



































































































































































































































comparison to previous studied profiles and to determine if some of these defects are still present
within pre-irradiated samples (Samples A2 and B2). The full isochronal annealing profiles can be
seen in Figure 6.9 with the logistic fitting values seen in Table 6.4 which summarizes all the
important information.

Table 6.4: Overview of Sample Al Isochronal Annealing Profiles: S-Curve Analysis with Midpoint Temperature, Annealing

Rate, and Defect Concentration Changes

Trap Introduced/Annealing Midpoint (K) Annealing rate (K?) ANt (cm™3)
CiOi 1: Annealing 316 -7.16 1.75 x 1013
Ci 1: Annealing 307 - 6.50 2.63 x 1013
CiCs VO 1: Introduction 308 +6.59 8.64 x 1012
2: Annealing 460 - 14.65 2.46 x 1013
3: Annealing 594 - 15.45 1.95 x 1013
VV= 1: Annealing - - -
PV VV- 1: Annealing 341 -9.90 3.03 x 1012
2: Annealing 431 -20.75 5.61 x 10'?
3: Annealing 569 -12.30 2.53 x 10%?
5x1013
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Figure 6.9 Isochronal annealing profiles of Sample Al with 5 K incremental annealing steps at 10 minutes intervals
measured 1 um beneath the surface junction. Reversed calculation of CiOi* concentration introduced into the sample
based on Ci and CiCs observed concentration change.
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6.5.2.1 GOy, C;, CiCs and O,V isochronal annealing relationship

In Figure 6.9 the transformation interactions between the C;, CiO; and CiC; peaks for Sample Al can
be observed. The peak observed around 90 K (previously assigned to the CiCs and O;V complexes)
was observed to grow before undergoing two separate annealing stages. During the growth phase a
complicated series of additional growths and annealing’s were observed with the peaks around 35 K
and 65 K. The first peak was assigned to the C;O;" complex with the second belonging to the C; trap.
An interesting series of events occurs, initially the CiO;” was not observable within the sample due
to the low temperature irradiation which slows down the migration of C; within Si. However, as the
concentration of the C; starts decreasing, the CiO;" and the concentration of the peak observed at

90 K increased. As the temperature increased isochronally, the C; annealed out logistically with the
critical annealing midpoint observed around 307 K. Similarly, the concentration of the peak
observed around 90 K showed a positive logistic observation with a growth midpoint seen around
313 K. In contrast the CiOi" complex showed a more bell curve like introduction which suggested
the annealing process started shortly after the introduction process started.

To determine the annealing rate of the CiO;", one can assume the following reactions to take place:

C, +C, - CC,
C,+0, - C0!
C,0f - C,0;

These can be understood as follows: during the annealing period of the C;, the trap migrates through
the sample and forms a complex either with Cs or O; impurities (first two reactions). The resultant
concentration ratio of the two complexes is highly dependent on the concentration of both
impurities. The CiOi” is the metastable form of the complex, which transforms into the more stable
complex CiO; at a higher temperature (third reaction). The stable complex is not measurable within
n-type material but can be observed within p-type material. Using this assumption, the introduction
rate of the CiO;" can be calculated by using the difference between the introduction rate of the CiCs
and the removal rate of Ci. The transformation of C;O;" to CiOi can be calculated using the
difference between the measured CiO;", and the introduction profile calculated for the CiO;". This
gave the CiO;" an introduction midpoint temperature of 308 K and an annealing midpoint around
316 K.

With Sample B1, the concentration of C impurities greatly outnumbered the concentration of O
within the sample. This resulted in an annealing profile of C; purely transforming into C;Cs, with no
signs of CiO;" being introduced during the profiling. The annealing midpoint for C; was found to be
305 K, similar to what was observed within Sample Al.

6.5.2.2 PV and VV isochronal annealing

The peak observed around 225 K was previously assigned to belong to the PV and the single
negative divacancy, VV™. The peak was observed to anneal out in 3 stages, which can be seen in
Figure 6.9. Previous investigations assign the second annealing stage to the PV with the 3™
annealing stage belonging to the VV. It is currently unknown what causes the first annealing stage
with some papers assigning this annealing stage as removal of “junk noise”. The peaks were
indistinguishable from each other in Laplace DLTS measurements.
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Isochronal annealing profiles from samples Al and B1 (pre-irradiated) focus on profiling the new
complexes introduced by the deposition of Pd on pre-irradiated n-type Si. Table 6.5 summarizes the
isochronal annealing profiles for the E1 to E14 traps, with Figure 6.10 showing a normalized view
of the annealing profiles. The L-DLTS spectrum showing peaks for each defect at critical
temperatures is shown in Figure 6.11.

Table 6.5: Sample B1 isochronal annealing profiles: Model fittings and sequence of concentration changes (1-4)
indicating multiple annealing profiles for some defects

Trap Introduced/Annealing Midpoint (K) Annealing rate (K?) ANt
E1 1: Annealing 321 -3.82 3.20 x 1012
2: Annealing 400 -7.07 1.52 x 1013
E2 1: Annealing 338 -7.24 3.14 x 1012
E3 1: Annealing 359 -7.50 1.60 x 102
E4 1: Annealing 337 -7.36 3.02 x 1012
2: Introduction 400 +7.11 1.46 x 1013
3: Annealing 485 -18.47 2.42 x 1013
4: Annealing 679 -30.51 2.19 x 10%3
E5 1: Introduction 385 +5.98 3.54 x 10%?
2: Annealing Above 720 K - -
E6 1: Annealing 349 -6.85 9.04 x 101!
E7 1: Annealing N/A N/A 9.50 x 1012
2: Introduction 458 +8.81 9.59 x 1012
3: Annealing 618 -13.08 9.59 x 10'?
E8 1: Annealing 530 -8.45 1.30 x 1013
E9 1: Annealing 337 -10.96 9.04 x 10'?
E10 1: Introduction 336 +6.53 8.61 x 1012
2: Annealing 466 -12.16 1.13 x 103
E11 1: Introduction 372 +3.66 5.47 x 1012
2: Annealing 497 -5.39 5.47 x 1012
E12 1: Annealing Disappeared? Disappeared? -
E13 1: Annealing Disappeared? Disappeared? -
E14 1: Annealing 388 -7.08 9.63 x 10%?
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Figure 6.10 Normalized isochronal annealing profiles for Sample A2 with 5 K incremental annealing steps at 10 minutes
intervals measured 1 um beneath the surface of the Si.
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Figure 6.11 L-DLTS signals observed at critical temperatures for Sample A2 throughout the isochronal annealing

process. These measurements were done under -2V reverse bias, 0 V filling pulse and a 1 ms filling pulse width.

