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The general assumption is made that the rate of oxidation is limited by the
transport of ionic species through the already formed iayer, with the transport
mechanism being the thermally activated hopping of ionic defects in the presence of
electric fields due to the surface potential established by the discharge and modified
by the space charge of the mobile ionic defects. The results of the treatment are also
applicable if the transport occurs by place exchange. Although attention in the
present work is focused specifically on electrically isolated metal samples in the
presence of an r.f-excited oxygen plasma, the theoretical model is not limited in
applicability to this special case.

1. INTRODUCTION

The catalytic effect of oxygen discharges on the oxidation of metals has been
studied since the mid-1930s. Interest in recent years has been greatly stimulated by
the manifold practical applications of thin barrier layers in areas of applied physics
such as solid state electronics’™. Today a great variety of techniques exists for
producing oxides and similar barrier layers by the gas discharge method.
Experimental variables include the magnitude and frequency of the voltage
sustaining the discharge, the pressure and exact composition of the gas, and the
electric potential of the metal sample being oxidized and the specific location of the
metal in the discharge.

The enhanced rate promoted by the discharge may be due to a combination of
several factors, such as production of a more reactive oxygen species by means of the
discharge, the implantation of oxygen ions in the oxide by ion bombardment due to
the discharge, and the modification of the built-in voltage across the growing oxide
layer normally present during ordinary thermal oxidation. An external voltage can
be impressed directly across the oxide growing in the discharge by attaching one
lead of a voltage source to the parent metal and attaching the other lead of the
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voltage source to a counterelectrode immersed in the ionized gaseous plasma
produced by the discharge. If the parent metal is charged positively in this
arrangement, the oxide is anodically produced in a way which is quite analogous to
anodization in a liquid electrolyte®~". ,

There are many ways of producing a gaseous discharge. Either a d.c. or an a.c.
discharge can be-initiated. The d.c. glow discharge is experimentally simple and is
useful in producing thin oxides. A higher density plasma is obtained, however, in the
low pressure d.c. arc discharge. If an a.c. voltage source is used to, produce the
discharge, the characteristics of the discharge depend upon the frequency of the
source. For example, r.f. discharges have been utilized* * in studies of the formation
of PbO layers on parent lead. Microwave discharges have also been utilized.

The plasma produced in the gaseous discharge is likewise characteristic of the
value of the applied voltage utilized to create and maintain the discharge. Higher
plasma densities often lead to higher oxide growth rates and thicker :oxide films,
although the sputter removal rate of the already formed oxide by ion bombardment
in the discharge frequently becomes an important experimental variable. Greiner®
was able to control dynamically the oxide thickness by balancing the sputtering rate
against the growth rate. Such precise control is highly desirable in device fabrication,
and it is-especially critical for quantum devices involving tunneling between metals
because the electron tunnel current is an extremely sensitive function of the thickness
of the insulating layer separating the metals.

2. THEORETICAL MODEL

A number of important factors are changed when a metal is anodized in a
gaséous plasma instead of in a liquid electrolyte. However, there is no experimental
evidence which indicates any fundamental difference in the ion transport mechanism
during oxide growth. Thus the simplest theoretical approach is to utilize funda-
mental hopping equations’-® for a growth rate limited by ionic transport, with the
addition of a negative growth rate term to account for the effect of oxide sputtering
due to bombarding ions from the plasma. As in the case of liquid anodization’, the
transport of electrons will be considered not to be rate limiting, primarily because
such transport can take place readily through the external circuit for cases in which
an external potential is applied to the sample. In the alternative case of a floating
sample, the formulation will apply immediately only to those systems for which
electron transport through the growing oxide occurs much more readily than ion
transport. (As in thermal oxidation®, both ions and electrons must be transported in
order to form new charge-neutral oxide molecules.) There may be sufficient leakage
currents through the plasma region surrounding the floating sample to shortcircuit
the oxide for electron transport, and in this case the formulation holds even for the
plasma formation of oxides which are normally better conductors of ions than of
electrons. '

The particle current density for the steady state hopping transport of ionic
species®” in strong electric fields is given by '

DC(0) V(L) o |
o= TeXp{_E*L(z)} _ | g
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where
E* =kgT/Zea 2)

