account for the multiple bounces
which are necessary for reaching ionizing energy.

The energy gained from sheath oscillation is proportional [34] to
the square of the sheath velocity and thus to v,2. For v, < 1 MHz or
so, the electron energy gained in this way is insufficient to sustain
the plasma, while for increasing v, above 1 MHz, the drive voltage,
V,, required becomes monotonically lower because the sheath-oscilla-
tion mechanism is becoming more efficient. At 13 MHz, the V, re-
quired is around one-third of that required to sustain a low-frequency
plasma of the same density. The lower V, and the ion transit time to-
gether are responsible for the much lower ion-bombardment energy
represented by the high-frequency results of Fig. 9.17. Because ion-
bombardment energy decreases monotonically with increasing v,, a
smaller fraction of the applied electrical power is dissipated in ion
bombardment of the electrodes, leaving a larger fraction available for
dissociating molecules. This may be one reason why plasma chemical
reactions are often observed to increase in efficiency with v,, as in the
case of amorphous Si PECVD rate [35]. Another difference in V, be-
havior in the high-frequency regime is that V, rises much more
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steeply with power than at low frequency, being roughly proportional
to plasma current.

Other characteristics of the high-frequency sheath are of interest as
well. Calculations of the collisionless (low-pressure), high-frequency, rf
sheath thickness, b(t) in Fig. 9.18, show it to be roughly the same
[14] as in the dc case [Eq. (9.23)] for a given voltage drop. When the
collision rate in the sheath is high and the voltage drop is also high,
b(t) decreases by at most 50 percent. In contrast to the de plasma, here
the time-average sheath thickness is the same as that of the “dark
space” observable at the edge of the glow, since the energetic electrons
which produce the glow are being generated at the sheath edge. Elec-
trically, this sheath looks much like a capacitor, because at high rf fre-
quencies the capacitive impedance is much less than the resistance
represented by the flux of ions across it, as may be seen by examining
the calculation following Eq. (9.31). In other words, the displacement
of electrons as the capacitor’s plate spacing, b(t), oscillates represents
a displacement current that is much higher than the dc ion current
flowing in parallel to it. Across a capacitor, the current is at its peak
when the sinusoidal applied voltage is crossing its midpoint and is
therefore at its maximum rate of rise, as seen in Eq. (9.28). That is,
current leads voltage by a quarter cycle or 90°. This is different from
the dc and low-frequency plasmas, where the sheaths were resistive
because they mostly passed ion current in phase with the sheath volt-
age. Note that there is no power dissipation in a capacitor. Power is
dissipated only by the in-phase component of the IxV vector product.
Therefore, there is a large excess of current flowing through the high-
frequency rf plasma—the displacement current—which is not carry-
ing power but which still must be handled by the power circuit. This
fact is important in driving these plasmas, as we will see in Sec. 9.4.4.
Another consequence of the relative immobility of the ions at high fre-
quencies is that the plasma potential, V), does not track the drive
voltage in the half-wave rectified manner of Fig. 9.16, as it did at low
frequencies. Instead, it oscillates in a roughly sinusoidal manner with
the sheath capacitance [31], between limiting values of AV, above
ground and AV, above the most positive excursion of the driven elec-
trode. The maximum (collisionless) ion-bombardment energy is then
determined by the time-average value of this oscillating V.

The sheath-edge and the beam mechanisms of electron energy gain
are actually both operative at high frequency [36], and the plasma is
said to be in the “o” or “4” mode when the first or second mechanism is
dominant, respectively, since o and y are the historical symbols for the
volume and surface secondary-electron emission coefficients. The
beam mechanism increases in relative importance at higher power
where sheath voltage is higher.
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9.4.3 RF bias

e low impedance of capacitors in the high-frequency regime [see
E;. (9.31)] zf]lowa rf power to be coupled to the.dxl'iven_electrode
through a series capacitor as shown in Fig. 9.19a. This is an important
and widely used technique which greatly improves plas_ma contr(_)l.
Consider the typical “asymmetric” plasma geometry of Fig. 9.19a, in
which the area of the grounded “electrode” is much larger than that'of
the driven electrode because it includes not only the substrate and its

— substrate

vacuum

oy @
supply
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Figure 9.19 DC self-biasing of a capacitively coupled rf waveform due to plasma-elec-
trode asymmetry.
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platform but also all of the vacuum-wall surface that is reached by the
plasma. Now, recall that the ion flux or current density, j,, injected into
the sheath and arriving at the surface is determined only by plasma
density and T, through Eq. (9.20). If these two quantities are reason-
ably uniform throughout the plasma, then the electrode of smaller
area, A, will receive less ion current, I, = j, A, than will the larger elec-
trode. Conversely, electron current to a surface is determined by the
plasma potential, V, relative to that surface. When the driven elec-
trode tries to become more positive than V, on its positive swing, the
plasma instantly floats above it by discharging electrons into that elec-
trode. Similarly, when the driven electrode tries to pull V, below
ground on its negative swing, the plasma remains above grouns by dis-
charging electrons into the substrate and the wall. Thus, electron cur-
rent is not governed by electrode area, whereas ion current is. This
means that the driven electrode in the asymmetric reactor of Fig.
9.19a receives less ion current than electron current, averaged over
time. Because the coupling capacitor blocks this net dc¢ current, the
electrode and capacitor proceed to charge up negatively. Without the
capacitor (dc coupling), this dc current would flow around the circuit,
and the plasma would behave as a dc plasma in parallel with an rf one.
A dc plasma leads to many problems when insulating surfaces are in
the circuit, as was discussed at the beginning of Sec. 9.4.

As the coupling capacitor of the asymmetric rf plasma continues to
charge negatively, the rf waveform at the electrode shifts downward as
shown in Fig. 9.195; that is, it develops a negative dec self-bias voltage,
V4. This bias reduces both the potential across which electrons are be-
ing collected from the plasma and the length of the time intervals dur-
ing which this collection takes place, as represented by the shaded
portion of the biased waveform. Within a few cycles, a steady state is
reached, at which the time-average electron current to the driven elec-
trode just balances the ion current. At steady state, the bias voltage of-
ten reaches its maximum possible value, V4 = V,, where the waveform
is essentially all below ground potentlal Meanwhile, V, remains
above ground, following a sinusoid [37] as shown in Fig. 9. 19b rather
than the low-frequency waveform of Fig. 9.16, because of the capaci-
tive behavior of the sheaths. That is, the sheaths may be thought of as
a capacitive voltage divider for the applied voltage, with V,, being be-
tween the series capacitors. Now, the maximum mn-bombardmant en-
ergy in the high-frequency regime is given by ion charge (unity) times
the time-average of the sheath voltage drop, V. At the driven elec-
trode, this energy is the time-average difference between the two sinu-
soids of Fig. 9.19b, which is V/2 for an applied waveform symmetrical
about ground and V|, for the fully biased case. For intermediate biases,
then, we have
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Yy, =(V, - Va)2 (9.37)

where V, is always positive and V4 negative. At maximum bias, ion-
bombardment energy elsewhere has been reduced to a minimum equal
to the potential drop of a dc anode sheath, AV, from Fig. 9.5. This is a
very desirable situation for sputtering, because it concentrates the ion
energy on the target where it is wanted and eliminates unwanted
sputtering elsewhere. It is the standard configuration for rf sputtering
of insulating materials using either the planar diode or the magne-
tron. The driven electrode is always referred to as the cathode because
of its negative bias.

RF bias may also be applied to insulating substrates using the same
circuitry. This is useful for ion-bombardment cleaning of the substrate
(“backsputtering”) prior to film deposition, or for increasing the energy
of film ion bombardment during deposition to produce structural mod-
ification. When the substrate is being transported past the target or
other vapor source to obtain good deposition uniformity, the rf must be
coupled to it through a metal backing plate which must carry the very
high rf displacement current mentioned in the previous subsection.
Sliding or rolling electrical contact is usually insufficient, but the cur-
rent can be capacitively coupled from an rf-driven plate spaced closely
behind the moving backing plate [38]. In PECVD applications of the
rf-biased planar-diode reactor, the substrate can be placed on either
the cathode or the anode depending on how much ion-bombardment
energy is desirable for the process at hand.

Considerable modeling and measurement of the rf-bias effect has
been done [37]. However, it is difficult to predict the degree of bias
which will be developed in a given reactor under particular operating
conditions, because many factors contribute to determining the effec-
tive area of the grounded electrode (that is, the area actually reached
by the plasma). Nevertheless, it is useful to keep in mind some trends.
This area increases with plasma power, because the plasma spreads
out more. It decreases with increasing pressure, decreasing electrode
gap, and increasing gas electronegativity, because these factors all in-
terfere with the diffusional spreading of plasma electrons. Electroneg-
ative gases immobilize free electrons by dissociative attachment
[Eq. (9.5)] or by simple attachment as follows:

A+e— A" (9.38)

A magnetic field applied perpendicular to the electrodes also reduces
effective area by inhibiting the radial diffusion of electrons across the
field lines. In the low-frequency regime, plasma spreading is further
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reduced because the perpendicularly directed beam electrons domi-
nate plasma excitation [39].

RF bias may be hard to predict, but it is easy to measure using a
high-impedance, high-voltage rf oscilloscope probe on the cathode vac-
uum feedthrough as shown in Fig. 9.19a. It is useful to measure both
V, and Vj in this way so that the fractional bias may be determined.
Alternatively, V4 alone can be measured with the circuit of Fig. 9.20.
Here, the inductor or choke, L, blocks the rf and passes the dc, since
the impedance of an inductor is given by

XL, (Q) = 2nv,L = o L (9.39)

where L is the inductance in henrys (H). Meanwhile, the capacitor
shunts any remaining rf around the resistive voltage divider because
of its low rf impedance given by Eq. (9.31). The resistive divider
reduces Vy to a conveniently measured level. At the conventional rf
frequency of 13.56 MHz, the impedances of the L and C shown are 3.4
kQ and 12 Q respectively, so that only 0.4 percent of the rf voltage
appears across the capacitor and resistive divider.

For maximum bias where V4 = V,, an upper limit on ion current, I,
to the biased electrode can be estimated by assuming that all of the
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applied power, P, goes into ion acceleration across the cathode-sheath
voltage drop, V},; that is,

P=1V, ~L,Vg=LY, (9.40)

This assumption is most reasonable for monatomic gases at low pres-
sure and high power [40], where the fraction of power dissipated in
other ways is smallest.

9.4.4 Power coupling

The efficient and accurate delivery of power to a plasma load requires
special techniques that vary considerably with the drive-frequency
regime. It is important to understand these techniques when design-
ing or tuning plasma-deposition equipment and when attempting to
measure or reproduce the power delivered to a process. The various
techniques will be outlined below, beginning with the simplest (dc)
case and then proceeding to the low-frequency, high-frequency, and
microwave regimes.

The dc power delivered to a load is simply the product of the cur-
rent through the load and the voltage drop across it:

PW)=1V, - (9.41)

To maximize the power delivered at any frequency, the load imped-
ance, X;, must be matched to the source impedance of the power sup-
ply, X,. In the dc case, X| is just a resistance, X; = R = V/I, because the
plasma is a resistive load. At any frequency, X; is the V/I slope of the
power supply’s output. For example, a 1-kW dc supply rated at 1000 V
and 1 A has X, = 1000 Q IfX; is also 1000 €, the full rated power of the
supply can be delivered. For X; < X;, the power supply will reach its
current limit before full voltage is developed, whereas for X; > X, it
will deliver less than its rated current at maximum voltage. Good dc
power supplies designed for driving plasmas are impedance-matched
to the expected load and also have constant-power and constant-cur-
rent control, arc protection, high-voltage pulses for plasma ignition,
and safety interlocks.