6.53.1 E4

Probably one of the most prominent traps introduced by the deposition of Pd in pre-irradiated
samples would be the trap E4. This trap underwent 4 isochronal annealing or growth stages, as
shown in Figure 6.12. In the first annealing stage, the E4 concentration decreased by the same

amount and rate as that of the E2 (see Section 6.5.3.2), when it annealed out. The second stage was
a growth stage where it seemed that the annealing out of the E1 (Section 6.5.3.3) trap introduced
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more E4. Hereafter the E4 trap underwent two more annealing stages at higher temperatures. The
first of these (the second annealing stage) was observed to start occurring before the growth stage
had completed. It was observed to anneal to a constant concentration with a logistic decay constant
of —18.47 K™ ! and sigmoid midpoint of 485 K. The change in concentration was approximately 50
%. There were no observable changes in other trap concentrations which could relate to this trap
during this annealing stage. There are a few possible explanations for this annealing stage: The peak
could consist of multiple traps, or there might be a defect not observable in this sample which
consumes the E4. The logistic decay rate was much slower compared to other traps observed in the
system.

E4 underwent a third annealing phase, completely annealing out of the system during this stage. It
was observed to anneal with a logistic decay rate of -30.51 K and a sigmoid midpoint of 679 K.
This annealing phase annealed out at the slowest rate compared to all the annealing rates observed
so far, with the annealing occurring over a span of 250 K. Again, there was no apparent
relationships with other traps in the sample.

With this information at hand, it suggests a few possible scenarios which will require further
studies. During the growth and annealing of this peak, L-DLTS measurements were unable to split
the peak and the measured emission rate remained consistent throughout the experiment (Figure
6.11). The prominent scenario would suggest that the E4 complex is a single atom impurity, similar
in nature to that of the C; trap but not highly mobile. In this case, taking into consideration the
previous annealing relationships (annealing of the E1, E2 and possible unobservable trap), it is
possible that the E2 undergoes dissociation, releasing an impurity that is highly mobile which
combines with the E4. At the same time during the second annealing stage of the E1, it would
undergo dissociation which introduces more E4 impurities. Similarly, during the second annealing
stage, another impurity would combine with the E4 during its annealing making an electrically
inactive complex. If this is the case, it would make the E4 trap the most important trap introduced to
the system to help determine the complexes produced by the deposition of Pd.

6.5.3.2 E2

The E2 was observed in Sample A2 but not in Sample B2, As discussed earlier, the annealing of the
E2 seems closely related to the first annealing stage of the E4, as showed in Figure 6.12. The E2
was observed to anneal out with a logistic decay rate of -7.24 K and have a logistic midpoint
around 338 K. The first annealing stage observed with trap E4 measured a logistic decay rate

of -7.26 Kt and a sigmoid midpoint of 337 K. The concentration of E2 trap that annealed out was
3.14 x 102 cm™ while at the same time the E4 trap decreased approximately 3.02 x 10*2 cm=2 in
concentration. All three variables are within 1% discrepancy, suggesting there is some form of
relationship between annealing out the E2 trap and the effect it has on the concentration of E4 being
annealed out at the same time. There was no observable change with the emission rate of the E4
obtained using L-DLTS. It is possible that the E2 trap undergoes dissociation during annealing,
resulting in impurities being released into the system. These impurities diffuse and form complexes
with the E4 trap resulting in the decrease in E4 concentration. No new complexes were observed
and other trap concentrations were unaffected by the annealing of these two traps. This suggest that
the new complex might either be electrically inactive or was not observable unless special
requirements were met.

For Sample B2, after fabrication, the E2 peak did not show up. This was similar to the CiO;" not
appearing in the post-irradiated sample B1, indicating that the E2 defect might be related to the
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CiOi". During the annealing of Sample B2, the E4 peak did not have the first annealing stage which
was observed within Sample A2.

6.5.33 E1

One of the shallowest traps of the new series of Pd deposition induced traps observed would be the
E1 trap. L-DLTS measurements clearly showed this trap to have a lower emission rate when
measured alongside the CiOi* trap. The annealing of this trap was composed of two stages. During
the first stage, it rapidly annealed out just above room temperature with a logistic decay rate

of -3.82 K'* and with the sigmoid midpoint measuring at 321 K. After the first annealing stage, the
trap remains at a stable concentration before undergoing a second annealing stage with a logistic
decay rate of -7.07 K'* and a sigmoid midpoint of 400 K annealing out completely. During the first
annealing stage, no other trap was observed to undergo annealing or growth with similar annealing
kinetics. However, the second annealing stage shared similar annealing kinetics with the E4 trap.
During this annealing stage, the E4 undergoes a logistic growth rate of 7.11 K- with a sigmoid
midpoint around 400 K. During this time, the E4 concentration increased with 1.46 x 103 cm,
similar to the concentration of E1 removed from the system. There was no observable change to the
emission rate or any signs of a new peak being introduced to the system using L-DLTS. Since the
two traps share the same change in concentration, have the same sigmoid midpoints and have the
same logistic rates with one growing while the other decaying, highly suggests that the two traps
share some form of relationship with each other. Similar to what was experienced with E2, E1 might
undergo dissociation where either an impurity is released into the system to form the E4 complex, or
E1 was a more complicated complex variant of E4 that broke down into the E4 complex.
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Figure 6.12 Sample A2 isochronal annealing profiles showing the relationship between the E1, E2 and E4
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6.5.3.4 E3

The trap E3, had no unique properties showing any form of relationship with other complexes
already present within the system. It was observed to anneal out completely with a logistic decay
rate of -7.50 K and an annealing midpoint of 359 K. No new peaks were introduced to the system
during this annealing phase.

6.5.3.5 E6

The trap E6 always had the lowest concentration compared to all the other traps. The concentration
measured in A2 coincides with the concentration measured in Sample Al for the VV~=, indicating
that the E6 might be related to the divacancy. However, further experimentation is required to
produce concrete evidence of this relationship between these two traps. A suggested experiment
would be to use heavy particles (i.e. alpha-particles) which introduces larger concentrations of di-
vacancy complexes and compare if the concentrations are still similar before and after deposition of
Pd. Interestingly enough the complex has a logistic annealing midpoint around 349 K which is much
lower than the logistic midpoint of 569 K observed for the di-vacancy complex. There were also no
signs of the di-vacancy complex being reintroduced to the system as this trap was removed.

6.5.3.6 E7

The trap E7 had the most unique annealing property out of all the new traps observed due to the
deposition of Pd (See Figure 6.13). In Sample A2 the E7 initially annealed out completely between
320 K and 410 K with an annealing curve that did not follow the sigmoidal curve shape. Annealing
the sample 10 K higher (420 K) initiated the re-introduction of this trap before it started annealing
out again around 545 K with it finally being removed from the system around 680 K. During these
decay and growth phases, the L-DLTS measurements revealed a single distinct peak which had a
constant emission rate throughout the full annealing process (Figure 6.11).

