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3.10 Water diffusing through an elastomer O-ring seal from at;
sphe're at a rate of 0.01 sccm is the principal background gas ;:110-
partlcul:ar vacuum chamber being pumped at 1000 /s Vth T Y
the partlal pressure, in Pa, of water in the chamber? . e

3.11 An ion gauge which indicates pressures p; is bei1'1g calibrated
against a capacitance diaphragm gauge wlhich indicates pres-
zures P and which has a zero offset of Pe- The following t?hree
Oata points (p;, p) are taken, in units of Pa: (0.12, 0.04), (0.10
.03), and (0.06, 0.01). (a) What is p,? (b) What is the ion gauge
calibration factor f = p,/p;? e

3.12 List the factors affecti )
ol ecting the level of water background in a vac-
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Chapter

Evaporation

In the previous two chapters, we examined the foundations of vapor
deposition in gas kinetics and vacuum technology. Now we can begin
to examine specific deposition processes. In this chapter, we will
address the thermal evaporation of source material and its transport
to the substrate within a high-vacuum environment. This is the basic
physical vapor deposition (PVD) process. In the next two chapters, we
will look at the deposition behavior of the vapor once it arrives at the
substrate. In subsequent chapters, we will discuss other ways of sup-
plying vapor, including the use of chemical vapors (CVD) and nonther-
mal methods of vaporization: that is, energy beams and sputtering.

4.1 Thermodynamics of Evaporation

We begin the discussion of evaporation by reviewing some basic princi-
ples of thermodynamics and chemical kinetics which will be useful in
many aspects of thin-film work. Evaporation is a classic illustration of
these principles, so it provides a convenient context within which to
develop them. Our present objective is to predict the evaporation rate
of a material from available data such as the boiling point and heat of
evaporation. Readers familiar with the concept of entropy as disorder,
with the significance of the Gibbs free energy and the chemical poten-
tial in determining equilibrium, and with the origins of the Clausius-
(lapeyron equation may wish to skip this section.

The vapor-liquid or vapor-solid equilibrium situation is shown in
Iig. 4.1a. Here, we are considering either a single element or a pure
compound which does not dissociate upon evaporation. Alloys, mix-
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Figure 4.1 Evaporation situations: (a) vapor-liquid (or solid) equilibrium in a closed
system, (b) Knudsen-cell effusion, (¢) vacuum evaporation, and (d) radiation-
blackbody analogy.

tures, and dissociatively evaporating compounds will be dealt with in
Secs. 4.3 and 4.4. The condensed phase of our material, liquid or solid,
is in equilibrium with its pure vapor in a closed isothermal container
which will be the system under study. At equilibrium, the pressure in
the vapor phase is the (saturation) vapor pressure, Py, as discussed in
Sec. 2.1. It is important to note that this equilibrium is a dynamic sit-
uation in which the molar condensation rate, Q., and the molar evapo-
ration rate, Q,, are balanced.
The system of Fig. 4.1a is closed; that is, no mass crosses its bound-
aries. However, energy in the form of heat, q, may be added, causing
evaporation, and then energy in the form of mechanical work, w =
pyAV, is removed from the resulting vapor as it pushes back the sur-
rounding atmosphere or pushes on the piston shown, exerting force I,
This is the principle of the steam engine, from which Josiah Willard
Gibbs gained much of the inspiration for his development of the theory
of thermodynamics. Not all of the heat input can be transformed into
work, however. Most of it is consumed in increasing the energy of the
molecules within the system, which is called the “internal” energy, U,
In our earlier discussion of heat capacity leading to Eq. (2.14), we were
concerned only with the molecular kinetic energy components of U,
Now, we must include the much larger molecular potential energy
component, €, which accompanies the removal of a molecule from the
condensed phase into the vapor phase. This removal process is illug-
trated in the potential-energy diagram of Fig. 4.2. The molecule in the
condensed phase sits near the bottom of a potential well created by ita
bonds to neighboring molecules situated at the material’s surface (z =
0). Evaporation involves removing the molecule to z = « by breaking
these bonds and raising €p. In the above interchange of heat and work
accompanying evaporation and piston-pushing, total energy must be
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Figure 4.2 Molecular potential-energy diagram for evaporation
and condensation.

conserved in accordance with the first law of thermodynamics, which
is expressed in differential form as

dU + dw =dq (4.1)

That is, an increment of heat input must show up either as internal
energy stored or as work output. .

’lbgf)‘:lrther discuss equilibrium, we need to invoke the more subtle
concept of entropy. Consider a process involving changes in tempera-
ture and pressure (T and p) to our system. Let these changes be ca}zl';
ried out slowly—close to equilibrium—and let .th.e system be brou% :
back to its original state at the conclusion. This 1s.called a'revers(; [
process. The classic example used in thermodynamics texts is the z;:‘-
not engine cycle. Analysis of such processes shows that they obey the
gecond law of thermodynamics, namely,

dq _ §>ds L5 4.2)
T

where the circle indicates integration around.a closed loop, and T és in
K. This equation defines the entropy, S; that is, dS - dq/T, where ({) is
the heat flow in a process being carried out rever's1b1y: For revers1F e
processes, total S of the system plus the surroundn_lgs is coqstant. or
irreversible processes, total S increases. Entropy increase 1s altlm.eas-
ure of the degree of randomization of energy that was initia y in ;
form out of which work could be extracted, such as a dlfferencg inp,

or concentration. For example, if the force exerted by the piston in
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Fig. 4.1a were not used to store mechanical energy, but rather were
allowec'l to dissipate its energy as heat (such as by friction), total S
ylvlould mck:)rease. In pr(;(iesses carried out near equilibrium, S :ioes not
increase because it is alrea i i i :

. 5 dy as high as it can be given the amount of

. The following example of entropy increase involving a concentration

d'1ﬁ'erence shows the connection between randomization and equilib-
rium. Consider the eight molecules in Fig. 4.3a, four black ones in one
box (.such as a crystal lattice) and four white ones in another, with a
barrier between the boxes (such as an activation energy for dii’fusion)
There are only four positions available for the four black molecules ir;
the top box, and since the black molecules are indistinguishable from
one zinother, there is only one way to arrange them (one “quantum
state”). qu, we know that removal of the barrier causes the mole-
F:ules to mix, just as salt dissolves when dropped into water. After mix-
ing, there are most likely to be two black and two white molecules in
tl'.1e top box, and now there are six ways to arrange them, as shown in
Fig. 4.3b. It may be shown by statistical arguments that :

=knlng 4.3)

where kg = Boltzmann’s constant
Q = number of quantum states

Thus, irreversible mixing has increased the entr

in th_e top box from zero to 1.79 kg. By comparisf)rzpr};:afllﬂffoi (::ll:ec lcllliel,
cussion 'of Sec. 2.2 that the Maxwell-Boltzmann distribution is the
egmhbnum distribution of molecular speeds because it is the distribu-
tion that provides the maximum number of ways of arranging a sys-
tem of molecules both along the ladder of quantized translational
energy levels (the Boltzmann factor) and among the quantum states
available at each energy level (the degeneracy), given a fixed total
energy for.the system. The reason for the appearance of the natural
logarithm in Eq. (4.3) is that S appears in an energy term, as we will
see below, and energy terms are additive, whereas probal;ility terma
such as Q are multiplicative. The above example has been an admit
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Figure 4.3 Ways of arranging four molecules in a box: (a) before mixing, (b) after mixing,
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tedly cursory but necessarily brief introduction to the subject of statis-
tical mechanics. It is included because it is important to think in
terms of the degree of molecular randomization in examining chemical
processes. For a more rigorous and comprehensive discussion, see
Sears (1950) or other texts. There will be further discussion of these
concepts in Sec. 5.2 in the context of surface diffusion.

We have shown above that at fixed energy, entropy tends toward a
maximum as a system approaches equilibrium. Conversely, at fixed
entropy, energy tends toward a minimum as a system approaches
equilibrium. For example, entropy considerations aside, the molecule
in Fig. 4.2 would fall to the bottom of the potential well in moving
toward equilibrium, just as all the stuff in your house tends to end up
on the floor if you don’t keep picking it up. In evaporation, and in
many other processes, both energy and entropy are varying. Removal
of the molecule from the potential well into the vapor phase increases
its potential and kinetic energy. Removal also increases its entropy,
gince clearly a molecule in the vapor phase has more quantum states
available to it than in the condensed phase, both in position (“configu-
rational” entropy) because it is in free space, and in energy level
(“thermal” entropy) because the translational-energy quantum states
are so closely spaced.

The equilibrium relationship between the competing factors of
energy and entropy is seen by making the following substitutions in
Eq. (4.1): dw = pdV and dq = TdS [from Eq. (4.2)]. Rearranging the
result, we have

dU + pdV-TdS=dG =0 (4.4)

Here, we have also introduced G, the Gibbs free energy, often simply
called the free energy. G is defined as

G=(U+ pV)-TS=H-TS (4.5)

Here, H is the enthalpy, which appeared earlier in connection with
heat capacity at constant p [Eq. (2.15)] and which will be useful below.
H is the energy term to use for constant-p processes, where pdV work
ig being done on the surroundings, while U would be the term to use
for constant-V processes. Differentiating Eq. (4.5), we have

dG = dU + pdV + Vdp — TdS — SdT (4.6)

which reduces to Eq. (4.4) for processes carried out at constant T and
p, such as evaporation and many other processes in thin-film work.
Thus, we see that G provides a concise definition of equilibrium,;
namely, a system held at constant T and p is at equilibrium when dG =
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0 for any disturbance, such as the evaporation of dN,, moles of con-
densate. This implies that G for the system is at a minimum. Mathe-
matically, G also could be at a maximum (unstable equilibrium), but
we know that moving toward equilibrium involves decreasing H and
increasing S, which means that G is decreasing toward a minimum by
Eq. (4.5). Note that T appears in the entropy term in the above equa-
tions and gives it the units of energy by the definition of entropy in
Eq. (4.2). This means that the entropy term becomes more important
in proportion to T. That is, increasing the thermal motion promotes
randomization, as one would expect, just as you know that it is more
difficult to put your house in order when there is a party going on.
During evaporation, H is raised, but this is compensated by an
increase in S so that G remains at the minimum. At higher T, more H
can be compensated because of the larger TS increase, so py increases
with T, as we well know. Also note that evaporation can proceed by
absorption of heat from the surroundings (evaporative cooling), which
creates a T difference. This process is driven by the increase in 8
accompanying the evaporation, and it is an example of an “endother-
mic” (heat absorbing) reaction.

At this point, it is useful to introduce another function which
expresses the incremental change in G for addition of material to a
phase at constant T and p. This function also may be applied to multi-
component mixtures by defining it as

oG
i = | N 4.7
p’l (a 1'111)T’ p’ ij ( )

where | is called the chemical potential of component i, and Nm; is the
number of moles of that component. Different components consist of
different kinds of molecules. The partial differential symbol, 9, is used
above because G also is a function of T, p, and Ny, where j denotes the
other components; but here, the amounts of the other components are
being held constant. For a single-component system such as our evap-
orating pure condensate, p is just the free energy per mole of conden-
sate, Gp.. We have shown that, at vapor-liquid equilibrium, G for a
closed system (vapor plus liquid) does not change as evaporation pro-
ceeds at constant T and p. In practice, the system must be slightly
removed from equilibrium so that the heat of evaporation can flow into
it along a T gradient. In any case, moving dN,, moles of material from
the condensate into the vapor involves no change in the G of the total
system, and thus,

(
He = Hv (4.8)
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nd v denote the condensed and vapor phgses, respectlve_ly.
¥I}11izrfs (;rzliother way of stating the equilibrium cond}tlon, and it a};l)ptl;lgs
whenever the number of moles of each component is constant (1: a t;f’
no reactions). The difference in p from one phase to ano?h.er v»; en . 3
two are not at equilibrium may be thought of as t:he drlvmg. ‘1):(;‘8 0
motion toward equilibrium; hence the term “chemical potentlzjll ﬁn{; };IL
Material will move from phases of high p to those of low p until all the

are equal.
: ‘{:l’}eur(ics)w hav(i all the tools we need to quantify t.he flependex_lce of Pv
on T. We know that at any point along the vapor-liquid (or solid) e(illljll-
librium curve of Fig. 2.2, Eq. (4.8) holds. As we move up the curvetj the
| values of both phases increase, and they must both increase g 3 e
game rate in order for Eq. (4.8) to continu(? to hold; that is, d]rth};-' Vi
or for our pure material, dGpe = dGyy- Since we are at.eqm i nu.mr;
Eq. (4.4) holds; that is, dU = TdS — PdV. Substituting this expressio

for dU into Eq. (4.6), we have

dG = Vdp—SAT or dGp; = Vigidp — SpdT (4.9)

where i denotes condensate (c) or vapor (v), and m denotes “per mole.
Thus, at equilibrium between the two phases,

Vedp — SedT = Vinydp — S
or
dpv iy va o Smc s ASm
Rip > vt R

m

(4.10)

Since AG,, = 0 for evaporation, we have from Eq. (4.5) t?at AVHZ;
TAS,,, where AyH is the “latent heat” (en?hal_py c_hange) 0 vapor:her
tion per mole. Note that the heat of vaporization is an H term :a e
than a U term because it is measured at const?.nt p, not gt cons ZnH/'I"
and thus it includes the pAV work of expansion. Subst1tu§1ng o

for AS,, in Eq. (4.10) leads to the Clausius-Clapeyron equation,

dp, AH (4.11)
dT ~ TAV

m

imi llows. Consider Vi, to be
The volume term may be eliminated as fo :
negligible, since it is typically 1/1000 of Vp,, at 1 atm. For ideal gases,
Vv = RT/p from Eq. (2.10). Thus,
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d AH
vl ( i ZJdT (4.12)
Py RT
and this integrates to
_AVH 1
In p, = 2.3log,,p, = (T)(’T‘)+B (4.13)

where B is the constant of integration. Here, we have assumed that
AyH is independent of T, which is not exactly so but nevertheless is
reasonable in regions far from the critical point (Fig. 2.2). Alterna-
tively, we may express Eq. (4.13) in exponential form:

p, = B’ exp (-A_H/RT) (4.14)

The exponential factor here is the familiar one which appears in all
thermally activated chemical processes, evaporation being an example
of such a process. This factor will be derived in Sec. 5.2 Most of the
energy in AyH goes into raising the condensate molecule out of the
potential well of Fig. 4.2, and the remainder goes into the resulting
vapor molecule as random translational kinetic energy (g;) and as the
pAV work which it does on the surroundings (see Exercise 4.1).

