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8
DLTS observation of
the transformation
of bistable defects

8.1 Introduction
Most defects in semiconductors have, for a given charge state, a single fixed atomic configuration.
Consequently, the deep levels due to these defects remain detectable under a wide range of
experimental conditions, and their properties do not depend on the history of the sample. However,
there are deep levels that are easily removed and re-introduced by relatively small changes in
experimental conditions. An example of such conditions that may remove and re-introduce these
defects is annealing under forward or reverse bias (i.e. in the presence or absence of electrons). This
behaviour of defects suggests that these defects have more than one structural configuration in at least
one charge state. Defects having two structural configurations are called configurationally bistable,
while those with more than two structural configurations are referred to as being multistable.
From a technological point of view, these defects are important since their complex behaviour may lead
to erratic behaviour of devices manufactured on material containing the defect, as illustrated by the
Thermal Donors in Silicon (Chantre, 1989). From a scientific point of view, these defects allow the
measurement of certain parameters (e.g. transformation activation energy) that can shed more light on
the accuracy of theoretical models. In the long term, defect metastability may become interesting as an
information storage technology.
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The standard method used to detect defect bistability by means of DLTS, is to compare two DLTS
temperature scanned spectra, recorded upwards in temperature, after cooling the sample under zero and
reverse-bias conditions respectively. Any differences between these two spectra are probably due to
defects changing their configurations due to the applied bias, before the sample was cooled down. See,
for instance, Levinson (1985). However, during the recording of a spectrum, an LIA DLTS system
continuously exposes the sample to filling pulses. Since these filling pulses also change the charge state
of the defect, they may also transform the defect to another configuration. LIA DLTS is therefore not
the ideal technique to characterise metastable defects.
However, in a digital DLTS system, it is possible to make “one shot” measurements, where only a
single filling pulse is applied, therefore almost eliminating the danger of unintentionally transforming
the defect. In this study, we used the digital DLTS system to characterise the electronic and metastable
properties of an α-particle induced defect in epitaxially-grown boron-doped p-type silicon. A copy of
two papers that followed from the research is included at the end of the chapter.
Originally, Mamor discovered and characterised the defect by means of an LIA DLTS system.
However, due to the limitations of the LIA DLTS system, data could only be recorded over a limited
range, and significant scatter and systematic errors were evident. The present author repeated the
measurements and calculations with the digital DLTS system described in this work, provided the
results in the publication, and wrote a significant portion of the paper (amongst others, all of the
experimental section involving isothermal DLTS and the characterisation of the metastable properties
of the defect, as well as most of the discussion of the metastable properties of the defect.)

8.1.1

Configurationally bistable defects

Configurationally bistable defects are defects in which at least one charge state has two possible atomic
configurations that achieve a local minimum in the total energy of the defect. (The total energy of the
defect is the sum of the electronic and the elastic energy.) The best way to describe configurational
defect metastability is by making use of a configuration coordinate (CC) diagram. This diagram is a
schematic graph of the total energy of the defect, drawn for every relevant charge state of the defect as
a function of the configuration coordinate. The configuration coordinate represents the degree to which
the atoms comprising the defect are in either of the two configurations.
For most monatomic defects (e.g. a substitutional dopant in Si), the position of the minimum energy on
the CC-axis does not depend on the charge state of the defect. However, for some defects (e.g. the DX
centre in AlGaAs) a change in charge state causes a significant lattice relaxation. The CC diagrams
corresponding to a “normal” and a large lattice relaxation defect are shown in Figure 8.1(a) and (b)
respectively.
It is clear from their CC diagrams that the defects (a) and (b) discussed in the previous paragraph both
have a unique stable atomic arrangement for a given charge state. This does not have to be the case.
Consider the CC diagrams shown in Figure 8.1(c) and (d). These defects have two different stable
structural configurations in at least one charge state and are referred to as being bistable. In one charge
state, the configuration with the higher energy is called the metastable configuration, while the other is
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called the stable configuration. The two configurations are separated by a barrier. If the defect is in
some way placed in the metastable configuration, it will in time decay to the stable configuration. This
transformation is generally thermally activated.

n

n

D

D
Total (electronic + elastic) energy

n–1

n–1

D

D

(a) Ordinary defect

(b) Large lattice relaxation defect

n

n

D

D
n–1

n–1

D

(c) Metastable in one charge state

D

(d) Metastable in both charge states

Defect configuration coordinate

Figure 8.1 Configuration coordinate diagrams for a number of different types of defects. (After
Chantre, 1989).

