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Abstract 

In this study trap levels in both HYPE grown GaN and MOCVD grown Al0.1Gao.9N 
were characterised using two different Deep Level Transient Spectroscopy 
techniques. First the activation energy and capture cross section of the defects were 
determined using an analogue metbod mak.ing use of a lock-in amplifier. In the GaN 
samples, four different defects were present at an energy level of 0.26 (A), 0.46 (B), 
0.58 (C) and 0.63 (D) e V under the edge of the conduction band. Except for the level 
at 0.46 eV, which is assumed to be a process-induced defect, the other three relate to 
defects reported in previous studies on HYPE grown GaN (E02, E05 and E06 by 
Auret (37), and the El, E2 and E3 by Hacke <

38
)) . DefectCis highly dependent on the 

height of the electric field, having a lower activation energy in the presence of a 
higher field. 
In the AlGaN samples three defects were found, at 0.34 (a), 0.69 (b) and 0.52 (c) eV. 
The traps a and b seem to be identical to A and C found in GaN, when assuming their 
energy level is pinned to the vacuum level. 
The second DLTS technique that was used, was a digital technique called Laplace 
DLTS, which makes use of an inverse Laplace transformation to obtain spectra. The 
advantage of this metbod above the analogue metbod is its ability to deconvolute 
closely spaeed peaks. The Laplace spectra however did not provide any additional 
information. The transients were noisy and its baseline was not flat which resulted in 
many peaks, which were not defect related. In the GaN samples three defects were 
found, namely A, C and D, which where already determined using the lock-in 
amplifier. Their energy levels obtained with Laplace DLTS were 0.23, 0.58 and 0.64 
eV respectively. For AlGaN no results were obtained. Most probably due to alloy
broadening and non-exponential behaviour of the transients, the spectra for AlGaN 
consistedof many peak.s, which seem to shift randomly with increasing temperature. 
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1 Introduetion 

1.1 Gallium Nitride: an overview 

The history of gallium nitride as a commercially interesting material is rather short. 
For many decades, after Juza and Hahn in 1938 synthesised GaN by passing hot 
ammonia over hot gallium <1), it was just a research curiousity. Only recently, due to 
several improvements and discovered properties, it became a highly promising 
materiaL First of all, in 1969, Maruska and Tietjen succeeded to grow GaN by using a 
chemica} vapor deposition technique (2), thereby obtaining epitaxially grown GaN. All 
GaN made at that time was very conducting n-type, assumed to be due to nitrogen 
vacancies (later oxygen was also proposed as a natural donor). Their accomplishment 
led to new activity in many laboratories and in 1972 the first LED using GaN was 
produced by Pankove et al. (J). In the early seventies, the military became aware of the 
high potential the material could have and gave their support for several research 
projects. This led to rapid improvements in epitaxial growth, the demonstration of 
conducting p-type GaN (4) as well as the fabrication of the first commercially viabie 
devices. 
For the last years GaN has been the most promising material to take over the role of 
silicon in many applications. Not only is GaN suitable for the fabrication of highly 
efficient blue, green and UV light emitting diodes and diode lasers, which may result 
in a higher data storage capacity on compact discs for example, also in other fields it 
shows his value. 
Because of its high band gap of 3.4 eV, large dielectric breakdown field and good 
thermal conductivity it is highly suitable for high power electrooie devices. So far 
vacuum tubes where still used in military radar systems, but their "phase noise" 
reduces a system's sensitivity. Therefore Gallium Nitride amplifiers are expected to 
become the choice for those applications. 
GaN is also a radiation-hard material, which makes it also suitable for space 
applications, such as satellite transmitters. For wireless devices GaN seems also 
promissing, when it comes to high bandwidth signals. All in all there is a broad 
horizon for the use of this materiaL 

1.2 Aluminium Gallium Nitride 

Alongside GaN, there are other nitride semiconductors, having similar properties, but 
with a very wide range of band gaps. For example, AlN has a band gap of 6.2 eV, 
whereas InN has a gap of 1.9 eV. The lattice parameters (both grow in the wurtzite 
structure ) and thermal expansion coefficients of GaN and AlN only differ vary little, 
making them perfect for growing ternary alloys and hetero-structures. Being highly 
suitable for hetero-structures, AIGaN became the more popular nitride alloy, used in 
various applications such as photodetectors and LED's (S)_ 

1.3 Characterisation of defects in semiconductors 

Defects exist in all crystalline materials in a great variety of types. Some are atomic
sized point defects, others are extended (line, area and volume defects). Sametimes 
these defects are useful and are intentionally created, as in the case of doping. In 
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many cases however these defects are undesirable and bring the performance of the 
device down. Especially nonradiative eentres in the middle of the band gap act to kill 
luminescence processes. lt is desired to characterise these defects and to find 
information about their concentration, energy levels and capture rates. For the shallow 
eentres near the band edges, luminescence has been widely used. For the deeper 
nonradiative centres, there are several different techniques to characterise them. The 
technique used in this report is deep level transient spectroscopy (DLTS), developed 
in 1974 by D. V. Lang (6). DLTS uses differences in the capacitance over a metal
semiconductor junction as a way to observe the traps. What makes it preferably over 
other techniques as TSC or TSCAP is its sensitivity. lt is also more versatile than 
admittance spectroscopy, because it cao detect both minority and majority carrier 
traps. A disadvantage of the original analogue DLTS presented by Lang is the 
impossibility to separate closely spaeed peaks. As a result, recently people are looking 
for ways to digitally process the capacitance transient by numerical routines. One of 
these digital methods is Laplace DLTS, developed in 1994 by Dobaczewski and 
Peaker (7). In this report both traditional analogue lock-in amplifier DLTS and Laplace 
DLTS are used to characterise the defectsin HYPE grown GaN and MOCVD grown 
Alo.tGao.9N. 