RF power supplies for both the low- and high-frequency regimes
have a standard source impedance of 50 , which is much lower than
the typical plasma X;. For example, the low-frequency, resistive
sheath discussed after Eq. (9.31) has R = 36 kQ for a 100 cm? area. A
high-frequency, capacitive, rf sheath 3 mm thick and 100 cm? in area
has C = 2.9x107! £ (29 pf or “puffs”) by Eq. (9.29) and X¢ = 400 Q at

' 13.56 MHz by Eq. (9.31). This impedance mismatch is remedied in the
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low-frequency case by inserting between the power supply and the
load an impedance-matching transformer with a 50 Q primary wind-
ing and a secondary winding matched to the X, of the plasma.

In the high-frequency regime, two complications arise with this
simple approach. One is that transformers do not work well, because
their inductive coils develop too high an impedance [Eq. (9.39)], and
because there is too much capacitive shunting across the coils
[Eq. (9.31)]. Also, the plasma is now largely capacitive, and the result-
ing large displacement current which was discussed in Sec. 9.4.2.2
must be blocked from the power supply. This out-of-phase current rep-
resents “reflected” power, which would overload the supply and pre-
vent it from delivering its rated power. Both of these problems can be
solved by inserting an L-C matching network [41] such as the “n” net-
work shown in Fig. 9.21. In a crude analysis of the operation of this
network, variable capacitor C; is tuned to the 50-Q source impedance,
or about 200 pf at 13 MHz [Eq. (9.31)], and C, is tuned to the 400-Q
load impedance, or about 25 pf. In the inductor, L, V leads I by 90°, just
the opposite of a capacitor, so when Xy, = X, the I-V phase angle is re-
stored to zero. Then, the network-plus-plasma looks like a resistive
load from both ends, so the reflected power drops to zero. The L needed
to match (C; + Cy) is (0.7 + 5.6) uH at 13 MHz [Eq. (9.39)], and an addi-
tional amount is required to account for the C of the plasma and C, in
series. A coil suspended in air makes a suitable rf inductor, and

L (uH) = 0.024j%0 (9.42)

where j is the number of turns and ¢ is the diameter in em. In actual
network operation, there is considerable coupling between C; and C,,
so they must be tuned together to the point of zero reflected power.
Forward and reflected power are usually measured separately on 50-£,

-1
-
J.
1
ZE
Zh
Zh
.
1
Zk
1

Figure 9.21 Typical matching network for high-frequency rf plasma coupling.
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in-line power meters such as those manufactured by Bird and shown
in Fig. 9.21. Reflected power may also be fed back to motor-driven
capacitors for automatic tuning. This is useful when plasma conditions
are being changed often, since that affects tuning.

L-C networks are operable from 1 to 100 MHz or so, but 13.56 MHz
is generally used for high-frequency rf plasmas, because it is one of
the frequencies assigned by the United States Federal Communica-
tions Commission (the FCC) for industrial use. Stray radiation from
equipment operating at other frequencies can interfere with radio
communications. Radiation in the low-frequency regime is less of a
problem, because the wavelength is so much longer than typical
equipment dimensions that the equipment does not make a very good
radiating antenna. Radio-frequency interference (RFI) at high
frequency can be a problem for electronics being used with the
plasma process, such as vacuum gauges and mass flow controllers.
This can be minimized [42] by first enclosing all .f-hot equipment in
grounded metal boxes or screens (Faraday cages), which is good
safety practice, anyway. Also, all electronics units and the rf supply
should have only one ground lead each, and rhese leads should be
brought to a common point of known good i vc nd to eliminate rf
ground loops. At high powers, the ground leads = e best made of Ag-
plated Cu sheet to give the largest surface area of high conductance,
since at rf frequencies, current is carried near the surface of a con-
ductor due to the “skin effect.”

The skin effect is a result of the exponential attenuation of electro-
magnetic radiation upon entering a conductive medium. The trans-
verse E field of the radiation transfers energy to the conducting
charges so that the oscillation of E becomes damped. The effect limits
the depth to which rf or microwave fields or light can penetrate any
conductor, including plasmas, as we will see in Sec. 9.5. Light attenua-
tion is expressed in Beer’s law [Eq. (4.49)]. For rf, the characteristic
depth at which E has been attenuated to 1/e is known as the “skin

depth” [43],
£ ¢ ’ 3
8B{m) - 00 = 2.54)(10 (9-43)
nsv, sV,

where c, is the speed of light, s is the conductivity of the medium (S/
m), v, is the radiation frequency (Hz), and all units are SI. For the
most conductive metal, Ag, s = 6.3x107 S/m at room T, so §; = 17 um at
13 MHz.

In the matching network of Fig. 9.21, there can be substantial
power losses in the inductor and in the lead wire connecting it to the
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plasma electrode. These losses are due to the skin effect coupled with
the fact that the circulating displacement current may be ~100 A. The
inductive coil and the capacitive plasma sheath essentially form a res-
onant or “tank” circuit in which a large amount of electrical energy
sloshes back and forth, at a resonant angular frequency of 1/./LC , be-
tween storage in the magnetic field of the coil when it is at peak cur-
rent and storage in the electric field of the sheath when it is at peak
voltage. When the absolute power delivered to the plasma needs to be
known for purposes of process transfer, scaling, or modeling, these
coupling losses must be subtracted from the net forward power mea-
sured on the upstream power meters of Fig. 9.21. A qualitative evalua-
tion of whether power loss is significant and where it is occurring can
be made by running the plasma for awhile and then turning off the
power, disconnecting the power supply for safety, and quickly feeling
around the matching network and vacuum feedthrough for hot spots.

For quantitative evaluation of power losses, the wiring’s series re-
sistance, Ry, at v, can be determined [44] by measuring its current
with the sensing coil shown in Fig. 9.21 (a “Rogowsky” coil or “current
donut”). Calibrated current-sensing coils are manufactured for various
Vv, ranges. When the circuit is driven by the power supply without a
plasma (gas evacuated), power (P) losses can occur only in the wiring,
so that R, is readily determined from

P= Pi—P, = Irst (9.44)

where Prand P, are the forward and reflected power, and I, is the root-
mean-square current, which is /2 times the peak current in the case
of a sinusoid. Then, with the plasma operating, the power loss is L’R,,
and the difference between that and the power measured on the
meters, (P¢—P,), is the power dissipated in the plasma.

Sometimes, one wants to use mixed drive frequencies, v,; that is,
to apply low-v, and high-v, power to the plasma simultaneously, such
as for controlling the proportion of high-energy ion bombardment in
PECVD, as discussed in Sec. 9.4.2.1. To do this, one can connect the
matching networks of both power supplies to the same electrode, pro-
vided that the two power sources are sufficiently decoupled from each
other [45]. The coupling capacitor, C,, of Figs. 9.19 through 9.21 will
suffice to keep the low-v, power from feeding back into the high-v,
source because of its high X, at the lower v,,. Similarly, a series induc-
tor placed between the low-v, matching transformer and the electrode
will block high-v, power because of its high Xy, at the higher v,

In the microwave frequency regime (above 300 MHz), still other
power-coupling techniques must be employed. At such high frequen-
cies, the L-C network of Fig. 9.21 does not behave well, because the Xc
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between inductor coils becomes as low as the coil’'s X, and the Xy, _of
the capacitor lead wires becomes as low as the capacitor’s X¢. _Th'at is,
inductors start to look like capacitors and vice versa. Also, radiation is
increased because of the short wavelength,

A = Co/Vo (9.45)

which is 12 cm at the FCC-assigned industrial microwaye Vo of
2.45 GHz (2450 MHz). Therefore, it is important to transmit micro-
wave power in tightly shielded and firmly connected coaxial cab_lesl or
hollow metal waveguide tubes. The latter have lower transmission
loss but are more awkward because of their rigidity. Both phas_e and
impedance matching to the plasma load are necessary just as in the
high-v, rf regime. Phase is tuned with a slider—ad]u_statl:le length of
rigid transmission line, and impedance is tuned by adjusting the prox-
imity of a ground plane (a “tuning stub”). Because of the short A, it
becomes easy to launch a microwave beam into the plasma through a
dielectric vacuum wall such as glass or ceramic. This can be done .from
a waveguide or from an antenna, and some specific examples will be
given in the next section.

9.5 Electrodeless Excitation

We have seen in the previous two sections that glow-discharge-plasma
excitation using electrodes always requires a high-voltage sheath to
accelerate electrons to ionizing energy. While this sheath is _useful
when high ion-bombardment energy is desired at the surface, 1.1; aleto
harbors some problems; namely, it can cause undesired aput.ter:mg, it
consumes much power in accelerating ions, and it strongly limits t;he
power and plasma density achievable. As pointed out in coqnectwp
with the hollow-cathode effect of Fig. 9.6, high power density ulti-
mately leads to arc breakdown at the cathode. Conversely, electrode-
less excitation can avoid the high-voltage sheath and can t?lerefore
achieve ~100 times higher plasma density in the glow-dlschm:ge
regime, thus providing much higher concentrations of acti\te species
for film deposition, with gas ionization fractions approaching unity
when pressure is low enough. Because there is no high-voltage sheat.l_'n,
these ions bombard the film with low energies of ~10 eV, which is
within the desirable energy window for rearranging surface atoms
without doing subsurface damage (Sec. 8.5). Since many electrf)deless
techniques can also operate at very low pressures approlachmg the
molecular-flow regime (Kn > 1), they can provide a highly directed flux
of ionic depositing species, and this substantially reduces self-shadow-
ing when coating surfaces having rough topography.
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We will examine below several ways of accomplishing electrodeless
excitation. All of these involve coupling rf or microwave energy
through a dielectric vacuum wall from an external coil or antenna.
Since the plasma is most intense nearest to this external coupler, the
uniform distribution of active species over large film areas is often a
problem. The equipment also tends to be more expensive than that of
the parallel-plate reactor. However, since electrodeless plasmas are
relatively new in thin-film deposition, their various pros and cons
compared to more traditional plasmas are still in the process of as-
sessment.

9.5.1 Microwaves

The wavelength of electromagnetic radiation at the industrial micro-
wave frequency of 2.45 GHz is only 12 cm [Eq. (9.45)], so microwave
energy can easily be beamed into a plasma from an external antenna
or waveguide. The intervening vacuum-wall material needs to be an
electrical insulator (a dielectric) for microwave transparency, and it is
typically borosilicate glass, quartz, sapphire, or ceramic. One of the
simplest of plasma couplers is the metal quarter-wave cavity [46]
shown in Fig. 9.22. When the cavity is (1/4)A long, grounded on one
end, and driven from the coaxial-cable voltage at the other end, a
standing wave develops as shown in the plot of the wave’s transverse
electric field, E. This is similar to the standing wave that develops in
an organ pipe. Because this is a resonant situation, E can become
quite large, and when it is large enough within the glass tube, the gas
therein breaks down. Active species formed in the resulting plasma
are transported downstream in the flowing gas and can be used in
film-forming reactions with other species supplied downstream either
by evaporation or as gases. Another way to activate a microwave
plasma in a tube involves the launching of “surface waves” in the
plasma using external electrodes [47]. The waves propagate along the
tube, dissipating power in the plasma. Plasmas are rich in wave phe-
nomena, as we will see below. Surface-wave devices may be operated
over a wider range of drive frequency than resonant cavities, and they
are less sensitive to changes in gas pressure or composition. They can
also be operated at very high plasma density of n, > 10'%/em3, but at
most, one-half of the applied power can be coupled into the plasma,
which is a distinct disadvantage.