Note that a plot of In p, or logyop, versus U/T (T in K) is a straight
line according to Eq. (4.13). This is a useful way to estimate the py of
materials for which p, versus T data are not directly available (see
Exercise 4.2). Almost always, one has available [1, 2] the boiling point
of a liquid, or equivalently, the sublimation T of a solid, and the AGH at
that T. For compounds, often just the molar enthalpies of formation
from the elements, AjH, are listed for the two phases, from which one
can calculate A\H = AdH, — AdH,.. Figure 4.4 shows the Eq. (4.13) plot
for water as a dashed line extrapolated from the boiling point down-
ward using the slope calculated from AH at 100° C (40.6 kJ/mole),
The solid curve shows the actual p, data. At a p, level of 1 Pa, which is
typically encountered in source-material evaporation for thin-film pro-
cesses, the linear extrapolation has overestimated p,, by x4. This is not
so bad for a x10° extrapolation in p, but clearly it is not good enough
for setting source-material flux in a thin-film process. For this and
other reasons which we will examine in the next two sections, source
flux must always be measured directly. Nevertheless, even an order
of-magnitude estimate of p, is useful for several reasons. It can predict
the source T that will be required fairly accurately; in the case of

water, the predicted T for 1 Pa is low by only 15 K. It can predict

whether a material is going to have to be cooled or capped off to pro-
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Figure 4.4 Vapor-pressure behavior of water. (Solid
line = measured data.)

vent its evaporation at room T or at vacuum-chamber bakeout T; for
example, the Group II (Zn, etc.) and VI (S, etc.) elements are problem-
atic in this respect. It can predict how cold a cryogenic trap has to be
to pump a material. For example, over the liquid nitrogen-cooled trap
discussed in Sec. 8.4.2, the extrapolated p, of water is about 10-17 Pa,
which is totally negligible. Finally, it can predict how hot the walls of a
CVD chamber have to be to prevent vapor condensation.

The p, is the first piece of information needed to determine evapora-
tion rate, Q,, which we will discuss next. The p, data for elements are
given in Appendix B. For compounds, p, sometimes can be found in
the literature [3]; otherwise, it can be estimated as discussed above.

4.2 Evaporation Rate

When evaporation is taking place close to vapor-liquid (or solid) equi-
librium, the effusion rate, Q,, from a vapor source can be found from
the vapor pressure, p,, alone. This is the case for the vapor source
shown in Fig. 4.1b. Here, the closed isothermal system of Fig. 4.1a has
been modified by opening an orifice in the top which is small enough so
that the resulting effusion does not significantly reduce the pressure,
p, in the vapor phase; that is, p = p,. Suppose that the oriﬁge 1s.small
enough so that Kn > 1, and the orifice is therefore operating in ?he
molecular-flow regime. Here, Kn is calculated from Eq. (2.25) using
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the orifice diameter as the characteristic dimension, L. If in addition,
the orifice length is appreciably less than the orifice diameter, then the
orifice is termed “ideal,” and the effusion rate, Q,, is given by Eq. (3.5).
In that equation, the downstream pressure, p;, may be taken as zero,
since we are talking here about effusion into high vacuum. This situa-
tion is known as a “Knudsen cell.”

To avoid reducing p significantly, the Knudsen-cell orifice has to be
small enough that Q, << Q,, where Q, is the evaporation rate from
the surface of the condensed phase. At this point, we know Qe, but we
do not know Q,. The determination of Q, from first principles has not
yet been accomplished, but we can reliably determine an upper limit
to Q, as follows. A mass balance around the vapor phase in the cell,
using the steady-state form of Eq. (3.1), gives

Qv = Qc it Qe (4.15)

where Q, is the condensation rate of the vapor. Neglecting Qe, Which
we have specified as relatively small, we have remaining the expres-
sion for vapor-liquid equilibrium in terms of a balance of condensation
and evaporation rates. We can write the same balance in terms of
fluxes per unit area of condensate surface (J = Q/A). We know the
impinging flux, J;, from kinetic theory [Eq. (2.18)]. Upon impinge-
ment, there is a range of degrees of interaction with the condensate
surface which will be analyzed more thoroughly in Sec. 5.1. At the
lower limit of this range, the vapor molecule bounces off after a single
collision. At the upper limit, it becomes bonded strongly enough to the
surface to become incorporated into the condensed phase. The portion
of J; that condenses is denoted as J,. If all of the impinging flux does
condense (J; = J;), then the vapor-liquid equilibrium (J, = J,) may be
written as

J=dJd, (4.16)
where subscript o denotes the upper limit to J,, that corresponds to all
of the impinging flux condensing. Moreover, we would expect Jy,, to be
unchanged if we were to remove the vapor phase and were to consider
evaporation from an open crucible or surface as shown in Fig. 4.1¢,
We would expect this because the evaporation of an individual mole-
cule of condensate from the surface is not retarded by the impinge-
ment of vapor molecules elsewhere on the surface. Molecular
potential interactions can extend only over a few atomic distances,
and the probability of a vapor molecule landing that close to a surface
molecule in the course of its evaporation is very small even at py =
1 atm (see Exercise 4.3). N
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It has been verified experimentally that evaporation occurs at this
upper-limit value (J, = J,) for those metals that have atomic vapors,
as most metals do. (The vapor. ions of the elements are given
in Appendix B.) For other materials, J, generally is lower than J,,
and this is accounted for empirically by introducing an evaporation
coefficient o, defined by

J,=ody, (4.17)
There is a corresponding condensation coefficient o, defined by
Je.=0.d; (4.18)

At equilibrium, where J, = J, it follows that o, = o,. Away from equi-
librium, the coefficients can differ from each other and can have differ-
ing p and T dependencies. The coefficient oy has been determined only
for a few materials; for example, it has a very low value of about 104
for As [4]. However, o, generally is not known, and the factors that
influence it are not well understood. This means that unless evapora-
tion is being carried out from a Knudsen cell (Q, << Qy), effusion rate
cannot be predicted accurately and must instead be measured directly
in thin-film deposition processes. For the Knudsen cell, it must be ver-
ified that the orifice is small enough to avoid depleting the vapor
phase (see Exercise 4.4). Even for metals having atomic vapors, where
o, = 1, a melt surface that is partially obstructed from evaporating
freely, such as by an oxide skin, will have an evaporation rate lower
than that calculated using the macroscopic melt area.

It is useful to observe that o, and o, are analogous to the absorptiv-
ity, o, and emissivity, €, of a surface for electromagnetic radiation
(heat and light). Moreover, the behavior of heat radiation will be
important later on for the analysis of T control in vacuum, so we
digress to discuss it now. For radiation impinging on a surface, the
fraction absorbed is given by o; the remainder is reflected (or trans-
mitted). Absorptivity is a function of wavelength, A, and of incident
nngle, just as o, is expected to be a function of molecular kinetic
energy and incident angle. The value of o at a given A is called the
monochromatic absorptivity, oy. There is a maximum radiation flux
that can be emitted from a surface, just as there is a maximum evapo-
ration flux, and both are found from the second law of thermodynam-
ics. The maximum radiation flux is that from a so-called blackbody
und is given by the Stefan-Boltzmann blackbody radiation law:

®, = i’oT (4.19)
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where @), = blackbody radiation flux, W/cm?
o = Stefan-Boltzmann constant = 5.67x10~12 W/cm2 K4
i = index of refraction of the medium over the surface (= 1 for
vapors at <1 atm)

T}.n's radiation is spectrally distributed according to Planck’s law; like-
wise, evaporating molecules are distributed in energy. The radiation
flux per unit wavelength interval is ®y,. The fraction of this spectral
b!ackbody flux that is emitted by surfaces not completely black in a
given ) interval is accounted for by the emissivity at that A, &y; thus

D) =& Py, (4.20)

Moreover, it can be proven thermodynamically that oy = &), (Kirch-
hoff’s law), just as o, = o, for molecules. The conventional way of con-
stx:ucting an ideal blackbody emitter from materials for which ¢, is not
unity is to use a cavity such as that shown in Fig. 4.1d. Although g for
f,he internal surfaces may be <1, the radiation flux from the orifice still
is given by Eq. (4.19). This is because, looking into the orifice, one sees
the sum of the reflected and the emitted radiation. In effect, the radia~
tion field within the cavity builds up to the blackbody value, just as
the pressure within a Knudsen cell builds up to p, and results in a
maximum value for the effusion flux.

4.3 Alloys

So far, we have considered the evaporation only of single-component
materials; that is, the elements and those compounds that do not dig-
sociate upon evaporation. With multicomponent materials, we must
deal with an additional complication, namely that the composition of
the vapor phase generally differs from that of the condensed phase,
We will address alloys in this section and dissociatively evaporating
f:ompounds in the next section. The distinction between the two is
important. The term alloy is used to designate either a solid solution
or a mixture of solid phases, and its composition is variable over a
wide range. A familiar example of the solid-solution type is the solder
alloy Pb-Sn or Pb,Sn;_,, where x is the mole fraction of Pb. Con«
versely, a compound has a specific ratio of elements, such as the semi-
conductor GaAs or the dielectric SiOy. That is, compounds have a
specific “stoichiometry.” It is also possible to have an alloy of com-
p01.1nds, such as the laser-diode alloy (AlAs),(GaAs);_,, more often
written as Al,Ga; ,As or (AlGa)As. Finally, there are other three-ele-
ment solids that are not alloys of binary compounds but are temary\\
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compounds; that is, they have a specific ratio of all three elements,
such as the solar cell material CulnSe,. Each of these categories of
material behaves differently in evaporation, and it is important to
know which behavior is operative to control composition during thin-
film deposition.

Consider a generalized binary metal alloy B,C;_5 whose component
elements B and C are completely miscible at the evaporation T; that
is, the atomic fraction x can vary from 0 to 1 without precipitating a
second solid phase. We will consider evaporation from a well mixed
liquid phase to avoid the complication of composition gradients devel-
oping within a solid condensate as evaporation proceeds. The total
equilibrium vapor pressure over the melt will be the sum of the com-
ponent p, values: pg and pc. These py values will be lower than those
of the pure elements because of the dilution of one element by the
other; thus,

pg =apxpyg and pg=ac(l-Xpyc (4.21)

where p,g and p,p are the p, values of the pure elements and the a
values are the “activity coefficients.” For simplicity, we will assume
“Raoult’s law” behavior, where the a values are unity, even though
they generally deviate somewhat from unity due to differences
between B-C versus B-B and C-C bond strengths. If the evaporation
coefficients are unity, as is common for metals, the evaporation flux of
each element is given by the Knudsen equation, Eq. (2.18), as dis-
cussed in the previous section. Then the ratio of these two fluxes is

Jd
vB X pVB C (4.22)

Joc 1-% Pyc (Mg

Thus, the vapor flux will be richer than the melt in the more volatile
element for any composition x, so the melt will continue to deplete in
that element as evaporation proceeds and will never reach a steady-
state flux ratio. This effect is used to advantage in purging a melt of
volatile contaminants during a “soak” period prior to deposition, but it
is not suitable for the deposition of an alloy film.