1.4 An overview of this report 

In chapter two the structural properties of GaN are discussed. lts lattice structure and 
basis are shown. The lattice parameters of both GaN and AlGaN are also discussed. 
Finally the structure of some defects is briefly mentioned. 
Chapter three treats the electrooical properties of the materiaL The band structure of 
GaN is given and the differences with AlGaN are discussed. The behaviour of carriers 
in a semiconductor is explained as wellas the origin of the capacitance over a metal
semiconductor contact. Furthermore the electrooical properties of defects are 
discussed and the capture and emission of carriers by these defects. 
Chapter four explains the principles of deep level transient spectroscopy and gives 
information on both lock-in amplifier and Laplace methods. The influence of the 
electric field on measurements and a method of making defect concentration profiles 
are given. 
Chapter five discusses the experimental set-up. First the etching of the materialand 
the depositing of the contacts is discussed, secondly the characterisation of these 
contacts and finally the experimentalset-up of the DLTS hardware itself. 
In chapter 6 the result of the defect characterisation in both GaN and AlGaN are 
reported. The results of both methods, LIA and Laplace DLTS, are shown. 
In chapter 7 the final conclusions are made. 
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2 Structural aspects 

2.1 Structure of GaN 

Both the GaN and AIGaN samples used in this study are crystalline. A crystal is a 
solid in which the arrangement of matter is periodic in all three special directions. The 
lattice of the crystal describes the periodical structure, whereas the basis is the 
structural unit that is repeated, being a single atom or a large molecule. 
GaN can crystallize in two lattice structures, the wurtzite or the zinebiende structure. 
However, zinebiende GaN can only be grown under specific growth parameters. The 
GaN samples used for our research are of the wurtzite structure and were HVPE 
(Hydride Vapour Phase Epitaxially) grown on sapphire. HVPE uses a two-flow 
system to produce GaN. GaCl gas is synthesised by HCl flowed over liquid gallium 
placed in a boat in a souree zone. In another zone of the growth chamber, GaCl is 
mixed with NH3 and thereby GaN is deposited. 
The wurtzite structure of GaN can be considered as two interpenetrating hexagonal 
close-packed lattices (figure 2.1), one for Gaand one for N. 

Ga 

N 

Figure 2.1: The lattice structure of GaN. 

The lattice parameters as shown in figure 2.1 have been determined trough X-ray 
diffraction by M. Leszczynski et al. (9), resulting in a = 3.189 Á and c = 5.186 Á. F or 
more details on the structure of the lattice see appendix A. 
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2.2 Structure of AlGaN 

AlGaN has almost the same structure as GaN, only a percentage of the Ga atoms are 
replaced by Al, which influences the lattice constants, but also electrical properties 
like the width of the band gap. The AlGaN samples we used consist of 10% Al, 
normally written as Alo.1Gao.9N. Unfortunately the provided AlGaN samples were 
grown by Metalorganic Chemica! Vapor Deposition (by ATMI Epitronics) insteadof 
HYPE, which makes it harder to compare the defects, because they can be both 
growth and material related. 
The lattice parameters of Al0.1Gao.9N are almost equal to those of GaN (a= 3.181 Á 
and c = 5.164 Á), because there is almost no lattice mismatch between AlN and GaN 
(10) 

However, as will be shown in paragraph 3.1.2, the electrical properties such as the 
band gap differ a lot. 

2.3 Structure of defects 

A crystal cannot exist at finite temperatures in a state of perfection. Even the vibration 
of the lattice can be seen as a form of imperfection. Also due to the statistica! 
distribution of thermal energy amongst the atoms of the lattice, there can be a finite 
probability of sufficient energy concentrated onto a eertaio atom or group of atoms to 
form a defect in the lattice. 
In the case of radiation, an ion that moves trough a lattice will lose its energy in a 
number of collisions with lattice atoms and its energy will be dissipated to the atoms 
of the crystal, resulting in excitation, ionisation or displacement 
We can divide defects into point defects and complex defects. A point defect is an 
entity that causes an interruption in the lattice periodicity at one lattice site. Roughly 
there are three types of point defects (see figure 2.2): 

• A substitution (1): An impurity replaces a normallattice atom. 
• An interstitual: An atom is in a site different from a regular lattice site. 

This can either be an impurity atom (2) or an atom belonging to the 
material (3). 

• A vacancy (4): An atom is removed from its regular lattice site. 

(1) (3) 

(4) 

Figure 2.2: Four different types of point defects (IJ). 

Complex defects are often due to the interaction of several point defects or a 
dislocation. Other possibilities are an amorphous structure or another phase of the 
materiaL 
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3 Electronica[ aspects 

3.1 The band structure of GaN 

3.1.Ilntroduction 

The band structure of asolid is the relationship between energy, E, and momentum, k. 
This relationship is usually obtained by solving the Schrödinger equation of an 
approximate one-electron problem. Because of the periodicity of the lattice and the 
potential energy however, the solutions of the Schrödinger equation, 

[-~:V'+ V(r) }• (r) ~ E,q,, (r) (3.1) 

for a crystalline solid should be Bloch functions, which are of the form 
l/>k(r)=ejk·•un(k,r) , (3 .2) 

where Un(k,r) is pedodie in r with the periodicity of the direct lattice and n is the 
band index. As aresult of the potential energy V(r) being perioctic the energy states Ek 
are also perioctic in the reciprocal lattice. 
To calculate the band structure of a solid one can use an approximation such as the 
pseudo potential metbod (see appendix B for information on calculating the band 
structure of GaN). Figure 3.1 shows the result of a pseudo potential calculation by 
Bioom 03). 

Figure 3.1: The band structure of GaN determined with the pseudo potential 
methad by Bioom (l3J. 

In figure 3.1 one can see that there is a forbidden energy region in which there are no 
possible states, the so called band gap. The set of energy states below the band gap is 
called the valenee bandandis completely filled in the case of no excitation, defects or 
impurities. The energy states above the gap are called the conduction band and is 
empty in the intrinsic case without excitation. The band gap of GaN is called a direct 
band gap, because the minimum of the conduction band and the maximum of the 
valenee band are located at the same k-value, resulting in a direct transition without 
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an pbonon being emitted. Because compared to the size of the band gap, the states in 
the valenee band and conduction band are very closely packed, it is often represented 
as a continuurn (figure 3.2). 