Some defects exhibiting metastable properties are the Thermal Donor in Si (Chantre, 1987), which
seems to be bistable in only one charge state [as illustrated in Figure 8.1(c)], and Fe–Al and C–C pairs
Greulich-Weber (1991) and Song (1988) in Si which seem to display bistability in all charge states
[Figure 8.1(d)]. Multistable defects, having more than one metastable state, have also been observed in
Si by Zhan (1993).

8.1.2

Charge state controlled metastability

In order for the phenomenon to be observable by means of DLTS, the stable configuration of a defect
should change with charge state, and there should be a significant barrier for conversion between the
charge states. Consider the CC shown in Figure 8.2. The defect has two possible structural
configurations in both its neutral (0) and ionised states. However, in the neutral state, configuration A is
stable, while in its ionised state, configuration B is energetically more favourable. In the following
explanation it is assumed that the activation energy in both directions is such that at 300 K the
transformation barriers Ea (0) and Ea (+) are easily surmounted, but at 100 K the defect is effectively
“frozen” in its current state.
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Defect configuration coordinate
Figure 8.2 Schematic diagram of a defect having two configurations, each configuration being stable
in a different charge state. E.g. in the neutral state (lower curve) the defect is stable in configuration A,
while in its ionised state, it is stable in configuration B (After Chantre, 1989).

When the sample is at 300 K, the defect can be switched between configurations A and B by changing
the charge state of the defect between its ionised and neutral states. In the area beneath a Schottky
contact, this can be done by applying a suitable bias. For an n-type semiconductor, a forward bias
would fill the defect level with an electron, leaving the defect in our example in its neutral state. Since
configuration A is more stable in the neutral state, most of the defects will be in configuration A.
Similarly a reverse bias would allow the defect level to emit an electron, thereby leaving the defect in
its positively ionised state, which favours configuration B.
If the sample is cooled down to 100 K without changing the bias conditions, the stable configuration
(either A or B, depending on the applied bias) will be frozen in. If, at this low temperature, the emission
and capture rate of the defect is much higher than the transformation rate, the charge state of the defect
can now be changed by changing applied bias, in principle without affecting the defect’s configuration.
Once the defect has been transformed to the required configuration, it may be studied by means of
DLTS. In the idealised case, one would expect to observe a DLTS peak associated with each of the
configurations. However, in order to observe the DLTS peak, the associated defect has to remain stable
while it is occupied by a carrier. There are a number of defects (including the one discussed by Mamor,
1998) where one of the transformation processes cannot be separated from carrier emission from the
defect. In these cases, only one state can be observed by means of DLTS.
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Although the most common technique to isolate and characterise charge-state controlled bistable
defects is DLTS combined with bias-on/bias-off annealing cycles, other techniques to modulate the
Fermi level (e.g. incident light or doping) are also used, see for instance Kaczor (1993)

8.1.3

Characterisation of metastable defects

In order to characterise a metastable defect completely, one would like to know the atomic structure in
the various configurations as well as the physical mechanisms by means of which the defect
transforms. As an intermediate step, the transformational properties of the defect can be summarised on
a CC diagram. This implies determining the electronic energy levels in each configuration as well as
the kinetics of the transformation.
Usually, the transformation occurs via first-order kinetics, with the transformation rate R thermally
activated, according to
R = R0e − Ea / kT
where E a is the activation energy. The preexponential factor R0 can be physically related to the
attempt frequency of the process and can be used to deduce the physical mechanism leading to the
temperature dependence. Some mechanisms identified so far are (Chantre, 1989):
i)
ii)
iii)

8.1.4

elementary atomic jump ( R0 ~ 1012 s −1 )
free-carrier capture by multiphonon emission ( R0 ~ 10 7 s −1 )
free-carrier emission ( R0 ~ 1013 s −1 )

Example: The C–C pair in Si

The physical structure of most metastable defects has not yet been identified. However, a wellresearched example is the C–C pair in Si, reported by Song (1988), which consists of an interstitial
carbon atom paired with a substitutional carbon atom. This defect can exist in two configurations called
A and B, which differ only by a simple bond switching transformation, as shown in Figure 8.3.
Configuration A is stable for both the positively charged (CiCs)+ and negatively charged (CiCs)– states,
but for the neutral (CiCs)0 state, Configuration B is stable. In their paper, Song et al. give a detailed
discussion of how the properties of this defect were determined using DLTS, electron paramagnetic
resonance (EPR) and optical detection of magnetic resonance (ODMR) results.
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Figure 8.3 C-C diagrams and sketches showing the metastable transformation of the C-C pair in
Silicon. (Song, 1988)