For convenience sake the initial trap which was introduced due to deposition of Pd will be referred
to as E7a The shape of the annealing curve obtained for the E7a trap shows signs of consisting of
multiple sigmoidal curves. Proper modelling of this curve needs to be done in future research. This
may suggest that the removal is caused by multiple traps being removed from the system. Since the
trap gets re-introduced to the system at higher temperatures, this suggests that impurities dissociate
from another trap, migrate and combine with this trap to form the E7b, resulting in the trap being
electrically inactive. No other trap was observed to be introduced while this trap was removed. At
temperatures higher than 420 K, the E7a is re-introduced to the system at a logistic rate of 8.81 K
and annealing midpoint of 458 K. Further increasing the temperature results in the trap finally
annealing out with a logistic rate of -13.08 K'* and annealing midpoint of 618 K.
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Figure 6.13 Sample A2 isochronal annealing profiles showing the E7 annealing out completely before being re-
introduced to the system just to be annealed out at a higher temperature.

6.5.3.7 E8

The E8 trap had no observable unique properties regarding its annealing profile. The trap was
observed to anneal out with a sigmoid midpoint of 530 K and a logistic decay rate of -8.45 K1,
There were no observable interactions with other traps within the system during its annealing phase.

6.5.3.8 El1

E11 is a strange trap already present in the system directly after deposition of Pd Schottky diodes.
The concentration was observed to increase quite rapidly with a logistic growth rate of 3.66 K and
a logistic midpoint of 372 K. This trap then annealed out with a logistic decay rate of -5.39 K and
a logistic midpoint of 497 K. During both stages, the introduction and annealing, did not share any
similar annealing Kinetics with other traps that were observed in the system. L-DLTS measurements
(Figure 6.11) showed a single trap with its concentration undergoing growth and then fully being
removed with a single annealing profile at a higher temperature. It is currently unknown where the
initial concentration of E11 comes from as the sample did not anneal at temperatures higher than
320 K during deposition of Pd.

6.5.3.9 EI12

E12 was another defect with a unique property when compared to other traps. This trap was
introduced by the deposition of the Pd Schottky diodes after the sample was exposed to radiation.
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However, after the sample was exposed to a reverse bias while at temperatures above 340 K, the
trap would be completely removed from the sample. The exact temperature that triggers this event
will need to be investigated more thoroughly, however, applying a reverse bias at room temperature
and below has not shown any removal of this trap. Currently it does not seem to be reversible using
conventional methods, however, further studies are required.

6.5.3.10 E9 and E10

The formation of the E10 trap was observed to be the result of annealing the E9 trap. The E9
complex annealed out with a logistic decay rate of -10.96 K'* and a sigmoid midpoint of 337 K. E10
was introduced with a logistic growth rate of 6.53 K™* and a sigmoid midpoint of 336 K. The
concentration of E9 trap removed from the system was equivalent to the E10 introduced during this
removal. There are some important features to take note of. Due to the number of complexes
observed with L-DLTS, whenever a dominant trap was present, the analysis of the transient would
become more complicated. This would explain why the rates would be different but the annealing
midpoints would be of similar nature. Interestingly enough, there was already E10 present in the
system before annealing. Due to these low temperature annealing kinetics, during the deposition of
Pd, the sample would easily reach high enough temperatures where the transformation of E9 to E10
would occur.

The annealing characteristics of the E9 resembles those observed with the first annealing phase of
the PV complex seen in Sample Al (Table 6.4). The midpoint and logistic decay rate were measured
to be 341 K and -9.90 K respectively. This results in a difference of 4 K and -1.04 K for the
midpoint and logistic annealing decay rate. The differences between the two would most likely be
the result of the complexity of measuring the PV concentration with L-DLTS in Al. It is still
currently unknown what causes the first annealing phase of the trap observed at the PV complex.
Further studies need to be done of these two complexes which might one day give further insight of
the structure if a correlation is found.

It is possible that the E9 and E10 traps are the same complex but in different states. With the E10
being a more stable state. It would then result in E9 transforming into E10 when the samples are
exposed to temperatures slightly above room temperature.

At higher temperatures the E10 finally anneals out with a logistic decay rate of -12.16* K and a
sigmoid midpoint of 466 K. There were no observable signs to suggest the annealing of this trap
affected the concentrations of other traps that still remained within the sample.
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Figure 6.14 Sample A2 isochronal annealing profiles isochronal annealing profiles showing the relationship between the
E9 and E10.

6.5.3.11 E14

E14 is the deepest trap measured in Si within pre-irradiated samples, with DLTS measuring its
emission signals above room temperature. This trap only undergoes a single logistic annealing stage
with a logistic decay rate of -7.08 K* and a sigmoid midpoint around 388 K. As discussed earlier,
this trap shared similar annealing kinetics to trap E5, however, the correspondence was not exact
due to deviations in the annealing kinetics and trap concentrations. No other trap measured shared
similar annealing kinetic properties linking it to the E14.

6.5.3.12 E5

E5 is another trap that was introduced only after annealing. It grew logistically with a growth rate of
5.981 K and a sigmoid midpoint of 385 K during the isochronal annealing process. This trap was
not introduced in Sample Al or B1 during isochronal annealing, which suggests its introduction was
related to the new complexes introduced by the deposition of Pd after exposure to irradiation.
During its introduction, the only complex with annealing kinetics which were similar enough to it
was the E14 complex. The logistic midpoints differ by 3 K, with E14 having a midpoint of 388 K
and annealing out with a logistic decay rate of -7.08* K. Although the midpoints are similar, they
are different and the annealing rate was significantly different. Comparing the change in
concentration of the two traps, E5 increased with a concentration of 3.54 x 10%2 cm= while E14
decreased with a concentration of 9.63 x 102 cm™, which is approximately 3 times the change in
concentration E5 experienced. There still lies the possibility that 1/3 of the E14 released into the
system combines with something else that is inactive to form the E5. However, it is unlikely that
these two traps have a relationship within the system. It is more likely that there are electrically
inactive impurities/complexes or even traps that were not observed requiring different conditions to

March 18, 2024 m

© University of Pretoria



<
>
=
=
=

be measured that create this trap during annealing. It was not possible to observe the annealing
phase of E5, mainly due to the samples no longer functioning as intended once exposed to
temperatures as high as 725 K. However, this does suggest the trap requires temperatures higher
than 720 K to anneal out. This suggests that the trap is highly stable at high temperatures, which is
one step closer to identifying the structure.

6.5.3.13 E13

For the trap E13, there is not much information to be given except that it is the second trap that has
measurable emission rates above room temperature in Si with DLTS. The trap was only properly
visible with L-DLTS once the concentration of E14 was reduced by annealing. This trap seems to
exist in very small quantities and suddenly disappears from the system when taking the sample
above 420 K.

6.6 ldentification of Pd effect complexes

Phosphorous-doped Si was irradiated by electron irradiation from a %°Sr radionuclide source either
before (pre-) or after (post-irradiated) deposition of 400-nm thick Pd Schottky diodes. In the case of
post-irradiation, irradiation was performed through the Schottky diodes, which were thin enough to
allow most of the radiation to pass through unimpeded. The concentration of Ci, CiOi" and CiCs was
controlled by irradiating at different temperatures. The experiment was repeated a number of times
on samples with different carbon and oxygen concentrations with doping levels of about 2 x 10
cm3. The carbon, oxygen and charge carrier concentration of the samples are listed in Table 6.1.