EF ~----------+--------------------------

Figure 3.2 Schematic representation of the bandstructure 

3.1.2 The band gap of GaN and AlxGal-xN 

The band gap of a semiconductor is dependent on the temperature, with the function 
form often fitted to the empirica! Varshni (IS) form 

a:r2 
Eli (T)=E

11
(T=O)----f3 , (3.9) 

T+ 
where a and f3 are adjustable parameters. The zero-temperature band gap of GaN 
according to Vurgaftman et al. (!

6
) is 3.507 eV. The band gap of GaN is only slightly 

temperature dependent with a= 0.909 me V IK and f3 = 830 K. 

The band gap of AlGaN is strongly dependent on the cation concentration and 
assumed to fit a simple quadratic form: 

(3.10) 

with x being the fraction of Al cations and b being the so called bowing parameter, 
which accounts for the deviation from a linear interpolation. The physical origin of 
the band gap bowing can be traeed to disorder effects (for example lattice mismatch) 
created by the presence of both Ga and Al. 
The zero-temperature band gap of AIN is 6.23 eV, a= 1.799 meV/K and f3 = 1462 K 
06). For AlGaN a bowing parameter of 1.0 eV is commonly used, resulting in a band 
gap of 3.69 eV at T = 0 K and 3.62 eV at T = 300K, for x=O.l . 
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3.1.3 The AlxGai-xNIGaN band offsets. 

GaN 

-------~-___.,1 6Ec-0.13eV 

Eg=- 3 .62 eV 

Ev I & v=O.Ol eV 

Figure 3.3: The GaN/AlGaN valenee and conduction band offsets according 
to D.R. Hang et al. (JBJ. 

In this study, the defects found in GaN and AlGaN are cornpared and one wants to 
know, in case there are si mil ar defects, whether they pin to the valenee or conduction 
band. In order to be able to cornpare the defects in GaN and AlGaN , one has to know 
the band offsets. The band offset is the difference in energy level of either the valenee 
or conduction band of GaN and AlGaN. 
S.H. Wei and A. Zunger (I?) used first-principles electronic structure calculations on 
Wurtzite AlN and GaN to determine the unstrained AlN/GaN valenee band offset. 
They suggested a valenee band offset of 0.81 eV. With the difference in band gap 
between AlN and GaN being 2.70 eV, this results in a conduction band offset of 1.89 
eV. Linearly adjusting these results, gives a valenee band offset of 0.06 eV and a 
conduction band offset of 0.14 eV for Al0.1Gao.9N/GaN. Wei and Zunger, however, 
take the interfacial effects into account, whereas in our case there is no AlGaN/GaN 
heterojunction. 
In 2001 D.R Hang et al. (I&) determined the AlGaN/GaN band offsets experirnentally, 
by rneasuring the wavelength shift of the well known yellow lurninescence in GaN 
(which is generally assigned to shallow donor-deep acceptor pair recornbination) as a 
function of the Al concentration. They reported that 65% of the band gap difference is 
accornrnodated in the conduction band and 35% in the valenee band, resulting in a 
0.07 eVvalenee band offset and a 0.13 eV conduction band offset (see figure 3.3). 
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3.2 Carriers in semiconductors 

3.2.1 Holes 

A semiconductor is called intrinsic when it is pure and defect-free and as aresult there 
are no energy states within the band gap. In the intrinsic case there are just enough 
electroos to fill all the states in the valenee band and when all the electroos are in their 
lowest states, there are no electroos in the conduction band. This is only possible at 
the absolute zero temperature. At temperatures above zero there will always be a 
finite number of electroos in the conduction band due to thermal excitation. 
If we have an electron in a state whose wave vector is k, we can determine its velocity 
by 

(3.12) 
Since the energy is an even function of k, a electron with a wave-vector of -k will 
have a velocity of -v. If N electroos in a volume V have a velocity v the current 
density would be 

J = _ eNv (3.13) 
V 

Now if all the states in the valenee band would be filled and the conduction band 
would be empty, J would be equal to zero, because for every electron with wave
vector ks there is a corresponding electron with wave-vector -k5 • If one electron 
moves from the valenee band to the conduction band leaving an empty state with 
wave-vector ki bebind in the valenee band, the current due to all the electroos in this 
band is given by 

J=-~:Lv =-~ :Lv - (-~v)=~v (3.14) 
V s* i .1' V all band .1' V 

1 

V 
1 

This is equal to the current that would arise from an electron occupying the empty 
state with a positive charge +e. Such an empty state is called a positive hole. 

3.2.2 Donors and acceptors 

The ideal case of an intrinsic semiconductor never really occurs. Either there are 
defects in the crystal, formed for example during growth, or it bas low concentrations 
of an impurity atom. These impurity atoms can be added purposefully, which is called 
doping. In this way one can "add" or "remove" electroos from the conduction band of 
the semiconductor. 
If, for example, we replace a Natomin GaN by a group a VI element like Oxygen, an 
extra electron is added to the crystal. This valenee electron is not strongly bound to 
the 0 atom. This electron can be easily excited, so it can move freely in the crystal. 
An atom like 0 is called a donor atom. The energy necessary to free the valenee 
electron is often presented as a energy state in the band gap just below the conduction 
band, called the donor levelEv (see figure 3.2). 
Similarly, if a Ga atom is replaced by a group 11 atom like Be, it will only contribute 
two electrons instead of the usual three. This means that an extra electron can be 
accommodated in the valenee band of the serniconductor. These atoms are referred to 
as acceptors. The energy needed to make a valenee electron of a Ga atom fill up the 
free space at the Be atom and thereby creating a positive hole is represented as a 
energy electron state just above the edge of the valenee band, called an acceptor level 
EA (figure 3.2). 
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3.2.3 Carrier concentrations 

The total number of electrens in the conduction band is given by 
~ 

n = f N(E)F(E)dE , (3.15) 

where N(E) is the density of statesof the conduction band, and F(E) is the probability 
that a state is occupied. The density of states in the conduction band can be 
approximated by 

N(E)=M .fi(E-EJ
12

( l-''2 (3.16) 
c 7r2 n' me} ' 

where Me is the number of equivalent minima in the conduction band, and m e is the 
mean effective mass of the electrons. The probability that a state is occupied is given 
by the Fermi-Dirac distribution 

