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way we should be able to confirm the values of crystallization temperature

we determined by electron microscopy. This would presuppose the usual
assumptions that the implanted ions come to rest within the amorphized layers,
i.e. not in the crystalline matrix, and are swept out during the crystallization
process.

As a matter of fact, the most straight forward mechanism for disorder
annealing, as pointed out by Jech and Kelly (1969), follows from the corre-
lation with cation seif-diffusion, namely it is similar to the growth of
a finite crystal into an undercooled liquid, the growth proceeding both
from the macroscopic disorder-crystal interface and from any remnant
crystalline regions. This phenomenon has been discussed in detail by
Hartshorne (1949) and by Turnbull and Cohen (1960). In the case of
bombardment-induced disorder, the disorder-crystal interface would be
expected to sweep along the bombarding ions, e.g. inert gas, and finally

cause their release at the surface.

8.2 Experimental

B.2. 1,

The SnO2 specimens used throughout this study were prepared from
tin oxide powder. Pellets were pressed and then sintered in air at 1100°C
for 2 hours. Labelling of SnO2 with radioactive Kr85 gas was performed
using the accelerator described in Section 3.2.1. Charge build up was
avoided by using beam areas larger than the sample, so that secondary
electrons were produced on the metal target support (see Kelly and Matzke,
1965). Beams of 10, 25, 30, 35 KV were used.

Ion doses used were: 1.25; 3; 4.5; 10; 15; 20; 25; 40 A min/cmz.
Currents were: 2; 2.5; 4; 5; 63 9; 10; 20 uA, the Tow values of current
being used to make sure not to heat the sample, simce heat can anneal

: - : ; ; 2
amorphousness created by ion 1impact, if any. Ion doses in terms of ions/cm
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2 = 3.78x101% fons/en? (Matzke ard

can be derived using the relation TuAmin/cm
Whitton, 1966).

After labelling, the samples were transferred into a quartz con-
tainer which was inserted into an electric furnace. A thermocouple served
to measure the temperature in the sample when the latter was subjected to
thermal treatment. Through the container with the sample a stream of gas
was passing at a rate of 100 ml/min and served to carry the released radio-
active gas away. The thermal treatment consisted in raising the temperature
of the sample linearly at a rate of 25°C/min. The release was followed
by measuring the activity in the gas stream as it passed through a
counting cell with one wall being placed next to an end window GM counter.
The counter was connected to a recorder, so that gas-release spectra were
obtained directly. The experimental arrangement used is shown schematically
in Fig. 50.

Annealings were performed in a stream of either oxygen (to avoid

reduction) or helium.

8.2.2,

Diffusion measurements were carried out also in a different way:
after bombardment, specimens were step heated, i.e. alternately heated iso-
thermally in air with hold times of 10 min., and then cooled to room
temperature for counting. The heatings were spaced at intervals > 75°C
so that each heating could be treated without regard to those preceding
it (cf. Section 4.5 of Kelly and Matzke, 1966). Specimens analyzed by
step-heating had been bombarded at 35 KV with doses of 20uA min/cm2

and 10pA min/cm2 of radioactive Kr85 ions.
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Figure 50. Apparatus used for differential gas-release measurements. Shown
are voltmeter for thermocouple (mV), sample sitting on Sintox boat (S),
quartz tube furnace (F), counting chamber (C.Ch.), Geiger-Miller tube

(GMT), count rate meter (Ratem), and recorder (Rec.).

' A

Finally we have perfiormed measurements of gas release in ion
implanted (radioactive Kr85) metallic tin. Beams of 35 KV were used, and
two different doses: 20uA min/cm2 and 10uA min/cmz. Current used were
20uA and 10uA. Annealings were carried on in either a stream of oxygen

or hydrogen, and heating rates used were 25°C/min and 10°C/min.

8.3 Results
8.3.1.

In all SnO2 annealing experiments under conditions of linearly
increasing temperature, diffusion of implanted ions did not occur before
~ 1000°C. The maximum release rate was observed at ~ 1200°C, which was also
similar to the highest temperature reachable in our furnace (exactly 1230°C).
A typical example of differential release curve obtained with Kr85,
showing the bell shaped peak at ~ 1200°C, is that of Fig. 51, where a

heating rate of 25°C/min was used.

Reported in ordinates is the fractional release rate, dF/dt, in
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arbitrary units. Approximately 20% of the activity remained at the highest
temperature reached, since the activity of the sample decreased from

~ 5800 counts/20 sec before annealing to a value of ~ 1200 counts/20 sec
after annealing.