There are two ways to achieve a steady flux ratio in such a situation.
One is to use separate sources of the two pure elements, operating at
different T levels. Here, it is important either to monitor each flux sep-
arately and continuously as discussed in Sec. 4.7, or to use isothermal
Knudsen-cell or crucible sources whose effusion can be reliably set by
T control. In either case, flux ratio will vary over the deposition area
due to the separate locations of the two sources, which is undesirable
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unl.ess one is specifically studying film properties versus composition.
This variation can be quantified by the information given in Sec. 4.6.

The second way to achieve a steady flux ratio is to feed an alloy wire
or rod steadily into the melt during evaporation, as shown in Fig. 4.5
for a feed alloy B,C 1-y- If the volume feed rate, W, is adjusted to hold
the melt volume V constant, mass conservation dictates that a steady
sta!:e must eventually be reached in which the evaporating atomic flux
rat}o of the two elements in Eq. (4.22) is equal to their atomic feed
I‘?.tlo, y/(1 -y). During the approach to steady state, the melt composi-
tion becomes depleted in the more volatile element until the two ratios
become equal at a steady-state melt composition Xg, Where

1
X, = (4.23)

i My BB e
y Pyc MB
An estimate of the time required to reach steady state can be made by

applying a transient mass balance [Eq. (3.1)] to one of the elements.
Doing so for B in units of atoms/s, we have:

W = = dx
yn WynXS + Vn T
(input) i

(output) (accumulation)

(4.24)

where n is the atomic density (atoms/cm?). Below, we make the rea-
sonable assumption that n does not vary much with composition, go il
may be cancelled out. Note that the output (evaporation rate) has been
expressed as a fraction of the steady-state input value, Wyn, rather
t}'lan directly as J,cA (A = melt surface area), to simplify the expres- '
sion. Note also the further simplification of treating V as a constant,
whereas in fact V will decrease during the transient period if W is held

constant. Integration of Eq. (4.24) from an initial condition of x = y at
t = 0 gives

W em3/s

JvB A JVCA

/
ol

Figure 4.5 Alloy evaporation with
B ; C Be continuous feed.
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where & is the fraction remaining from the initial state to the steady
state at x = x;. The denominator in the exponential term has the units
of t and is in fact the time constant, 1, for the exponential approach to
steady state. This solution is not exact because of the constant-V
assumption, but the important point is that relaxation time scales as
V/W. For exponential relaxation problems of this sort in which V is
constant, T = V/W exactly. This is the case for another common situa-
tion in which there is a step change in the concentration of a reactant
flowing into a well mixed CVD reactor. The problem is also similar to
the chamber-evacuation situation of Eq. (3.11).

For typical values of V and W in alloy evaporation, the approach to
steady state can take many hours and consume much source material
(see Exercise 4.7). This transient can be avoided by starting with a
melt having the steady-state composition. This composition can be
estimated from Eq. (4.23), but it may need to be adjusted based on
actual film composition measurements if the value of ap¢ [activity
coefficients of Eq. (4.21)], o, [evaporation coefficient of Eq. (4.17)], or
S, (sticking coefficient of Fig. 5.1) is not the same for each element. In
gpecial cases where the elemental vapor pressures are similar, x; will
be so close to y that the drift of x from y to x; may not matter. This is
the case for Al-2% Cu, which is used to prevent electromigration in
integrated-circuit metal lines.

44 Compounds

Compounds behave very differently from alloys during evaporation.
Some compounds evaporate as molecules that have the composition of
the condensed phase. These compounds may be regarded as single-
component materials, since they have only one p, to consider. Ionically
honded compounds, including alkali halides such as the infrared-
optics material KI and alkaline-earth halides such as the antireflec-
tion coating MgFs, fall into this category. Oxides vary from one
another in behavior, from no dissociation to partial to complete dissoci-
ation. There are limited data and some discrepancies about the degree
of oxide dissociation, so it is wise to anticipate an oxygen-deficient
deposited oxide film. Sometimes, reduction from a higher to a lower
oxide occurs during evaporation. For example, SiOg evaporates as the
monoxide SiO in the presence of a reducing agent M, where M is Si, C,
or Hy. Since SiO has a much higher p, than does SiOy, these reactions
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have been used to thermally evaporate native oxide from Si substrates
pr.ior to film deposition. Also falling into the category of partial dissoci-
ation are the Group IV-VI compounds (the “four-sixes”), which are
used for infrared detectors and diode lasers. Thus, PbTe evaporates
mostly as PbTe, but partly as Pb + (1/2) Te;. Some compounds dissoci-
ate completely upon evaporation, and we will examine this behavior
below. Among these materials are the Group III-V semiconductors (the
“three-fives”) such as GaAs, which are used for light-emitting diodes
(LEDs), lasers, and microwave devices. Also completely dissociating
are the II-VI semiconductors such as ZnSe, which have similar but
less well developed applications. Both the III-Vs and the II-VIs subli-
mate, and their vapors usually consist of atoms of the metallic ele-
ment, which we will call M, and dimers of the nonmetallic element,
which we will call Yy. The III-Vs and II-VIs differ from each other in
that the III metals are much less volatile than the II metals, which
has consequences to be seen below.

The behavior of compounds in equilibrium with their constituent
elements is described by the “phase diagram” of the system [5].
Fig. 4.6a shows a relatively simple phase diagram for a binary mix-
ture of M and Y, which happens to form only one compound, MY. The
coorc.iinate x is the atomic fraction of Y in the mixture. The existence of
MY is conventionally indicated by a vertical line at x = 0.5, but in fact
there is always a narrow range of x over which the compound can exist

¥y MY
T (l+s)

(s)

(a)

Figure 4.6 General form of phase
equilibria for nonstoichiometric
binary semiconductors Mj_,Y,:
(a) T-x projection, (b) T-x projec~
tion near x = 0.5, and (c¢) p-x pro-
jection. (Source: Reprinted from
Ref. 6 with permission. Copy-
right © 1979, Pergamon Press.) \

(®)

(c)
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without precipitating a second phase of M or Y. This range is known as
the single-phase field. A typical situation is shown in Fig. 4.6b, which
is greatly expanded along the x axis. The distance in x between the M-
rich and Yerich boundaries shown here for the compound is usually
less than 10~%. Because it is so difficult to chemically determine such
small changes in stoichiometry (see Sec. 10.2), the positions of these
boundaries are not known for most compounds; but that is not impor-
tant for the present discussion. The compound accommodates nonsto-
ichiometry within the single-phase field by generating native point
defects within its crystal lattice. The three types of such defects and
their effect on stoichiometry are listed in Table 4.1. Usually, not all
types are present in a given compound. The term “native” distin-
guishes these defects from point defects caused by impurity atoms.
The nonstoichiometric single-phase compound may be viewed as a
golid solution of native point defects in the lattice. Precipitation of M
or Y occurs when the solubility range of the defects is exceeded at the
M-rich or Y-rich boundary. Note that the two boundaries converge at
the melting point in Fig. 4.6b; this is a manifestation of Gibbs’ phase
rule. Note also that the range of x does not always include the stoichi-
ometric composition.

The important consequence of this range of x for compound evapora-
tion and deposition is that the p, values of M and Y, vary by orders of
magnitude from one boundary to the other. This behavior is shown in
Fig. 4.6¢ for a fixed T, which is indicated by the horizontal dashed line
on Fig. 4.6b. The p, of each element increases with the atomic fraction
of that element, as one would expect. In each case, upon reaching the
phase boundary, the py of the enriched element levels out at the value
for the pure element, because that is when the pure element begins to
precipitate out. Meanwhile, the p, of the other element over the com-
pound has become much less than that over the pure element. These

TABLE 4.1 Native Point Defects in Binary Compounds MY

Defect type Symbol* Stoichiometry
Vacancy (V) VM Y-rich
Vy M-rich
Interstitial M; M-rich
Y Y-rich
Antisite My M-rich
Yum Y-rich

*Subscript denotes lattice location; i = interstitial site.
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curves will both shift up with T, and for each element, the p, behavior- 1238(m.p.) e
may be visualized as a sheet in p,-T-x space. At the T shown in Fig. 1060 903 780 ¢ 679 596
4.6b, the p, levels happen to cross each other within the single-phase’ T T T T T T T T T

region. If the crossover is large enough so that at some point before
reaching the M-rich boundary, the evaporation flux of M becomes:
twice as large as that of Yy, the surface composition of the compound
will adjust itself by evaporation until that point is reached. From then
on, evaporation will proceed “congruently;” that is, in the stoichiomet-
ric proportion. This is always the case for the II-VI compounds, and
therefore they may be evaporated to completion congruently without
forming precipitates. This is a good way to maintain a constant and
known II/VI flux ratio at the substrate. If this ratio does not happen to
be the one which yields the desired film properties, it can be adjusted
by adding a second source of the pure II or VI element. EE

The III-V compounds present a different situation, because the py of -
M is often lower than that of Y, even at the M-rich boundary. In that
case, M enrichment continues at the boundary by accumulation of a
second condensed phase of pure M precipitate (which may also have a
small amount of Y dissolved in it). Figure 4.7 shows the p, versus T
data for Ga and As, along each phase boundary. The upper curve for
each element is the one corresponding to the phase boundary rich in’
that element. The point where the two curves converge at the left-
Jhand edge is the melting T of GaAs, 1,238° C. Note that for T levels:
above about 680° C, p(Ass) > p(Ga), even at the Ga-rich boundary, so.

log py, Pa

that at high T, congruent evaporation is not pessible. The maximum T At L a1 Ny
for congruent evaporation depends on the evaporation coefficients, o, 065 075 085 095 . 105" 115 125
as well as on the p, crossover point, and for GaAs that T is just over 10%/T(K)

800° C. However, at 800° C the evaporation fluxes, J, of Ga and A52
are insufficient for film deposition at reasonable rates, so GaAs is
deposited instead from separate Ga and As elemental sources. This is
the case for the other 1I1I-V compounds as well. Elemental As evapo-
rates as Asy, which has a lower S, than As, in the deposition of GaAs;
so the As; vapor often is superheated in a small furnace over the
source crucible to erack it into As,.

Clearly, considerable care must be taken to obtain constant and
appropriate evaporation rates of the various species when dealing
with dissociatively evaporating compounds. When these data are no
available, one needs to do flux monitoring of each species (Sec. 4.7
and compositional analysis of both the depleted source material and
the deposited film (Sec. 10.2) to define the situation. The dependence
of solid-phase existence and composition on elemental p, levels is also
an important factor in determining the composition of the deposited
film, and this relationship will be discussed more fully in Sec. 6.5.1
Basically, there are two major effects. One is that the native-point

Figure 4.7 Equilibrium vapor pressures of Ga and As, along the
GaAs liquidus, as functions of T. (Source: Reprinted from Ref.

7 with permission. Copyright © 1979, Pergamon Press. As;
and As, curves deleted.)

defect distribution of the compound film shifts with the impingement-
flux ratio of the constituent elements. Another is that if the impinge-
ment flux of Y, is too low and M is not volatile enough at the deposi-
tion T, the film will contain M precipitate as well as MY,

4.5 Sources

4.5.1 Basic designs

The common types of thermal evaporation sources are shown in Fig.
4.8. The simplest are the twisted-wire coil and the dimpled sheet-
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ck electroplated coating on W rod. Although boats can also be used
for evaporants which do not wet them, thermal coupling to the evapo-
ant is poor because it is by radiation only, so the boat will have to be
much hotter than the evaporant. The thermal coupling problem in
cuum is diseussed more thoroughly in Sec. 5.8.1. To prevent wetted
aporant from spreading away from the hot zone of the boat, a nar-
owed region is often provided on each end of this zone as shown in
'ig. 4.85. The resulting higher R increases heating enough in those
gions so that evaporation rate exceeds spreading rate.
Alloying of the evaporant with the wire or boat mefal may result in
mrittlement or melting. If there are no metals suitable for contact
th the desired evaporant, ceramic-coated boats or ceramic crucibles
1 be used. Information on boat materials and configurations suit-
ble for various evaporants is available from their manufacturers.
Vith evaporants which are very reactive at the evaporation T, such as
even ceramic sources will dissolve, thus contaminating the melt
nd eventually disintegrating. In such cases, evaporation must be car-
d out by focussing energy into the center of the melt, as discussed in
hap 8.
In apphcatlons where simultaneous flux control of more than one
evaporant is required, one must provide either separate flux monitor-
iing of each evaporant or closely T-controlled sources which can main-
ain and reproduce the desired fluxes. Since the former method is
latwely awkward and expensive, the latter is employed more often.
ecause of the exponential dependence of p, on T [Eq. (4.14)], T con-
needs to be very good. Typically, p, increases about 20 percent per
reent rise in evaporant T, or 2 percent per 0.1 percent rise; that is,
dp/p ~ 20 dT/T in Eq. {(4.12). Crucible sources provide the best T uni-
ormity and control, especially if configured as shown in Fig. 4.8¢, a
gn that has evolved from the stringent requirements of molecular-
beam epitaxy (MBE; see Chap. 6). Key design features are as follows.
The Ta heater coil is minimally supported within notched ceramic
pport rods to reduce heat sinking. Alternatively, the coil can be her-
stically sealed in a metal can to reduce Oy outgassing from metal
action with the ceramic at the high T of the coil. The coil extends
well below the crucible bottom so that the thermocouple touching the
vible bottom is immersed within the same heating environment as
he crucible and thus stabilizes at the same T. The thermocouple leads
made of fine wire to reduce heat sinking and are made of refrac-
ory_'alloys such as W-Re. Proper thermocouple readout wiring is dis-
sed in conjunction with T measurement in general in Sec. 5.8.3.
The heater coil is of finer pitch (denser) near the crucible mouth, so
hat the T in that location is higher than the T of the evaporant melt.

high R
regions

shield
disc

(c)

heat

thermocouple
leads

Figure 4.8 Evaporation sources; (a) twisted-wire ceil,
(b) dimpled boat, and (c) heat-shielded crucible.

metal “boat,” both made from one of the refractory metals, W, Ta; and
Mo, which were discussed in Sec. 3.4.2. These are heated by passing
current of the order of I = 100 A through them (joule heating). The
amount of heat generated is I?R, where R is the parallel resistance!
the source/evaporant combination at the evaporation temperature
T is nonuniform because of heat conduction down the carrent contac
Therefore, if evaporation rate control is important, continuous
monitoring is necessary, preferably with feedback control of the sour
1. The wire can be used only for metals that wet the wire. In the sp




-elements do not form charge-carrier traps within the band gap of a 111-
-V semiconductor. The most refractory ceramics are alumina and zirco-
" nia, but both evolve some oxygen.