The voltage V(L) across the oxide is that which exists in the presence of the oxygen
plasma; it is determined by the metal oxide in question and the experimental
conditions of the plasma, but it is considered to be independent of the specific value
of the oxide film thickness L. The diffusion coefficient D for the mobile species with
concentration C is determined by the microscopic parameters of the oxide”* 8, such
as the hopping distance 2a. The concentration C(0) of the mobile ionic species is the
value at the interface with the higher defect density; for oxygen interstitials or cation
vacancies this would be the oxide—plasma interface, whereas for cation interstitials
or anion vacancies this would be the metal-oxide interface. The parameter , which
determines the space charge retardation of the growth rate, is determined from

x* L L s
Iny = 1_f<1 +x—*>ln(1 +x—*> | 3)
where
. — ekg T 4
X = Iz C0)a @

The charge of the mobile defect ion is denoted by Ze, the static dielectric constant of
the growing oxide is denoted by ¢, and kg T is the thermal energy at temperature T,
The net growth rate d{L(z)}/dt of the oxide with time ¢ is determined by the
dynamic balance between the positive contribution J, due to oxide growth and the
negative (reverse) contribution J,., due to oxide sputtering:
O} Ryt = RI ©
t .
where R is the molecular volume of oxide associated with each ion which is
transported through the oxide. The integral of the net (total) current density J,,,
gives the formal expression for oxide thickness L(¢) as a function of time ¢, i.e.

L(t) :
L= J (RJo))™ tdL ) (6)
L(0)

Numerical evaluations of this expression for the plasma oxidation kinetics utilizing
typical values for the microscopic parameter values have been carried out®. In this
way, parametric curves have been developed to evaluate the general predictions of
the model. These curves illustrate the dependence of oxide growth kinetics on the
various microscopic parameters (the activation energy for charged defect motion,
the concentration of the mobile ionic defect species and the dielectric constant of the
oxide) and on the other variables of the system (the electrostatic potential difference
across the oxide layer, the sputtering rate and the temperature of the sample).
Typical results are shown in Section 3.2, and an application of the results to
experimental data* on the r.f. plasma oxidation of lead is shown in Section 3.3.

An interesting and important feature of plasma oxidation is the limiting oxide
thickness achieved under dynamic growth and sputtering conditions. Equation (5)
predicts that the growth rate d{L(z)}/d¢ can be either positive or negative, and that it
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will be zero when the oxide thickness _L(t)~reaches the specific thickness L, such that

'I0|L(t)=L°o = Jrev (7)

This thickness, which is referred to as the “steady state limiting thickness”, is
theoretically achieved only when the time ¢ approaches infinity but, because the
laboratory time constant is typically in the range of 100-1000 s for the asymptotic
approach of L(t) to L., effectively the limiting thickness is achjeved after 20 min or
so of plasma anodization.

Equation (7) is found to be useful in a number of ways. For example, it can be
evaluated at any given thickness, using eqn. (1) to ascertain the level of sputtering
current which must be chosen to yield that value for the limiting thickness.
Alternatively, if we wish to know the voltage across the oxide layer which will yield a
given value of the limiting thickness for some fixed sputtering current, eqn (7)canbe
evaluated by means of eqn. (1) and rearranged to yield

kgTL., DC(0
V(L) = 7o [ln{ZaJ( )}+II}W|L(:)=LQO:| ®)

Often it is desirable to be able to predict the limiting thickness L, given specific
values for all other variables in the theory. Although eqn. (7) cannot be solved
explicitly for L, a useful implicit expression can be readily obtained:

ZeaV(L) DCO)|* -1
L,= T [1n{2aJrev +InY| =1y 9)

The results of an iterative evaluation of this implicit expression for a number of sets
of microscopic parameter values are shown in Section 3.4.

3. NUMERICAL EVALUATION OF PLASMA OXIDATION KINETICS

3%. Microscopic parameter values

Since there are a number of microscopic parameters in the theory, it is necessary
to adopt a systematic method for studying the effects of varying the values.of one or
another of these parameters. Extensive data on the.rif. plasma ox1dat10n of lead is
readily available*, so parameter values typical of PbO (Tables I and 11) were chosen
for the initial computations. The effects of varying the most important of these
parameters were then studied by generating parametric fam111es of growth curves by
numerical evaluation of eqn. (6).