8.2 Experimental

8.2.1

Introduction

In this section, the results of an investigation into the metastable behaviour of an α-particle induced
defect in epitaxially grown boron-doped p-type silicon are presented. The defect was originally
detected and characterised by a conventional LIA-based DLTS system. During analysis of the data, it
became clear that, due to the defect transforming during the repetitive filling pulse applied by the LIA-
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based DLTS system, it was difficult to characterise the defect completely. The characterisation process
was repeated, this time with the digital DLTS system, which yielded more reliable results, especially at
higher temperatures where the defects would transform too fast for an LIA-based DLTS system to
detect. Since single transients could be recorded and arbitrary long filling pulses could be applied, the
digital system allowed for experimental conditions to be tailored to measure the transformation kinetics
of the defect in a temperature range that was not accessible to the LIA-based system. These results
from the digital system were used to augment the results obtained from the analogue system. See
Figure 4 in Mamor (1998) and associated discussion.

8.2.2

Sample preparation

The sample was prepared according to the standard procedure mentioned in Chapter 5. After
evaporation of the titanium Schottky contacts, the sample was irradiated through the contacts by
5.4 MeV α-particles from an americium 241 (Am-241) radionuclide to a fluence of 1 × 1012 cm–2.

8.2.3

Determining the defects’ DLTS signatures

The LIA DLTS spectrum of the sample is shown in Figure 8.4. Here it can be seen that defect Hα2
exhibits metastable properties – when the sample is cooled down under zero bias the Hα2 peak
disappears (dotted line, State A), only to reappear when the sample is heated to 300 K and cooled down
under reverse bias (solid line, State B). Because the Hα1 peak partially overlaps with the Hα2 peak, it
is not possible to observe Hα2 in isolation without some processing. In order to isolate Hα2, the “zerobias” scan (containing only Hα1) was subtracted from the “reverse-bias” scan (containing both Hα1
and Hα2, leaving a scan containing only Hα2, indicated by the dashed line in Figure 8.4.
The defects’ DLTS signatures were determined in the usual way from Arrhenius plots in which
ln(e / T 2 ) is plotted as a function of 1 / T (see Section 2.2.1). The data for the Hα2 was obtained from
the subtracted scans.
At higher temperatures, the Hα2 (state B) peak was quickly transformed by removal of the reverse
bias. This also occurred during the relatively short DLTS filling pulse. It was found that, in the LIAbased DLTS system, where the sample was continuously exposed to the filling pulses, the cumulative
effect of these filling pulses would soon remove the Hα2 completely. This process limited the
maximum temperature at which the sample could be measured by an LIA-based system to
approximately 220 K. On the other end of the scale, the lowest temperature at which the sample could
be measured was limited to 200 K by the maximum period at which the LIA could still record a signal.
Due to these two constraints, the temperature range over which data for an Arrhenius plot could be
collected by the LIA-system was limited to a 20 K range between 200 and 220 K.
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Figure 8.4 LIA DLTS of the Hα2 peak measured after cool down under forward and reverse bias
respectively, showing its metastable properties. (Mamor, 1998)

Since the digital DLTS system only needed to record a single transient, only a single filling pulse was
required, thereby minimising the transformation due to the DLTS filling pulse. Furthermore, the digital
system could record much longer transients than the LIA-based system, so it was possible to measure at
much lower temperatures as well. The results of these measurements are shown in Figure 8.5. For
comparison, the values obtained from the LIA-based system are also shown. Although these points lie
in the same vicinity as those obtained from the digital system, they show more scatter and, as discussed
earlier, they cover a much narrower range.
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Figure 8.5 Arrhenius plots of the Hα1, Hα2 and (Hα1 + Hα2) peaks as obtained by the digital DLTS
system (filled symbols). The graph also shows the points determined by means of a conventional LIADLTS system (open circles).
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8.2.4

Determination of the transformation kinetics

In an LIA DLTS system, the standard procedure to measure the transformation rate of a metastable
defect from state B to state A is to first transform the defect completely to state B. The peak height of
state B is then measured by means of DLTS. Hereafter the sample is now repeatedly annealed for a
specified period under conditions favouring state A, and the peak height due to the defects remaining in
state B is measured after every annealing cycle. If the peak height is plotted as a function of total
annealing time, one should obtain an exponential decay curve from which the decay constant can be
determined.
By repeating this procedure at different temperatures, these decay constants can be used to determine
the activation energy of the defect as described in Section 8.1.3.
Although the technique above seems quite straightforward, it relies on a number of assumptions:
1.

Since it takes a finite time to heat the sample to the annealing temperature, the annealing time is
never exact. This is particularly significant at higher temperatures when the transformation rate of
the defect is high, and the time required to reach the annealing temperature is significant compared
to the annealing time.

2.

As described earlier, depending on the temperature at which the defect is measured, the defect may
transform during the DLTS scan.