" Considering evaporant materials, chemical analysis should be
obtained to determine if there are contaminants present that will be
\armful to the film being deposited. Be aware that generally, only the
‘metallic impurities are reported by the manufacturer, That is, a 99.99
‘percent pure (“four-nines” pure) material will have <0.01 percent
{100 ppm) total metallic impurity content, but it also may contain a
great deal more of O, C, Cl, and so forth. The evaporant should be
btained in large pieces rather than in powdered form to minimize
surface area. A powder of 10 pm particle size has a very large surface
area of about 0.3 m2/cm3. The amount of outgassing of adsorbed water
from such large areas is considerable and was estimated in Sec. 3.4.2

This prevents condensation of evaporant droplets at the mouth. S___uch
droplets are undesirable because, when they fall back down int:o'_:.the
melt, they cause the ejection (“spitting”) of macroparticles that end
as defects in the film. The higher mouth T also prevents evaporan
which wet the crucible from migrating out of it, as did the notches on
the boat source. The radiation heat shielding consists of several Wraps
of corrugated Ta foil. Ta is used because it is the most ductile of't
refractory metals. The shielding reflects radiation from the coil and
crucible, thereby improving source-T uniformity and reducing heating
and outgassing of nearby hardware. The corrugations minimize the
mal contact between successive layers. (Principles of radiative he
transfer which are relevant to the behavior of heat shielding are dis-
cussed in Sec. 5.8.1.) The shield disc at the top provides addition:
heat shielding and also blocks the emission of outgassing contz
nants in the direction of the substrate. _ '
The crucible source can be converted to a Knudsen cell by addin;
the crucible a closely fitting cover having a thin-lipped (ideal) orifice
operating at Kn > 1. The crucible sources used for MBE are oft
referred to as Knudsen cells, but usually they do not satisfy the Kn >
criterion. If, in addition, one wants the Knudsen cell to operate at the
saturation p, of the evaporant, it must satisfy the criterion 't
Q. << Q, in Eq. (4.15), '

removed before film deposition. This includes adsorbed gases and also
dissolved elements of higher Py than the evaporant. Removal is accom-
plished by “soaking” the source at a T somewhat below the T for film
eposition, both before substrate loading and again afterwards while
locking the source from the substrate with a shutter; the second soak
removes water adsorbed during the loading process. The dissolved
mpurities having high p, will progressively deplete relative to the
evaporant as described by Eq. (4.25). Conversely, impurities with Py

gnificantly less than that of the evaporant will selectively remain
behind in the crucible, as deseribed by the same equation. This phase
paration by p, is essentially the process of purification by distilla-
on, as is done commercially for many materials, However, as the
aporant charge becomes depleted, the fraction of low-p,, impurities
in it increases, and therefore so does the fraction of impurity in the

porant flux. Therefore, it is unwise to evaporate the source mate-
al to completion when film purity is important. The only advantage
of evaporating to completion is that a film of known thickness can be
obtained simply by preweighing the evaporant charge, without having
0 measure the evaporation flux or time. The third group of impurities,
th se with p, similar to that of the evaporant, cannot be selectively
emoved and will remain part of the evaporation flux,

4.5.2 Contamination

Source structural materials and evaporants evolve contamin
vapors both from their surfaces and from the bulk. The vapor ew__alutmﬁ
problem was discussed in connection with vacuum materials in :
3.4.2. The same remedies apply here, namely: degrease all materi:
minimize surface area, avoid volatile constituents, and employ bakin
Considering source structural materials, surface area is minimized
by using nonporous grades of ceramic for crucibles. In the case.
graphite or BN, this means the “pyrolytic” grade. Pyrolytic cruc1bl
are formed on the surface of a core or “mandrel” by the thermal_.c}e_com
position (pyrolysis) of the gases CH, or BgHg + NHj. (These are exa
ples of thin-film CVD processes in which the deposit—the cruc1b1 :
actually very thick.) Much of the volatile contaminant can be remo
from source crucibles and associated components by “firing” the soure
at a higher T than the desired evaporation T, prior to filling tht__-;'_:
ble with evaporant. Crucible materials should be chosen whose T
ual contaminants are the least harmful to the film being deposit
For instance, BN is a good choice for ITI-V semiconductor film depo
tion even though it is not one of the most refractory ceram_ic_s_f It
good choice because BN is itself a III-V compound, and th'ere_fo_:

- Temperature control

The close control of T in evaporation sources, substrates, and CVD

eac_i_:bz‘s is crucial to the reliable operation of film deposition pro-

ses. Here, we discuss the principles of T eontrol within the context
raporant heating. :




g = 1 (heater)

To maintain constant crucible temperature, T, in the Fig. 4.f
source, the heater coil’s power supply is driven by a feedback con
loop which compares the thermocouple voltage with a set-point v
age. The simplest kind of T control is “on-off,” such as the thermost:
in your house. There, the heater power is fully on when T is below set
point and fully off when it is above set point, so that T continues
oscillate about the set point. For most thin-film applications, this
of control is inadequate, and more sophisticated controllers ar
employed instead. The common “PID” type have three modes of.co

heat input

trol: proportional, integral or “reset,” and derivative or “rate.” If. th heat output
thermocouple T is lower than the set point by AT, the proportional co
frol signal driving the power supply is a fraction of “full on.” The fra, ¢ (erucible)

Tudl

tion is given by AT/Ty, Where Ty, is called the proportional bandw'ld

control is essentially proportional control with infinite gain. With pr
portional control alone, the power will remain “on” enough to maint
steady T only if there remains a finite offset AT from set point. T
integral control mode gradually removes this offset by adding a: con-
trol signal proportional to [ATdt. Finally, the derivative mode reduce
T overshoot past the set point on initial heat-up by adding a third ¢
trol signal proportional to minus the rate of approach of T to set po;
d(AT)/dt. The need for derivative control depends on the degre
overshoot and whether this would result in excessive evaporant los
other problems.

The maximum speed of response to a step change in set p
depends on the thermal time constant of the evaporation source
other thermal system. Response speed is important in applicati
1nvolv1ng multilayer films, where it is desired to quickly change th
of a source or of the substrate between layers or to deposit a laye
graded composition. A shutter may be closed between source and s
strate to interrupt the deposition during this transient period. H
ever, this allows background contaminants to build up .on: th
substrate surface, as pointed out in Sec. 2.6. To avoid this proble

ure 4.8 Geometry for crucible heating calculation; view looking
into crucible mouth.

cylindrical crucible of surface area A and at T,. It is completely sur-
unded by a cylindrical heater at Ty,. Under vacuum, heat transfer is
by radiation and follows Eqgs. (4.19) and (4.20). For the crucible, we
will make the so-called “gray-body” assumption that e, and o are
dependent of A over the A range of concern here; thus, £ = o by Kirch-
ff’s law. For the heater, we will assume that e = o = 1. For the sys-
em consisting of the crucible and its contents, the input term in the
ontinuity equation is the heat radiated from the heater and absorbed
by the crucible, and the output term is the heat radiated by the cruci-
ble. The accumulation term ig the rate of heat buildup in the crucible
ar;d its contents. We will assume that the crucible and the evaporant.
are well coupled thermally. (This assumption is true for a melt; how-
ever, the T of a sublimating evaporant would lag that of the crucible
_pmderably.) We may now write

multilayer film deposition, separate sources of the same evaporant : . 4 _ ar dr
operating at the fluxes desired for each layer are often employed “AoacT, - AecT, = (cgcm ¢ ¥ Cgell Yy = mT—&-t-—c
conjunction with synchronized shutters. This technique is used > v T - /

example, in the deposition of quantum-well structures by MBE;, where " (input) (output) (accumulation) (426
fluxes must be changed within one monomolecular layer of depositio ' 26)

The thermal time constant, 1, for T-control response may be de
mined by considering that heat must obey the continuity equation
(3.1)): input — output = accumulation. To make the solution tré,'ctabl
we will make various simplifying assumptions which are quite. accep
able given that we are only seeking a rough estimate of 7. Thus, in t}
evaporation-source geometry of Fig. 4.8, we are looking down int

here the ¢g and m values are the heat capacities (J/g-°C or J/g-K) and
masses of the crucible and evaporant, my is the resulting overall
_thermal load” or “thermal mass,” and the other symbols are as
defined previously. We may now substztute ¢ for o, combine the two
terms on the left, and factor the polynomial to give




“to increase the heater power to give a higher T° for heat-up, because
“the T? for cool-down will still be determined by T,. Instead, it is best
~to set “full-on” heater power so that the heat-up rate is the same as
- the cool-down rate in the neighborhood of the desired T.. Heater power
-can be set higher for faster heat-up response, but derivative control
.may be needed to prevent excess overshoot.

-~ Once heater power has been set, each of the three control modes
-needs to be tuned. If there is too much gain in any mode, T, will oscil-
late at an angular frequency of roughly 1/z. If there is too little propor-
tional gain (too much proportional bandwidth), T, will drift, and
-response will be sluggish. These behaviors are shown in Fig. 4.10. The
‘proper tuning procedure is to turn off reset and rate action and then
tune the proportional band to just short of the setting which causes
oscillation when a step change in set point is applied. Then, reset is
-added to just short of oscillation. Finally, enough rate action is added
to minimize overshoot without making control response too sluggish.
The thermal load and the heat supply are analogous to the familiar

AEG(T; - T:) = Aeﬁ(Tfl + T}lec + ThTi + T:J (T,-T,)

3
= A(4SGT ) (Ty =T = Ah (T, -T) (4.27) -

where T = (T}, + T /2

h, = 460 T ? = radiative heat transfer coefficient

The T3 approximation has changed an equation in T: into an equa--
tion linear in T, and having an h, of the same units as the h,, for gas
conduction in Eq. (2.32). For typical situations in thin-film deposition,
the error introduced by this approximation is negligible, as seen in.
Exercise 4.9. We now have in Eqgs. (4.26) and (4.27) a differential equa-
tion which we can solve readily to give

Ty -T, (%) _ —t _ -4 _ mass-and-spring system, whose resonant frequency increases with
A ——— = eXp| =t | = exp (4.28): S . .
T, T.(t=0) mp/Ah_). T | spring stiffness and decreases with Increasing mass. Critical damping

that oscillation is avoided, as with the shock absorbers on your car.
With proper tuning, 0.1° C stability of thermocouple T usually can be
attained in thin-film applications. Keep in mind, however, that this
stability only applies to the steady state. Any disturbance in heat flow
conditions, such as the opening of a shutter over the crucible and the

accompanying increase in radiative heat loss, will cause a control
response transient before re-equilibration.