6.6.1 Experimental

Multiple samples were taken from Wafer 1, 2 and 3. These samples were either exposed to
irradiation at different temperatures before (pre-) or after (post-irradiated) deposition of their
Schottky diodes. Schottky diodes were controlled to be 400 nm thick and deposited at a rate of 1 A/s
under a vacuum of approximately 1 x 10® mbar. From Wafer 1, the following 8 samples were
prepared:

a) post-irradiated sample irradiated at room temperature

b) post-irradiated sample irradiated at room temperature and left at this temperature for 1 week

c) post-irradiated sample irradiated at 275 K

d) post-irradiated sample irradiated at 303 K

e) pre-irradiated sample irradiated at room temperature

f) pre-irradiated sample irradiated at room temperature and left at this temperature for 1 week
before deposition

g) pre-irradiated sample irradiated at 275 K

h) pre-irradiated sample irradiated at 303 K

Wafers 2 and 3 only underwent methods a, b, e and f.

6.6.2 Results

The results of a series of experiments for Wafer 1 (with a relatively high carbon concentration) are
shown in Figure 6.15. Curves (1a) — (1d) were recorded for post-irradiated samples, while Curves
(1e) — (1h) were recorded from pre-irradiated samples (the labelling corresponds to that used in the
list above). In the post-irradiated samples (Curves (1a) — (1d)) the DLTS peaks due to the well-
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known radiation-induced complexes (Ci, CiCs, CiOi", OiV, VV-, VV~ and PsV) (Makarenko et al.,
2009), (Shinoda et al., 1992), (Auret et al.,2006), (Svensson et al., 1991) were observed. However,
in the pre-irradiated samples (Curves (1e) - (1h)), a different set of DLTS peaks were observed. By
comparing Curves (1a) and (1b), it is clear that the Ci and CiO;" annealed out when the sample was
left at room temperature. When comparing Curves (1e) and (1f), it is clear that the peaks at 55 K
(E2) and 80 K (E3) share this same property, therefore it is believed that the E2 and E3 peaks are
related to the Ci and CiOi". A more specific assignment may be made by comparing Curves (1c) and
(1g), where it is clear that the CiO;" (in Curve (1c)) and the E3 (in Curve (1g)) are not present, we
therefore conclude that Pd deposition converts the CiO;" to the E2. Further evidence for this
conclusion is found by comparing Curves (1d) and (1h).

The second experiment for Wafer 2 is shown below in Figure 6.16. Similarly, to what was observed
in Wafer 1, in the post-irradiated samples all well-known radiation induced complex DLTS peaks
were observed but the CiO;" (Curves (2a) & (2b)), while different peaks were observed in the pre-
irradiated samples (Curves (2e) & (2f)). The formation of C;O;" was most likely prevented by the
low concentration of carbon and oxygen, however, the formation of C;Cs was still observed. Wafers
(2a) and (2e) were irradiated at room temperature and immediately processed and measured, while
Wafers (2b) and (2f) were left at room temperature for a week before processing and measurement.
Here it was clear that the CiO;" peak observed in Wafer 1 was not present in Wafer 2, while
similarly the peak at 55 K (E2) was not present in the pre-irradiated samples. By comparing Curves
(2a) and (2b), it is clear that the C; peak anneals out when the sample is left at room temperature.
Similarly, when comparing Curves (2e) and (2f), it is clear that the peak at 80 K (E2) shares this
property. Due to the lack of CiO;" formation within Wafer 2, this allowed for the elimination of the
two additional steps done in Wafer 1.

The results of the third experiment involving Wafer 3 (with a high O concentration) are shown in
the lower half of Figure 6.16. Similarly, to what was observed in the previous samples, in the post-
irradiated samples all DLTS peaks relating to well-known radiation induced peaks were observed, in
this case, however with the exception of the C;, while different peaks were observed in the pre-
irradiated samples (Curves (3e) & (3f)). An additional peak was observed around 73 K in the post-
irradiated samples, likely due to the high concentration of oxygen present. Samples (3a) and (3e)
were irradiated at room temperature and immediately processed and measured, while Samples (3b)
and (3f) were left at room temperature for a week before fabrication of Schottky diodes and
measurements. Unlike in Wafers 1 and 2, it was clear that no Ci was observed in the post-irradiated
samples (Curves (3a & 3b)), however, the formation of CiO;" and CiCs was observed. Similarly, the
peak at 80 K (E3) was not observed in pre-irradiated samples (Curves (3e) & (3f)). By comparing
Curves (3a) and (3b), it is clear that the CiO;" peak anneals out when left at room temperature.
Similarly, by comparing Curves (3e) and (3f), it is clear that the peak at 55 K shares this property.
However, there are some additional peaks observed not seen in Wafers 1 and 2, which could be
related to the high concentration of oxygen. In addition to this, it must be noted that the freeze-out
temperature was observed around 25 K instead of the usual 30 K range, which allowed for the
observation of the very shallow trap.
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Figure 6.15 C-DLTS spectrums of the 8 samples (Wafer 1) prepared under different conditions. Samples 1a, 1b, 1c and
1d, Pd Schottky diodes were fabricated before irradiation and Samples 1e, 1f, 1g and 1h were fabricated after
irradiation. All DLTS spectrums were recorded with a -2 V reverse bias, zero filling pulse, 1 ms pulse length and at 200
Hz.
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Figure 6.16 C-DLTS spectrums of the 4 samples from Wafer 2 and Wafer 3 prepared under different conditions. Samples

(2a), (2b), (3a) and (3b), Pd Schottky diodes were fabricated before irradiation and Samples (2¢), (2f), (3e) and (3f)
were fabricated after irradiation. All DLTS spectrums were recorded with a -2 V reverse bias, zero filling pulse, 1 ms

pulse length and at 200 Hz.
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6.7 Arrhenius plots and defect identification

6.7.1 Experiment

The samples produced in Section 6.6 were used to measure the defect energy levels of both the pre-
and post-irradiated samples. Sample (1a) produced all the energy levels observed by the well -known
radiation-induced defects. This creates a reference for comparing the energy levels of the complexes
introduced by the deposition of Pd on pre-irradiated samples. Samples 1(e), 2(e) and 3(e) will be
referred to as pre-1, pre-2 and pre-3 which produced the new energy levels observed in pre-
irradiated samples. In order to minimise the field effect, the Arrhenius plots were obtained from
subtracting two transients obtained under different forward biases, each with a pulse width of 1 ms,
while the sample was placed under a quiescent reverse bias of -2 V.

6.7.2 Results and discussion

In the post-irradiated sample (refer to Figure 6.17), a total of seven traps were observed (E; — 0.068,
E.-0.111, Ec - 0.169, Ec — 0.169, E. — 0.230, E. — 0.355, Ec — 0.463 eV) with energy levels
matching the literature values of the C;O;, Ci, CiCs, OV, VV and PsV (E: — 0.06, Ec — 0.12, E. —
0.17, Ec - 0.170, Ec — 0.230, Ec — 0.360, Ec — 0.470 eV respectively) complexes. However, in the
pre-irradiated samples a total of 14 defects were observed, significantly more than in the post-
irradiated sample. The new energy levels observed were very different from the well-known
radiation-induced complexes.