The pressure effect on microwave plasma excitation can be under-
stood by first considering the microwave E field acting on a free elec-
tron in vacuum. Figure 9.23a shows the E field of a microwave
oscillating as E = Ecos(w,t), as did the light wave of Eq. (4.44). The
force exerted on the electron by E accelerates it parallel to E in accor-
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glass tube —
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Figure 9.22 Typical quarter-wave microwave cavity for plasma coupling.
(Tuning adjustments not shown.)

dance with Eq. (9.85) (written for ions), and the resulting electron ve-
locity versus time, v¢(t), is shown in Fig. 9.23b. When E crosses zero
and reverses, v, reaches its maximum negative value and begins de-
celerating, finally reversing direction and reaching another maxi-
mum when E again crosses zero. Thus, E and v, are phase-shifted by
90° (1/2), and there is no net energy gained by the electron. This is
analogous to the case of inductors and capacitors, where voltage leads
or lags current by 90° so that there is no power dissipation (Sec. 9.4.4).
When gas is present in the microwave field, however, electrons change
their directions in collisions with molecules, and some of them will
shift their phase so as to become further accelerated in E. The elec-
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Figure 8.23 Response of a free electron’s velocity in vacuum (b) to the
oscillating electric field of a microwave (a), showing the 90° (w/2)
phase shift.

tron-energy distribution thus continues to spread upward until some
electrons reach ionizing energy. Power coupling by this mechanism is
most efficient when w, is equal to v,, which is the electron-molecule
collision frequency for momentum transfer [Eq. (9.9) and Exercise
9.11] (Cecchi, 1990; p. 44). However, with proper tuning, microwaves
can be coupled to plasmas with little reflected power over a wide range
of v/, (that is, over a wide range of pressure for a given @,). In the
low-pressure limit of this range, there are not enough collisions, and
in the high-pressure limit there are so many that too much energy is
lost in momentum transfer. This pressure behavior is similar to the
Paschen curve (Fig. 8.4) for gas breakdown in a dec field, although in
the present case the low-pressure limit involves the electron’s phase
rather than its mean free path.

Collisions are not needed to change the electron phase if a strong
enough magnetic field, B, is established parallel to the direction of the
microwave beam and thus perpendicular to the E field. Figure 9.24
shows microwaves being beamed through a dielectric window into a
plasma chamber containing a B field supported by an external sole-
noid coil. Electrons accelerated perpendicular to B by E will orbit in a
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Figure 9.24 Mirror-field ECR plasma source driven by a waveguide and configured for
downstream film deposition.

plane perpendicular to B as shown and with a cyclotron radius, r,
given by Eq. (8.17). If the microwave angular frequency, ,, is the
same as the angular frequency of the orbit, v,/r., then the electron will
be in phase with the field at both +E; and -E,. This phenomenon is
known as electron cyclotron resonance (ECR), and from Eq. (8.17)
it can be seen to occur when

IB| = ®,my/q, = 2nv,m,/q, = 3.58x107 v, (9.46)

or when |[B| = 0.0875 T (875 Gauss) for v, = 2.45 GHz. (Due to other
plasma interactions, the resonance point can be shifted somewhat
from this prediction.) At pressures low enough so that many orbits
occur between collisions, the electrons continue to gain energy and
spiral outward with increasing r, until they finally collide with a gas
molecule or with the side wall. To sustain any plasma, it is only neces-
sary to have enough ionizing collisions to balance the electron loss
that occurs by diffusion out of the plasma. Here, the loss is mostly at
the end faces (L B), since lateral diffusion is inhibited by B. Conse-
quently, the low-pressure limit is only 1072 to 10~ Pa. At the other
extreme, when pressure is high enough that there are many electron
collisions per orbit, the resonance is lost (Exercise 9.12) and B has lit-
tle effect. In other words, at high pressure, the electrons are no longer
“magnetized,” and the plasma behaves more like a conventional micro-
wave discharge. In principle, ECR can be operated at any v, as long as
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Eq. (9.46) is satisfied; but as v, is reduced, r, increases, so the high-
pressure limit is reduced.

Because the microwave beam becomes much more strongly ab-
sorbed by the plasma once it arrives at the B corresponding to reso-
nance, the zone of intense plasma in ECR tends to form a sheet as
shown in Fig. 9.24, and its position can be adjusted by the solenoid
current. The efficient coupling of microwaves to this sheet requires
careful source design, and to understand this problem it is necessary
to first review the interaction of electromagnetic radiation with mat-
ter. We begin with the case of an unmagnetized plasma, where we are
dealing with a conducting medium: that is, one containing free
charges (electrons), which collide with atoms and thus dissipate en-
ergy. This describes a metal, too, and in fact the interaction of radia-
tion is similar for unmagnetized plasmas and for metals. Metals
absorb light and longer-wavelength radiation by the motion of free
electrons, and the characteristic absorption depth or “skin depth,” &,
becomes shallower with increasing conductivity in accordance with
Eq. (9.43). The shallower that &5 becomes, the larger is the fraction of
radiation that gets reflected before it can be absorbed, which is why Ag
makes the best mirrors. However, metals also have a plasma fre-
quency, ®,, which is given by Eq. (9.15). If the radiation angular fre-
quency, ®,, exceeds m,, then the electrons respond much less to the E
oscillations of the radiation, and the medium becomes much more
transparent. Thus, alkali metals become transparent in the UV, and
plasmas become transparent when their density, n,, is low enough
that @, < w,, although there will still be some absorption due to elec-
tron collisions with molecules. For a w/2n (=v,) of 2.45 GHz, we can
see from Eq. (9.15) that transparency occurs below n, = 7.45x1010
cm™3, Plasmas are designated “underdense” and “overdense” when n,
is below or above this point.

ECR plasmas are usually run overdense so as to achieve the desired
level of gas activation for film deposition. However, the presence of a
strong enough B field between the window and the ECR zone allows
microwaves to propagate across this distance without being absorbed
within the skin depth. This is because a highly magnetized plasma be-
haves like a dielectric medium rather than like a metal. Recall that
the electrons in a dielectric are localized about individual atoms and
experience a restoring force when displaced (polarized). An electro-
magnetic wave induces local oscillation in this polarization, but no
conduction and therefore no energy dissipation except at high ampli-
tude (nonlinear effects). The atomic oscillators essentially re-radiate
the wave, and it is not absorbed. The wave is just slowed down or
“loaded” by the oscillator interaction, and the wavelength is short-
ened, as expressed in the index of refraction [Eq. (4.40)]. The effect of a
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strong B field on a plasma is to localize free electrons into cyclotron or-
bits about the field lines. This inhibits the conductivity and thus al-
lows certain waves to propagate without absorption. In particular,
when B is above the ECR value of Eq. (9.46), a right-hand circularly
polarized (RHP) wave (see Fig. 4.19) is known to propagate [48]. A lin-
early polarized wave may be viewed as the sum of right-hand and left-
hand (LHP) components, so part of that wave can propagate as well.
Wave propagation along B also occurs in helicon plasmas {_Sec. 9.5.2).
The physics of wave behavior in magnetized plasmas is quite complex
and not fully understood, but the point here is that the microwave en-
tering the window of Fig. 9.24 can be made to propagate into the EC.R
zone and thus couple efficiently into the plasma there if the B field is
made higher upstream as shown (Lieberman, 1993). In this case, the
ECR zone of absorption is said to be a “magnetic beach” by analogy to
ocean waves hitting the shore. The converging B upstream also acts as
a magnetic mirror (Fig. 9.12) to reduce plasma losses at the window,
so this design is known as a mirror-field ECR. In an altema?e ECR de-
sign where B is lower outside of the ECR zone, the wave is made to
penetrate sufficiently into the ECR zone despite the skin-depth ab-
sorption by using a resonant cavity to achieve very high E [49]. .
The behavior of an ECR plasma changes dramatically in crossing
from the underdense to the overdense region, which is done by in-
creasing the microwave power or the gas pressure [50]. Microwave ab-
sorption and plasma density increase abruptly, and the plasma moves
outward radially within the ECR zone. This and other mode shfﬂzs
and nonuniformities can be a problem for process control, so it is im-
portant to characterize the behavior of an ECR source and to e.stab-
lish stable and reproducible operating conditions before running a
process. .
Typical plasma density in an ECR source is 102 ¢cm™3, much higher
than the 1010 cm™ of the parallel-plate glow discharge. Toward the
low end of the operating pressure range, this density becomes con21pa-
rable to the gas concentration itself, which is 2.4x 1012 em™2 at 10~ ?a
and room T and still lower at the elevated gas T present in such an in-
tense discharge. Thus, the ionization fraction can approach unity in
ECR and other high-density, low-pressure plasma sources, whereas in
the parallel-plate plasma it is more like 1078, This difference funda-
mentally changes the chemistry of plasma-enhanced film-deposition
processes. Instead of a process dominated by neutral radicals as the
depositing species and supplemented by ion bombardment, we have
one in which ions carry both a depositing species and bombardment
energy. One effect of this change is that the deposition flux is now di-
rected, which is useful for filling the deep via holes encountered in in-
tegrated-circuit fabrication while avoiding pileup of deposit on the
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sidewalls and resultant cavity formation, as shown in Fig. 9.25a¢ and
b. Another effect is that nearly every depositing atom carries at least
several eV of kinetic energy, thus making the most of the beneficial ef-
fects of energetic deposition on film properties. However, the effects of
this added energetic flux on film properties as compared to films de-
posited with energetic flux from conventional plasmas have not yet
been adequately evaluated.

Two other effects result from high-power, low-pressure operation.
One effect is depleted gas pressure in the source relative to that
measured downstream, even if the gas is fed through the source as
shown in Fig. 9.24. This happens when ionization fraction is high, be-
cause ambipolar diffusion of ions out of the source [Eq. (9.17)] is much
faster than thermal diffusion of neutral particles. Thus, for accurate
characterization of source behavior, pressure should be sampled
within the source as shown. Note that a thermal-transpiration correc-
tion must then be applied [Eq. (3.18)] because of the high gas T. The
second effect is thermal runaway of electron temperature, T, . With-
out enough gas collisions, the T, of ECR electrons would continue to
increase until it was so large that the orbit radius would approach the
source radius. Thus, when source-pressure depletion sets in at high
power, T, and ionization fraction rise, causing still more depletion.
This is a positive-feedback, unstable situation. Further instability
arises when T, exceeds 100 eV or so, because then ionization cross
section begins to decrease with increasing T, (Fig. 8.2), and thus less
electron energy is lost to collisions for a given pressure (Lieberman,
1993). High T, defeats one purpose of electrodeless excitation, namely
elimination of the high-voltage sheath, because sheath voltage in-
creases with T, , as discussed prior to Eq. (9.18). Thus, in ECR sources
run at too low a pressure, undesirable sputtering occurs where the
ECR zone intersects the sidewall. Too high a T, can also result in ex-

(a) (b) (e)

Figure 9.25 Characteristic film-thickness profiles at three successive
times (1, 2, 3) during deposition into a via or trench on the substrate,
when the depositing species are (a) randomly directed neutrals, (b) per-
pendicularly directed ions, and (¢) obliquely directed ions.
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cessive ion-bombardment energy at the film because of electron accel-
eration in the diverging B, as we will see below.