1 
F(E) = --.,.----~ 

] +exp( E ~:F) 
(3.17) 

where kis the Boltzmann's constant, T is the absolute temperature and EF is the Fermi 
energy. 
lf the Fermi level is several kT below the conduction band, the Fermi distribution can 
be approximated by a Boltzmann distribution. In this case (3.15) can be written as 

n =Ne exp( _Ec k~E,) (3.18) 

in which Ne, the effective density of statesin the conduction band, is defined by 

N =2 mne M 
(

2 kT )"
2 

c h2 c 
(3.19) 

For the hole density in the valenee band a sirnilar equation can be derived (in case of 
non-degenerate conditions ): 

( 
E -E ) p = N v exp - F kT v (3.20) 

with Nv being the effective density of statesin the valenee band, given by 

(
2mnhkT )"

2 

Nv = 2 2 ' 
h 

(3.21) 

where mh is the mean effective mass of the holes. 

In an intrinsic semiconductor the number of electrens is always equal to the number 
of (positive) holes, giving 

( 
E -E ) ( E -E ) N c exp - c kT F = N v exp - F kT v . (3 .22) 

Solving for EF one obtains 

E. = EF = E c + Ev + kT In( N v J 
I 2 2 N c 

(3.23) 

Generally the second term is small compared to the first one, so the Fermi level in an 
intrinsic semiconductor, Ei, willlie close to the middle of the band gap. 
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Furthermore from equations (3.18) and (3.20) the rnass-action law can be derived, 
stating 

np = n 2 = N N exp v c 
(

E -E J 
I V c kT (3.24) 

in which ni is the carrier density in the case of an intrinsic semiconductor. 

3.2.4 Carrier density in a doped semiconductor 

In the case of a doped semiconductor, we can calculate the amount of ionised donors 
or acceptors using the Ferrni distribution. The concentration of ionised donors is equal 
to 

1 
(3.25) 1- 1 (E -E J ' 1+-exp v F 

g kT 

where N D is the con centration of donor atoms and g is the degeneracy of the donor 
level in the ground state. Equivalent to the ionised donor concentration the ionised 
acceptor concentration is 

N~ =NA l- ( J (3.26) 
1 + g exp E A k~ E F 

where the ground state degeneracy factor, g, is equal to 4 for acceptor levels, because 
the valenee band of GaN is fourfold degenerate at k=O (heavy and light holes both 
with two spin factors). 

At elevated temperatures most donors and acceptors are ionised and for charge 
neutrality one can write 

n+NA = p+Nv (3.27) 

In the case of n-type GaN, IND-NAI >> ni and ND >>NA, we can approximate n:::::: ND 
and p ""NA!n/. Now we can determine an approximate Ferrni level using (3.18): 

Ec- EF = kT!n( ~:) (3.28) 

or from equation (3.23): 

E,- E, = kTin(;) (3.29) 

A similar approximation can be done fora p-type semiconductor, resulting in 

E,- E, = kT!n(:) . (3.30) 
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3.3 Metal-semiconductor junelions 

3.3.1 The Schottky harrier 

Early research displayed that the total resistance of a metal-semiconductor junction 
depends on the polarity of the applied voltage. Numerous models have been 
suggested, but in this chapter the model proposed by Schottky will be discussed. 

MET AL 

( 0) 

SEMICONDUCTOR 

Ec 
- ------ E~ 

\ f ',, __ :~~r"·l 
l'-s 

( b) 

Figure 3.5.a: The metal and semiconductor surface befare contact and 
3.5.b: The interface after contact according to Schottky 09). 

When a metal is evaporated onto the surface of a semiconductor, a potential barrier is 
formed at the metal-semiconductor interface. 
The Schottky model of the metal-semiconductor barrier in the case of a n-type 
semiconductor is shown in figure 3.5. In this case the work function (cp, the potential 
difference between the Fermi level and the vacuum level) of the metal is higher than 
the work function of the semiconductor. The energy bands are shown before contact 
(3.5.a) and after (3.5.b). Inthermal equilibrium the Fermi level of the metal and the 
semiconductor have to coincide and therefore band bending takes place. Electroos 
will flow from the semiconductor to the metal, making the conduction and valenee 
band bend downwarcts until EFm=EFs· Such a contact is known as a depletion contact, 
because the majority carriers are depleted close to the contact compared to their 
concentration in the quasi-neutral substrate. 
The barrier height after contact for this model is given by (! 9

) 

C/>n = C/>m - Xs · (3.31) 

Xs is the electron affinity, defined as the energy released when an electron is added to 
the material, in the case of a semiconductor being the difference between the vacuum 
level and the conduction band edge. 

The barrier height though for many semiconductors is observed to be relatively 
independent of the work function of the metal. This constancy of the barrier height is 
called Fermi level pinning, referring to the fact that the Fermi level in a 
semiconductor is pinned at eertaio energy states within the band gap. The origin of 
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Figure 3.6.a: The junction under forward bias 0 91. Figure 3.6.b: Under reverse bias 091. 

In equilibrium there is no net current flow over the harrier. lf one would apply a small 
voltage over the harrier that would make the semiconductor negative by a voltage VF 
with respect to the metal, the depletion region will be reduced (figure 3.6.a). Electroos 
from the semiconductor will experience a smaller harrier (Vd = Vi -VF) and as aresult 
electroos from the semiconductor will flow towards the metal. Electroos in the metal 
however will still see a harrier l/JB. In this case the junction is called forward biased. 
The forward current increases exponentially with the voltage VF. 

If one would put the contact in reverse bias by applying a positive voltage VR to the 
semiconductor, the depletion region increase and the harrier will be higher for 
electroos of the semiconductor (Vd = Vi+ VR) , but for electroos from the metal the 
situation will be unchanged (figure 3.6.b). Compared to the situation withno applied 
voltage less electroos will flow from the semiconductor towards the metal and the 
amount of electroos from the metal to the semiconductor will linearly increase with 
VR, because the resistance of the depletion region will not change. 