The E12 and E13 could not be measured since the E12 annealed our rapidly under reverse bias at
330 K and the E13 was difficult to measure due to the interference of noise observed with L-DLTS.

6.7.2.1 Comparison with Pd-related defects reported in literature

Gill et al. investigated Pd doped samples, and observed four deep levels: E; — 0.180, E; — 0.220, E.
—0.370 and E: — 0.590 eV. These correspond closely to the E4, E5, E7 and E14, respectively,
observed in the present study, as shown in Table 6.6. In most previous as-diffused studies, only the
E4 (Ec — 0.180 eV) and E5 (Ec — 0.220 eV) were observed, while the E7 and E14 were only observed
in p™n junctions by Jie et al. and Gill et al. Interestingly, Jie et al. only observed the E4 and E5 traps
after annealing the p*n samples at elevated temperatures. The energy level reported for E14 by Jie et
al., was significantly higher (Ec — 0.620) compared to the value reported by Gill et al. This conflict
was later revised by Gill et al., who arrived at the value of E; — 0.590 + 0.01 eV for the E14 energy
level. The E7 and E14 traps were reported to be the dominant levels in the p*n samples with roughly
equal concentrations observed by Jie et al., while the E4 and E5 levels were dominant in the p™n
samples observed by Gill et al. In the three pre-irradiated samples investigated in this report, the
dominant peak would alternate between the E4, E7 and E14, depending on the sample history and
exposure time to radiation.

In the case of the E5 level, it was not identifiable in any of the three pre-irradiated samples until
they were subjected to annealing at temperatures exceeding 370 K. It's worth mentioning that once
introduced, the E5 level in pre-irradiated samples exhibited high stability, remaining intact even at
temperatures above 700 K. Previous studies suggested that the high thermal resilience of E5 could
link it to a Pd-substitutional trap.

On the other hand, the E4 level behaved differently. As per Gill and his team's findings, the E4 level
(Ec — 0.220) would manifest after the device fabrication process and remain stable up to roughly
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600 K. Beyond this temperature, its concentration would incrementally rise with the annealing
process. Interestingly, in pre-irradiated samples, the E4 level would anneal out while the E5 level
remained stable. Previous research proposed a correlation between E4 and the Pd-vacancy complex
due to these unique behaviours.

6.7.2.2 Comparison with H-related defects reported in literature

In a previous study, it was proposed that hydrogenation A-centers results in E4-complexes (OiV),
each containing two hydrogen atoms. The study further introduced the concept of an A-H1 complex,
a variant with a single hydrogen atom. The A-H1 complex was believed to be undetectable due to its
closely aligned energy level with the A-center. The complex measures an energy level of 0.32 eV
while observed to anneal out above 620 K. For comparison, the E7 was investigated, measuring an
energy level of 0.360 eV. This defect was observed to anneal out at temperatures above 600 K.
Earlier experimentations ruled out the possibility of hydrogenation contamination, however,
similarities do persist between these two defects.

Log[T*/e(K’s)]

1 -
0 -
4 /
0 20

1000/T (K

Figure 6.17 Arrhenius measurements of emission activation energy for the pre-irradiated samples directly after
deposition (red) and introduced during annealing (green).

March 18, 2024

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

Table 6.6: Electrical properties of defects observed in Wafer 1.

Defect Activation Temperature Apparent Annealing Ref Assignment
enthalpy observed by capture cross
(meV) DLTS at 200 section (cm?)
Hz (K)
CiO; 68 37 3.2 x 101 CiOi
Cr 111 65 3.7 x 1015 Ci
CiCs 169 92 7.5 x 1015 CiCs
oV 169 92 7.5 x 1015 oV
VV= 230 133 1.7 x 1015 VV=
VvV~ 355 228 1.4 x 10716 VvV~
PV 463 228 2.0 x 10°14 PV
El 53 33 2.8 x 1071°
E2 92 54 3.4 x 10715 CiOi*-related
(H/Pd)
E3 140 75 2.6 x 1071 Ci-related
(H/Pd)
E4 182 102 2.2 x 10715 In: 400 K This
Out: 485 & 679
K
180 100 @ 229 Hz 8 x 10716 In 400 K Gill PdH,/PdV
Out: 600 K (1993)
E5 220 119 4.6 x 10°1° In: 385 K This
Out: stable.
220 120 @ 229 Hz 3.4 %1071 In unannealed Gill Pds
Small incr. 490 (1993)
K
Rapid incr. 620
K
Out: stable.
E6 261 140 3.8 x101®
E7 360 175 2.1 x 101 In unannealed This
Out: 380 K
175 2.4 x 1014 Back: 458 K
Out: 618 K
370 175 @ 229 Hz 6.6 x 107 In unannealed Gill Pd;
Out: 380 K (1993)
320 2.1 x 10 Out: >620 K Feklisova
(1999)
E8 423 195 1.5 x 101
E9 443 220 8.4 x 10715
E10 469 234 5.3 x 10715
E1ll 486 265 6.2 x 10716
E12 — 310 —
E13 — 315 —
E14 607 320 9.0 x 10'®  In: unannealed This Pdi-related
Out: 388 K
590 310 @ 229 Hz 2.3 x 101 In: unannealed Gill
Out: 410 K (1993)
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6.8 Depth profiling

Control over the charge carrier life time requires a deeper understanding of the distribution of
defects beneath the junction of the metal-semiconductor surface. The distribution of these defects
will determine if the defects produced are limited to the surface, penetrate deeper uniformly or
penetrate deeper and form concentrated areas. Depth profiles were measured for defects found in
both pre- and post-irradiated sample.

6.8.1 Experiment

Two types of samples were prepared from Wafer 1 for depth profiles. Both samples were exposed to
Sr¥% irradiation for 48 hours at 297 K.

e Sample Al: Pd Schottky diodes were fabricated on a sample taken from Wafer 1, before
irradiation. (Post irradiated.)

e Sample A2: Pd Schottky diodes were fabricated on a sample taken from Wafer 1 after
irradiation. (Pre-irradiated)

Depth profiles were measured under a reverse bias of V, = -5V, a pulse width of 1 ms and a double
filling pulse. The measured change in capacitance for both pulses were subtracted from each other

after each measurement before being averaged for the inverse Laplace calculations. The difference

between the pulses remained 0.1 V, with the applied voltage decrementing by 0.1 V for both pulses
for each measurement.

6.8.2 Results

Sample Al showed uniform depth profiling below the metallurgical junction for all the observed
traps. The traps observed were the result of exposing a Si based Schottky diode to a °*Sr source. Due
to the high energy of the electrons penetrating through the sample, the traps were created well below
the depth ranges that can be probed. The profiles showed that the sample was uniformly doped with
P during fabrication, with the contamination of O and C also introduced uniformly.