8.2.4.1

The transformation B  A

By means of the digital DLTS system, it was possible to measure the amplitude of the DLTS transient
due to the defects at the annealing temperature. During this procedure, the sample was first annealed
under reverse bias for a sufficient time to convert all the defects to state B. The transformation B  A
was now allowed to occur by applying a single forward-bias transformation pulse to the defect. The
pulse also filled the defect, and was therefore followed by a DLTS transient. This transient was not of
interest, and was allowed to decay. Hereafter a second much shorter measuring pulse was applied and
the resulting transient was recorded. By varying the length of the first pulse, and measuring the
amplitude of the second transient, it was possible to determine the transformation rate of the defect.
It is interesting to note that the procedure described above leads to the rather counterintuitive result
namely that, over the pulse length range of interest, longer filling pulses caused smaller DLTS
transients.

8.2.4.2

The transformation A  B

By using the digital DLTS system, it was possible to observe the transformation of the defect more
directly. It was observed from TSCAP measurements that the transformation A  B is associated with
the emission of a hole. However, it was not clear whether the emission of the hole occurred as part of or
directly after the transformation process. However, DLTS measurements show that hole emission from
the B state occurred much faster than the transformation A  B; therefore, the emission of the hole (as
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detected by DLTS) could be used as a reliable measure of the transformation. It was thus possible to
observe this transformation directly by means of DLTS, as long as the DLTS filling pulse was long
enough to convert a significant fraction of the defect to state A.

8.2.5

Discussion

The results of this research was published in the papers Mamor (1998) and Mamor (2000). The
extended range allowed by the digital DLTS system is clearly shown in Figure 8.5, where the results
obtained by the digital system are shown using solid symbols while the LIA-results are shown using
open symbols. The results obtained by the digital system agreed well with those obtained by means of
the analogue system. It is clear that the digital system extended the range and accuracy of the
measurements significantly.

8.3 Publications
The results of this study on the Hα1 and Hα2 defects were published in the following publications. All
digital DLTS measurements and associated calculations and discussion of the metastability were by the
present author.
1.

Mamor M, Auret FD, Goodman SA, Meyer WE and Myburg G 1998 Electronic and
transformation properties of a metastable defect introduced in epitaxially grown boron-doped
p-type Si by alpha particle irradiation Appl. Phys. Lett. 72 3178

2.

Mamor M, Willander M, Auret FD, Meyer WE and Sveinbjörnsson E 2000 Configurationally
metastable defects in irradiated epitaxially grown boron-doped p-type Si Phys. Rev. B 63
045201
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9
Negative-U defects in n-GaN

9.1 Introduction
A negative-U defect is a defect that can trap two electrons (or holes), with the second bound more
strongly than the first. In semiconductors, negative-U ordering of defect levels leads to interesting
metastability phenomena.

9.1.1

What is U?

Consider a hypothetical defect that can exist in three charge states: D+, D0 and D–. I.e. if the defect is
initially in the fully ionised D+ state, it can capture two electrons. The first electron is captured
according to D+ + e–  D0, and the second electron according to D0 + e–  D–. The first electron
capture corresponds to a donor level, which is positive when it is above the Fermi level and neutral
when it is below the Fermi level. Similarly, the second level corresponds to an acceptor level.
These two defect levels can be indicated on a band diagram as shown in Figure 9.1. Here the energy
difference between the conduction band edge and the donor level is the binding energy of the first
electron and the energy difference between the conduction band edge and the acceptor level is the
binding energy of the second electron. Due to the Coulomb interaction between the electrons, one
would expect the second electron to be more weakly bound than the first electron, and therefore the
acceptor level is expected to lie above the donor level. The Coulomb interaction energy that is
responsible for this phenomenon is frequently referred to as the Hubbard “correlation energy”, after
Hubbard (1963) who introduced it in his treatment of conductivity in narrow band semiconductors.
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Figure 9.1 A schematic energy-level diagram showing the behaviour of a defect D, having three charge
states D − , D0 and D + .

Since the Coulomb interaction between two electrons is repulsive, it is quite reasonable to expect that
U should always be positive. This is the case for most defects in semiconductors, however, some
defects have been observed that behave as though the defect levels are inverted from their usual order,
i.e. having a negative U. This implies that the second electron is more tightly bound than the first
electron, as though there were an attractive potential between the electrons.
Negative-U behaviour is seen in a variety of physical and chemical systems ranging from
disproportionation in electrochemical systems to defects in solids. An overview of a number of such
systems including point defects as well as experimental evidence for these is given by Watkins (1984).