The diverging B field downstream of the solenoid of Fig. 9.24 is a
reverse magnetic mirror: it is a “magnetic nozzle,” which acceler-
ates orbiting electrons in the diverging direction as discussed prior to
Eq. (9.27) (Cecchi, 1990). In the limit as B — 0 downstream, all of the
orbiting (thermal) kinetic energy of the electron can be converted to
kinetic energy directed along B. Moreover, ions are accelerated along
B together with the electrons by the ambipolar-diffusion effect (Sec.
9.2), even though B is not strong enough to magnetize the ions. Thus,
the higher the T,, the higher the ion-bombardment energy on a
downstream substrate. Ion acceleration along the B lines shown in
Fig. 9.24 also causes ions to impinge at an oblique angle, which de-
stroys the advantage of directed deposition for via filling, as shown in
Fig. 9.25¢. The ion flux can be collimated and the electron accelera-
tion reduced at the same time by adding a downstream solenoid coil
to straighten out the field lines [51] as shown in Fig. 9.26a.

If higher ion bombardment energy is desired than is supplied by
the magnetic nozzle, negative bias can be applied to the substrate.
When the substrate or film is a dielectric, this needs to be rf bias
(Fig. 9.19). The application of bias also provides a convenient method
of measuring ion current to the substrate, by assuming that the bias
power applied is the product of the bias voltage times the ion current
[Eq. (9.40)]. This assumption is valid at low pressure and at high
power density in the source plasma, in which case most of the applied
bias power goes into ion acceleration across the cathode sheath. The
power input to the substrate from the high ion-bombardment flux can
heat it significantly, even when bias is not applied. Recall from Sec.
5.8 that thermal contact between a substrate and its platform at low
pressure is poor even if clamping is employed. Since platform T is al-
most always measured instead of actual substrate T, much of the
work in which “room-T” deposition of high-quality films is reported
actually involved a much higher substrate T. It may be that high-den-
sity plasma allows deposition at lower substrate T, but one has to be
very careful in determining this T. These same considerations regard-
ing substrate biasing and heating also apply to other high-density
sources to be discussed below.

Plasma confinement downstream of a high-density plasma, or wall-
loss reduction around any plasma, can also be achieved using a “mag-
netic bucket.” One common configuration is shown in Fig. 9.26b. The
array of permanent magnets surrounding the chamber presents to ap-
proaching electrons B fields that are crosswise between the magnets
and thus deflect the electrons, and that are converging at each magnet
and thus act as magnetic mirrors. Electrons can escape through the
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Figure 9.26 Methods of magnetically confining plasma downstream of a high-intensity
plasma source such as that of Fig. 9.24: (a) solenoid field shaping and (b) magnetic
bucket.

mirror only if they have velocities nearly parallel to and aligned with
the “cusps” in B parallel to the chamber radius at the center of each
magnet [Eq. (9.27)]. Figure 9.27 is a photograph of a plasma being con-
fined by a magnetic bucket, looking from downstream. Bright plasma
extends outward toward the wall at the ten cusp points. The magnet
spacing in a bucket is always a compromise between too much loss at
the cusps if the spacing is too small and too much B penetration to-
ward the center of the chamber if the spacing is too large.

Gas distribution is the final aspect of ECR design for film deposi-
tion to be discussed. We have mentioned injection of gas upstream in
the ECR source, but if one were to introduce a depositing species
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Figure 9.27 Photograph of plasma confined by a magnetic bucket,
viewed as in Section A of Fig. 9.26b. (Source: Reprinted from Ref. 52
by permission.)

there, most of the film deposition would occur within the source rather
than on the downstream substrate. Therefore, the depositing species
is instead injected just upstream of the substrate, through the “gas
ring” shown in Fig. 9.24. The ECR plasma supplies the gaseous spe-
cies which either activates or reacts with the depositing species to
form the film. For example, SiH, from the gas ring and activated Oy
from the plasma will deposit SiOy, and SiH, plus activated He will de-
posit amorphous Si. The chemistry of film deposition downstream of a
plasma is discussed further in Sec. 9.6.3. The gas ring contains an ar-
ray of effusion orifices directed at the substrate. These need to be posi-
tioned so that the flux of gas arriving at the substrate is reasonably
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uniform. They also need to be small enough, compared to the inside di-
ameter of the ring tubing, that the fractional pressure drop through
the ring tubing is small, to ensure uniform effusion rate from orifice to
orifice. The pressure drop due to fluid flow in tubing can be found from
Eqgs. (3.2) and (3.7), and flow rate versus pressure drop for orifices in
the sonic-flow limit is given in Appendix E.

9.5.2 Helicons

Electromagnetic waves of rf frequency can propagate through an over-
dense plasma when it is magnetized, just as could the microwaves of
the ECR plasma of Fig. 9.24. Recall from that discussion that a
plasma is overdense when its plasma frequency, [Eq. (9.15)],
exceeds the angular drive frequency, ®,, of the applied power. In an
overdense plasma without magnetization, free electrons can respond
to the electromagnetic field to absorb and reflect it. However, magneti-
zation of the electrons inhibits their conductivity so that the plasma
behaves more like a dielectric medium. In particular, when the mag-
netic field, B, is strong enough so that the electron cyclotron angular
frequency,

@, = (q¢/m,)|B] (9.47)

[compare Eq. (9.46)}, is larger that the drive frequency, w,, right-hand
circularly polarized waves (see Fig. 4.19) can propagate along B [48].
These are the “whistler” waves discovered in the early days of radio,
which are generated in lightning storms and then propagate through
the ionospheric plasma along the Earth’s magnetic field. They are
more generally known as “helicon” waves because of the helical path
traced by the tip of the rotating E vector as it propagates.

Interaction with the orbiting electrons of a magnetized plasma
slows down a helicon wave just as interaction with the oscillating di-
poles in a dielectric medium slows down a light wave. Thus, the wave
speed in either medium is

c=2avamv ). % . (9.48)

where Eq. (9.45) provides the second equality, and where
¢, = speed of light in vacuum or air = 3x10% m/s
fi = index of refraction of the medium at ,
A = wavelength in the medium
A, = wavelength in vacuum or air
v, = frequency of the wave, Hz

I
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w, = angular frequency of the wave = 2nv,, g1

k = wave vector or propagation vector = 21/A [see text following
Eq. (4.44)]

For plane waves, c is also the “phase velocity,’.’ whfch is the speer:l at
which a point of given phase advances in the direction of propagation.
Now, fi increases with w,, especially as one approaches the resonant
frequency of the medium and the interaction bec?mes very strong.
This accounts for the dispersion of white light into its constituent co}-
ors by a prism. Dispersion relationships can be derived fr:om Maxwel_l S
equations for any electromagnetic situation, and for: a nght-hand. cir-
cularly polarized wave propagating parallel to B in a plasma, it is
found [48] that

2 m2
Bt g ®p e (9.49)
2 w_o
0, - 0,0, o ¢

The last equality holds for the present case of interest, wh-ich is when
®, << O << @, (drive, cyclotron, and plasma} frequencies, respec-
tively). That is, our plasma is strongly magnetized for the drive fre-
quency being applied, and it is dense enough that the plasma
frequency is very high. Note that in the more general fom .of
Eq. (9.49), when w, — ®, fi — <, so the wave is stopped dead in its
tracks. This is the resonant situation of the ECR plasma [Eq. (9.46)].
r, we return now to the situation at lower w,,
H(;;;eiv:?sert.ing into the approximation at the end of Eq_. (9_.49) the ex-
pressions for @, [Eq. (9.15)] and o, [Eq. (9.47)], we obtain (in SI units)

i = n,q./e,Bo, (9.50)

Then, using Eq. (9.48) to eliminate @i, we have for the wavelength of
the helicon wave in the plasma,

2ne c2 B
A= [0 [ B__ s5s0x10® /__ (9.51)
qe nevo nevﬂ

Taking typical conditions of v, = 13.56 MHz, B = 0.01 T (100 Gauss),
and nf =yfolsfm3 (10'%/cm?), we find that fi = 147 apd A = 15 cm. The
very high @i produces a very slow wave whose resultmg_ short )L means
that 13.56-MHz power can now be coupled conveniently into t?xe
plasma wave from an antenna rather than t.hrough_ the electrodes d.ls-
cussed in Sec. 9.4. This arrangement is shown in Fig. 9.28. The entire
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Figure 8.28 Helicon plasma source. The external antenna loop
(not shown) is structured so as to drive the helicon wave to
the right along B.

plasma-container needs to be a dielectric here, not just the end win-
dow as in ECR, so a glass or quartz dome is usually used. The antenna
loop (npt shown) is wrapped around the dome and is driven through a
matching network such as the one shown in Fig. 9.21. As in the case of
ECR, tl}e plasma electrons are accelerated out of the source by the
magnetic nozzle effect of the diverging solenoid B field, and the ions
follo"wr by ambipolar diffusion. The magnetic conﬁneme,nt techniques
of Fig. 9.26 can be used downstream. Since B is about 10 times
smaller than in ECR, however, the solenoid requirements are much
less severe.

Helicon behavior is strongly affected by the power level applied. At
low power, the voltage on the antenna can be over 1 kV and can th;are-
fore act as an electrode to couple power capacitively through the
quartz wall into the plasma sheath, as with the parallel-plate plasma
of Sec. 9.4.2. As power is increased, there is a discontinuity [53] at
which t.he helicon-wave coupling mode activates and becomes domi-
nant, W".lth an accompanying decrease in antenna voltage and a x30 in-
crease in plasma density, n,. However, the antenna voltage may still
bu_a high enough to cause local capacitive coupling with accompanying
high-energy ion bombardment and sputtering of the quartz dome. As
power cor'ltinues to increase in the helicon mode, there are further
smaller discontinuities in n,. These probably correspond to jumps in
the number, j, of half wavelengths that best match the antenna length
[563] [see Fig. 9.28 and Eq. (9.51)]. For stable process operation, one
should adjust power or B to a point midway between these jumps:
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The mechanism of plasma electron energy gain in the helicon is dif-
ferent from that in either the rf parallel-plate or the ECR plasma, and
it is believed to be “Landau damping,” which operates as follows. In
the regions of time and space where the E field of the helicon wave
points partly upstream (to the left in Fig. 9.28), plasma electrons are
accelerated downstream. When an electron’s velocity downstream is
close to the wave’s phase velocity, ¢ [Eq. (9.46)], it can “surf” on the
wave and receive considerable energy from it, damping (attenuating)
the wave as it does so. In the example after Eq. (9.51) where i = 147,
we have ¢ = 2x108 m/s. From Eq. (8.6), we find that this corresponds to
12 eV of electron energy, which is in the range of typical ionization po-
tentials (Fig. 8.3) and thus provides efficient coupling from the wave to
plasma ionization. This mechanism of electron energy gain does not
require collisions with molecules to operate, in contrast to the sheath-
edge mechanism of the high-frequency parallel-plate plasma (Fig.
9.18) and the phase-shift mechanism of the unmagnetized microwave
plasma (Fig. 9.22). Collisionless electron energy gain also occurs in the
ECR plasma of the last section. In addition, confinement of the elec-
trons by B in both of these plasmas greatly increases their path length
before they are lost to the walls. Collisionless coupling and magnetic
confinement together allow these plasmas to be operated down to very
low pressures of 1072 Pa or so where the molecular mean free path ex-

ceeds the plasma diameter.