Depth profiling for Sample A2 showed their concentrations to be uniform below the metallurgical
junction in the depth ranges that could be probed. The depth profiles of E1, E2, E3, E4, E5, E7, and
E14 are shown in Figure 6.18. The sample was then isochronally annealed for 15 minute intervals in
10 K increments to introduce the E5 for depth profiling.

Depth profiling was too complicated to distinguish between the E8, E9, E10 and E11 point defects.
The emission rates were too similar for L-DLTS to properly determine the correct concentration of
each impurity. However, it is important to note that the combined concentration of the E9 and E10
was seemingly uniform. The trap E12 was removed from the system as soon as the sample was
placed under a reverse bias at 320 K.

Depth profiling observed by Gill et al., had notable features which were not observed in Sample A2.
The E¢ — 0.180 and E¢ — 0.220 (E4 and E5) in this study were observed to be uniformly distributed
below the metallurgical junction, however, the E. — 0.370 (E7) and E; — 0.590 eV (E14) in the study
by Gill et al. were found to be concentrated in the region close to the junction while rapidly
decreasing when moving slightly away from junction. It was observed in Sample A2 that all four
deep levels were uniformly distributed up to 2 um below the junction, similar to what was observed

with the radiation induced traps in the post-irradiated sample (Al).
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Figure 6.18 The depth profiles of E1, E2, E3, E4, E7 and E14 recorded in Cz Si after a Pd Schottky diode was resistively

evaporated onto a pre-irradiated Sample 1 (See Figure 6.2). The depth profile of E5 was recorded after the sample was
annealed at 400 K.

6.9 References

Auret, F., Peaker, A., Markevich, V., Dobaczewski, L. and Gwilliam, R. (2006). High-resolution
DLTS of vacancy—donor pairs in P-, As- and Sh-doped silicon. Physica B: Condensed Matter,
376-377, pp.73-76

Feklisova, O. et al. (1999) ‘Hydrogen interaction with defects in electron-irradiated silicon’,
Physica B: Condensed Matter, 273-274, pp. 235-238. D0i:10.1016/50921-4526(99)00461-5.

Gill, A., Igbal, M. and Zafar, N. (1993). Palladium-related deep levels in silicon. Semiconductor
Science and Technology, 8(5), pp.675-681.

Jie, Z., Shengyang, R., Hong, H., Weikun, G., Xiujiang, J. and Shuying, L. (1986). The interaction
of radiation defects and Pd-related centers in silicon. Chinese Physics Letters, 3(1), pp.5-8.

Makarenko, L., Korshunov, F., Lastovskii, S., Murin, L. and Moll, M. (2009). DLTS Studies of
Carbon Related Complexes in Irradiated N- and P-Silicon. Solid State Phenomena, 156-158,
pp.155-160.

Shinoda, K. and Ohta, E. (1992). Interstitial carbon-oxygen complex in near threshold electron

irradiated silicon. Applied Physics Letters, 61(22), pp.2691-2693.
March 18, 2024

© University of Pretoria



<
>
=
=
=

Svensson, B., Mohadjeri, B., Hallén, A., Svensson, J. and Corbett, J. (1991). Divacancy acceptor
levels in ion-irradiated silicon. Physical Review B, 43(3), pp.2292-2298.

March 18, 2024

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

7 Discussion and Conclusion

The upcoming section offers a concise summary of the results outlined in Chapter 6, aiming to
enhance the clarity of the discussion. It delves into possible structures and transformations of the
traps identified in pre-irradiated samples during the annealing process. Lastly, this section serves to
conclude the thesis and encapsulate the research findings.

7.1 Summary overview

Exposing Schottky diodes to electron irradiation from a °°Sr radiation source resulted in the
formation of the well-known radiation-induced traps in Si. The experiments showed the formation
of CiOi", Ci, CiCs, OiV, VV and PsV within P-doped Si wafers. In addition, their isochronal
annealing profiles agreed with those reported in literature. However, exposing the Si substrate to
electron irradiation before the fabrication of Pd Schottky diodes resulted in a new series of traps. Of
these, the majority were stable directly after fabrication, a few were removed when the diode was
placed under reverse bias at temperatures above room temperature and others were introduced once
the device was annealed at higher temperatures.

This phenomenon was shown to be limited to Pd. In contrast, Ni, Al and Au gave the same range of
electrical active traps irrespective of the substrate being exposed to irradiation before or after
fabrication of the relevant Schottky diodes. Ag showed some passivation of peaks, but did not
introduce any new peaks in the pre-irradiated samples. The effect was observed with Pd from
different sources and different forms (ribbon, pellet, powder).

The observed effect was constrained to the initial 60 A of Pd deposited on the surface of pre-
irradiated Si samples. When fabricating Au or Pd Schottky diodes with a thickness of at least 60 A,
subjecting them to irradiation, and then adding Pd on top, there was no passivation of the radiation-
induced traps or the emergence of new ones.

The risk of contamination was thoroughly dismissed after a complete maintenance and cleaning of
the deposition chamber, complemented by the usage of brand new crucibles for deposition. This was
later corroborated by Energy-Dispersive X-ray Analysis (EDXA) measurements in a Scanning
Electron Microscope (SEM), verifying the purity of Pd and Si. The influence of hydrogen was ruled
out by fully shielding the substrate prior to deposition. Furthermore, none of the newly observed
peaks corresponed to peaks attributed to hydrogen in literature.

The new range of traps that emerged from pre-irradiated samples, exhibited a diverse array of
unique annealing profiles, with a number indicating interaction between defects. These profiles can
be succinctly summarized in the subsequent points:

e EI1,E2andE4:

o During isochronal annealing, the concentration of the E1 trap showed a decrease in
concentration that was identical to the rate and concentration decrease of the E4 trap.
It's important to note that the E4 only reduced in concentration within this
temperature range in samples where E1 was concurrently present during the
annealing process.

o The E2 trap underwent two phases of annealing, with a reduction in its concentration
evident in both phases. Interestingly, during the second phase, as the concentration
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of E2 diminished, the concentration of the E4 trap increased at an equivalent rate.
This implies that the rate at which E2 was eliminated from the system was exactly
matched by the rate at which E4 was introduced.

o The E4 trap was found to undergo a total of four annealing stages. The first two
stages, already detailed in the previous points, saw the trap's concentration decrease
and then increase. In the following two stages, the E4 trap also showed a reduction
in concentration. The initial phase of these last two stages was marked by a swift
decrease, while the second phase was characterized by a slower, yet steady reduction
over a broader temperature range.

e The E3, E6, and ES8 traps each displayed a single annealing phase, and they did not share
any observable interrelation with other traps during their removal from the system.

e The ES5 trap did not appear immediately following device fabrication. However, upon raising
the temperature above 350 K, the E5 manifested, as indicated by the observed introduction
profile. Concurrently, E14 underwent a singular annealing phase, leading to its total
elimination from the system. Despite identical temperature ranges for these processes, there
was a significant difference in the rates. The concentration decrease of the E14 removed
from the system was three times the concentration of the E5 introduced. Hereafter, the E5
concentration maintained stability at elevated temperatures, even beyond 720 K.