3.2. Parametric families of growth curves

Figure 1 illustrates a family of three curves with temperature constituting the
parametric variable. These curves were - generated by incrementing the temperature
from curve to curve, the remaining microscopic parameter values being held fixed at
the values listed in Tables I and II. The “runaway” behavior of the higher
temperature curve is particularly interesting, since it offers the possibility that oxide
formation can be self-catalytic if it is not carried out under isothermal conditions.
The predominant temperature dependence (and activation energy dependence) of
the families of curves can be attributed to the ratio W/ky T appearing as an argument
of the exponential factor in eqn. (1). This is not quite the entire picture, however,
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TABLE I
FIXED MICROSCOPIC PARAMETER VALUES UTILIZED IN MODELING PbO GROWTH KINETICS
Symbol Units Terminology Value
T K Temperature 297
z — Valence of mobile species -2
2a A Lattice parameter (hopping distance) 2.946
R A3 Volume of PbO formed per ionic defect trans- 3845
ported through the oxide layer
v st Hopping attempt frequency 103
g — Low frequency dielectric constant of PbO relative 30
to the permittivity g, of free space
TABLE II ,
TYPICAL PARAMETER VALUES FOR ADJUSTABLE CONSTANTS IN FITTING THEORY
Symbol Units Terminology Value
w eV Activation energy for diffusion of mobile defect 0.75
species
C(0) cm™3 Bulk defect concentration at the oxide interface 10%!
V(L) v Electrostatic potential drop across the oxide layer 1.6
Jrev cm”2s7! Oxide sputtering rate in terms of the mobile ionic 1.8x 103

species

because of the additional temperature dependence arising from the electric field
modification of the current: As can be noted from eqn. (1), the ratio ZeEa/kg T also
appears as an argument in the exponential factors involved in the hopping current

expression.
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Fig. 1. Family of theoretical kinetics curves with temperature constituting the parametric variable. (See
Tables I and II for those parameter values not listed in the figure.)
Fig. 2. Family of theoretical kinetics curves with electrostatic potential difference constituting the
parametric variable. (See Tables I and II for those parameter values not listed in the figure.)
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Figure 2 shows a pair of growth curves obtained by doubling the voltage across
the oxide layer and keeping all other parameter values fixed at the values listed. It
can be readily noted that these theoretical curves consist of a fast rise portion
followed by a portion corresponding to the limiting thickness. The sputtering rate
affects principally the regions of the growth curves corresponding to the limiting
thickness. Although the “forward” current produced by the voltage greatly exceeds
the “reverse” current due to the sputtering in the early growth stages, the currents
become comparable and finally equal in magnitude as the dynamic limiting
thickness is approached. The kinetic curves depend sensitively upon the values of the
microscopic parameters utilized in the evaluation, since these values determine the.
rate of movement of the charged ionic defects through the aiready grown layer
thickness. The variation in the limiting thickness with the value of each of several
microscopic parameters is studied in Section 3.4.

3.3. R/ oxidation of lead

The ready availability of experimental data on the r.f. plasma oxidation of lead*
motivated the initial choice of parameter values (Tables I and II). This section is
concerned primarily with theoretical fits of the theory to these published data. In
addition to r.f. plasma oxidation studies, several thermal oxidation studies have
been carried out%~12, Also, experimental data for the transport of lead and oxygen
defect species in PbO have been pubhshed13 15, Structural studies of oxides on lead
have also been made6-17.

The literature data of primary interest to us in this work were those of Greiner
for the r.f. oxidation of lead films, 4000 A in thickness, deposited onto oxidized
silicon wafers. It has been shown that such films grow with a preferred orientation
such that the majority of the lead grains in the film are oriented with their (111) plane
parallel to the plane of the surface!®. Both thermal and r.f.-grown oxides on such
films have been shown!®'° to be predominantly crystalline orthorhombic PbO
oriented with the (001) plane of PbO parallel to the surface. Furthermore, the PbO
crystallites were shown!” to have an orientational preference with respect to the
crystallographic directions in the plane of the film, even though the alignment is not
sufficiently close to regard the PbO as being epitaxial on the lead. The parameter R
(representing the volume of a PbO molecule), the lattice constant 2a and the
dielectric constant ¢ were chosen assuming orthorhombic (001)-oriented PbO. With
these considerations in mind, the parameter values listed in Table I were used for the
Pb/PbO system. Listed in Table II are the parameter values which were chosen
somewhat more arbitrarily (though realistically), since precise experimental values
were not available. Some of the considerations behind the initial choice for these
values are discussed in ref. 9.