where 1 is the time constant for heat-up or cool-down. The expression-
for 7in the denominator of the exponential is completely analogous to
that in Eq. (3.11) for vacuum pumpdown and to that in Eq. (4.25) for
alloy composition relazation. In the electrical analogy, all three o
these 7 values consist of a capacitance (C) term divided by a condug¢
tance (1/R) term, which gives an “RC” time constant. For crucible
heat-up, low thermal mass and high thermal conductance or coupling
result in rapid response (small t). Note that according to Eq. (4.28)
T¢—Ty as t—eo, whereas in practice T, > T, at steady state. This dis-
crepancy is due to the simplifying assumption that the heater com:
pletely surrounds the crucible. To estimate T and h_, consider that
during heat-up, we have T, > T,, and during cool-down, we have Ty,
T,. Thus, we will take T = T, to give an overall average h, for t
system. _
Let us now calculate 1 for a typical situation consisting of a 500°.C
crucible with A = 4 em?, containing 5 g of Sb (cg = 0.23 J/gK). If the
mass of the crucible can be neglected, then my = 1.15 J/K. Ife = 1, then
h, = 0.011 J/s-cm®K. Thus, © = 26 s, which would be a fairly long time
to have to interrupt deposition waiting for T, to reach steady state
The Ti factor in h, means that a more volatile evaporant will have
much slower control response, sinee it will be operating at a lower T,.
It also means that controllers need to be retuned if T, is changed ;
nificantly, because the control-feedback gain must be matched to-
The same considerations apply to substrate T control. It does not help

offset

0 A t
1
igure 4.10 Control response to a step inerease in set point at t = 0: (g) too

uch gain, (b) not enough gain, (¢} critical damping, and (d) eritical
‘damping with reset and rate action added.




ular flow (Kn > 1), the throughput Q. (me/s) is proportional to
upstream p [Eq. (3.5)]. Conversely, in the fluid-flow regime (Kn << 1),
Qe = p“. One factor of p comes from the vapor concentration increase
with p via the ideal-gas law, as in molecular flow, The second p comes
from the fact that Auid flow velocity through an orifice increases with
-the Ap driving force. From the molecular viewpoint, collisions between
‘molecules in the approach to the orifice serve to convert random ther-
‘ma] translational energy into directed kinetic energy moving down-
-stream. This conversion occurs because molecules in the orifice are
being hit more often from the high-p upstream side than from the low-
 downstream side, and thus they accelerate. The limit to this acceler-
‘ation occurs when the flow velocity in the orifice throat reaches the
speed of sound, c¢* (Fig. 2.4). This situation is known alternately as
sonic or choked or critical flow. However, downstream of the orifice,
further acceleration into the supersonic regime can occur, and this
effect can be enhanced by incorporating a conical nozzle as shown in
Fig. 4.11. Such nozzles are commonly employed in rocket engines to
maximize thrust. The cone angle is made as large as possible to mini-
mize friction, but not so large as to cause separation of the laminar-
'ﬂ_QW boundary layer from the cone wall. Separation would lead to ran-
domization of the kinetic energy in eddy currents generated adjacent
to the wall. Typical conditions for present applications would be a p of
3 atm, an orifice diameter of 0.3 mm, and a cone included angle of 15°.
Note that in the subsonic regime upstream of the orifice, flow velocity,
U, is increasing with decreasing cross-sectional area for flow, A; in the
throat, u = ¢* and is thus independent of A; and in the expansion noz-
le, u is increasing with increasing A.

Two characteristics of supersonic nozzles are important for film-dep-
osition applications. One is that considerable vapor cooling takes place
ue to the transfer of kinetic energy from thermal to directed. Cooling -

4.5.4 Energy enhancement

In many thin-film deposition processes, energy input to the film sur-
face is required in order to increase the reaction rate of depositing spe
cies with each other or with the substrate, or to assist the depositing.
species in moving about on the surface. The effects of this energy will-
be discussed frequently throughout the book, since its control is a’
major factor in obtaining good films. In thermal evaporation, the:
energy content of the evaporant is much smaller than typical chemical
bond strengths, as can be seen from Table 4.2, so it does not have:
much effect on film growth. In this table, the physics energy units of.
electron volts (eV) are given as well as the chemistry units of kilo:
Joules because they relate more easily to the use of electrical means of'
energy enhancement: that is, electron bombardment and plasmas
One eV is the energy gain of a particle having one electronic charge
upon passing through a potential drop of one volt.
There are many ways to enhance evaporant energy so as to modify:
film growth. Some involve nonthermal methods of source-material vo
atilization, such as laser ablation and sputtering (Chap. 8). Others use
a glow-discharge plasma in the transport step, such as activated reac
tive evaporation (Sec. 9.3.2). The term “energetic condensation” i
applied to any film-deposition process in which the kinetic energy o;
the depositing species is well above thermal but still below the onset o
crystallographic damage and implantation (~30 eV; see Sec. 8.5.2.1)
The present discussion will be limited to nonplasma ways of enhanc
ing the energy of the basic thermal-evaporation source of Fig. 4.15. :
We first examine the supersonic nozzle. Consider 2 source having an
orifice which is effusing vapor into vacuum, so that the pressure, p, is
negligible downstream. We have seen that for such an orifice in molec:

TABLE 4.2 Characteristic Energies in Thin-Film Deposition skimmer —

eV/me kJ/moal
b Ll pEE T ETT,
g at: 208K 0.038 3.7 R —
12200 K 0.28 274 SR beam
Xe in Hy, 2200 X' 143 1380 H, j TTTr—
100 me, 1 keV cluster ion 10 9658 : i
Laser-ablated atoms 40
Sputtered neutrals 5 = threat —>| |-<“»[
oy S5 o g e
. pump

* Mean thermal translational energy of gas molecules, per Eq. (2.11)

T i igure 4,11 Supersonic-nozzle evaporation source.
Supersonic nozzle beam [8] o




film surface (see Table 4.2). This 1is just the direction and level of
energy that is desired for the modification of film deposition behavior.
However, it has not yet been demonstrated that this sort of energy
transfer from clusters actually takes place. Both the production and
verification of clusters are nontrivial, and most of the work issuing
from the cluster-ion proposal has been done with uncharacterized
cluster masses and with collision rates within the nozzle which were
uch too low to lead to substantial cluster formation. Much of this
work does show evidence of film improvement when the vapor flux is
ionized and accelerated versus when it is not, and it is likely that
these results are due to bombardment of the surface by single-mole-

1le vapor ions along with a larger flux of neutral thermal molecules.
Ion bombardment of a depositing material is widely used to improve
film properties, as will be discussed in Sec. 8.5.3. '

In the meantime, there has been considerable progress in the under-

standing of and equipment for cluster formation. Expanded interest in
clusters has arisen from the discovery of “magic” numbers of atoms
orresponding to completed shells of conduction electrons) and from
he potential of nanoparticles as new materials, such as the 60-atom
polyhedral carbon clusters known fondly as Buckminster-Fuller-ene
or “buckyballs.” A good sampling of recent cluster work can be found
in the particle-symposium proceedings listed at the end of the chapter.
The basic requirements for cluster formation are that there be enough
rapor-vapor molecular collisions to grow the clusters and that there be
a gink for the considerable heat of condensation, which would other-
wise prevent the cluster from nucleating in the first place. The sink is
orovided by contact with a cold “third body” during nucleation, this
contact being either with the orifice wall (heterogeneous nucleation) or
with other molecules of the vapor or the carrier gas (homogeneous
ucleation). Under optimized conditions in a supersonic nozzle, there
sufficient cooling and collision rate for substantial cluster genera-
on; for example, Zn beams with 2200-atom average cluster size have
een obtained [11]. Alternatively, in the gas-condensation technique,
he vapor flows through a chilled tube in an inert carrier gas which
an be held at much lower p than in the gupersonic nozzle, This tech-
nique reduces gas load on the pumps but would be expected to result
in substantial cluster loss to the walls. A third mechanism has been
roposed to explain observations of clusters in some of the cluster-ion
film-deposition work done under conditions unlikely to generate them
omogeneously. This mechanism [12] invokes heterogeneous nucle-
on on a nonwetting orifice wall, followed by entrainment of the clus-
rs in the vapor stream. While a likely explanation, it is unlikely that
his mechanism would be controllable or would result in clusterization
a substantial fraction of the vapor,

assists in cluster formation, as we will see later. Cooling is efficient for
two reasons. First, because u is so high, little heat is received from the
orifice wall; that is, the expansion is “adiabatic.” In addition, for an
optimized cone angle, there are negligible frictional losses, which
would transfer kinetic energy back to thermal energy; that is, the pro
cess is “isentropic” (constant entropy). The second important charac
teristic of these nozzles arises from the fact that all components of
gas mixture get accelerated to the same u in any fluid flow stream
Since & = (1/2)mv?, the evaporation of a small fraction of high-mas:
vapor into a low-mass carrier gas such as Hy results in an g for thi:
“seeded” vapor which is increased by the ratio of masses over what
would be for expansion of the pure vapor. For example, measurements
of Xe in Hy gave e, well above chemical bond energies, as seen in Tabl
4.2. The mass ratio for this combination is 66. This technique require
a large flow of carrier gas which must be pumped away. Most of th
pumping is done between the nozzle and “skimmers” (Fig. 4.11) whic
serve both to isolate the deposition chamber from the higher-p regi
and to deflect carrier gas out of the supersonic strearm to minimize col; :
lisional losses. A supersonic-nozzle beam of GeoHg gas in He has been
used to deposit single-crystal Ge film onto GaAs at 50 nm/s, much
higher than the rate using thermal effusion [9]. The rate enhancemer
was attributed to activation of GeyHg dissociation at the growth sur:
face by the high molecular kinetic energy.

Tonization and acceleration constitute a widely-used method: o
enhancing the energy of vapor molecules. Ionization of molecule
evaporating from a crucible can be done by electron impact from a fil
ment source, as was used in the ion gauge (Sec. 3.5). The ions are th
accelerated using an electrical bias between source and substrate. Fo;
a typical design, see Ref. {10]. Low ionization rate limits the ion flux
such sources, so they are mostly useful for enhancing the incorpor
tion of minor constituents (dopants) into a depositing film. Muc
larger ion fluxes are obtainable by using electron-beam or cathodic-ar
evaporation (Chap. 8) or by incorporating a glow-discharge plasm
into the transport space (Chap. 9). o

About two decades ago, Takagi of Kyoto University made the
intriguing proposal that film deposition be carried out using accel
ated cluster ions. With sufficient collisions and cooling, vapor from an
orifice is known to condense into clusters of tens or hundreds of ator
or molecules. it was postulated that, upon colliding with the film s
face, such a cluster would disintegrate and transfer its perpendicular
kinetic energy into energy directed laterally along the surface and‘___c__hs
tributed among the scattered molecules. Thus, a 100 me cluster acc
erated to 1 keV would result in 10 eV molecules skittering along




It may be concluded with regard to cluster-ion deposition that the
original proposal remains intriguing but untested. With the present
improved state of cluster-generation technology, it is now possible to’
study the use of cluster jions in film deposition more rigorously. :

4.8 Transport

At this point in our development of the principles of thin-film deposi-
tion processes, we have completed the first of the four process steps
shown in Fig. 1.1, namely the supply of source material. The mai_ii_
issues addressed have been supply rate and contamination. Thus far,
these issues have been addressed only for thermal evaporation as a
supply method. They will be revisited in Chaps. 7 and 8 for other sup-
ply methods. The second of the four process steps is transport of the:
source material to the substrate. Here, the main issues are arrival-
rate uniformity at the substrate and, again, contamination. Contami-
nation entering the process during the transport step has been
addressed in Sec. 3.4. Here, we will examine uniformity. The factors
determining arrival-rate uniformity at the substrate are very differ-
ent, depending on whether the medium is a high vacuum or a gaseous
fluid, as pointed out in Sec. 1.2. Transport in the fluid medium
depends on flow patterns and diffusion, and these factors will be
examined in Chap. 7 in the context of CVD. Here, we will examine
transport in the high-vacuum medium. For present purposes, high
vacuum means that the background pressure is low enough that the
Knudsen number, Kn = I/L [Eq. (2.25)], is >1 for L taken as the di
tance from source to substrate. Under these conditions, transport is
along the line of sight from source to substrate, because the probabil-
ity is small for an evaporant molecule to collide with a background-gas
molecule along the way. Consequently, arrival-rate uniformity across:
the substrate is determined solely by geometrical factors, and we will
proceed to examine these below.,

Consider the evaporation geometry of Fig. 4.12, where material is
being evaporated from a source centered at point B onto a flat sub-.
strate situated at a perpendicular distance r, away. Several source
shapes are shown. The circular disc, which is emitting material from
the top surface only, well represents the boat, the Knudsen-cell orifice;
and the filled crucible. The sphere roughly approximates the wire-coil
source. The collimated source represents a partly filled crucible or a
nonideal orifice—an orifice whose length is significant compared to its
diameter. We first want to know the evaporant flux Jg at radius r, from
the source and at some angle 0 from the perpendicular (say at point
R), compared to the flux J, at the perpendicular (point P), If you think

/.
/ circle -
/ "lobe" ———py

source:disc

:sphere

:collimated  —e

Figure 4.12 Geometry of vacuum evaporation. The flux ratio J /d, shown is for the
“eosine distribution” characteristic of the disc-shaped source centered at point B;

alternate source shapes shown below would have different flux distributions
when positioned at B. :

of yourself as an observer looking into the source from radius r,, it is

lear that Jg will be proportional to the projected area of the source in
‘that direction. For the sphere, this area is independent of 8, so for a
total evaporation rate of Q@ me/s, we have simply

Jg=J, = Ynr’ (4.29)

Where Q (me/s) = J A = total evaporation rate from a source of area A
mitting flux J, from its surface.