9.1.2

Mechanisms leading to negative-U behaviour

Some negative-U like properties of chalcogenide glasses were initially explained by Anderson (1975)
using a model where, in addition to the restoring force the atoms exert on each other, the energy level
of a state depends linearly on the displacement x between the two atoms. This model was expanded by
Street (1975) and applied to point defects.
In the Anderson model, the potential energy of an atom is written in the form
V = − λ x (n↑ + n↓ ) + 12 cx 2 ,

(9.1)

where n↑ and n↓ are the occupancies (0 or 1) of the spin-up and spin-down bond orbitals. By setting
∂V / ∂x = 0 and substituting back in (9.1), it follows that, after relaxation, the potential energy is
lowered by −λ 2 / 2c for single occupancy and −2λ 2 / c for double occupancy. The net effective
correlation energy, defined by the energy difference between two singly occupied bonds and the
disproportionated state (one empty and one doubly occupied bond) becomes
U eff = U − λ 2 / c .

(9.2)

where U is the normal Hubbard correlation energy, that would be applicable if no lattice relaxation
were present.
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It follows that if λ 2 / c is large enough, the correlation energy would become negative, and the
disproportionated state will be energetically more favourable than two singly occupied states.

9.1.3

Properties of negative-U defects

There are a number of unusual properties that a defect with negative-U properties will have. Firstly, the
neutral D0 state is no longer thermodynamically stable. If two isolated neutral defects come into contact
with each other (via the conduction band), they can lower their energy by ionizing and releasing the
energy | U | , in a process similar to the well-known chemical phenomenon of disproportionation of
ions in a liquid solution:
2D0 → D + + D − + | U |

Therefore, in the ground state, a negative-U defect will always be in either the positively or the
negatively ionised states, and the neutral state is always an excited state.
It follows therefore, that the donor and acceptor levels as described above, cannot be detected in the
usual manner. For instance, Hall measurements would detect a single level located halfway between the
donor and the acceptor levels. In the case of DLTS, if the experimental conditions are carefully chosen,
it is possible to see thermal emission from both levels.

9.2 DLTS of a negative-U defect
In order to investigate how the negative-U level ordering of a defect might influence the DLTS
spectrum, we first need to carefully consider how a negative-U defect behaves when the Fermi level is
changed.

9.2.1

Behaviour of a negative-U defect under changing Fermi level.

The diagram in Figure 9.2 shows the energy levels of a defect D having three charge states D − , D0
and D + . The energy levels shown correspond to transitions between the D − and D0 level (having
acceptor character) and the D0 and D + levels (having donor character). In the top diagram, the levels
have normal (positive U) ordering, where the energy level of the donor level is below that of the
acceptor, while the lower diagram shows the energy levels with negative U ordering.
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Figure 9.2 A schematic energy-level diagram showing the behaviour of a defect D, having three charge
states D − , D0 and D + .

Firstly consider what would happen if the Fermi level were moved from the valence band to the
conduction band and back again. Initially, assume that the Fermi level is below both defect levels and
that the defect is in the D + state (i.e. both acceptor and donor state empty), as shown at the left.
For positive U, if the Fermi level is now raised to above the donor level, it will capture an electron
according to D + + e − → D0 . As the Fermi level is raised further, a second electron is captured when the
Fermi level moves above the acceptor level, according to D0 + e − → D − , leaving the defect in the D −
state. If the Fermi level is now lowered again, the process is reversed, and the defect releases its first
electron when the Fermi level falls below the acceptor level, and a second when the Fermi level falls
below the donor level.
In the case of negative-U ordering, the matter becomes more complicated. Note that the first electron to
be captured, corresponding to the donor level (i.e. D + + e − → D0 ), has a higher energy than the second
one. Furthermore, note that the acceptor level cannot capture an electron, because the defect is not in
the D0 state, as would be required by the reaction D0 + e − → D − . Therefore, as the Fermi level is
raised, the defect does not capture an electron and remains in the D + state until the Fermi level reaches
the donor level. Now the defect can capture one electron and go to its neutral D0 state. However, as
soon as the defect is in the D0 state, the acceptor level becomes available, and since the acceptor level
is also below the Fermi level, it will almost immediately capture a second electron, leaving the defect
in its D − state.
A similar situation occurs when the Fermi level is lowered. In this case, the defect does not emit an
electron until the Fermi level is below the acceptor level. Once this electron is emitted, it is quickly
followed by a second, since the donor level is now also above the Fermi level.
The result is that the defect with negative-U level ordering usually captures and emits two electrons in
rapid succession. Furthermore, the Fermi level at which capture occurs is much higher than the Fermi
level at which emission occurs. This behaviour leads to defect metastability. It is also clear that, since
capture and emission of the two electrons occur in quick succession, the defect is in its unstable neutral
condition for a very short time only.
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9.2.2

DLTS of a negative-U defect

Figure 9.3 is a diagrammatic representation of the filling of a negative-U defect by a DLTS pulse.
When a defect with negative-U level ordering is observed by means of DLTS using a relatively long
filling pulse, the defect will behave in a similar fashion as we have just described – the filling pulse will
fill the defect with two electrons. When the filling pulse is removed, the defect will eventually emit two
electrons closely following each other. Since emission of the first electron takes much longer than
emission of the second electron, the emission rate observed for this emission will essentially be that of
the first electron. I.e. analysis of the DLTS signature will yield EA .
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Figure 9.3 A schematic energy-level diagram showing the behaviour of a defect D with negative U
level ordering under a long and a short DLTS filling pulse.