If the assumption of an ionic transport rate-limiting mechanism is correct, some
mechanism must be postulated by which electrons (or other negatively charged
species) move from the oxidizing metal to the surface of the oxide adjacent to the
plasma to compensate the opposite charge transported across the oxide by the
diffusing ions. If the metal were electrically connected to another part of the system,
an external path across the oxide would be established via the plasma. However, for
a truly floating sample, this is not the case: the compensating charge must be
transported through the oxide. It was proposed®: ?° that in the case of lead this takes

4
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place by the creation of electron holes at the oxide surface by ion neutralization, and
that these holes readily migrate under a concentration gradient through the oxide to
the metal, thus effectively transporting an electron from the metal to the oxide
surface. This hole creation by ion neutralization is possible since the incoming O*
ions, for example, have an unoccupied level about 13 eV below the vacuum level, or
8 eV below the Fermi level (assuming a 5 eV work function). This is well below the
valence band edge for most oxides, and thus it is energetically possible for an
electron from the valence band to fill the unoccupied level in the ion. This contrasts
with thermal oxidation® 12, where only the oxygen affinity level is available to the
electrons. If the affinity level is not sufficiently low to accept electrons from the
valence band, then electrons from the Fermi level must traverse the oxide with a
much lower probability via tunneling?! or else be thermally excited to the
conduction band of the oxide with subsequent transport by a conduction band
mechanism?2. This may be the reason why thermal oxidation occurs so much more
slowly than plasma oxidation.

The voltage across the oxide layer is believed to arise from a surface charge of
excess negative oxygen ions. That is, oxygen is adsorbed as neutral or positively
charged oxygen atoms from the discharge, and these subsequently become
negatively ionized on (or just beneath) the surface of the oxide. A dynamic balance
between the concentration of these oxygen ions and the injected electron holes could
then determine the voltage across the oxide. The fact that voltages as high as 1-2 eV
are observed?2? across the oxide suggests that the hole concentration is very high at
the surface. This is consistent with the high levels of excess oxygen observed at the
surface by Auger spectroscopy and indicated by the continued growth of the oxide
after the plasma oxidation has been terminated?°. If this high concentration of
oxygen ions were not largely compensated by the electron holes, a much higher
voltage than is observed or deduced from comparison of the experimental data with
the theory would exist across the oxide. Thus the diffusion of ions through the oxide
is considered to be field assisted in r.f. oxidation, but the fixed voltage across the
oxide is controlled by the combined properties of the plasma and the oxide surface
instead of by an external voltage applied to the sample.

Figure 3 illustrates a comparison between present theory and data on the r.f.
oxidation of lead (ref. 4, Fig. 5) taken at 24 °C at a peak-to-peak voltage of 340 V.
The set of four experimental curves were taken at different oxygen pressures. The
shape of the kinetics curves predicted from the numerical evaluation of egn. (1) and
its integration in accordance with eqn. (5) is identical with that obtained
experimentally. The quality of the theoretical fits is quite high for all four curves. The
parameter values which were utilized are listed in Table ITI. The increase in limiting
thickness with increased values of the oxygen pressure is not too surprising. The
increased voltages across the oxide deduced by the fitting procedure (Table III)
indicate that the major effect of increases in oxygen pressure on the kinetics may be
to increase the built-in voltage across the oxide, which in turn provides a larger
electric field to increase the rate of ion transport through the oxide layer. Other
comparisons of the theory with the data of Greiner are given in ref. 9. Some
consideration is also given therein to the range of parameter values which can be
utilized to obtain a match between theory and experiment.

Although we can hardly attempt to correlate experimental data and theory
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Fig. 3. Linear plots of computed { ) r.f. oxide film thickness vs. time of oxidation with the microscopic
parameter values chosen to yield optimum least-squares fits to the data points of Greiner* on lead at
297K and a peak-to-peak r.f. voltage of 340 V with oxygen pressures of 5mTorr (1), 10 mTorr (A),
20 mTorr (O) and 40 mTorr (V). (The microscopic parameter values are listed in Tables I and III.)