e The E7 trap underwent three annealing phases. In the initial phase, the trap was entirely
eliminated from the system. Subsequently, with a minor temperature increase of 20 K, the
trap was reintroduced, restoring its concentration to the initial value as the temperature
increased. This concentration persisted until a final annealing phase at an increased
temperature where the trap was completely annealed out at around 680 K.

e E9and E10: Around 366 K, both E9 and E10 exhibited an annealing phase. E9 was
completely annealed out while E10’s concentration increased. The removal of E9 from the
system corresponded to the introduction of E10, indicating equal concentrations. Given their
similar energy levels, interference between the two traps during Laplace-DLTS
measurements was plausible, leading to variances in annealing rates.

e The E11 trap was present at relatively low concentrations directly after sample fabrication
and went through two distinct annealing phases. In the initial phase, the trap’s concentration
rose sharply, whereas in the second phase, the concentration dropped to zero. No observable
characteristics were shared between these annealing profiles and those of other traps within
the system.

e The E12 trap was present immediately post-fabrication but was entirely removed from the
system upon applying a reverse bias at 340 K. This process was irreversible.

e The E13 trap was observed in small concentration immediately after fabrication. However,
once the sample reached temperatures near 420 K, the trap vanished from the system.

The concentration of Ci, CiOi", and CiCs in samples could be manipulated by varying the irradiation
temperature or letting the sample rest at room temperature post-exposure. This allowed for
correlation between known radiation-induced traps and traps found in pre-irradiated samples. The
correlations were as follows:

e If CiOi" existed in post-irradiated samples, then the E2 trap would be present in the
corresponding pre-irradiated samples.
e If Cj was present in post-irradiated samples, then the E3 trap would be found in

corresponding pre-irradiated samples.
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Additionally, depth profiling showed that both the well-known radiation-induced traps and those
found in pre-irradiated samples remained constant beneath the measurable distance below the
Schottky junction.

7.2 Discussion of possible complex structure

Five energy levels associated with Pd traps were previously identified in the literature: a single
acceptor level at E, + 0.34 eV, which is thought to potentially comprise two distinct levels, and four
donor levels at Ec — 0.180, Ec — 0.220, Ec — 0.370, and E. — 0.590 eV. These donor energy levels
mirrored the E4, E5, E7, and E14 levels in pre-irradiated samples. It’s hypothesized that the Ec —
0.220 eV correlates with the Pds, given its high thermal stability, while the Ec — 0.180 eV is thought
to relate to the Pd-vacancy complex due to its interaction with the O;V complex. With these
assumptions, it’s inferred that the E5 corresponds to the Pds and E4 to the Pd;V.

The E5 (having a similar signature as the Ec — 0.220 eV, identified as the Pds) was not detected
immediately after fabrication, but only emerged after annealing at higher temperatures. In the
introduction phase of the E5, the E14 annealed out, and the E5 concentration increased to a third of
the E14’s initial concentration. After its introduction, the E5’s concentration remained stable, even
at high temperatures (720 K), in agreement with the results by Gill et al. (1993). Given the
assumption that the E5 correlates to the Pds, as suggested in the literature, and given that the E14
was also previously linked to a Pd complex by Gill et al., it’s plausible that E14 is a complex defect
that dissociates during annealing, with a third subsequently forming the electrically active Pds trap
and the rest forming an unobserved defect. It’s important to note, however, that the rate of E5
introduction differed from the E14 annealing rate, but this could be attributed to a more complex
annealing process.

In contrast to the results in this study, earlier investigations reported that the E; — 0.220 was present
in unannealed samples and would increase in concentration when annealed above 360°C (~633 K),
but in this study, the E5 was observed only once the isochronal annealing reached around 370 K.
This disparity could be attributed to different types of radiation exposure, such as alpha-particle
irradiation, known for its short stopping distance and cluster formation in the substrate. Another
possibility is the method of metal introduction into the system, which may require less energy to
migrate or form this trap.

Examination of the isochronal annealing profile of the E4 trap (having a similar DLTS signature as
a defect identified as the PdiV) revealed multiple annealing stages within the system. The first stage
was clearly linked to the annealing of the E2 trap. When E2 was present, the E2 and the E4
experienced an identical decrease in concentration during the annealing of the E2. In samples
without traces of the E2, the E4 did not exhibit this initial annealing stage. To explain this, we need
to consider a process that would explain why the concentration of both defects reduced by exactly
the same amount, with that of E2 going to zero and that of E4 remaining finite. Since we only
observed the effect on the E4 when the E2 is present, we know the E2 has to be actively involved.
We consider two possibilities:

1) The defect responsible for the E2 has another level that happens to correspond exactly to
that of the E4. This sounds very unlikely, but might be a possibility.

2) The E2 in pre-irradiated samples was identified to be related to the CiO;" in post-irradiated
samples. Taking this into consideration, the most likely complex formation would be the
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CiOiPd;. As for the CiO;j part, it is currently uncertain if it is still in the unstable state (CiOi")
or transforms into the stable formation afterwards. What is certain is that the Pd seems to
react with the unstable complex to produce the E2. This was seen in Section 6.6, when
transforming the CiO;" to the stable CiO; (not observable in n-type Si without injection)
before the deposition of Pd would result in no formation of the E2 after deposition. During
the annealing of the E2, the E4 decreased in concentration at the same rate and
concentration. Assuming the E4 relates to the literature Pd;V, this suggests that the complex
would dissociate with an impurity filling the vacancy site of the E4. It is however, not clear
how 100% of these defects would be captured by the Pd;V site.

During the E1’s second annealing stage, the E4 increased in sync in both rate and concentration.
The E4 would subsequently anneal out in two stages. Throughout these annealing stages, L-DLTS
measurements were incapable of dividing the peak into multiple peaks, with the emission rate and
measured energy level remaining consistent after each annealing stage. Literature assigns the energy
level of the E4 to the Pd;V. If we assume only the literature trap Pd;V was observed at this energy
level, the E1 can be interpreted as a Pd; substitutional impurity complex (Pdils) where | presents the
impurity. The complex dissociates, causing the impurity to diffuse away, thereby forming the newly
increased Pd;VV complex, and thus increasing the E4 concentration.

PdiIS - PdIV + Ii

The dominant impurity atoms that are expected to be present within this system are O, P, and C.
Oxygen can be excluded as a possibility since it is known to occupy the interstitial site within Si.
Both carbon and phosphorus can occupy the substitutional site, however, phosphorus in silicon is
only mobile at extremely high temperatures. Carbon, on the other hand, exhibits high mobility in
Silicon even at room temperature.

Given that this process takes place just 30 K above room temperature, it’s plausible that carbon
forms a complex with oxygen interstitials (O;) almost immediately after dissociating, resulting in the
formation of a carbon-oxygen interstitial complex (C;O;), which then stabilizes (See Section 3.1 for
additional information).