___:___More commonly, the source is a disc. Looking into this source from
o, the projected area changes from a circle to an ellipse to a line as
-one moves away from the perpendicular; in fact,

dg = J,cos6 (4.30)




trons or laser light. These energy-beam techniques are discussed in
- Chap. 8. Supersonic nozzles produce sharply lobed distributions. Dep-
osition uniformity over large substrates is a major concern with lobed
flux distributions.

Let us consider uniformity across a flat substrate for the simpler
case of a cogine distribution. There are two factors that attenuate the
flux with increasing 6 besides the projected-source-area factor. One is
that the substrate point S in Fig 4.12 is at radius rg rather than at r,
{(point R) from the source, and ry = r/cos8. Since J is inversely propor-
tional to r? by Eqs. (4.29) and (4.31), we have for the flux through the
g sphere at substrate point S,

This is known as a cosine flux distribution. In Fig. 4.12, the flux
vectors J, and Jy have been displaced from their proper locations at’
points P and R, and to point B, to illustrate that the vector Jq traces a:
circle over 8. This is because J_, J, and 0 always form a right triangle,
as shown. To calculate the J values, consider that Jg will pass through
the r, sphere in an annulus having radius r sinf, circumference
2nr,sinb, and differential width r,d6. Knowing th;s, we can integrate
Jg over the hemisphere of evaporation, and by mass conservation, this
integral must equal the total evaporation rate; that is,

i :
Q= | 0050 2mr,sing 1,46 = nrld, (4.31) \

o ' J, = Jgeos“0 ' (4.33)
or Now, the flux that determines deposition rate is the flux perpendicular
to the substrate at point S, J,, and that flux is reduced from J by
another cos6 factor, as shown in Fig. 4.12. Combining all of these fac-
tors, we have, finally,

0

7= (4.32)
0 .

Qcos 0

TEI'D

Note that Eq. (4.31) is the same integral as Eq. (2.6) for the average
perpendicular component, ¥, , of molecular velocity, v, over the hemi-
sphere. There, we found that :

J = J cos B = (4.34)

where Q (mc/s) is the total evaporatlon rate into the hemisphere from
a disc-shaped source. The cos* factor causes, for example, a 10 percent
reduction in J, from center to edge for a substrate whose radius is
one-fourth of the source-to-substrate distance r,. Consequently, there
is always a trade-off between nonuniformity at short distances and
evaporant waste at large distances. By the way, the flux J, is some-
times expressed in terms of a “beam-equivalent pressure” by using the
‘Knudsen equation, Eq. (2.18).

Various refinements of the Fig. 4.12 geometry can be incorporated to
improve flux uniformity. Rotation of a substrate about its own axis,
coupled with off-axis orientation of a single source, improves unifor-
mity considerably [14, 15] compared to Eq. (4.34), Numerous small
substrates such as lenses can be coated uniformly from a single source
with low material waste by placing the substrates on a “planetary” fix-
ture. There, the substrates rotate simultaneously about two different
axes so that over the course of the deposition, their complex orbits
cover a large fraction of the hemisphere. Note that rotating substrates
always incur an oscillatory deposition rate that can affect film proper-
ties, especially when the process involves co-evaporating different

1aterials from different sources, since the oscillations of the different
material fluxes will not be in phase. For large-area substrates, multi-

Here, the average flux over the hemisphere would be Q/21tr which i
(1/2)d, by Eq. (4.32). -

Looking now into the collimated source from r,, we see that the pro
jected area drops off much more rapidly with increasing 6 than for th
disc-shaped source, due to shadowing from the lip, and this leads to.
the “lobe”™-shaped flux distribution shown in Fig. 4.12. Although ther :
is some angle, 6., above which the evaporant surface is not visible a
all, there will still be some flux at higher angles because of evaporant
scattering from the collimating sidewalls. Indeed, if all of this evapo
rant were to reflect at the specular angle, 8 would never change upon
such reflection, and therefore the cosine distribution would be pre
served. However, molecules do not do this, but instead they scatter
randomly, as discussed in Sec. 2.8.2 on viscosity. Some of these scat
tered molecules return to the crucible rather than escape from it, and
this results in the lobed distribution. Calculations of such distribu
tions have been reported [13]. The lobe can be broadened by using con
ical erucibles. Lobed distributions also are seen from disc-shape
sources when they are heated in one spot by a focused beam of elec




‘above. When the arriving flux at least is reproducible for successive
.depositions, a few measurements of film thickness are sufficient to set
‘the source operating conditions. This can be done for sources having
:good T control, unity evaporation coefficients, and cosine flux distribu-
tions. In other cases, it is difficult to reproduce arriving flux, and
‘therefore flux monitoring is needed. Flux can be monitored either as
‘the concentration of source vapor near the substrate or as actual depo-
‘sition rate. Monitoring both is especially useful, because then one can
calculate the fraction of arriving vapor which becomes incorporated
‘into the deposit—the sticking coefficient, S.. Deposition monitoring
will be discussed in the next section. Here, we will address vapor mon-
toring.

. The basic technique for vapor flux monitoring is to excite the vapor
-molecules and detect their response. Excitation with a beam of elec-
_trons or light raises electrons in the molecules into excited states. This
is followed by ionization if the excited electron leaves the molecule, or
by photon emission (or Auger-electron emission) if it relaxes back
toward its ground state. The simplest type of flux monitor is the ion
.gauge, which was discussed in Sec. 3.5. Recall that the ionization rate
-and resulting collected ion current are proportional to the concentra-
ion of vapor molecules within the gauge, n(me/em®). The flux of any
tream of particles is related to its concentration by

ple, distributed sources of the same material and rate can be used, but.
rate balancing can be difficult. Alternatively, several sources are dis--
tributed in a line, and the substrate is passed by perpendicular to the
line as shown in Fig. 4.13. This geometry is also used in the sputter-
deposition process to be discussed in Sec. 9.3.4, in which case one uses
a single source of long rectangular shape, and uniformity is better;-
than 2 percent.

The example of Fig. 4.13 also illustrates the “web” coating process
in which a flexible substrate is supplied from one roll, taken up by a’
second, and suspended as a web between the two rolls during coating
This process is widely used to apply magnetic metal to videotape, Al o
SiGy moisture-barrier layers to plastic film for food packaging, and
metal electrodes to Mylar film for capacitors. The rolls may be located:
either in the vacuum, or outside with the web being passed throug
multiple, differentially pumped sliding seals.

Uniform coating of large rigid substrates is also achieved by trans-
porting the substrate past a distributed vapor source as in the web
process. For high throughput, entrance and exit load-locks (Fig. 3.1)
are used to supply and remove the substrates. Multilayer coatings can
be applied by placing sources of different materials in succession alon
the direction of substrate motion. With these techniques, coatings can
be applied uniformly to substrates of many m? area, as with heat—con—_
trol coatings on window glass.

d = nv {4.35)

: Monitorin |
4.7 Vapor Flux Monitoring where v is the particle velocity in the direction of the flux. For flux
from thermal evaporation, one can take v as roughly the mean speed,
; of a Maxwellian distribution at the T of the source, as given by
:q. (2.3). For particles vaporized by laser ablation or ion sputtering, v
S'much higher.

The ion-gauge flux monitor must be shielded as shown in Fig. 4.14
0.that evaporant does not react with the filament. Electrical connec-
tors also must be shielded from accumulating conducting deposits
‘which would short them out, and the grid must be apertured to avoid
ccumulation of insulating deposits which would charge up. Simulta-
ieous monitoring of multiple evaporants can be achieved by shielding
‘each monitor from the other sources as shown in Fig. 4.14. However, it
is: more convenient to use a single species-specific monitor. One such
evice is the mass spectrometer mentioned in Sec. 3.5, which is basi-
ally an ion gauge followed by a mass-selective filter. Another is the
lectron-impact emission spectrometer [16], in which the light emis-
ion from the relaxation of electron-impact-excited molecules is spec-
ally analyzed to separate the emission lines characteristic of each

Often, it is not possible to predlct accurately the flux arriving at th
substrate, due to uncertainty in the evaporation rates of the various
species or due to the presence of lobed fiux distributions, as discussed

substrate

motion /

gsources

Figure 4.13 Web coating process for flexible substrates.




the thin-film process, its close relationship to vapor flux menitoring
makes it appropriate to discuss here in the context of the transport
step. There are several approaches to deposition flux monitoring, prin-
cipally: ‘

monitor monitor
of M N substrate /o of Y
\ TR

1. mass deposition on a vibrating quartz wafer adjacent to the sub-
strate '

2. change in optical reflection intensity or phase from the film itself
with increasing thickness

3. periodicity in the reflection high-energy electron diffraction
(RHEED) signal from epitaxial films

Since RHEED is specific to epitaxy, it will be discussed in Chap. 6. The
mass and optical techniques are discussed below. All three techniques
are extremely sensitive, with submeonolayer resolution being achiev-
able routinely. It is important to keep in mind that none of them meas-
ures film thickness directly. Thickness must by calculated by knowing
or assuming a film property, namely, for the cases listed above, (1) den-
sity, (2) index of refraction (except in ellipsometry), and (3) monomo-
lecular layer (monolayer) thickness.

shield

Figure 4.14 Separate monitoring of vapor fluxes from two sources
using ion gauges.

element. With any of the above devices, the mechanical beam chopper
shown in Fig. 4.14 is useful for distinguishing beam from background "
species when the background n is a significant fraction of the beam n, -
as in the case of volatile evaporants such as As.,

The above electron-beam techniques are usable only when the elec-
tron mean free path is larger than the monitor diameter, which means:
below 1 Pa or so [Eq. (2.22)]. They also are not usable in a plasma.
environment because of interference from plasma electrons and ions, -
although light emission from molecules excited by plasma electrons is
an important analytical tool in plasmas. For the shorter mean free:
paths of the fluid-flow processes, or in plasmas, optical excitation and:
detection technigues must be used to monitor vapor concentration.

Closed-loop control can be set up for flux just as it was for T in Sec. .
4.5.3. The flux-menitoring signal is compared to a set point, and the:
difference is used to drive the source power through a proportional.
controller. As with T control, the thermal time constant of the source
determines maximum response speed. The same control loop can be
used with the quartz-crystal deposition meonitor which is to be dis:
cussed next.

4.8.1 Mass deposition

The vibrating quartz crystal mass-deposition monitor, or quartz erys-
tal microbalance, is one of the most powerful and widely used diagnos-
tic instruments in thin-film technology. It uses the resonant
crystalline quartz wafers that were developed for frequency control in

radios and are used also for timing in computers and watches. Crys-
 talline quartz is piezoelectric, so a quartz wafer generates an oscillat-
ing voltage across itself when vibrating at its resonant frequency, and
this voltage can be amplified and fed back to drive the crystal at this
frequency. Electrical coupling is done with thin-film metal electrodes
deposited on opposite faces of a thin quartz wafer having the proper
crystallographie orientation, as shown in Fig. 4.15. For deposition
monitoring, one electrode is exposed to the vapor flux and proceeds to
- accumulate a mass of deposit. This mass loading reduces the crystal’s
resonant frequency, v,. Comparison of the loaded v, with the v, of a
- reference crystal located in the instrument’s control unit is used to cal-
- culate the mass of deposit. Measurement of any quantity relative to a
- reference value of similar magnitude is always much more accurate
- than making an absolute measurement, and here it accounts for the
submonolayer resolution of the instrument. The v, of about 5 MHz,
- when loaded, generates a beat frequency with the reference. crystal
- which is equal to their v, difference. The resonant frequencies are very
- stable, so one can easily measure a beat frequency of a few hertz,

4.8 Depaosition Monitoring

We now discuss direct monitoring of deposition flux, which is the
vapor flux arriving at the substrate times the sticking coefficient, S,
Though deposition monitoring is really part of the deposition step of
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a deposit thickness of about 35(p,/ps) um can be tolerated. To further
increase the tolerable loading an(fl1 thereby increase the useful life of a
crystal, a correction must be applied to account for the fact that k as
well as m is changing in Eq. (4.36). These factors are accounted for
together by the acoustic impedance, z, of the crystal-deposit combina-
tion, since the resonance is essentially an acoustic standing wave
which pervades both the crystal and the deposit. Most instruments

- T allow the programming in of a z-correction factor, the value of which

f % b will depend on the film being deposited. This correction extends the

film, p vapor d tolerable loading to mg~ 0.7 m. An extensive analysis of the z correc-
fiux, J, tion and tabulation of its value for various materials has been

reported [17]. Note, however, that the z of a material in thin-film form
may be different from the z in bulk because of differences in structure,
bonding, py, and composition. For accurate work, therefore, it is neces-
sary to determine z for the film being deposited by comparing actual
film thickness with crystal readings. Deviation of p; from the bulk
value also changes the film thickness, which is inferred from the
measured mass using Eq. (4.38).