The above Sn0, pellet had been labelled with a beam of 35 KV, and a

2
dose of 9uAx30 sec/cmz, and release was carried on in oxygen flow. On the
other hand all the rest of the experiments showed simiiar results, inde-
pendently of the different experimental parameters listed above.
In order to be able to observe gas release behaviour at higher
temperature than 1200°C, specimens were alternately heated isothermally
in air with hold times of 10 minutes, as already mentioned. A furnace
has been used, that allowed for temperatures as high as 1400°C to be reached.
While we have confirmed diffusion occurring not before ~ 1000°C, we have
found in this way that inert gas atoms are completely annealed out at ~ 1400°C.
Fig. 10 is the integral release curve showing the percentage of
activity remaining in the sample, versus temperature. As already mentioned
the samples used here were bombarded at 35 KV with doses of 20uAx30 sec/cm2
and ZOqumin/cmz.

B 3eids

Finally, after chemical polishing of metallic tin, we bombarded it

with high energy (35 KV) KrS®

ions, in order to make a significant fraction
of the ions go through the oxide layer inevitably present on the surface,
and be implanted in the metal. No gas release occurred before the tin melting

point (232°C), as was expected and as shown in Fig. 53.
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8.4 Discussion

8.4.1.

The electron-microscope evidence of whether SnO2 is amorphized
by ion bombardment (cf. Chapter 6) was tentatively negative, while the
gas-release evidence was strongly negative. There is thus apparent agree-
ment. However, it is still possible that SnO2 is really amorphized by ion
impact, and the release experiments would thus show that crystallization
occurs without the implanted ions being swept out. Such a phenomenum
would be quite unusual, and has been observed only rarely: Fairfield
and Crowder (1969) showed that for Arsenic'imp1anted in Si at a concen-
tration 5_]014 cm'z, the dopant is not driven out during annealing (900°C).
Also P doesn't move or get swept out at temperatures < 800°C, while
Bi, Rb, Cs,Se, and Sb appear to behave similarly. On the other hand,
Meyer and Mayer (1970) showed that the usual correlation is established
between the reordering of amorphous layer and decrease in the total number
of implanted atoms for Zn, Cd, I and Hg implants in Si. The inert gases
Kr and Xe also behaved normally in Si (Jech and Kelly, 1969; Matzke, 1970).

As a matter of fact dissolution experiments should be performed
at this point. A solvent should be found in order to dissolve the amor-
phized layer but not the non-disordered part of the sample. In this way
one could infer in still a further way what was the result of jon impact
in Sn0,.

2
8.4.2.

It is worth noting that one of the problems with the gas-release
apparatus used was that there is a time 1a57for the flowing gas to reach
the counting chamber and a further hold-up within the counting chamber.
This means that the apparent temperatures, as recorded in Fig. 51 and 53,
are too high. Specifically in Fig. 53, where we have Tm = 285°C, the

recorded temperature is too high by 53°C (since we know that the melting
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point for tin is 232°C). This value of the temperature shift does not
apply to Fig. 51, where, though the rate of flow of inert gas is the same,
the heating rate is 25°C/min. Taking advantage of another gas release
experiment in metallic tin, where the rate of inert gas flow and the
heating rate were the same as for the experiment recorded in Fig. 51,
we deduce that in the case of Fig. 51 the recorded temperature is too high
by 83°C.

The following calculations have therefore been made by taking
this into account.

8.4.3.

Since the temperature for the onset of gas diffusion (i.e. temp-
erature for 10% gas release) is in our case approximately 1300°K, it is
seen from Fig. 54 (Matzke, 1958) that the melting point of SnO2 is
between 2600 and 3150°K. This agrees roughly with what was already
mentioned in section 8.1.2., i.e. that the temperature for 10% release
(~1300°K in our case) is 0.4 - 0.5 of the melting point (this statement,
actually, was deduced just from Fig. 54). On the other hand, applying
relation (5b) and taking Tm = 1414°K (as from Fig. 51) we find for

AH a value ranging between 78,500 and 91,500 cal/mole. Since, as we

IIa

said, aH = (32 + 4) Tm cal/mole, we deduce for T a value ranging

melting
between 2200 and 3300°K.

We have thus estimated the meiting temperature range for SnO2 in
two ways, i.e. using the experimental values of the temperature for 10%
release and of the temperature at which gas release rate maximizes. The

range for T common to both calculations is therefore between 2600

melting
and 3000°K.
What makes the procedure employed reliable, is the fact that the

linear relations in Fig. 54 and 55 are obtained by data from a great
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number of different materials, namely halides, oxides and a metal, both

cubic and anisotropic substances. They imply a mechanism for the diffu-
sion of the heavy rare gases similar to, though not necessarily identical
with, that of the self-diffusion of the Tess mobile ion. In fact the Tlatter

has onset temperatures of about 0.5 T and follows approximately

melting
a relationship of the type aH = 39 T_ cal/mole (Le Clair, 1965).