TABLE 111 .
PARAMETER VALUES® UTILIZED FOR THEORETICAL FITS TO THE GROWTH KINETICS OF PbO?
Experimental O pressure Microscopic parameter values
(mTorr) -
Wi(eV) (L) (V) Jeey (x10%3cm™257Y)
5 0.750 122 1.48
10 . 0.753 1.58 1.75
20 0.868 4.00 0.71
40 . 1.030 6.93 0.10

2 For all curves represented in this table, the value of C(0) was fixed at 102! cm ™3,
® Measured by Greiner* at an r.f. peak-to-peak voltage of 340 V.

without raising the important question of the uniqueness of the fit, the salient point
to be made is that the basic shape of the theoretical curves is not altered appreciably
by changing the parameter values, even though the time scale and (to a lesser extent)
the thickness scale may be dramatically altered by changing certain parameter
values. Because only the scales and not the shape of the theoretical growth curves are
amenable to alteration by the choice of parameter values, the agreement found
between theory and experiment is significant.

3.4. Dynamic steady state limiting thickness

Because device technology is extremely demanding with regard to the precise
thickness of insulating layers, reliable predictions of oxide thickness variations
produced by changes in the microscopic parameter values, the temperature, the
voltage developed across the oxide and the sputtering current are extremely
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important. The dependence of the limiting oxide thickness on these variables is
illustrated in this section by iterative evaluations of eqn. (9). The procedure adopted
is to plot the limiting thickness continuously versus one microscopic parameter
value, with a second microscopic parameter value incremented to generate a
parametric set of curves.

One parametric set of curves is shown in Fig. 4 where the limiting thickness L,
is plotted versus the ambient temperature T for five different voltages across the
layer. A quasi-exponential increase in the limiting thickness with increasing
temperature is apparent from this figure. In addition, the greater limiting thicknesses
which accompany increasing values of the voltage at any given temperature should
be noted. In a similar way, there is a sensitive dependence of the limiting thickness on
the value of the activation energy, with decreased activation energies yielding larger
limiting thicknesses at a given temperature®.
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Fig. 4. Computed values of limiting thickness vs. temperature with electrostatic potential difference as
the parametric variable (W = 0.80¢eV; J,,, = 10'3 cm 257 !; 20 = 2.95A; C(0) = 10%! cm~3; values of
&, Z, R and v as listed in Table I).

Fig. 5. Computed values of limiting thickness vs. electrostatic potential difference with activation energy
as the parametric variable (J,o, = 10> em~2s71; 2a = 295 A; C(0) = 10*! cm~3; T, Z, R and v as in
Table I).

Figure 5 illustrates L, versus voltage V(L) for three different activation
energies. Figure 6, illustrating L, versus V(L) for four different temperatures, gives
further insight into the interplay between voltage and temperature increases. Figure
7 illustrates the rise in the L, versus V(L) curve which is predicted for increased
oxygen defect densities. Another set of computations (not illustrated herein) was
carried out to ascertain L, for different values of the hopping distance 2a. It was
found that increases in 24 led to increased values for L. This can be understood as
follows: increased values of 2a lead to greater field modifications in the potential
energy barrier heights, which then result in greater values of the “forward” current.

Figure 8 shows L, versus J ., for three different activation energies in order to
give insight into the interplay between activation energy modifications in the
“forward” current and the sputtering rate expressed as a “reverse” current density.
Another set of computations (not illustrated herein) was carried out to study the
effect of the ionic point defect charge Ze on L. It was found that an increase in the
magnitude of Z leads to a greater “forward” current for a given thickness and
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Fig. 6. Computed values of limiting thickness vs. electrostatic potential difference with temperature as
the parametric variable (W = 0.80eV;J,, = 10>ecm™257%;2¢ = 2954 ; C(0) = 10** cm~3; Z, Rand v
asin Table I).