9.5.3 Inductive coils

The third and last method of electrodeless plasma excitation to be dis-
cussed is inductive coupling [54], which has the simplest concept and
equipment. If a highly conductive helical coil of j turns is wrapped
around a dielectric containment tube or dome as shown in Fig. 9.29
and operated in resonance with applied rf power, the very large rf cur-
rent circulating in the coil, I, generates an axial rf magnetic field,
B,, within the tube, which in turn induces a circulating rf electron
current in the plasma, jI 4 once the plasma is lit. This is basically a
transformer, with the plasma itself acting as the single secondary
winding. Since the electrons are confined to orbits by By, this plasma
can operate down to 10~! Pa or so, although some collisions are
required for electron phase shifting between rf cycles, as in the micro-
wave plasma of Fig. 9.22. Since high-voltage sheaths are not involved,
power coupling to the electrons is efficient and power density can be
high, so plasma densities of ~10'2 em™3 are achievable. The inductive
plasma can also operate at 1 atm as a “plasma torch,” which has been
explored for deposition of diamond films from methane but will not be
discussed further here.
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section "A"

Figure 9.29 Inductive coupling to a plasma from a heli i i
e inte m a helical coil. [, is the

’ 001‘1 resonance can be established using the coil’s inductance in con-
junction with a capacitor in an L-C circuit similar to that of the Fig
9.21- matching network. However, the helical-resonator coil of Fig.9 36
ft:l:leves a sharper and stronger resonance (referred to as a hig};er
Q") and therefore a higher current. This type of coil [55] is grounded
on one end and floating on the other, and is (1/4)A from end to end
alqng tl}e helix, so that it resonates like an antenna. The length re-
quired is found from Eq. (9.45) and is 5.5 m at 13.56 MHz. The
grounded enclosure provides some parallel capacitance, and ir'nped-

Figure 9.30 Geometry of a helical
resonator.
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ance matching to the power supply is accomplished with a supplemen-
tal parallel capacitor and by the position of the rf input on the coil. In
either of the above resonators, the voltage from end to end of the coil is
many kV, so capacitive coupling to the plasma through the dielectric
wall is also possible, as with the helicon antenna. This is generally un-
desirable because of the accompanying high-voltage sheath and conse-
quent sputtering and elevation of the plasma potential above ground.
However, the capacitive mode can be blocked effectively by inserting a
cylindrical metal electrostatic shield between the coil and the dielec-
tric wall. The shield needs to have periodic slots oriented parallel to
the cylinder axis to prevent circulating currents from developing and
robbing power from the plasma. This shield cannot be used with the
helicon, because its antenna couples through the electric field.

The plasma of Fig. 9.29 is most intense in the annular region where
the current is circulating, since this is where the electrons are being
accelerated to ionization potential. This region extends in from the
wall by about the skin depth, &, of Eq. (9.43). For a given applied fre-
quency, V,, 8, depends on the plasma conductivity, s. We can use
Eq. (9.13) to find s so long as the pressure is high enough that the elec-
tron collision frequency, v, is much larger than 2mv, (= o). Into
Eq. (9.9) for v,, we insert the following:

« the speed of a 4.5 eV (T, = 3 eV) electron, 1.3x10° m/s from Eq. (8.7)
« a typical collision cross section of 10 m? (0.1 nm?)
« the concentration of a room-T gas at 10 Pa

For this case, we find v, = 3x10® s7%, which is sufficiently larger than
the o, of 9x107 s~! at 13.56 MHz. Under these conditions, and for a
plasma density of 108 m™ (10'% cm™), we find §; = 1.4 cm. Note that
3, decreases with increasing s and therefore with increasing power (or
n,) and decreasing pressure. For the most efficient and uniform power
coupling into the plasma volume, one wants 3 to be about the same as
the radius of the containment cylinder. If 3, is larger, the impedance of
the “secondary winding” represented by the plasma becomes too high,
and inductive coupling dies out. If 8, is smaller, the intense region of
the plasma becomes more concentrated toward the cylinder periphery.
However, the center region still “fills in” with plasma to some extent
by diffusion.

As in the cases of ECR and the helicon, the inductive plasma dif-
fuses out the end of the source and can be used downstream in con-
junction with a gas ring for film deposition, as shown in Fig. 9.24 for
ECR. All three sources share the ability to achieve high plasma den-
sity of >10!2 cm™ at low pressures without developing high sheath
voltages. This combination gives ionization fractions near unity and
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high fluxes of low-energy, directed ions that are particularly well
suited to reaction activation and structural modification at the surface
of a depositing film. The main difference with inductive coupling is
that there is no solenoid B field with its accompanying problems of ion
steering and acceleration along the diverging field lines. Although in-
ductive coupling is an old concept, large, high-intensity inductive
sources have become commercially available only recently, so they
have been explored very little for film deposition.

A few other inductive configurations deserve mention. One is the
immersed coil of Fig. 9.14, which was used there to enhance the ion-
ization of sputtered particles. Another is the spiral coil of Fig. 9.31,
which has the potential advantages of generating a reasonably uni-
form plasma over a large diameter and of coupling it closely to the de-
positing film. An electrostatic shield with radial slots can be used here
to block capacitive coupling as in the case of the helical coil. Finally,
Fig. 9.32 shows a ferrite-core transformer driven at frequencies as low
as 60 Hz, with a plasma loop acting as the secondary winding [54],
This is probably not scalable to large areas, but it could provide an ef-
ficient and inexpensive source of free radicals and ions for use in

downstream reactions on small substrates, as did the microwave cav-
ity of Fig. 9.22.

9.6 Plasma Chemistry

This chapter has thus far focused on the physics of the glow-discharge
plasma; that is, the generation of charged particles and the electric
fields and currents which these charges produce. The principal fea-
tures observed are the presence of energetic electrons (T, of several
eV) throughout the bulk of the plasma, and the bombardment of all
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) Figure 9.31 Inductive coupling
section "A" from a spiral coil,
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gas feed l

Figure 9.32 Transformer coupling
to a plasma loop.

surrounding surfaces by energetic iqns (10 to 1000 eV). Chai:gzeFHS
dealt with the physical effects of this ion bombardment on spuhicﬁ ig
targets and depositing films. We now-tum to the chem:strg v:; i
induced by interaction of charged particles with gaseous and adso
re?{c:(?:ﬁsf.rom Sec. 6.5.4 that most elements can be gasified _by rear;:tlng)
them with terminating radicals: for example, Si becomeg 811-114 (si ;;’1;
gas, and Al becomes Al(CHjy)3 (trimethyl {\I) vapor. This al :ws : (;
forming elements to be transported by ﬂuu:l ﬂo?v to thn_e rt]eac ion lzl D:I:i_
on or above the substrate, where the te.rmma'ltmg radicals arede 9
nated and the remaining elements combine with each other to eg) ;
the film. In thermal CVD, the energ;é )needed t(;. simt(;luéni; I;éufart“:;c ;31;_
ivation-energy barrier (Fig. 7.16) comes fro (
:::;:zt'i‘??ne;llagyna CVD, it comes frorr} th(? charged pgrtlcles.c\:fe hsa\;i
established the concept of plasma act.lvatllon _of chemu;al ?lza t:mand
low T in previous discussion at the begmnmg of thss.c apter eed
Chap. 8. Below, we will examine in more detail how this occurs
i e controlled. .

hOXs“{rfatl}i: case of thermal CVD, the plasma-deposition process l(l:fn-
sists of a series of steps, any one of which may be the rate-contlrio t:l:g
one, and there are likely to be parallel pathways as well. Usually, ne
chemical kinetics are not known well enough'that we may be certain
of the dominant reaction pathway through this web. The plasm?i case
can be even more complex than the thermal one, bec_ause f:har_'ge par-
ticles tend to be less selective than thermlal energy in actwa.tmlg reac-
tions. This makes reaction modeling a major challenge, and it also car;‘
increase film contamination. For example, unwanted decom;_)omtlon o_
the methyl radical in Al(CHg)g leads to several percent of C }nf:,orporzf
tion in Al film, although this can be controlled by usmgdangnzllsthbe—
plasma power [56]. Background gases such as CO and Hy
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come activated, and this increases their reaction rates over what they
would be in thermal CVD. These problems of plasma CVD are ac-
cepted in return for the ability to deposit just about any material at

low T and to simultaneously supply ion bombardment for film struc-
tural improvement.

9.6.1 Kinetics

What happens to a gas molecule when it dares to enter a plasma?
There are various possible fates, as shown schematically in the flow
diagram of Fig. 9.33, and it is important to know their nature and
rates to design and optimize reactive plasma processes. The primary
chemical-activation event is electron-impact dissociation to produce
free radicals, as shown at (a). Ionization also occurs, of course, but at a
much lower rate because of the higher energy required, except in very
intense low-pressure plasmas. The free radicals may diffuse directly to
the substrate surface (b), or they may first react with other radicals or
molecules (c) to produce gaseous precursor molecules which then dif-
fuse to the surface (d). Some of the source gas reaches the surface
without activation (e), and some is pumped away directly (/). The spe-
cies arriving at the surface have a certain adsorption probability that
depends on conditions there, and the adsorbate then reacts (g) to form
the film and volatile by-products. The surface reactions may be acti-
vated by electron and ion bombardment and by the substrate T. Reac-
tive plasma processes other than plasma CVD involve a solid source
material as well as a gaseous one, those processes being reactive sput-

tering, activated reactive evaporation, laser ablation, and arc evapora-

tion. In those cases, the vaporized solid will be adsorbing and reacting

too. Here, however, we concentrate on plasma CVD, since it involves
the richest gas-phase chemistry, so that the other processes are sub-

sets of plasma CVD in that regard. We proceed below to make rough
estimates of the rates of the various gas-phase steps shown in Fig.
9.33 and their dependence on the primary plasma parameters of pres-

source gas supply

7 pumpout
b‘ free A precursor /
Q@/ radicals molecules (e)

and by-products
ions (b) (d\ T f/‘

)

substrate
(.}

Figure 9.33 Plasma-CVD reaction steps as defined in the
text.
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sure and power. This exercise will show which steps are going tftl)l dqm-
inate under what ranges of conditions. In Sec. 9.6.4, we will give
ific examples of plasma-CVD processes. : i
Spe'l‘?le cf(?:malpexpression for the rate of an e]ectron—@pact reaction is
given by the integral of Eq. (9.10); but as pointed out in the accom;}n;n—
nying text, the functional forms of 6 (Ee) and f(E,) neef.led to sol?re t ts
integral al:e not usually available. Nevertheless_, thf: simplifications to
Eq. (9.10) offered below will give us a good quahdtatiu;len sene:; of :11::::2
\mic i i i ow the
ical behavior. In this pursuit, we first nee oW |
cdt:;;?iiy, n,. Measurements on parallel-plate 1%1381?335 mdlcatedthat at
typical pressure (p) and power densitg, ne-lp i‘;]l:l f;;lll‘::rifl ;r; - ‘11)::;:;
i iting the
dependence of n, may be estlma-t.ed y Wri : \
forpihe disaipatifm of electrical input power, P (in W), in the plasma