8.4.4.

We will now apply relations (6) and (7) to determine the self-
diffusion temperature and activation enthalpy of the slower moving ion
in Sn02. The values we deduce are

Tself-diffusion - 1480 - 1870°K

AH = 87,200 - 131,000 cal/mole

self-diffusion
~The problem enters now that there is virtually nothing in the literature
with which one could determine the identity of the slower moving ion or
with which one could compare the values of self-diffusion temperature and
self-diffusion enthalpy we just found. Nothing is known about the defect
structure in Sn0, as well.

We can though report results given by investigations on similar
materials and considef how feasible it is to apply them to Sn02.

To have an idea of which one can be the slower moving ion, we'll
consider other researchers' work on diffusion in CoO, A1203, MgO, Cr203.
The choice of these oxides depends on the fact that, besides presenting
ionic bonds, as Sn02, they all have close packing of anions. In Sn02,
in fact, the cation has an octahedral coordination, while there is close
packing of anions. The same applies to Co0O, MgO, A1203, Cr203 and this
fact can already be assumed to be an indication of the oxygen ions being
the less mobile. Coordination numbers of cations and anions in SnOZ,

Co0, MgO, A1203, Cr203, are respectively 6:3, 6:6, 6:6; 6:4; 6:4.
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As reported by Holt (1967), Co0 belongs to a group of defect
solids in which the non stoichiometry results from a deficiency of the
metal component. These vacancies in the cation sub-lattice, allied
with the smaller ionic radius of the cobalt ion, account for the greater
mobility of the cobalt ion with respect to the oxygen ion, since a diffusion
coefficient depends on the concentration of vacancies as well as on
the activation energy required for movement through the structure. Holt
applied the ]80 proton activation technique to the study of velume
diffusion of oxygen in Co0; using Thompson's (1962) gaseous exchange
data and his own data on oxygen diffusion coefficient in CoO, he plots
log D versus 1/T, from which we derive a value of the activation enthalpy
< 37,000 cal/mole. He reports also evidence of preferential diffusion
of oxygen at grain boundaries, stating that oxygen will naturally move
along the path of least resistance, such as grain boundaries, in oxides
where cation vacancy concentration is much larger than the oxide ion
vacancy concentration, a situation that is realized in the majority of
oxides. Systems where oxygen grain-boundary diffusion has been experi-
mentally verified include A1,04 (0ishi and Kingery, 1960) and Mg0 (Holt
and Condit, 1966). The presence of grain boundaries does enhance anion
diffusion also in alkali halides (Laurent and Benard, 1955 and 1968).

Paladino and Kingery (1962) report that a comparison of oxygen
diffusion data with aluminum ion diffusion in aluminum oxide indicates
that aluminum ion mobility is greater than oxygenion mobility (which is
also consistent with jonic size consideration). Oxygen ion diffusion data
obtained by Oishi and Kingery (1960) for polycrystalline aluminum oxide
give a value of 110,000 + 1,500 cal/mole for the diffusion enthalpy.

Oishi and Kingery (1960) studied the oxygen diffusion in Periclase

(Mg0) crystals. They found that the diffusion coefficient for oxygen
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in this material is about two orders of magnitude less than that reported
in the literature for magnesium. This is similar to results for alkali
halides (Laurent and Benard, 1957) and is not unexpected for magnesium
oxide which has the sodium cloride structure. Value reported for
activation energy for diffusion is 62,400 cal/mole. By comparison with
NaCl and also with A1203, they claim that this result corresponds to
impurity-controlled or structure-sensitive diffusion.

Hagel (1965) studied anion diffusion in a-Cr,y03 and found that
anion are the slower (three to four orders of magnitude) diffusing
species in this oxide, and that the activation energy for anion self-
diffusion is 101,000 cal/mole.

From all the above results (except Co0), it is therefore very Tikely
that the value we found, 87,200 - 131,000 cal/mole, is the activation
energy for oxygen iondiffusion. We have no explanation for the Tow
activation energy for 0 motion in Co0, assuming that the value is in fact
correct.

B.4.5.