Since two electrons are involved, the DLTS peak will be twice as high as expected from the defect
concentration. However, since the defect concentration is usually uncertain, this increase in peak height
will not be noticed in a typical experimental study.
Consider, however, what would happen if a short filling pulse were applied. Since the donor level is
positively charged when empty, it has a large capture cross section and will easily capture an electron.
The acceptor level is neutral when empty, and will therefore have a lower capture cross-section. It
follows that it might be possible, if a very short filling pulse is used, to fill mainly the donor level,
leaving the acceptor level mostly empty. In this way, it could be possible to get a significant proportion
of the defect in the excited D0 state. Since the electrons in the donor state are less tightly bound than in
the acceptor states, they will be emitted at a higher emission rate, as determined by ED . Furthermore,
since only a single electron was captured, only a single electron will be emitted per defect.
Thus, by varying the filling pulse length, it might be possible to vary the ratio between the number of
defects that have captured only one electron, and those that have captured two electrons. In this case,
the DLTS spectrum should show two peaks, one peak at high emission rates for single emission from
the donor level, and a second peak with a lower emission rate, due to the emission of two electrons
from the acceptor level.
As far as the peak height is concerned, the differing number of electrons per defect that are involved in
each peak need to be considered. Since the acceptor level emits two electrons and the donor level only
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a single electron it follows that peak heights hA and hD from the acceptor and donor levels
respectively, should obey the relationship
2hD + hA = const.

(9.3)

The mechanism described above also leads to the paradoxical phenomenon that, after a certain filling
pulse length, the height of the emission peak from the acceptor level actually decreases with increasing
filling pulse length.

9.3 Negative U properties observed in a sputter-deposition induced
defect in n-GaN.
The results of an investigation of sputter-deposition induced defects in OMVPE-grown n-GaN are
published in the paper Auret (1999), included at the end of this chapter. In the following section, some
of the aspects of this paper are discussed in more detail.

9.3.1

Introduction

Gallium nitride (GaN) is a direct, wide band gap semiconductor with a number of applications
including blue and ultraviolet light emitting diodes, lasers and detectors as well as high temperature and
power electronics. In the manufacturing of contacts to GaN, adhesion is a significant problem. The best
adhesion results by far are obtained by sputter deposition. However, sputter deposition involves
energetic particles that induce defects in the crystal lattice. In this paper, the properties of a specific
defect, induced by sputter deposition of Au Schottky contacts, are discussed.

9.3.2

Experimental

The sample preparation was as described previously for GaN in Section 5.2.3. The initial measurements
were performed on an LIA-DLTS system. However, after it became clear that the flexibility of the
digital DLTS system was required, the measurements were continued on this system.
Since very fast pulses were required, the usual Agilent 32210 A pulse generator was used to trigger an
Agilent 8110A pulse generator, which could provide much shorter pulses. Furthermore, since the
internal bias filtering circuit of the Boonton 7200 would filter out such short pulses, a fast pulse
interface as described in Section 4.3.1 was used to bypass the capacitance meter. By means of reed
relays, the fast pulse interface could switch the sample directly to the output of the pulse generator and
back in less than 1 ms, during which time the pulse was applied. During set up, care was taken to
ensure that the timing of the relays was such that the sample was always connected to a reverse bias,
and that there was no possibility of contact being lost due to contact bounce in the reed relays.
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9.3.3

Results and discussion

Figure 9.4 shows an LIA-DLTS spectrum obtained from a sputter deposited Au Schottky contact on nGaN. The top curve shows the DLTS spectrum of the sample, recorded after cooling the sample under a
reverse bias. The second curve is of the same sample recorded under the same conditions, except that a
0.35 V forward bias was applied while the sample was at 60 K. The application of this pulse caused the
ES1 peak to disappear from the spectrum that was subsequently recorded. Taking the sample to room
temperature again and repeating the procedure, re-introduced the ES1 peak.
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Figure 9.4 DLTS spectra of a sputter deposited Schottky contact using Vr = 1.0 V ,
V p = 1.35 V and f = 22 Hz . Curve (a) was recorded after cooling under reverse bias, while curve (b)
was recorded after application of 0.35 V forward bias at 60 K.