(Lieberman, 1993):
P =j,Agp, = 0.6ng0QeuaALL, = NeUeUaAL], (9.52)

where A is the effective area of plasma contact wit'h its con!‘:an’lef'; :Qg
the second equality is given by Eq. (9.20) for the ion flux, é],i“ 1:1; -
into the sheath. In the last equality, we are ne.glectlng g‘}'a. e'x;lhe i 13
across the bulk of the plasma. The. term ey, (in eV, : )hlB ko
energy dissipated in the plasma per ion injected into the sheath,

consists of three terms:
€L =€ + 2T, +& (9.53)

which are, respectively, the total electron energy lf)st. ?n collﬁsmtlrllz alﬁ
the plasma per ion-electron pail;r c;eatt;dfoiyalg?;i:::;]?;n eﬁectron-
electron escaping the shea . '

222:3 gfs::ibution, and the ion energy gaimlad in crossm“g 1l:he sg”ez:;:hé
T. decreases slowly with increasing P but 1't is 1argely pmnel e
fe;f eV by the thresholds for the inelastic 001118.10118 with gas mole e
(dissociation and ionization), except at <1 P_a in EC.R_p}asnéas, 35 "
“thermal runaway” can occur due to insufﬁc_lent 001].18101:18 ( nfc. : éal;
Meanwhile, &, increases slowly with increa'smg P, 80 g, is 01 ydabw 2
function of p. u, also varies little with p, since it 1s de.teﬁ'qlme . 13:1 - ;
through Eq. (9.17). Finally, A decreases son}ewhat wit mcri'aon o
due to electrons diffusing less far fron} their generation regflct.rs e
net effect of these compensating behaviors .of the Eq. (9.52) 'Eil t.(])tl e
that n, is a weak (usually increasing) func'tm.n of p, and wefm gl
fore assume for present purposes that n, is md'ependent oB p.th ewﬁl
also see from Eq. (9.52) that n, will increase with povirer. 317 e ;aa g}
Egs. (9.52) and (9.53) also show wl').y t,h.e electrodeless t;l:] eaabsence
Sec. 9.5 are more efficient at generating high ne, because
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of a high-voltage sheath makes ¢; lower and thus n, higher for a given
power input,

Given n,, we now estimate the dissociation rate: the generation
rate of a typical free radical, B, from molecules of AB. To do this, we
first replace the cross section function o(Ee) in Eq. (9.10) with an
abrupt dissociation threshold of 9 eV. This threshold is just above the
low-energy edge of the total-neutral-dissociation curve for SiH4 in Fig.
9.2, where the dissociation-collision cross section is 2x10716 ¢m2. We
also need the speed of a 9-eV electron, which is By 2ane/me =
1.8x10% ecm/s. For the electron-energy-distribution term, f(E,), we as-
sume the Maxwellian form of Fig. 2.4, where we can see by eyeball in-
tegration that about 10% of the distribution lies above the c,
corresponding to

2
2t::‘B

—that is, above twice the mean energy. Thus, for a typical plasma with
a mean electron energy of 4.5 eV (Te =3 eV), about 10 percent of n, is
energetic enough to dissociate SiH,4 or some other typical reactant mol-
ecule. Putting this all together in Eq. (9.10), we have for a dissociation
rate of AB per unit volume,

R (mc/em®s) = nngpe,o - 10% = 3.6x10-9 Nensp (9.54)

for n, and nag in em™3, From this, the frequency at which an individ-
ual molecule of AB becomes dissociated is

Va=R/npp =3.6x107n, = 36 51 (9.55)

where the last equality applies when n, = 10'° cm™3, We are going to
compare this frequency with the frequencies of the other events that
can befall a molecule entering the plasma, and they are all plotted ver-
sus pressure in Fig. 9.34.

For the frequency of the second event—reaction with a free radi-
cal, we first need an estimate of radical concentration. Since dissocia-
tion energy thresholds are lower than ionization thresholds,
dissociation rate is much higher than ionization rate. Al o, radical
diffusion to the wall is much slower than electron diffusion because of
the much lower particle speed. Consequently, the steady-state disso-
ciation fraction of molecular plasmas is much higher than the ioniza-
tion fraction or plasma density, n,. In the Sec. 9.1 example of N,
whose triple bond makes it one of the most difficult molecules to dis-
sociate, this fraction was found exzperimentally to be 0.025 at a mod-
erate power level of 0.3 W per cm?® of parallel-plate cross section. We
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Figure 9.34 Approximate frequencies of various events that can

befall a molecule in a glow-discharge plasma, for conditions and
assumptions given in the text. (Source: Adapted from a figure

in Ref. 72.)

ill assume for present purposes a typical value of 0.1n for frefe-rad.l-
ﬁlconcentrationp, where n is the total gas (molecule) cuncentrat{on. To
the molecule-radical reaction, we can now apply the rate equation for
a conventional (thermal) second-order reaction.[Eq. (7.34)]. Indeed,
free radicals are involved as intermediate species in many t.h'ermal
chain reactions such as combustion and polyn.mzq_zatmn. As in the
thermal case, the rate constant here is exponent.lal in T per Eq. (7 .3-5)
unless the activation energy, E,, is zero. E, is in fact always zero in
the case of radical-radical reactions, because then no bonds need to be
broken to activate the reaction—but E, may be nonzero vfrhen one re-
actant is a complete molecule. In the limit of E, = 0, reaction proceeds
at “collision rate” as expressed by Eq. (7.39), where tl’_)g room-T rate
constant is k, = 1.6x1071% ¢cm®/mes. Thus, forl the collision frequency
and upper-limit reaction frequency of an individual molecule, say CD,
with B radicals, we have

vy = Ringp = kenp = 1.6x10719. 0.1n = 3.8x10% p (9.56)
where the last equality uses n given by the ideal-gas law, Eq. (2.10),

i i i i in Fi 34. It will increase
with p in Pa. This frequency is also plotted in F.'lg. 9. It wi
with ﬂe because of increased dissociation fraction, and it will decrease
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if the process-gas mixture is di i
' iluted
reactive radicals. i

A comment is needed here re i
 comn : garding positive-ion chemist
positive ions have incomplete outer electron shells Just like ﬁ'?; l:'i(;?-;

cals do, and they are therefore :
straction by noble gas ions, very reactive [8]. For example, H ab-

gas that does not provide

Art +
+H; -5 ArH* + H (9.57)

or

Ar* + SiH, — ArH* + SiHj (9.58)

is very favorable thermodynamicall
' ¥, because the ArH*
}illed e}ectron shel'l and is therefore very stable (large rll):;:;:e 1‘1:5;1
ﬁ?gl:-lg d;az:lle reactions such as these are likely to be a parallel route to
free- generation in most plasmas. Ho i
e i mas. However, their rates are lim-
pact generation rate of reactive ion: ich i
iﬁ:ﬁg:ﬂ;@ﬂge tlllllau;.1 thelelectron-impact generation rate E'f' ‘::cll(i:(}:la]l:
' gher electron-energy threshold. Ion-mol
' S -molecul -
zlizxgsmmay blele more @Portant downstream of the plasma \irh:r:etalfe
- :'l:mwl' .have dissipated their kinetic energy (more in, Sec. 9.6.3)
- ph;::ilclzlg :I\:v; ee;:;ntsfb:ﬁalling a molecule entering the p]a;.s;'nz;
8 of diffusion to the wall
The frequency at which an indivi el s e
: : ndividual molecule reach. i
gwerse of its chax:acteristic diffusion time, which \::sﬂ:i::ll tl:dﬂ']e
q. (9.34) for a typical diffusion length of A = 1 ¢em. Thus . ¥

vp = l/ap = 4D/A% = 7.7x10%p (9.59)

Vv =W = 3
p=W/V = 1.7x10° Q/Vp (9.60)

where W = total volume flow rate of gas, cm%/s
V = plasma volume, cm? ’
Q = mass flow rate, sccm
p = total pressure, Pa

For a typical flow rate of 1
vom S50 00 scem through a 500 cm® plasma, we have
Comparison of these four order i
! . -of-magnitude frequen i i
Fig. 9.34 gives a good qualitative idea of which egentaczvfl?t:lr:r?lis ::
under various plasma operating conditions. In the ~100 Pa regimeaof‘
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conventional plasma CVD, the fastest event is collision with a radical.
Therefore, if a given molecule’s or radical’s reaction rate is fast with
the available radicals, it will react to product before diffusing to the
surface. The figure also shows that an incoming molecule is likely to
encounter a surface before being dissociated by electron impact. How-
ever, if it cannot chemisorb in its unactivated state, it will just reflect
or quickly desorb (see Fig. 5.1) until it finally does become dissociated
in the plasma. Then, because the radical collision frequency is orders
of magnitude higher than the electron-impact dissociation frequency,
thermochemically driven reactions are likely to dominate the plasma
chemistry despite the presence of fast electrons. This makes it possible
to form quite complicated precursor molecules in plasmas, and it also
suggests that those formed will be selectively the most stable ones
(most negative A¢G), although there is little information available to
confirm the latter point. At very high pressure, however, diffusion be-
comes so slow that electron-impact redissociation of these precursor
molecules becomes likely before they reach the surface and deposit, es-
pecially at higher power (higher n). The high reactivity of the result-
ing precursor radicals may contribute to the gas-phase macroparticle
formation (homogeneous nucleation) which is often encountered at
high pressure or power in plasma CVD. Macroparticle formation will
be discussed further in the next subsection.

Moving down in pressure to <4 Pa in Fig. 9.34, we reach a crossover
beyond which a radical, once formed, will diffuse to the surface before
colliding with another radical. In this regime, the film-forming reac-
tion sequence involves less gas-phase precursor formation and is in-
stead dominated by radical reactions on the surface. At about the
same pressure, depending on n, and mass flow rate, reactant mole-
cules begin to be pumped away faster than they can become dissoci-
ated, so that reactant utilization fraction (1 in Fig. 5.1) decreases. This
is an example of a shift in the rate-limiting step in a series of steps: re-
actant dissociation has become limiting here rather than gas supply.
However, 1 can be made high at low pressure by using one of the high-
power plasma sources discussed in the previous section. These have
an n, about 100x higher than that assumed for Fig. 9.34, and this
raises the dissociation frequency so that it intersects the pumpout fre-
quency at 100x lower a pressure. Figure 9.34 and the procedures used
to construct it are useful in determining which of the gas-phase pro-
cesses is going to dominate a given plasma-CVD process.