3.3.2 Current-voltage characteristics ofthejunction 

Under thermal equilibrium at the interface for a harrier height ql/J8 that is much larger 
than kT, current transport over the harrier of the junction can be described by the 
thermionic emission theory c20

). The current flow depends solely on the harrier height 
and the current density from the semiconductor to the metal can be given by the 
concentration of electroos with sufficient energy to overcome the barrier and 
traversing in the right direction: 

(3.32) 

where q is the electron charge, Vx is the velocity in the direction of transport and dn = 
N(E)F(E)dE the electron density for incremental energy. Using Fermi-Dirac statistics, 
equation (3.32) will transfarm to Ct 2

) 

qt/Jn qV 

J ,-+m =A * T 2 e --;;:r enkT (3.33) 

where V is the applied voltage, n the ideality factor of the diode (equal to unityin the 
i deal case) and 
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A*= 47rlJ.m"e 
h3 

is the effective Richardson constant. 

(3.34) 

Since the harrier height seen from the metal to the semiconductor is independent of 
the applied voltage, V, the current density is easily obtained: 

qq,B 

J =-A * T 2 e-k.T 
m~• . (3.35) 

The sum of (3.33) and (3.35) gives the total current over the harrier: 

1 = SA * T 2 e ---u:- e nkT - 1 qq,B [ qV ] 
(3.36) 

where S is the area of the diode contact. 

3.3.3 The electric field in a Schottky harrier 

The form of the bands near the interface cao be calculated using Poisson's equation. 
The boundary conditions in this case are ( choosing the interface as x=O and the 
semiconductor as the positive x-direction ) the electric field E( oo) = 0 and V(O)= Vd. he 
Poisson's equation in one dimeosion is given by 

d2 V 1 
-

2 
=-p(x) (3.37) 

dx t:.,. 

where p(x) is the total charge density in the semiconductor and ês is the permittivity of 
the semiconductor. Contributions of the valenee band, conduction band, ionised 
donors and accepters and deep levels have to be taken into account. This would lead 
to a very complicated equation. The equation however cao be simplified by making 
use of the depletion approximation. 
According to this approximation you cao divide the semiconductor into two regions. 
One directly next to the metal at the interface, which is completely without any 
carriers (the so-called) depletion region), and the bulk of the semiconductor, which is 
electrically neutral and in which no electric field exists. In this case the charge density 
of an n-type semiconductor cao be written as 

p(x)= {qN D ~f x~ w (3.38) 
0 tfx>w 

Substituting this in (3.37) and applying the boundary conditions, the width of the 
depletion regions as well as the potential, V(x), and electric field, F(x), in the 
depletion region cao be determined: 

w=~2ey, , 
qND 

F(x)= qNv(w-x) and 
ê, 

( ) qN D 2 
V x =---(w-x) . 

2ê,,. 

The total charge per unit area in the depletion region cao be easily derived: 

(3.39) 

(3.40) 

(3.41) 
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~ = qN vW = J2t:.,qNvVd . (3.42) 

From this the diode's capacitance per unit area can be derived: 

~ =~e: =t~~D =~ (3.43) 

So basically in this approximation the depletion region can be seen as a parallel plate 
capacitor with a dieleetrom in between. 
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3.4 Defect states 

3.4.11ntroduction 

A defect state can be defined as an electronic energy state introduced into the band 
gap due to a perturbation of the bonding structure of the semiconductor by a lattice 
defect or an impurity. Defects statescan also exist in the conduction or valenee band, 
in which they keep their own localised character, but we will only refer to the states in 
the forbidden gap. 
Roughly, one can divide defect states into two categories: shallow states and deep 
states. 

Shallow states are those that are situated near their related band edges (the conduction 
band for a donor and the valenee band for an acceptor) and the ionisation energy can 
be described by a modified hydrogen model. In most cases shallow states are 
substitutional impurities with only one excess or deficient valenee electron. 
Assuming that the defect structure will bind an extra charge in the same way a point 
charge nucleus binds an electron, it can be described by a Coulomb potential. One can 
approximate the binding energy by modifying the Rydberg series of hydrogen to 
account for the dielectric screening and the effective mass of the electron in the band 
edge ( or hole in the case of an acceptor): 

E = m * . 13·6 eV (3.44) 
D 2 2 mt: n 

States that cannot bedescribed by such a simple Coulomb potential are called "deep". 
The potential of these defects is more localised. As a result the electrens are more 
strongly bound, resulting in a higher ionisation energy and therefore being located 
deeper in to the band gap. Levels that are more than 0.05 e V separated from either the 
conduction band (in the case of a donor) or valenee band (in the case of acceptor 
level) are seen as "deep states" or "deep levels". 

3.4.2 Deep levels 

Deep levels have a larger ionisation energy than the shallow states and therefore a 
strenger potential which will localise the carrier wave function when near the site of 
the defect. Strong localisation in real space will of course lead to delocalisation in k
space, because more Fourier components are needed to describe the small orbit. As a 
result deep states are non-radiative recombination centres, because a large range of 
momenturn veetors are allowed. Another result is that in contrast with the shallow 
defects, one can not describe the defect by involving a single minimum of a single 
band, but has to take the whole band structure into account. 
Together with the fact that capture and emission are often accompanied by lattice 
relaxation, because the localised carrier often participates in the perturbed bonds at 
the site of the defect and as a result the defect bonds adjust to those carrier 
interactions, it is extremely difficult to give satisfying theoretica! models for deep 
states. 
Because of the strong lattice coupling and their non-radiative nature, one often cannot 
use luminescence methods to characterise the defects. The capacitance technique to be 
discussed, DLTS, does provide us with information (the capture cross section, energy 
level and concentration) to characterise defects. As a result defect states are 
categorised by ernission and capture rates, dividing them into traps, generation and 
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recombination centres. The situation is however complicated by the fact that 
depending on temperature or doping a defect level may be for example both a trap and 
a recombination centre. A good understanding of capture and emission as well as 
recombination and generation of carriers is required. 

3.4.3 Capture and emission of carriers 

n 
E __ ._ ______ -r------------------- fc 

en 

p 

x 
a b c d 

Figure 3. 7: Band diagram of a semiconductor with a deep level defect 
showing capture and emission processes. 