Figure 9.5 shows the isothermal DLTS spectrum obtained at 100 K, for differing pulse lengths. The
spectrum shows interesting behaviour: The longer the filling pulse, the lower the amplitude of the
DLTS peak. However, this is exactly the paradoxical behaviour one would expect from a negative-U
defect, as discussed in section 9.2.2. As described in section 9.2.2, one possible explanation for this
behaviour is that the ES1 level belongs to a defect that has another charge state in the band gap and that
these levels display negative-U ordering. A short filling pulse fills only the donor level, and the
associated electron is quickly released and therefore visible on the DLTS spectrum. However, when a
forward bias is applied to the sample for a longer period, two electrons are captured. Since these
electrons are now more tightly bound, the electrons are not emitted as fast as previously, causing the
amplitude of the peak due to the donor level to decrease. As the pulse length of the filling pulse is
increased, eventually all the defects will be filled with two electrons, and no transient due to the donor
level will be observed.
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Figure 9.5 An isothermal DLTS spectrum recorded by the digital DLTS system at 100 K (after cooling
the sample from room temperature under reverse bias). The measurement conditions were Vr = 1.0 V ,
V p = 1.5 V .
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Figure 9.6 An isothermal DLTS spectrum showing both the ES1 and the ES1* emission peaks after the
application of transformation pulses of differing lengths. Recorded by the digital DLTS system at 100 K
(after cooling the sample from room temperature under reverse bias). The measurement conditions
were Vr = 1.0 V , V p = 1.5 V .
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In this case, it seems likely that the emission rate of the peak associated with the acceptor level is so
low, that it could not be detected by the LIA-DLTS system. However, since the digital DLTS system
allows much longer transients to be measured, an attempt was made to detect this peak. The isothermal
DLTS spectrum of the sample recorded up to 10 000 s at 100 K is shown in Figure 9.6.
The graph in Figure 9.6 shows a second peak, labelled the ES1*. The ES1* had a much lower emission
rate, which explains why it could not be observed by LIA-DLTS. As expected, the height of the ES1*
increased with increasing filling pulse width, and its maximum height was about twice the maximum
height of the ES1.
In order to test whether the ES1 and the ES1* obey the relationship given in Equation (9.3), the DLTS
transient was recorded after the application of differing lengths of transformation pulse. The exact
procedure involved cooling the sample under reverse bias from room temperature to 100 K. Here after,
a variable “transformation pulse” was applied. The sample was then left under reverse bias for
approximately 100 seconds, after which a 50 ns filling pulse was applied and the transient recorded.
The reason for this procedure was that the longer transformation pulses also filled other defects, with
emission rates close to that of the ES1. By allowing the transient due to these defects to decay, and then
applying a 50 ns filling pulse, the accuracy of this measurement was improved. Figure 9.7 shows the
transients thus obtained.
From the transient, it is clear that there were two defect levels involved – one with a fast emission rate,
and another with a slow emission rate. It can also be seen that the fast transient dominates after a short
transformation pulse, while the slow transient dominates after a long transformation pulse.
The capacitance of the transient was measured 5 ms, 10s and 10 000 s after the start of the scan. The
difference between the first two readings was assumed to be due to the ES1 and the difference between
the second two readings was assumed to be due to the ES1*. The change in capacitance due to these
two peaks for different pulse lengths is plotted in Figure 9.8.
Also plotted in Figure 9.8 is the sum of the capacitance change due to ES1 and twice the capacitance
change due to ES1*. According to Equation (9.3), this should be a constant. It is interesting that,
although the value remains more or less constant, there is a clear systematic sagging in the middle. It is
not clear what the reason for this sagging might be.
A further prediction made by our negative-U model, is that ES1 should be a donor and ES1* should be
an acceptor. As discussed in Section 2.2.3, the field dependence of the emission rate from a defect gives
an indication of its charge state. The results of such a measurement are shown in Figure 9.9. Here the
results were exactly as expected: Emission from the ES1 showed a significant dependence, that was
well described by the three dimensional Poole-Frenkel effect, while emission from the ES1* showed
very little field dependence. It is therefore reasonable to assume that the ES1 is a donor while the ES1*
is an acceptor.