We now turn to the surface chemical processes by which the film
is formed from the adsorbed reactants and precursors (step g in Fig.
9.33). Little is known about the surface chemistry of plasma CVD,
largely because of the difficulty of analyzing a surface that is im-
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cleavage plane, so that after film deposition the substrate can be
cleaved to expose the film-thickness profile within the etched cavity.
The profile can be viewed and measured by scanning electron micros-
copy (SEM). Even the profile at incremental depths through the film,
as drawn in Fig. 9.25, may be seen by interrupting or modifying the
deposition briefly at intervals to produce SEM contrast. The hypothet-
ical film profile shown in Fig. 9.35 illustrates four surface processes
that can be distinguished by this technique. Deposition activated by or
carried by ion bombardment appears only directly under the trench
(region 1), because ions impinge perpendicularly from the plasma, pro-
vided that the trench width is much smaller than the plasma-sheath
thickness. On the other hand, neutral depositing species impinge over
a broad solid angle and therefore also deposit in region 2. Surface dif-
fusion would produce a thickening in region 3 due to surface species
diffusing around the trench lip from the top face. If the sticking coeffi-
cient, S;, of a particular depositing species is very low, its deposition
will be uniform out to the edge of the cavity in region 4. An intermedi-
ate S, will result in a dropoff in thickness moving outward both on the
bottom surface (region 2) and on the underside of the top surface (re-
gion 3). The latter effect may be distinguished from surface diffusion
by increasing the height of the cavity, which will cause thinning and
spreading of an intermediate-S, profile but will not affect a surface-
diffusion profile.

9.6.2 Macroparticles

Plasma-deposition processes are notorious generators of macroparti-
cles, otherwise known as particulates, dust, or powder. For now, we
will refer to these simply as particles, although in general, the term
“macroparticle” is more precise, because atoms and molecules are par-
ticles, too. When plasma-deposition processes are used in dust-free
clean rooms for integrated-circuit fabrication or other critical applica-
tions, great care must be taken to minimize particle generation and to
keep particles from being transported to the substrate or out into the
room. Particle transport is minimized by using the vacuum techniques
of Sec. 3.4.3. Particle generation occurs in several ways. One involves
the flaking off of deposits built up on surfaces surrounding the sub-
strate. This buildup is controlled by periodic system cleaning using
plasma etching, wet etching, or abrasion and washing. Particles can
also be ejected from various process-material vapor sources such as
electron-beam hearths, cathodic arcs, or sputtering targets, and their
minimization was discussed in connection with those sources.
Remaining generation is due to gas-phase (homogeneous) nucleation
of film material, which was discussed as a thermal-CVD problem in




534 Glow-Discharge Plasmas

Sec. 7.3.2. There, the remedies were to minimize reactive-gas partial
_ - i

: thin the reaction zon
remedies apply to plasma CVD. In plasma CVD h:\;r:\?ei tll:sr:lzme
» [] ge-

neous nucleation and partj
the presence of the plasl:na,lzieei(;m; zIbOth A s 4

A I.aartlcle immersed in a plasma beh ik
floating solid in a plasma in the sen
charge, q, determined by the floatin

field i
barrier. Consequently, massive particles become trapped in the

for minutes or even hours! The longer

plasm.a and can linger there

t wall

Figure 9.36 Coulombic

charged macroparticle of radi ich i
us r which is
the edge of the plasma sheath. e

collision of a plasma ion with a negatively
rostatically trapped at

r

9.6.2 Macroparticles 535

In the meantime, numerous other forces are acting on the sus-
pended particles, including the gas flow, gravity, thermophoresis (Sec.
7.4.3), and the “ion wind.” One or the other of these can eventually
push the particles out of the plasma, sometimes onto the depositing
film where they are most unwelcome. Ion wind refers to the flux of
ions from the bulk plasma into the peripheral sheath as described by
Eq. (9.20), and it interacts with the particles as follows. When one of
these ions passes within a particle’s sheath, it begins to feel the parti-
cle’s negative charge, q, and is deflected as shown in Fig. 9.36, thereby
transferring momentum to the particle. The smaller the impact pa-
rameter, p, the less that q is screened by the particle’s sheath, and the
larger is the deflection. This is a screened coulombic collision like the
ones between ions and solid atoms which were described in Sec.
8.5.2.2, except that here the coulombic interaction is attractive rather
than repulsive. The collision cross section may be expressed as
o= Jtpoz, where the characteristic interaction distance, p,, is propor-
tional to q and therefore to particle radius, r, by the spherical-capaci-
tor relation discussed above. This cross section is much larger than
the physical cross section of the particle, since r is much less than the
particle’s sheath width, b. The drag force produced on the particle by
these collisions [59] increases with ion flux and therefore with plasma
density, and it increases as r?, since o « 1:;(,2 o« g2 o r? in accordance
with the above discussion. This drag force pushes the particle toward
the containing wall or depositing-film surface against the electrostatic
retarding force of the plasma’s peripheral sheath.

The other forces acting on the suspended particles also increase rap-
idly with particle radius, r: gas-flow drag is proportional to surface
area [Eq. (2.28)] and therefore to r2, thermophoresis is proportional to
cross section (r?), and gravity is proportional to mass (r°). On the other
hand, the electrostatic trapping force is proportional only to the first
power of r. Thus, the growing particle eventually reaches a critical size
at which the trapping is overcome and the particle is pushed out of the
plasma. Which force overcomes the trapping and whether the particle
lands on the depositing film depends on conditions of ion flux [« n, by
Eq. (9.20)], gas flow velocity, T gradients, and substrate orientation
relative to gravity. In thermal CVD, the charge-related forces are ab-
sent, but homogeneously nucleated particles can still be suspended in
a layer above a heated substrate by the thermophoretic force acting
against gravity and gas flow (Sec. 7.4.3). In plasmas, the behavior of
suspended particles and how it depends on process conditions is more
complex and is just beginning to be understood.

Suspended particles can be observed easily by the scattering of a la-
ser beam directed into the plasma [60]. They are often, though not al-
ways, observed to accumulate at the edge of the sheath as shown in
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the reactants is injected through a downstream gas ring as shown in
Figs. 9.24 and 9.37. Downstream deposition also reduces the variety of
energetic species present at the deposition surface and may conse-
quently improve film quality. The price paid for these potential advan-
tages is in deposition rate, since the species that activate the deposition
reaction become deactivated as they proceed downstream.

To determine the dominant deposition mechanism of a particular
downstream thin-film process, one must first determine what active
species are available there. That is, one must assess the degree to
which the deposition region is decoupled from the plasma. Coupling
occurs in both the forward and backward directions: energetic species
are transported downstream, and reactants that are injected down-
stream can “backstream” up into the plasma source against the flow to
become activated there. Forward coupling of UV light, which can
cause activation of adsorbed species and radiation damage within di-
electric films, is easily blocked by the optical baffle shown in Fig. 9.37.
For the other active species, the degree of forward coupling depends
on their lifetime relative to the time it takes them to be transported
downstream.

The transport of ions and electrons is initially at the ambipolar dif-
fusion velocity of Eq. (9.17): u, = 3x10° cm/s for T, = 3 eV. But once
the electrons are no longer receiving energy from the plasma power
source, the drag of ions colliding with molecules thermalizes both spe-
cies to the gas T. The mean free path for molecular collisions was esti-
mated after Eq. (2.24) to be ! (cm) = 1/p for p in Pa, and since ion-
molecule momentum transfer is efficient for similar masses
[Eq. (8.20)], the thermalization time constant is

1, =, = 3x10%p (9.61)

gas ring
baifle substrate

Figure 9.37 Geometry for downstream plasma CVD.
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TABLE 9.1 Fates of Active Plasma Species in Common Collisions

Active species

Collision
with B* B* B (radical)
Molecule Deactivated by
Eq. (9.58) if mol- [Egs. (9.1) and
ecule contains H (9.2)]

Penning reactions Can react or can recombine in
third-body collision

Can become unreactive B~ by Eq.

Electron Recombination
needs third body (9.38)
[Eq. (7.38)]

Wall Neutralized if elec- Energy lost to Reaction rate increases with
tron available wall [7] adsorption time and wall reac-

tivity (Sec. 5.1)

1. The B* ions can react into an inert ion by H abstraction [Eq. (9.58)]
only to the extent that the downstream reactant is backstreaming
or another H-bearing molecule is available. Recombination with
an electron is unstable if pressure is low enough (such as 20 Pa)
that third-body collisions are not available to carry away the
energy of recombination [see discussion preceding Eq. (7.38)].
Ions are always neutralized at conducting walls, but they are
neutralized at insulating walls only if electrons are supplied.
Since there are always electrons in the flow stream, wall neutral-

ization is likely.
The metastables, B*, can transfer energy to other molecules by

2.
Penning reactions [Egs. (9.1) and (9.2)]. Even if no such reactions
are available, they will generally be deactivated in their first col-
lision with the wall [7].

3. The free radicals can be kept from reacting with other molecules

if backstreaming is avoided, and from recombining in the gas
phase if pressure is held low enough to avoid third-body colli-
sions. They can also survive wall collisions if the wall is unreac-
tive toward them (no chemisorption) and if their adsorption
lifetime is short enough that they do not find each other and
recombine before they desorb. (The kinetics of surface reactions
were discussed in Sec. 5.1.) Fluorocarbon coatings such as Teflon
provide the best passivation against free-radical deactivation,
with dielectrics next and metals worst in general, due to the rela-
tive adsorption energies and lifetimes on these surfaces. The rad-
icals can also form inactive negative ions by electron attachment
[Eq. (9.38)], but there are so many more radicals than electrons in
- the stream that depletion will be negligible.
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flow stream [65]. Free radicals emanating from the plasma are not as
collimated as are electrons and ions confined to magnetic field lines, so
the pattern from radical deposition would have been much less dis-
tinct. The surface activation mechanism accounts for the directional
deposition illustrated in Fig. 9.25b which can be obtained downstream
of these plasmas. Backstreaming will still occur to the extent that re-
actant can reflect or desorb from downstream surfaces before reacting,
but for ionization fraction approaching unity in a high-intensity, low-
pressure source, much of this backstreaming reactant will become ion-
ized and thrown back at the substrate rather than depositing up-
stream. This direct deposition by ions is also directional.

One might expect that a high enough ion flux emanating from a
plasma would sweep backstreaming reactant downstream even for
Kn > 1, but it may be argued as follows that the ion flux is not high
enough to do so. Figure 2.6b showed an ion passing into the plane of
the paper through an array of gas molecules, and the ion’s mean free
path was calculated as the distance the ion had to travel before the
collision cross sections with the molecules it passed, 6,,, “filled” the to-
tal cross section. Using similar reasoning, we now consider the reverse
case of a stream of ions passing out of the plane of the paper past a rel-
atively stationary thermal molecule. The mean time that it takes for
this stream to fill the cross section and thus collide with the molecule

is
(9.64)

t=1d,0y
where J, is the ion flux in ions/cm?.s (versus j, for A/em?). Using
Eq. (9.20) for the ion flux, we find that for n, = 102 cm™ and T, =3
eV, t= 2x1073 s, During this time, a room-T molecule travels 80 cm, so
backstreaming is not significantly impeded by the ion flux.

At higher pressures and flow rates where backstreaming can be
avoided, and when the plasma generates chemically active free radi-
cals such as O or N atoms, downstream deposition occurs by reaction of
these radicals with a film-forming gas injected downstream, such as
SiH4 to form SiOg or SiN,H, films, respectively. At still higher pres-
sures including atmospheric, O reacts with Oy to form Og (ozone),
which is also an active downstream oxidant. For example, its reaction
with Si(OCH4,CHg), (tetra-ethoxysilane or TEOS) forms SiOg which is
known for excellent deposition conformality over substrate topography.