The quartz crystal monitor gives an absolute reading of m, and
therefore an absolute measurement of arriving vaper flux, if S, is
unity. From this measurement, one can calculate the vapor pressure,
Py, of the source material using the cosine law [Eq. (4.34)] and the
Knudsen equation [Eq. (2.19)], provided that the cosine law is valid at
the location of the crystal and that a Knudsen-cell source (Fig. 4.1b) is
employed. This is a convenient way to determine the p, values of evap-
orants.

Since the crystal and substrate positions relative to the source are
different, the ratio of the vapor fluxes at the two positions must either
be determined empirically or estimated using the information in Sec.
4.6. If the cosine-effusion law is being obeyed, the calculation of this -
. geometrical correction factor is straightforward; however, in the case

Figure 4.15 Quartz-crystal deposi-
tion monitor in cross section.

which corresponds to a sensitivity of <1 ppm in mass, or one mono-
layer on a typical 350 um-thick crystal.

The resonant crystal may be crudely modeled as a familiar mags- -
spring oscillator, for which

= 5 |X (4.36)

el
T T, m

where \ v, = resonant frequency, Hz
T = vibrational period, s
k = gpring constant (stiffness), N/m (= kg/s )
m = mass, kg

For a mass-loaded crystal, we may then write

Ty = Ty 8T, fig rimg = g1+ 20 = (145 )

1 4 of a sharply lobed or fluctuating flux distribution, large errors can
(4'37)_ result. Locating the crystal as close as possible to the substrate mini-
which means that mizes geometrical errors. But in that case, too much radiation from a
_ hot substrate can cause drift in the crystal reading, for the reason
ATy o< my o= pehy (4.38). explained below.

Crystal T control is important. Figure 4.16 shows how v, varies with
T for the standard “AT-35°" cut of crystallographic orientation. For
this cut, v, is independent of T near room T, but not at other tempera-
tures. Thus, if the crystal heats up during a deposition measurement
due to radiation from the substrate or the source, v, will increase and
will appear as a decrease in mass. If the radiation is coming from the
.source, transient errors due to quartz T restabilization will occur upon
-8ource heat-up or shutter opening at the start of deposition, and again

where AT, = change in Ty due to the loading
m, ='mass of the unloaded crystal
my = mass of the deposit
pr = mass density of the deposit, g/em®
hy = thickness of the deposit

The last equality on the right of Eq. (4.37) is valid for m¢<<m, and i i
sufficiently accurate in practice for m¢/m < 0.1. Thus, for hy = 350 um




cases, the quartz crystal is a very sensitive microbalance (30.01 ug) for
studying film porosity and reactivity.

Surface T also affects the sticking coefficient, S, of many materials.
If one wants to monitor the flux actually depositing at the substrate T
rather than that depositing at room T, it is possible to operate the
crystal at the elevated T despite the steeper dependence of v, on T
which is shown in Fig. 4.16. In my lab, I have found that satisfactory
stability of v, can be achieved by applying the feedback T-control tech-
niques discussed in Sec. 4.5.3 to the crystal holder. Above 350° C or so,
the piezoelectric effect weakens, and it is difficult to maintain oscilla-
tion. If instead of duplicating substrate T, one wants to increase the S,

25°C

Figure 4.6 Thermal drift in
quartz resonant frequency, vy,
for AT-35° cut of erystal.

upon cool-down at the end, as shown in Fig. 4.17. These transients can
be recognized most easily by recording hy versus time. The actual dep-
osition rate is the slope in the linear region shown in Fig. 4.17. Also
illustrated is an abrupt jump in reading due to the crystal spontane-
ously hopping from one vibrational mode to another. The convex shape -
of the crystal shown in Fig. 4.15 and the placement of electrode spring
contacts off center help stabilize the fundamental vibrational mode, .
but uneven deposits or high mass loading can cause “mode hopping.’ » :
Frequency jumps will also occur if the deposit begins to flake off. An

additional increase in mass may be seen upon admitting air to the
deposition chamber, or admitting any gas which reacts with the film. -
This increase is an indication of film porosity: the internal surface.
area along the pores is adsorbing water or becoming oxidized. In such.

cooldown
transient

=

heatup
na }‘“—transmnt
Pt
start deposition stop

Figure 4.17 Quartz monitor film thickness, by, versus
time, t (indicated versus actual),

of a vapor flux foward unity, the crystal can be cooled, or a reactive
material can be codeposited. For example, in the monitoring of
(AlGa)As deposition, the S, of As, vapor can be increased by codeposit-
ing a stoichiometrically excess flux of Al. In the case of the Group II-VI
semiconductors, an excess flux of either one of the elemental vapors
drives the S, of the other one toward unity [18].

Loss of oscillation will occur if a liquid is deposited, such as Ga or
Hg, or if the film reacts with or dissolves the electrode material, thus
destroying the electrical contact. Pt is the most robust of the com-
monly available electrodes. Quartz monitors can even be used in
- plasma environments, provided that the holder is well grounded and
- that the 5 MHz wire is well shielded all the way to the vacuum
feedthrough. Materials exposed to plasma or to ion beams can lose
mass due to ion-sputter removal of surface atoms, as discussed in Sec.
8.5.4. In such cases, the quartz crystal, predeposited with the material
of interest, can be used as a sensitive measure of sputtering rate.

4.8.2 Optical techniques

The optical techniques of deposition flux monitoring have several
~ advantages: they are applied directly to the depositing film, yet they
involve too low an energy density to perturb the deposition process,
~and they can be used in high-pressure or plasma environments. On
the other hand, their correct interpretation sometimes requires con-
siderable knowledge of the optical properties of film and substrate,
and the film must have some transparency. Here, we will briefly
review the physics of light interaction with matter and apply it to the
two basic rate-monitoring techniques: interference oscillations and
_ ellipsometry. Light scatfering can be used to monitor film surface

roughness during deposition, and this will be discussed in Sec. 5.4.1.

- Light (and electromagnetic radiation of other frequencies) consists
..of sinusoidally oscillating electric and magnetic fields which are ori-
~ented transverse to the direction of ray travel and at right angles




(orthogonal) to one another. Interaction with matter is almost entirely
due to the electric field, which causes charges in the matter to oscil-
late. In Chap. 9, we will see how radio-frequency and microwave-fre-
quency electromagnetic fields can energize plasmas by causing their
free electrons to oscillate. Here, we begin by considering in-phase light
rays a and b of the plane wavefront in Fig. 4.18 as they approach the
surface of a transparent solid (or liquid) medium from the gas phase.
The incident, reflected, and refracted rays all lie in the “plane of inci-
dence” (the plane of the figure), which is always perpendicular to the
solid surface. The electric-field vector, E, may be oriented parallel to
the plane of incidence, as shown by Ep, or perpendicular to it, which
would be denoted by E,, since perpendicular is senkrecht in German.

Other orientations of E may always be described in terms of its E,and

E; components. The E, orientation is known as TM (transverse mag-
netic) polarization, and the E; as TE (transverse electric).

The speed of light in vacuum or gas, cg, slows down to speed ¢; upon '

refraction into medium 1 due to the electric polarization which E
induces in the medium, and the speed ratio, cy/cy, is called the index of

refraction, fi. Since the frequency of the light, v, must remain con-

stant, and since . '

YV =

>Na

the wavelength is proportionately shortened upon refraction; that is,

A1 = Agfip/fiy

where A and A; are the wavelengths in gas and in medium 1, respec-"
tively. It is therefore convenient to think of an “optical path length,” L, -

@W )
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Figure 4.18 Geometry of refraction and interference.

(4.39)

(4.40).

measured in wavelengths, for light traveling in a refractive medium;
thus, L « 1/ii. For the rays ¢ and b to continue along in phase as a
plane wavefront after being refracted into medium 1, the optical path
lengths L, and Lj, shown by the heavy lines in Fig. 4.18, must be
equal. This leads directly to Snell’s law: '

ﬁo sin CI)O = ﬁ]_ sin ¢1 (4—41)
where the angles of incidence, ¢g, and of refraction, ¢;, are measured
* from the perpendicular to the surface. Another part of ray & is shown
. being reflected from the surface as ray ¢. Energy imparted to ray ¢
. comes from charge oscillations in medium 1 that are induced by the
. refracted part of ray a, so these oscillations will be perpendicular to
- the refracted ray. At a particular value of ¢, ray c will also be perpen-
: dicular to the refracted ray, and under this condition there will there-
. fore be no component of charge oscillation perpendicular to ray c for
- TM-polarized light. This means that the energy delivered to ray ¢ will
~ be zero, so no light can be reflected. This particular angle of incidence
is known as Brewster’s angle, ¢y, and it can be shown by trigonometry
. and Snell’s law that

op = tan~1(i;/fig) (4.42)
Note that reflection does not go to zero for TE polarization, and thus
¢ is known also as the “polarizing angle.,” We will see that the value
of ¢g relative to ¢p is very important in optical measurements on thin
films.

© If medium 1 is a thin film of thickness h on a substrate of index #s,
- light refracted into it will continue to bounce back and forth across h
. with some reflection and refraction at each interface as shown for ray
 a in Fig. 4.18, The refracted light leaving medium 1 as ray d after one
.- bounce traverses an optical path length of 2L; within this medium
- during the time that the reflected ray c traverses a shorter path L, in
the gas before meeting up with ray d in the outgoing beam. The partic-
- ular film thickness, h,, for which the path length difference is exactly
. one wavelength is called the “thickness period,” and it can be shown
- by trigonometry and Egs. (4.40) and (4.41) that

1
1y
20 (4.43)

The same value of h, is obtained for rays leaving the medium after
any two successive bounces. If all of these rays are in phase, the




uch less than a quarter wave, the more sophisticated optical tech-
nique of ellipsometry is preferred.

intensity of the reflected beam is a maximum; whereas if succe
rays are 180° (x radians) out of phase, the rays interfere destructively,
and the reflected intensity is a minimum. A phase shift of 2r
induced by the path through a film of thickness h,, and there ca
additional phase shifts upon reflection at each interface depending
conditions, as specified in Table 4.3. There is never a phase shift.u
refraction. Note that the reflection situation is less complicated w:
$o < ¢p. In that instance, the phase shift is the same at both of t}
interfaces of Fig. 4.18 when fiy > fi; > fig. Then, maxima are obtained
when h = jh,, where j is any integer, and minima are obtained whe
= (§ + 1/2)h,. The same formulae apply to both polarizations. For
pendicular (“normal”) incidence (¢9 = 0°), the first minimum §
occurs at h = (1/4)L¢/fi}, and this is the situation for the familiar quar
ter-wave antireflection (AR) coating used on lenses. If in addition,
= Jsz , the reflection from the AR coating is exactly zero. In thin-fil
monitoring, one can also have fi, < fi,. In that case, the phase shifts
the 0-1 and 1-2 interfaces differ from each other by r for both polar
izations, as seen in Table 4.3. Then, the conditions for maxima an
minima as described above are reversed. .
Deposition rate monitoring by recording the periodic intensity osci
lations of monochromatic light is particularly appropriate for optical
thin films such as AR coatings, since the optical thickness is the m
property of interest. The He-Ne laser (Ag = 632.8 nm) is an ideal lig
source for films transparent at that wavelength. The technique can be
applied to any film which has some transparency. If the film has some
absorptivity, the oscillation amplitude will attenuate with increasir
thickness as the contribution from the refracted ray becomes weake
In addition, the phase relationships become more complicated
absorption. In such cases or when the film thickness to be measure

In ellipsometry, one extracts much more information from the
flected light beam by measuring the amplitude ratio and phase rela-
tionship of the E; and E, components; that is, by measuring the polar-
ization ellipse of the reflected light. This concept is illustrated in Fig.
:19, which shows the E-vector oscillations of light waves of both
ﬁolarizations as they travel in the +r direction. The oscillation of each
s described by its variation with time, phase shift, and position:

Ey = E; cos (ot + & ~ 2rrii/Ag) (4.44)

where subscript k = p or s polarization

: E, = amplitude (maximum value) of Ey
o = angular frequency = 2rv
4 = phase angle

The last term may also be written as kr, where the “wave vector”
k = 2n/i = 2nii/Ay. For the two waves shown in Fig. 4.19, inspection
shows that 8; = 0 and §;, = w2. At any particular t and r, the resultant
E vector obtained by the superposition of these two waves will have an
amplitude and direction equal to their vector sum, E = E, + E,. Now
isualize the evolution of this sum in amplitude and direction as the
wo. waves pass to the right through the r = 0 plane, and visualize the
projection of E on the p-s plane at r = 0. This projection is shown to the
1t of Fig. 4.19 for t = 0 and looking into the beam. As t increases and