In order to get a better understanding of the diffusion mechanism
of the heavy rare gases in SnG2 we might be able, in future, to undertake
the recently developed "“channeling technique", by which the position
of rare gas atoms can be studied directly. Such an experimental apparatus
is under construction in our Department. Anyway, diffusion experiments on
doped specimens and "channeling" experiments (as reported by Matzke,1968)
prove that the heavy rare gases do not diffuse via single vacancies in
jonic crystals. Interstitials sites are excluded for some materials as
well, except for very short diffusion distances. Rather, a mobility in
small equilibrium clusters is indicated. For the latter, stoichiometric

associations of cation and anion vacancies are suggested, for example
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divacancies for KC1 and trivacancies for Uoz. Matzke (1970) reports that
the most probable mechanism of stage IIa, the diffusion of single gas atoms
*in virtually undamaged U02, is confirmed to be via Schottky trios, i.e.
molecular voids in UOZ.

The question may arise if the release peak of Fig. 51 is really due
to stage Ila.

Stage Ia, as we already said, is expected as a fast release process
at Tow temperatures, most probably involving the release of gas atoms that
fortuitously come to rest in a high mobility site, i.e. interstitial
positions. The reason why we do not hotice stage Ia in our experiment
(see Fig. 51) is probably because stage Ia is most prominent at low bom-
bardment energies and low doses, and can generally be suppressed by using
high bombardment doses which lead to high concentration of trapping sites.

The reason why we do not notice stage Ib as well, has been given in
section 8.4.1. - i.e. SnO2 is apparently not amorphized by ion impact.

Stage III involves gas mobility at unusually high temperature and
is due to strong trapping of gas at pre-existing defects or in gas-filled
bubbles. But this can't be our case, otherwise we would have noticed such
defects in transmission electron micrographs of bombarded samples (see
Chapter 6).

We have thus shown by exclusion the feasibility of -our interpre-
tation (stage .II) of the release peak in Fig. 51.

In order to decide if we are dealing with stage Ila or IIb, the
argument of Kelly et al. (1968) can be followed.

As we said in section 8.1.3, stage IIa correlates, though with
several unexplained exceptions, mainly with Tow doses and with low energies.

The above mentioned authors propose that the low-dose release involves gas
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motion without an implied gas-gas or gas-damage interaction. The high dose
release seems, by contrast, to be affected by transient gas-gas or gas-damage
interaction. The probability that a gas atom will escape without getting
trapped is exp(-p/L), where p is the depth of the atom beneath the surface
and L is the diffusion length for trapping (Kelly & Matzke, 1966; Hurst,
1962). L 1is 1in turn proportional to (volume of trapping zone)]/z/(number

)]/2, i.e. approximately to (p/dose)]/2 for gas-gas

of trapping centers
trapping and to 1/(dose)1/2 for gas-damage trapping. It finally follows
that p/L is proportional to either (p xdose)]/2 or p(dose)]/2 for the two
kinds of trapping, so that the escape probability should be higher for Tow
doses or low energies.

In our experiments, as reported in section 8.2.1, we have been using
energies ranging between 10 and 35 kV, and doses ranging between 1.25 and

40 uAmin/cm2 (all experiments showed results similar to the one recorded in

Fig. 51). Precisely the combination of dose and energy was as follows:

dose (uAmin/cmz) ener KV

1.25 35
3 35
4.5 35
10 30
10 35
15 30
20 10
20 25
20 35
25 10
40 30

We have found out the median range for 35 kV (p (35)) but unfortunately
we do not know its value at lower energies (e.g. p (10)), though, the
product (px dose) probably minimizes when the values of dose and energy
used were respectively 1.25 and 35. In any case there seems to be a need
for further experiments at Tower doses in order to definitely attribute to

stage IIa (and not stage IIb) the gas release peak in Fig. 51.
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Besides, we'll have to make sure that the process we attribute to
stage IIa is well distinguishable from release due to vaporization (see

Kelly et al., 1968). With SnOZ, the relevant process is

SnO2 =5n0 + 1/2 O2

Finally a few comments about gas release in ion implanted metallic
tin.

Comparing release behaviour in metailic tin and in Sn02, we note
that in the case of SnO2 the implanted ions never had a chance to meet
grain boundaries, due to the short distance they penetrate with respect
to grain size of the polycrystalline material. During release from metallic
tin, instead, gas atoms do meet grain boundaries as they move freely at the
interface between tin and the oxide skin, and therefore they do have a
chance to diffuse via grain boundaries. Our experiments, e.g. the one
recorded in Fig. 53, show that there is no grain boundary diffusion in Sn02,
at least up to ~200°C.

Thus the lack of stage Ia in Fig. 571 is not simply due to the fact
that the implanted ions do not have the possibility of being trapped at

high mobility sites associated with grain-boundaries.
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Errata

Fig. 36, 37..., 55 should have been numbered Fig. 33, 34, ..., 52 res-
pectively (note in fact the discontinuity in figure numbers, since Fig. 32

is followed by Fig. 36).

References 87-101 are not in alphabetical order with respect to the rest

of the references.

128