When the periodicity of a perfect single crystal semiconductor is perturbed by a 
defect, a discrete energy level will be introduced in the band gap. Consictering a deep 
level impurity as in figure 3.7 having an energy of Er and distributed uniformly 
throughout the material with a concentration Nr. In fig. 3.7.a the centre captures an 
electron from the conduction band. After capture two events can take place. The 
centre can emit the electron back to the conduction band (fig. 3.7.b), called electron 
emission en, or it can capture a hole from the valenee band (shown in fig 3.7.c as cp). 
In case of hole capture cp (fig. 3.7.c), the centre can either emit the hole back to the 
valenee band (ep in 3.7.d) or capture an electron from the conduction band. 
Cn followed by cp is called a recombination process, whereas en followed by ep is 
called a generation process. If the defect is a generation-recombination (G-R) centre, 
both the conduction band and valenee band participates in the process. G-R eentres 
are situated deep in the band gap and act as a recombination centre in the case of 
excess carriers and as a generation centre in case the carrier density is below its 
equilibrium value. 
A process in which only either the conduction or the valenee band is involved is 
called trapping. Defect eentres involved in this process are referred to as traps. 
Electron traps capture and emit electrons from and to the conduction band, whereas 
hole traps capture and ernit holes from and to the valenee band. Whether a centre acts 
as a G-R centre or a trap depends on the location of the Fermi level, the temperature 
and the capture cross sections of the defect. Generally those defects near the middle of 
the band gap behave as G-R eentres and the ones near the band as traps, having a 
higher emission rate for electrons in case they are near the conduction band and vice 
versa. 
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The capture process is characterized by a capture cross section, (J, the probability that 
an interaction between the electron and the defect state will occur. 1t can be pictured 
as the effective area that the defect presents to the electron. However the cross section 
does not necessarily depend on the geometrical area of the defect structure. 
When the material is having an electron density n and those electroos are having a 
rms thermal velocity <vn>, the deep centre is exposed to a flux of n<vn> electroos per 
unit area per unit time. lf an instant nr of the total concentration of deep eentres Nr is 
occupied, the number of electroos captured by the unoccupied states in a short time 
interval ~t is 

~T = (J n (V n )n(N T - nT )~t 
The capture rate per unoccupied state, defined as C

2
t) 

(~TI ~t) 
Cn = ( ) , 

NT -nT 
is therefore 

en =crn(vn)n. 

(3.45) 

(3.46) 

(3.47) 

A similar expression can be written for the capture of holes into occupied states, 
resulting in 

CP =crp(vp)p. (3.48) 

Whether defect eentres are occupied or not is determined by the competing of the four 
processes in figure 3.7. Electroos are captured and holes are emitted by the 
unoccupied states, whereas electroos are emitted and holes captured by the occupied 
states, resulting in a net rate of change 

dnT =(en +ePXNT -nT)-(en +cp~T' (3.49) 
dt 

When the defect concentration Nr is very small compared to the net doping (Nv-NA), 
the effect of capture and emission processes on the free carrier densities, n and p, is 
negligible and therefore they and as a result also en and cp can be taken constant. 
In thermal equilibrium no transport from one band to the other will take place and 
therefore the capture and emission rates should be equal for both electroos and holes: 

ennT =en (NT- nT) (3.50) 

and 
e P (NT - nT) = c pnT (3.51) 

As a result the occupancy of the trap in thermal equilibrium, fiT , is 

NT cn+en ep+cp 
(3.52) 

Analogous to donor and acceptor levels the occupancy in equilibrium is defined by 
Fermi-Dirac statistics. In a similar way to equations 3.25 and 3.26 we obtain 

A NT 

nT = (E E ) l+f.Q_exp T- F 

g 1 kT 

in which go is the degeneracy when unoccupied and g1 when occupied. 
Combining equations 3.52 and 3.53 gives 

en go (ET - E F ) - = - exp ----=----=-
en g 1 kT 

for electron emission and 

(3.53) 

(3.54) 
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(3.55) 

for hole emission. 
Since (g1/g0) is approximately unity, one can see that when EF is above Er, electron 
capture and hole emission dominate resulting in the state being occupied with 
electrons. In the case of EF being below Er electron emission and hole capture 
dominate and the state will be empty. 
The electron concentration in a non-degenerate semiconductor is given by equation 
3.18. So by substituting equations 3.18 and 3.47 into 3.54, we obtain an expression for 
en: 

Ec-Er 

en =a n (vn )~ N ce------u- (3.56) 
g. 

A similar expression can be derived for the hole emission by substituting 3.20 and 
3.48 into 3.55, obtaining 

(3.57) 

We can determine the temperature dependenee of en, which is essential for DLTS, by 
using equation 3.19 and 

(vn) = ~~~ . (3.58) 

The temperature dependenee of the capture cross section is often shown in the form (?) 

I!.Ea 

a(T)= a= e ---;;r (3.59) 

Substituting equations 3.19, 3.58 and 3.59 into 3 .56, will g1ve the temperature 
dependenee of en(T) as 

Ena 

en(T)="/Fzanae-/J ' 
in which 

y = 2.J3M c (2n)% k 2m * h-3
• 

Furthermore 

(J =~(J na = 
g. 

is the apparent cross section and the activation energy Ena is defined as 

Ena = (Ec -ET)+ Mcr. 

(3.60) 

(3.61) 

(3.62) 

(3.63) 

As a result, plotting ln(r/en) as a function of T-I (a so-called Arrhenius plot), will 
result in a straight line with slope Enalk and intercept -ln(yana). 