9.6.4 Case studies

Only a few plasma-CVD chemical systems have been studied enough
to describe their deposition mechanisms. Chemical-kinetics studies
require elaborate apparatus and tedious measurement. For process
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these reactions available in the electronically excited species, SiHg*,

e internal-energy content is well above that of the products in
ondon principle illustrated in Fig. 9.1.

n fact, because that is the observed
dissociation (Fig. 9.2). The portion
king appears as either internal or

whos
accordance with the Franck-C

Its energy content has to be 28 eV, i
electron-energy threshold for SiHy

of this energy not used in bond-brea
translational energy of the products. It has been argued that Eq.

(9.67) should dominate [66] because it has been determined to do so
when SiH, excited by 8.5-eV photons dissociates, but it is likely that
all three reactions occur to some extent. This is different from the
thermal-CVD situation, where the vertical electronic excitation of Fig.
9.1 does not apply. Thermal excitation instead involves vibrational
excitation through molecular collisions, as discussed in Sec. 7.3.2.
Since the occupancy of vibrational energy levels is exponentially dis-
tributed in accordance with Boltzmann statistics as expressed in Eq.
(5.13), the low-A H reaction of Eq. (9.66) is strongly favored in thermal
CVD. This is a crucial difference between plasma chemistry and ther-

mochemistry.

Thus, three principal radic
tion by the above reactions, an
to react with neighboring specie
modynamic favorability. The insertion reactions

al species are produced in some propor-
d these “primary” radicals then proceed
s in ways which are governed by ther-

. : 11 e NE 2
SiH, + SiH, - Si,H,— Si,Hg (9.68)

and

(M)

SO B S E (9.69)

Sip+1Hon+4

are known by direct measurement [67] to proceed at collision rate;
that is, with the fastest possible rate constant of k = 2x10~1° em®/me-s
[see Eq. (7.39)]. De-activation of the SigHg* requires a third-body (M)
collision, without which it will just fall apart again. However, k
reaches its high-pressure limit with only 130 Pa of He, and this
would be lower for other gases. Polysilane species with n > 2 in Eq.
(9.69) have enough vibrational degrees of freedom to absorb the reac-
tion energy without the aid of a third body, so they are fast at arbi-
trarily low pressure. These latter reactions are responsible for gas-
phase powder formation in both thermal and plasma CVD of Si when
pressure is too high, as shown in Fig. 7.15. The other two primary
radicals react less quickly. H produces additional SiHg by H abstrac-
tion [Eq. (9.63)] with k = 4x10~13 em3/mc-s as measured by several
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phous to “microcrystalline” that occurs with increasing Hy dilution
[68] of the SiH4 or with increasing exposure of the film to Hy plasma
[70] between intervals of deposition in pure SiH4. The stronger, un-
strained bonds occur where a cluster of Si atoms happens to be ap-
proaching its crystalline arrangement, so these crystalline nuclei are
selectively left unetched. Now, the microcrystalline Si has far fewer
dangling bonds upon which to attach H than does aSi, since they re-

side only at the grain boundaries instead of throughout the solid.
Thus, we are presented here with a curious situation in which a 10x or
ults in a 10x decrease in the H

so dilution of the SiH, plasma in Hg res
content of the deposited film! Similar etching selectivity is believed to
be responsible for the ability to deposit diamond films from CH4-Hy

plasma. Even though graphite is the thermodynamically more stable

form of C (except at very high pressure), a higher etch rate for graph-

ite would cause kinetics to win out over equilibrium considerations.
Selective etching can also be used to obtain substrate-selective depo-

because the bonding of depositing Si precursors is weaker to
than it is to Si itself. Since F atoms

e used to obtain substrate-selec-

sition,
dissimilar substrates such as SiOy
etch Si, an SiH,-SiF4 mixture can b
tive deposition [71]. Within a certain window of SiH,/SiF 4 ratio, depo-
sition is obtained on Si but not on SiOg, while outside of the window,

tion is obtained on both or neither of the two surfaces. Selective

deposi
y in the context of thermal CVD to-

deposition was discussed more full
ward the end of Sec. 7.3.3.

9.6.4.2 Silicon nitride. Plasma-CVD silicon nitride, SiN,Hy, deposited
from SiH4 + NHj, is widely used in the microelectronics industry as a
diffusion-barrier coating and as the gate dielectric in aSi field-effect
transistors. Like aSi, an amorphous network of Si and N having insuf-
ficient H is overconstrained by the presence of four bonding electrons
on Si and three on N. However, during SiN,Hy plasma deposition, con-
siderable H (~30 at.%) becomes incorporated and serves to reduce the
overconstraint by terminating Si and N bonds. By contrast, SiOg is not
overconstrained, because the O, with only two bonding electrons, can
more easily adjust itself in the network to find Si neighbors. This is

why bulk SiO; can form a glass (fused quartz) as well as a crystal and
why plasma-CVD SiOy incorporates relatively little H (~2 at.%). The
H in plasma SiOy appears as OH, which decreases with increasing
substrate T as it combines and evaporates in the form of H0, leaving
the remaining O bonded to Si. Bond termination in dielectric films is
important for many electronics applications, because dangling bonds

can trap injected charge and thereby produce internal electric fields
which alter device properties.
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characteristic of this material unless deposited at low frequency (see

sited this way also exhibits good film confor-

Fig. 9.17). SiN,H,, depo
mality over topography, indicating that Si(NHg)s has a low sticking co-
efficient, S,. The condensatio

stress increases, and N and H content de-

with increasing substrate T,
crease. The endpoint of this reaction would be the formation of SigNy,

but at 530° C the film still contains 20 at.% H. For precursor decompo-
sition, we can write the following overall balanced reaction:

n reaction is thermally activated, because

3Sl(NH2)4 —3 Si3N4 + 8NH3 (970)

The reaction of SiH, with NH, represents a chemical “oxidation” of
the Si. The plasma generates the NHp, oxidant from NHjg in propor-

tion to the power applied, and this oxidant is then consumed in react-
same behavior has been observed [72] in the

ing with the SiH,,. The

reaction of SiH4 with N generated from Nj to form SiN,H, and with O

from NyO to form SiOg. In all cases, complete oxidation of the Si re-

quires the presence of excess oxidant. As SiH, mass flow rate is in-

creased, the oxidant becomes depleted as shown in Fig. 9.39a until an
xidant is completely consumed. At

endpoint (F,) is reached where the o
gins to react with itself to form

higher flow rates, the excess SiH, be
be detected by mass spectrometry downstream,

SioHg gas, which can
and a smaller amount of the SiH,, deposits as aSi which becomes an
undesired part of the nitride or oxide film.

The Fig. 9.39a experiment is essentially a “titration” of the oxidant
using SiH,4, with the appearance of SigHg being the endpoint signal.
SiH,4 plasma-oxidation processes may be “tuned” in this way to control
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atoms. SiHy + NoO is widely used to deposit SiOg. NgO is preferable
to Og as an O-atom source because it does not spontaneously react
with the SiHy in the gas-supply manifold to form powder like Og does.
Upon electron impact, N,O dissociates into O and Ny, and negligible
N is incorporated into the film except at excessive power. Consider-
able Si(OH),, which is the analog of Si(NHg)y, is seen in the gas phase
along with other product molecules, but they are unlikely to be the
dominant film precursors, because their subsurface condensation re-
action would produce tensile stress as in the case of nitride, whereas
plasma SiO; actually has compressive stress [72]. This stress rever-
sal is used to advantage in depositing oxynitride, SiO,N,H,, from
SiH, + NH3 + N2O. By adjustment of the NH3/N,O ratio, film stress
can be made exactly zero, so that films many microns thick can be de-

posited without cracking or buckling.

9.7 Conclusion

The glow-discharge plasma is a convenient and versatile source of
energetic particles for activating film-deposition processes. It is char-
acterized by a low gas T and by a much higher electron T which is
driven by electrical power input. Free radicals generated by electron
impact can activate CVD reactions at much lower T than is required
for thermal CVD, thus allowing processing of T-sensitive materials.
The positive-space-charge sheath surrounding the plasma accelerates
positive ions into surrounding surfaces at kinetic energies of 10 to
1000 eV. These ions are useful for source-material sputtering and for
Alm structural modification during deposition. Indeed, the sputter-
magnetron is the most widely used technique for volatilizing solid
material in thin-film deposition.

Free-radical chemistry and ion energy vary considerably with sub-
strate location and with plasma conditions, especially gas pressure,
electrical frequency, and power level. Therefore, the choices of reactor
geometry and plasma operating conditions are critical to achievement
of the desired film properties. Higher pressure allows more gas-phase
chemistry to take place and often produces macroparticle contamina-
tion if it is too high. It also scatters ions and sputtered particles and
thus reduces their kinetic energy at the surface. Electrical frequency
at or above the standard 13.56 MHz is preferred for coupling power
through dielectric materials. Increasing frequency reduces ion energy,
through a transition in sheath behavior at about 1 MHz and through a
steady decrease in sheath voltage at higher frequencies.

One may identify two main categories of plasma-CVD reactors: the
conventional parallel-plate discharge, and electrodeless discharges.
Electrodeless discharges can be operated at much higher power den-
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9.10 Consider a plasma sheath to be oscillating sinusoidally with a
peak-to-peak amplitude equal to the sheath thickness of
Eq. (9.23). For 13.56 MHz drive power at a peak voltage of 300 V
and for n, = 101 cm™@ and T, =3 eVin the plasma, what is the

eV of an electron reflected off the oscil-
lating sheath? (Hint: use a moving coordinate system.)

9.11 Estimate the pressure for most efficient power coupling in a

2.45 GHz plasma having T, = 3 eV. (Sec. 9.5.1)

y 9.12 Assuming a typical electron-molecule collision cross section for

momentum transfer, calculate the pressure at which a 10-eV

electron in a 2.45-GHz ECR plasma encounters one collision per

orbit.

: 9.13 An rf-bias power of 400 W is needed to achieve a dc bias of -300 V

on a 150-cm? substrate platform downstream of an ECR source.

(a) What is the ion flux to the substrate, and (b) what is the

plasma density over the substrate?

9.14 Derive Eq. (9.51) from Eq. (9.49).
9.15 (a) What two operating conditions in high-
glow discharges result in ionization fractions near

power, electrodeless

unity? (b)

+ l:l : What allows each of these operating conditions to be achieved?

9.16 Show that a molecule can indeed travel about 80 cm upstream
against the plasma-source ion flux in the example following

[ I Eq. (964)

9.17 Describe at least three depositio
apparatus of Fig. 9.24.

9.18 Describe three ways to reduce macroparticles in plasma CVD
and how they work.

9.19 (a) How many scem of SiHy are required to deposit SiN; 7H; ; of
density 2.3 g/em® at 500 nm/m in a 30-cm-diameter parallel-plate
reactor, assuming 60 percent SiH, utilization? (b) What is the

NHg needed to achieve N saturation

minimum mass flow rate of
of the SiH,, assuming 20 percent NHg dissociation?

n mechanisms operable in the
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