97

University of Pretoria etd – Meyer, W E (2007)

70.55

Transformation
pulse width
0 ns

70.50

C (pF)

170 ns
320 ns
70.45 630 ns
1.3 µs

70.40

2.5 µs
5.0 µs
10 µs

70.35

2.0 µs
4.0 µs

70.30

8.0 µs

70.25
0.0001 0.001

0.01

0.1

1

10

100

1000

10000

t (s)

Figure 9.7 Capacitance transients recorded from the sample after transformation pulses with differing
lengths were applied to the sample. The measurements were taken at 100 K under a quiescent reverse
bias of 1.0 V. The transformation pulse had an amplitude of 1.5 V and was applied 30 s before the start
of the scan. The filling pulse also had an amplitude of 1.5 V, a pulse width of 50 ns, and was applied
1.5 ms after the start of the scan.
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Figure 9.8 Change in capacitance due to the ES1 and the ES1* after the application of differing
transformation pulse lengths.
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Figure 9.9 Field dependence of the emission rate from the ES1 and ES1* level, as measured by DLTS.

9.3.4

Conclusion

It is clear that the digital DLTS system provided a significant advantage over the analogue LIA-based
DLTS system. The properties of the ES1 and ES1* levels of a sputter induced defect have been
measured. ES1 and ES1* have the property that, depending on the length of the filling pulse, either ES1
or ES1* or both are visible. Over this range the quantity 2 × [ES1] + [ES1*] remains approximately
constant. From the results it seems as though the ES1 and ES1* levels both belong to the same defect,
that displays negative-U ordering of its energy levels. Field dependence of the emission rate from the
ES1 and ES1* indicate that the ES1 is probably a donor and ES1* probably an acceptor. This is further
evidence that points to negative-U properties of the defect.

9.4 Publications
The results of this investigation were published in the publication:
1.

Auret FD, Meyer WE, Goodman SA, Koschnick FK, Spaeth J-M, Beaumont B and Gibart P
(1999), Metastable-like behaviour of a sputter deposition induced electron trap in n-GaN Physica
B 273-274 92
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10
Conclusions

The research contained in this thesis is an excerpt of the investigations done by means of the digital
DLTS system. Conclusions specific to each of the experimental sections are given in the text or in the
included papers. In this section, the conclusions regarding the digital DLTS system are summarised.

Selection and characterisation of the instrumentation
The study showed that it is important that great care be taken in selecting the instrumentation for the
DLTS system. Rough guidelines regarding the specifications of the equipment are given in Chapter 4.
A number of pulse generators were investigated and it was found that some of the less expensive pulse
generators, such as the Agilent 33120A performed much better than more expensive models. Also, a
number of modifications and additions to the standard DLTS set up, that allowed special measurements
to be made, were described.

Characterisation of the EL2 and the E2 defect in n-GaAs
The emission from the EL2 defect in n-GaAs could be measured over a much wider temperature range
than would be possible with an analogue DLTS system. The results obtained for the EL2 agree well
with results previously obtained by means of an analogue DLTS system, as well as with the values
quoted in literature. The results indicate that the digital system could accurately measure emission rates
from below 10–3 s–1 to more than 103 s–1.
The ability of the digital DLTS system to measure very long transients allowed the observation of
unusual phenomena, such as emission from the E2 defect stimulated by thermal radiation from the
inner shroud of the cryostat.
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Field dependence of the thermally activated emission rate
The field-enhanced emission from a number of defects was measured. The results appear in the
relevant papers referenced in Chapter 7. The results agreed well with the relevant theory.

DLTS observation of the transformation of bistable defects
The digital DLTS system allowed single transients to be digitised. This made it possible to characterise
the transformation of a metastable defect in p-Si much more accurately than was possible with an
analogue system. This research clearly shows the superiority of the digital system when compared to an
analogue system.

Negative-U defects in n-GaN
Again, the ability of the digital DLTS system to analyse single transients allowed the properties of a
sputter-deposition-induced defect in n-GaN to be analysed in detail. The results obtained give strong
evidence that the defect has negative-U properties. As was the case with the previous investigation, it
would certainly not be possible to obtain these results using an analogue DLTS system.

General
It is clear that the digital DLTS system described in this thesis has a number of advantages over the
analogue LIA-based system. These include:
•
•
•
•
•

A wider range of emission rates (both longer and shorter) could be observed;
The isothermal technique allows for more accurate temperature determination;
“Single shot” measurements allowed the observation of phenomena that are not observable in a
LIA-based system;
Wide variations in pulse length can easily be accommodated;
Digital acquisition of the capacitance transient allows for measurements on a single transient.

Further research
Since the original design and construction of the system, there were huge advances in the
computational power and ADC technology. A more modern system, controlled by a friendlier user
interface such as LabView, using a commercial ADC card, might give even more flexibility at lower
cost. Furthermore, computational power is now fast enough to allow for more advanced analysis
techniques, for instance the Gaver-Stehfest analysis technique investigated by Istratov.
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