Characterising traps is in most cases done by perturbing the occupancy of the deep 
level and studying the process of relaxation back to the equilibrium state. Solving the 
general rate equation 3.49 gives 

t 

nT (t )= nT (= )- [nT (= )- nT (O)]e -~ (3.64) 

in which nT(O) is the occupancy on t = 0, just after the perturbation. The occupancy at 
equilibrium is 

21 



() 
cn+ep 

nT oo = NT 
cn+ep+en+cp 

(3.65) 

and the time constantris given by 
-I 

r =cn+ep+en+cp. (3.66) 

Looking at equation 3.66, the behaviour of deep states might seem complicated, 
depending on four different processes in different types of material and different type 
of traps (see figure 3.8). However, these combinations might reduce to only two 
physical situations, depending on the position of the trap energy and the Fermi level. 
From equation 3.56 and 3.57, one can derive the energy levelfora deep level where 
the electron emission rate is equal to the hole emission rate, resulting in an energy 

Et =E;+kTln[aP(vP)gtlgo], (3 .67) 
2 an(vn)go lgl 

where Ei is determined from equation 3.23. Above that level intheupper half of the 
band gap electron emission will dominate, whereas in the lower half trap ernission 
dominates (this can be easily seen by camparing equations 3.56 and 3.57). 
The relation between emission and capture rate in equilibrium is defined by the 
relative positions of ET and EF as shown in equations 3.54 and 3.55. As a result, for 
the four situations in figure 3.8, after any initial perturbation, the relaxation constant 
of equation 3.66 can be approximated by only taking the dominating processes into 
account. In the case of an electron trap in n-type material for example, irrespective of 
the perturbation, Cn > ep and en > cp and as a result the sum of electron gain and loss 
will be r·1 = Cn + en. The concentration of occupied states nT (3.65) will be equal to 
NTcn(en+cn)" 1

• In equilibrium EF will be situated above ET, so Cn >en and nT =NT. 
Basically two different casescan be found, looking at table 3.1. Majority carrier traps, 
in which capture and emission of majority carriers dominate, and rninority carrier 
traps, in which the capture of majority carriers, but the emission of minority carriers 
dominate. 
In the case of having a depletion region, the situation is different. Because there are 
no carriers after the perturbation, the relaxation constant for an electron trap in n-type 
material is defined by the electron emission rate only. This is the main reason why 
transient techniques work with p-n or Scottky junctions. 

n-type EF > ET p-type EF < ET 
Cn >en Cp > ep 

eo > C0 ;::::: 0 en> Cn;::::: 0 
Electron trap (a) majority (b) minority 
en>> ep 

fiT =NT fiT= 0 PT =NT 
-I -I 

! = Cn +en r = C0 + e0 +en 
Hole trap ( c) minority (d) majority 
ep >> en 

fiT =NT fiT= 0 Îh =NT 
-I = Cn + e0 +en -I r r = c 0 + e0 

Table 3.1: The equilibrium occupancy and the time constants for the Jour different 
situations described in figure 3. 8. 
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Figure 3. 8: Illustration of the capture and emission processes for electron and 
holes in both n- and p-type material. Thick lines indicate the 
dominant processes (21 

J. 
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4 Deep level transient spectroscopy 

4.1 Basic principle oftransient spectroscopy 

By making a Schottky contact on the semiconductor, a depletion region is created in 
the materiaL lf one varies the reverse bias, this space charge region is modulated. The 
space charge region is depleted of mobile free carriers and has ionised impurities, in 
our case shallow donors and those deep levels (donors and acceptors) that are situated 
above the Fermi level (see figure 4.1). Under reverse bias only a small part of the 
deep levels near the end of the depletion region (the transition distance À) are not 
ionised and its influence on the total capacitance is often neglected. 

E 

+ + + 

------- E, 
0 0 000 Er 

0 x,-?. x, 
x 

Figure 4.1: Energy diagramfora Schottky contact under reverse bias with 
shallow donors and a deep donor level. 

Deep levels in a space charge region can be detected by their influence on the 
junction' s capacitance. Wh en deep levels emit their carriers to the conduction band, 
the total charge in the depletion region will increase, resulting in a decreasing 
depletion width and therefore the capacitance over the junction will grow. As aresult 
the magnitude of the capacitance is corresponding to the thermal emission and 
depends upon the defect concentration, emission rate and temperature. The thermal 
emission rate may also depend upon the electric field strength in the space charge 
region, which will be discussed in section 4.4. 
The main principle of DLTS is to perturb the space charge region by applying a short 
pulse superimposed onto of the reverse bias voltage (6) (figure 4.2). As a result the 
space charge region will suddenly collapse, allowing the capture of majority carriers 
in the collapsed region (in our case of an n-type material, these are electrons) (see 
figure 4.3.B). When the reverse bias is re-established, the width of the space charge 
region will increase again, but to a value even higher than under reverse bias in 
equilibrium (see figure 4.3.C), due to the fact that the defect level are still filled. 
Therefore the capacitance will drop to Co (see figure 4.3.C). Through the emission 
process the electroos will be transferred back to the conduction band (fig 4.3.D) and 
the depletion width will slightly decrease back to the value of equilibrium (fig. 4.3.A). 
As a result the capacitance will regaio its original value Coo. 
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Figure 4.2: The change in capacitance as aresult of applying positive pulses 
to the reverse bias on the sample. 
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Figure 4.3: The trap occupation, space charge layer width and capacitance transient 
due to the filling of an electron trap in n-type mate rial. 

By using the depletion region approximation as described in paragraph 3.3.3, the 
capacitance transient curve of the situation in figure 4.3.D can be easily described. 
Assuming the distribution of donor and deep level states in the depletion region is 
uniform and neglecting the occupied deep levels in the transition distance, the time 
dependent space charge density can be written 

p(t)=q{Nv +Nr -nr(t)} (4.1) 
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Using equation 3.43, but replacing the charge density qN0 by p(t) (equation 4.1), we 
can determine the time-dependent capacitance: 

I 

C(t) = c( 00 J 1- nT (t) }
2 

' 
'l Nv+NT 

where the final capacitance under reverse bias is 
I 

C(= )=A{ E,q(N ~ + Nr )}'V-~ 

(4.2) 

(4.3) 

When NT, nT << N0 , equation can be expanded and as a result the change in 
capacitance can be determined, using equations 3.64, 3.65 and 3.66, taking en>> Cn, 

L1C(t) C(t )- C(oo) nT (t) nT (0) - e r 
--= =---=---e n 

C(oo) C(oo) 2ND 2ND 

Often equation 4.4 is simplified to 

L1C(t) NT -et 
--=---e n 
C(oo) 2ND ' 

(4.4) 

(4.5) 

but this is only valid in the case of high pulsing voltage Vp resulting in a bias voltage 
close to zero or forward. In the case of VR + Vp < 0, there is always an amount of non
ionised defect states near the interface in the region 0 < x < Xp-À, where Xp is the 
depletion width under pulsing. Furthermore, as discussed earlier, the defect states in 
the region Xr- À <x < Xr are always filled. Correcting equation 4.5 for this, results in 

L1C(t) = _ _!_[(x,- A-Y ~ (xp- Ay] NT e-ent "" _ _!_[1- 2A] NT e-ent' (4.6) 
c 2 x, N D 2 x, N D 

with C taken to be effectively constant. 