Fig. 7. Computed values of limiting thickness vs. electrostatic potential difference with mobile oxygen
ion concentration as the parametric variable (W = 0.80eV; J,,, = 10> cm 25" ;22 = 295A; T, Z, R
and v asin Table I).
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. Fig. 8. Computed values of limiting thickness vs. sputtering current density with activation energy as the
parametric variable (V(L) = 3 V;2a = 2.95 &; C(0) = 10*! cm~?; T, Z, R and v as in Table I).
Fig. 9. Computed values of limiting thickness vs. temperature with static dielectric constant as the
parametric variable (W = 0.80eV; V(L) =3 V; J,,, = 103 em™2s71; 22 = 2.95 A; C(0) = 10>! cm™3;
Z, R and v as in-Table I).

voltage, which in turn leads to increases in L, at a given sputtering current
density J,.,. -

Figure 9 shows L versus T for three different values of the static dielectric
constant. It can be noted that larger values of the dielectric constant lead to larger
values for the limiting thickness. This is to be understood in terms of the space
charge retardation of the growth rate of the oxide: a given level of space charge yields
a lower value for the electric field the larger the static dielectric constant is, in
accordance with Poisson’s equation, and this in turn causes a given level of space
charge to be less effective in retarding the growth rate of the oxide layer’. Of course,
the larger the growth rate at a given thickness, the larger is the thickness required for
a dynamic balance between the growth rate and a given sputtering rate.
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Figure 10 illustrates the functional dependence of L, on the diffusing oxygen
defect concentration C(0). These computations of L, versus C(0) for four different
temperatures illustrate the interdependence between the effects of temperature and
oxygen point defect concentration. The curves show an initial increase in L, with
C(0) followed by an asymptotic approach to L, values which are independent of
C(0). This behavior is to be understood as follows: in the small space charge limit
(low C(0) limit), space charge retardation effects are negligible and an increase in C(0)
results. in a corresponding increase in the ionic conductivity ZeuC and thus an
increase in the “forward” ionic current®. As C(0) increases to very large values,
however, the space charge of the mobile oxygen ions produces a greater and greater
retardation of the ionic current” until finally the two contrary effects cancel one
another, thereby yielding the flat (asymptotic) portions of the curves.
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Fig. 10. Computed values of limiting thickness vs. mobile ion defect concentration with temperature as
the parametric variable (W = 0.80eV; V(L) =3V;J,,, = 1013 cm™2s"!; 24 = 295A;Z, Rand vasin
TableI).

4. CONCLUSIONS

A theoretical model has been developed to analyze specific data in the literature
on plasma oxidation®. The general assumption was made that the rate of oxidation
is limited by the transport of ionic species through the already formed layer, with the
transport mechanism being the thermally activated hopping of ionic defects (or else
place exchange?®) in the presence of electric fields due to the surface potential
established by the discharge and modified by the space charge of the mobile ionic
defects.

Specifically in the case of PbO films produced on lead®, the origin of the voltage
was assumed to be a balance between the transport of negatively charged oxygen
ions and the transport of electron holes created by ion neutralization of positive ions

.from the plasma. The model was developed analytically and evaluated numerically
by employing the continuum limit of the hopping transport equations valid for the
very high field limit°. A three-parameter fit (namely the voltage across the oxide film,
the ionic diffusivity and the rate of oxide removal by sputtering) gave excellent
agreement with the published data of Greiner*. Moreover, the deduced parameter

*
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values were in good agreement with those available from independent experimental
data®. The electric field developed across the PbO arises from negatively charged
oxygen ions near the surface of the oxide, with the space charge field due to the
mobile ions producing a significant retardation in the growth rate of the oxide®.
Parametric curves were developed to evaluate the general predictions of the
model. These curves illustrated the dependence of oxide growth kinetics on the
various microscopic parameters (the activation energy for charged defect motion,
the concentration of the mobile ionic defect species and the dielectric constant of the
oxide) and on the other variables of the system (the electrostatic potential difference
across the oxide layer, the sputtering rate and the temperature of the sample). The
model was found to predict a very rapid initial growth rate which decreases
markedly with increasing thickness until some steady state limiting thickness is
_reached. This limiting thickness was predicted to be a sensitive function of several of
the microscopic parameters and experimental variables of the system. A separate set
of parametric curves was generated to illustrate the dependence of the limiting
thickness on the microscopic parameters of the system.
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