This transformation hypothesis can be verified in future experiments, possibly within materials
where an acceptor level of this defect may be observed. Theoretical modelling of the defects could
also lend further credence to this theory. Such experiments and theoretical studies would provide a
more concrete understanding of the processes and interactions at play in this system.

The first possibility is that the C; dissociates from the complex, migrates and occupies the vacancy
to form the PdiCs complex. The PdiO; complex would then be electrically inactive which would
explain why no other peaks are introduced. If this was the case, it would contradict the suggestion
of the possible PdiCs complex explained for E1, as this would show a rise in concentration.
Additionally, the temperature would be high enough where the C would dissociate from the complex
after formation, in agreement with the suggested theory for E1. This would mean that either the E1
is the formation of an unknown impurity within the system, or the C does not dissociate from the
E2.

Pdl(jl():< + PdIV - PdiOi + Cl(moblle) + PdIV - PdiOi + PdiCS

The second possibility is that the Pd; dissociates from the complex, migrates and occupies the
vacancy of the Pd;VV complex to form the PdiPds. The CiO;" then stabilizes into the CiOi complex due
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to the high temperature. The annealing midpoint for the stabilization of the CiO;" was found to be
316 K with the midpoint of the E2 annealing out to be around 328 K, which re-enforces this
possibility.

PdICIO: + PdIV - CIOT + Pdl(moblle) + PdIV - CiOi + PdIPdS

The latter suggestion is most likely, however, CiO; peak is not visible in n-type material when in the
stable formation. This theory can be investigated by using a p*n substrate to investigate if the CiO;
complex gets introduced as the E2 (E, + 0.36 eV) anneals out.

The E3 in pre-irradiated samples was identified to be related to the C; in post-irradiated samples.
Taking this into consideration, the most likely complex formation would be the Pd;C;. The
isochronal annealing profile didn’t show any interaction with other visible electrical active traps.
The E3 anneals out at a much higher temperature (midpoint 359 K) compared to the annealing
profile of C; (midpoint (307 K). There are two possible models that comes to mind. The first is that
the Pd;C; dissociates into Pd; and C;, then migrating before forming complexes with other
impurities.

Pd.C, - Pd, + C,

Considering the nature of the C; to readily interact with other impurities within the system to form
new complexes (i.e. CiOj, CiCs, PsCi, etc), one would expect to see these peaks introduced to the
system. Unfortunately, none of these well-known peaks were introduced during its annealing phase,
making this model highly unlikely.

The second model assumes that the PdiC; is in an unstable state (i.e. PdiCi") and stabilizes during
this annealing phase into an electrically inactive trap in n-type material.

Pd,C’ - Pd,C,

Further investigation of this trap is required to clarify the model. It is suggested to investigate if an
acceptor level gets introduced to the system during the annealing phase of the E3.

Previous investigations of Pd related traps assigned the E7 and E14 to be Pd-related as well.
Currently there is not enough literature to help identify the possible complex structure of these
traps.

The E6, E8, E9, E10, E11, E12 and E13 are all new traps that get introduced by diffusing Pd at a
temperature where radiation induced defects don’t anneal out of the system. This suggests that the
complex formations of these traps point towards the combination of radiation damage and Pd.

7.3 Conclusion

This dissertation makes significant strides in our understanding of radiation damage and recovery
processes in Schottky diodes, with a particular emphasis on those constructed on P-doped silicon
(Si) substrates. The research addresses the intricate events following electron irradiation before
fabrication, specifically when palladium (Pd) is used as a contact.

First, the study provides empirical validation for established knowledge about known radiation-
induced traps, such as CiO;, Ci, CiCs, OiV, VV, and PV, formed in Si wafers after °°Sr radiation
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exposure. The isochronal annealing profiles presented align well with previous research, solidifying
our understanding of these fundamental processes.

The study's crux lies in the revelation of new series of traps that emerge from pre-irradiation of the
Si substrate. These unique traps display distinct annealing characteristics and interactions. For
instance, the interconnected concentration changes of E2 and E4 traps during annealing imply
complex defect interactions. Similarly, joint reductions of E1 and E4 traps, as well as the emergence
of the E5 trap concurrent with the decrease of E4, underscore the intricate dynamics of these
systems. While some traps, like E3, E6, and E8, displayed unique annealing phases, others like E7
demonstrated multiple phases, highlighting the richness of these interactions.

Interestingly, the research revealed that these new traps are localized within the first 60 A of Pd
deposited on pre-irradiated Si samples. The finding is unique to Pd contacts, unlike other metals like
nickel (Ni), aluminum (Al), and gold (Au), where no new traps were found irrespective of
irradiation timing. Silver (Ag) demonstrated some trap passivation but did not form new traps.

Rigorous steps were taken to ensure sample and deposition process purity, confirming the findings'
credibility. Hydrogen influence was ruled out by shielding during substrate deposition, further
strengthening the results. Additionally, the study illuminated how manipulating irradiation
temperature or allowing the sample to rest post-irradiation can influence the concentration of known
radiation-induced traps.

In-depth analysis of the E4 and ES5 traps revealed complex interactions and possible scenarios of
complex formations involving Pd, carbon interstitials, and oxygen interstitials. The study further
explored the roles of highly mobile carbon and oxygen interstitials in complex formations and
stability transformations. The study also hypothesizes two potential models for the behavior of the
E2 and E3 traps, each with unique dissociation or stabilization pathways.

However, despite the extensive research, the study does not provide definitive answers to all
guestions, and certain discrepancies persist. There is a clear call for further investigations,
particularly with different substrates and a closer look at certain complex stabilizations. The
emergence of new traps introduced by diffusing Pd at specific temperatures underlines the necessity
of future research to fully understand the interplay between radiation damage and Pd in these
systems.

In conclusion, this study has substantially broadened our knowledge of radiation damage and
recovery in semiconductor devices. It provides an intricate understanding of defect formation,
behavior, and interactions within pre-irradiated Schottky diodes, particularly when Pd is used as a
contact. Yet, the dynamic nature of these systems, characterized by multiple energy levels, defect
complexes, and complex interactions, necessitates continued research. This research forms a robust
foundation for further investigations in the field, guiding future efforts toward the development of
advanced mitigation strategies against radiation damage in semiconductor devices.

7.4 Future work

In both the theoretical and experimental fields there is still a lot of work that needs to be done on
these traps. Below is a summary of some of the work that needs to be done:

e True capture cross sectional measurements of all 14 traps seen in pre-irradiated samples.
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o Field effect measurements for all 14 traps seen in pre-irradiated samples.

e Reproducibility of the effect in p-type Si samples.

e The effect on other dopants in n-doped samples (i.e. As, Sb etc).

e Theoretical modelling for each trap, specifically PdiOiCi", to investigate stability and
dissociation, Pd;V to investigate stability and dissociation.

e The effect Pt has on pre-irradiated samples as this is another metal very similar to Pd.

e Attempt to observe the C;O; after annealing of the E2 to confirm the nature of the E2

e Investigations on the shift of the freeze out temperature of Si due to the Pd-effect
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