TABLE 4.3 Phase Shifts upon Reflection of Light from an Interface

Polarization do fy, >f,* fip <,

E, <op T 0
(TE) .
>bp n 0—ras ¢y 7
Ep <tp 0 n
(TM) ' : "
>0p n 0—masgg— Figure’ 4.19 Superposition of two light waves to form the polarization

ellipse. Here, the p-polarized wave leads the s-polarized wave by /2,
ulting in right-hand elliptical polarization,

*Light is in medium of refractive index R,; interface is with medium fy,; both media are
nonabsorbing.




the waves pass to the right, E; decreases from its maximum value
toward zero, while E,, starting from zero, becomes negative. For equal
amplitudes, E, this progression results in E tracing a cireular path
in a clockwise direction as shown, and this is called right-hand circu-
lar polarization. Had 8, been —n/2, the path would have been counter-
clockwise and the polarization left-hand. If the waves are instead in
phase (3, = §,), the path becomes a line bisecting the top-right and bot-
tom-left quadrants; if they are out of phase (8p = 83+ m), the path is a
line hisecting the other two quadrants. Also, 1f one of the amplitudes is

zero, a line is obtained. These three latter cases are examples of linear

polarization. Finally, for other phase and amplitude relationships, the
path is an ellipse whose major axis is inclined at some azimuthal angle
8 as shown in Fig. 4.20. The maximum excursions of the ellipse in the
p and s directions are the amplitudes of the electric fields in those

directions. The significance of the angle y will be clear later. Note that-

monochromatic light is required to obtain a time-invariant phase rela-
tionship between the two waves. The smaller the bandwidth, AX, of
the light, the longer is the distance of travel in r before the phase rela-
tionship is lost. This distance is the coherence length, Ar, and

_ A
Ar = 7“(3“72)

A good monochromator or a laser is required for Ar to be long enough -

for ellipsometry.

In ellipsometry, we are concerned with the phase of the reflected -

light but not with the time dependence, which is simply sinusoidal.

The time dependence can be factored out of Eq. (4.44) by switching to
exponentials using Euler’s formula: cosx + isinx = e* (which is
obtained by comparing the series expansions of these functions). If R

Figure 4.20 Geometry of the

S polarization ellipse of the re-
flected light. The ellipsometric
angle, vy, is oriented as shown
only when the ineident ampli-
tudes are equal.

(4.45)

denotes the real part of these complex numbers, then cos x = R(e™),
and

_ Cﬁ( iot iSk‘e—i-anﬁ/Ko)

It turns out that operating on the complex exponential terms is equiv-
alent to operating on the real part only, at least for present purposes,
so the R is dropped henceforth. The substitution of i by fi indicates
that the refractive index is also in general a complex number,

(4.46)

a

A =1fi+ix (4.47)
Here, x is the extinction coefficient, which accounts for light absorp-
tion and scattering in the film. The reason that the extinction term is
imaginary becomes clear upon factoring the i exponential term in

Eq. (4.46):

~i-2nrA/ Ay
e = e

-i-2mrisi, e— (Znx/do}r

(4.48)

. The second term on the right is a real number, and it describes the
- exponential attenuation of light passing through an absorbin ;
- medium. Photodetectors actually measure light intensity, I = |Ey|%,
- and applying this relationship to the attenuation term leads to the
- familiar Beer’s law:

—(4ax/h)T -0, T

1(r) = e - (4.49)

Ic=0)

where o, is the light absorption coefficient. Note that o is different
from the radiation absorptivity discussed in Sec. 4.2. The absorptivity
equals the fraction of incident light that is absorbed in the total thick-
ness of the medium rather than being reflected from its surface or
- transmitted through to the other side, whereas o expresses attenua-
tion per umit of thickness. In ellipsometry, the effect of extinction in a
thin film shows up as a reduced amplitude for light reflected from the
substrate interface. Additional loss of reflected amplitude occurs due
to refraction into the substrate. There are also phase changes due to
reflection from interfaces and due to path length differences, as dis-
cussed above.

. The amplitude and phase changes upon reflection of each polariza-
tion component (k = p or s) are accounted for together by the complex
reflection coefficients




i3,
T = |rkI e (4.50)

where 11y | is the reflected/incident amplitude ratio, and where it has
been assumed that the phases of both incident components are zero.
Here, we have dropped both the t and the r factors of Eq. (4.46) and
are considering only the § factor at a fixed t and r. This expression is
called the “phasor” representation of a periodic function, which should
not be confused with the energy-beam sidearm carried by Enterprise
crew members. It is common in ellipsometry to direct at the surface
linearly polarized light which is inclined at an azimuthal angle of 45°
to the plane of incidence, so that the amplitudes and phases of each
component are equal. The light is polarized by passing it through a
“dichroic” material such as a Polaroid sheet. Dichroic materials cause
polarization by having a much higher extinction coefficient for one
polarization than for the orthogonal cne. Using such light, the ratio of
the complex refiection coefficients is obtained directly by measuring
the polarization ellipse of the reflected light. These are the basic data
which are obtained from ellipsometry, and the ratio is expressed as:

. :
p=2=1Pe * ¥ =y (4.51)

In the case of equal amplitudes for the incident light, y is also given by
the ratio of the reflected amplitudes as shown in Fig. 4.20, which also
shows the azimuthal orientation angle of the ellipse, 8. Since y can
vary over 90° and A over 360°, the data space forms a hemisphere in
polar coordinates.

In practice, the reflection ellipse is mapped by passing the reflected - - ..

light through.a spinning polarizer into a photodetector. From the
ellipse shape and azimuth, the ellipsometric angles, y and A, can be
calculated. These angles uniquely determine the fi of a bare substrate,
Upon film deposition, the new y and A plus the previously measured
i of the substrate uniquely determine both the fi and the thickness,

h, of the film. The complex dielectric constant of the film, €3 = &1 + its, .

can also be calculated, since it is related to & by g4 = A2. The imagi-
nary part of ¢; is associated with optical attenuation in the film, as
was the case with fi. The mathematics of transforming the raw ellip-
sometric data into y and A and thence into film properties is very com-
plicated; but fortunately, good software is available. It is possible, for
example, to plot y and A in real time during film deposition. In this

mode, if the incident angle, ¢, is set near to the ¢y [Eq. (4.42)] of the'
film which is being deposited, A can detect less than one monolayer of

deposition! This seems surprising, since the light wavelength amounts
to thousands of monolayers, but it comes about as follows. Recall that
there is no reflection of the p component at ¢p. Therefore, only the s
component is reflected from the surface of the film, while the p compo-
nent is completely refracted through the film and thus becomes
retarded in phase by the added optical path length. We know that one
thickness period of film, h, in Eq. (4.43), corresponds to a 360° phase
retardation, so for a typical h, of 100 nm, the h sensitivity of this tech-
nique is 0.3 nm per degree of A. The choice of ¢ is important, because
if it is too close to ¢p, too much sensitivity results, meaning that small
errors in measuring ¢y will result in large errors in calculated #i and
h. Another characteristic of ellipsometry to be wary of is that the sen-
sitivity of the ellipsometric angles to changes in the optical properties
of the film varies widely with conditions. For example, sensitivity to
the fi and h of a film are low when h is near the thickness period of Eq.
(4.43) (Tompkins, 1993).

Figure 4.21 shows results obtained [19] for the , A trajectory in
depositing Al, ,.Ga, ,.As onto a GaAs substrate by CVD at 600° C.
Point 1 corresponds to the y and A for the GaAs substrate before depo-
sition. With increasing deposition, the trajectory follows a logarithmic
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Figure 4.21 Experimental ¥-A trajectory during CVD of Alg 95Gag 7548 onto a
GaAs substrate (heavy line with + marks) and calculated trajectory using
abrupt-interface model (light line). (Source: Reprinted from Ref. 19 by per-

- mission. © 1981 by Annual Reviews, Inc.)




spiral as indicated by the heavy line, which has been marked with
crosses at 10 nm increments of h. The spiral would eventually con-
verge to point 2, which corresponds to the y and A for bulk
Al ,sGa, . As. If the film were completely transparent to the 632.8 nm
He-Ne hght used, the spiral would not converge, but would repeatedly
circulate back on itself, passing through point 1 after the deposition of
each thickness period, h . The observed convergence results from the
attenuation, or extinction, of the refracted ray as h increases. Compar-

igon of these data with a model calculation provides additional infor-

mation about the depositing film. The narrow-line trajectory plotted in
Fig. 4.21 is the theoretical trajectory for the deposition of a smooth
film having a uniform A equal to that of Al, Gao 75A8. The consider-
able deviation from the data indicates that the fi of the film is nof ini-

tially that of Al ,.Ga, ,.As, but instead it gradually changes from that :

of GaAs to that of Alo e 75AAS with increasing h. Intermixing of
interfaces is a common problem in thin-film deposition, espec1a11y in
CVD, and its measurement in real time is a powerful tool in pursuing
its solutlon

The above results at the same time point up the principal shortcom-
ing of ellipsometry, which is that the calculated film properties must
be based on an assumed model for the optical structure. Thus, the
more that is known about the film(s), the more likely it is that a cor-

rect and unambiguous interpretation of the data can be made. For
example, the development of roughness in the depositing film can be .

misinterpreted as a reduced f. This is because roughness on a scale

much smaller than X, will not cause detectable scattering, but rather :

will appear optically as an “effective medium” composed of film mate-
rial plus gas inclusions. This too ean be modeled, but it needs to be

known whether roughness is indeed the cause of the reduced f. In

addition, effective-medium theory is complicated, and most of the
effective-medium models, including the popular Bruggeman approxi-
mation, assume isotropic inclusions. Unfortunately, rough or porous
thin films often have a columnar structure rather than an isotropic

one. These ambiguities, like all ambiguities, are best resolved by col- _'

lecting more data, and the easiest way to do this in ellipsometry is by

varying A,; that is, by employing spectroscopic ellipsometry. Clearly,-

fitting a model to the ellipsometric data over a wide A range is a much
more rigorous-test of it than fitting it at only one A. Moreover, it usu-

ally happens that a certain A is particularly responsive to the film lay--
ers under study, in which case that A can be selected for real-time -
monitoring and feedback control of deposition rate and composition
[20]. Spectroscopic ellipsometry is also useful for determining the h-
and fi values of multilayer film structures after deposition, as will be

discussed in Sec. 10.1.1.

4.9 Conclusion

In this chapter, we have examined the supply of source material by
thermal evaporation and the transport of the resulting vapor to the
substrate within a high-vacuum environment. Although a material’s p,
versus T behavior can be estimated by thermodynamics knowing only
the boiling point and heat of evaporation, its net evaporation rate can
be calculated from p, only in the cases of true Knudsen-cell sources or
atomic vapors of metals. In other cases, p, only gives an upper limit to
net evaporation rate. This points up a general fact of chemistry,
namely that the kinetics of a process are always more difficult to esti-
mate than the equilibrium situation. The evaporation of alloys and

ratios drifting with time due to changing source composition. Materi-
als knowledge, source design, and T stability are all important in con-
trolling supply rate. Once the vapor has been generated, it must be
transported uniformly to the substrate. In that step, key factors are
the geometry between source and substrate and the monitoring of
vapor flux or of deposition rate. We have seen that there are some very
sensitive monitoring techniques available, which can also be used for
feedback control of supply rate. Having now dealt with evaporation
and transport, we are ready to examine the deposition itself.

4.10 Exercises

4.1 For Al evaporating at 1100° C, A, H = 318 kJ/mole. Assuming
atomic vapor, what fraction of this energy goes into pAV, what
fraction into kinetic energy, and what fraction into potential
energy? ‘

4.2 The sublimation T of TiF, is 284° C. At that T, Adi, = —1639 k.J/
mole and AH, = —1551 kJ/mole. (a) Write an equation for p,
(Pa) with T (in X) as the only unknown. (b) What is p, at room T
(25° C)? (¢) What is the TiF, effusion rate at room T from an
ideal Knudsen cell having a 1 mm-diameter orifice?.

4.3 For water in equilibrium with its vapor at 100° C: (a) What is
average time between arrivals of vapor molecules within a radius
of three atomic distances (about 1 nm) from a particular surface
site? (b) How much time does it take the average arriving mole-
cule to traverse the last three atomic distances above the surface,
neglecting acceleration due to potential interaction? {¢) What is
the probability that there will be an impinging molecule within
_ three atomic distances of a particular surface site?

4.4 The p, of arsenic vapor over the elemental solid is 1 Pa at the
. operating T of a particular Knudsen cell. If the evaporation coef-

compounds introduces the additional complication of vapor component