4.2 Determining energy level and capture cross section 

The process described in figure 4.3 is a continuous one. The bias on the diode is 
pulsed with a frequency 1/T (see figure 4.4). During the time pulsing time tp the 
capacitance signal has no useful information and has to be gated off to prevent from 
overtoading the instrument. After pulsing, the trap starts emitting its carriers back into 
the conduction band as described in section 4.2. As a result the capacitance transient 
will be of the form (see equation 4.6) 

t 

C(t)=C(oo)+L1Ce-~. (4.7) 

The essence of DLTS is tofeed the signal described by equation 4.7 to an instrument 
which has an adjustable rate window, which will provide a maximum output, when 
the time constant T is equal to the preset time constant of the instrument Tref ( see figure 
4.4.c). In our case this instrument is a two-phase loek in amplifier from which we 
only take the in-phase mode into account. The frequency of the lock-in weighting 
function is set at the same value as the pulse generator. Nevertheless this does not 
imply that T = 'tref, due to the exponential behaviour of the capacitance signal. 
Calculations in section 4.3 will show that rref/T0 = 0.424. 
Figure 4.4.d shows the response of the system to the two different traps T 1 and T 2. 

The two peaks show maxima at the temperatures, where the time constant of the 
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capacitance transient is equal to the preset time constant of the lock-in amplifier. 
These peaks however are braad and unfortunately can easily overlap each other, 
which might result in one peak. 
If one does temperature scans for different pulsing frequencies and for each one 
measures the temperatures at which the traps show maximal emission, an Arrhenius 
plot can be made from which both capture cross section cr and trap energy ET can be 
deterrnined (using equations 3.60- 3.63). 
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Figure 4.4: The principlesof a DLTS experiment (21). 

a) The reverse bias andfilling pulse sequence. 
b) The diode' s capacitance transient due to the pulses. 
c) The variation of the time constant r=e/ of two traps, T1 and 

T2, as a function of temperature. 
d) The measured DLTS signa[ with peaks for bath traps at the 

points were r = fre.f· 
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4.3 Response of the lock-in amplifier 

To analyse the DLTS signal coming from the Boonton Capacitance meter a Loek in 
Amplifier (LIA) is used. Because of its high signal to noise ratio, the LIA is still very 
popular although it is relatively more time consuming than the recent numerical 
methods. 
Wh en using a LIA, the part of the capacitance meter' s output signal due to the filling 
pulse and the meter's response time (delay time tct) is gated off by using a 
sample&hold circuit before passing it to the LIA. As a result of this gate-off time (tg = 
tp + tct), a part of the signal that enters the LIA is not exponential. 
Often this gate-off effect is not taking into account, when determining the response of 
the LIA. The relationship between the decay emission constant, for which the LIA 
gives maximum response, and the frequency of the LIA is then independent of the 
gate-off time and determined as tmax = 0.42/f (22

). To determine a more accurate 
relationship, the gate-off time has to be taken in to account. 
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Figure 4.5: a)filling pulse ofwidth tp andfrequencyf= liTo. 
b) normalised exponential capacitance trans i ent befare ( dashed curve) 

and aft er gate-of! ( solid curve). 
c) the weightingfunction ofthe LIA triggered on thefalling edge ofthe 

filling pulse. 
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To determine the LIA's response Sexp to this partially exponential wave form (fig. 
4.5.b) one has to calculate the integral of the product of the LIA square-wave 
weighting function (fig. 4.5.c) and the first Fourier component of the wave form. 
The input signa! of the LIA as shown in figure 4.5.b can be written as 

{

e-r"/re-(t+To/2)/r for-T, f2~t<T. /2-t 
f(t) = 0 0 1: • 

e-1
"

1r e-(1(,-r,> tr for-T. /2-t <t<,.,... 12 
o 11 - 1 o 

(4.8) 

The first component of the Fourier expansion of this function over the interval - T o/2 ~ 
t < T o/2, as analysed by the Lock-In Amplifier, is 

f 1 (t) = a1 cos(2m IT0 )+ b1 sin(2m IT0 ), (4.9) 

in which <23) 

(4.10) 

-r!(I;,-t") { T0 . (2mg) ( 7;, )2

[ (2mg )~ [-(7;,-tJ]} (4.11) b1 ==nexp x 1--sm- + - I-cos- -exp ---'-...::...._--"-'-

( 
T. ) 2 2nr T0 2nr T0 r 

1r2 + __Q_ 

2r 

The LIA's response to the incoming signa! is obtained from 
1(,1 2 

sexp = I 1, (t)w(t)dt • 
-T0 12 

(4.12) 

where w(t) is the weighting function of the LIA. The weighting function of the the 
LIA in this example is a block wave, whereas the LIA that was used has a sine wave 
mixing function. The results however are almost indentical. For a block wave function 
equation 4.12 results in 

Sexp = (2T0 I 7r: )[a, sin(2md IT0 )+ b2 cos(2md IT0 )] (4.13) 

To determine for what value of the decay time constant, r, the LIA, set at a frequency 
f = l!T0, has a maximum response to the incoming signa!, one has to solve 

dSexp 
--=0 (4.14) 

dr 
This equation was numerically solved for Ç = T o/2-rmax by Auret <

23
). Results showed 

that fora smal! gate-off time (tg< 0.04T0) using a ratio of Tmax1T0 = 0.424 is within 1% 
of the actual value. 
Fora sine waving function Auret obtained a similar result: Tmax1T0 = 0.4243 (24

). 
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4.4 The electric field effect 

Looking at figure 4.6, one can see that the electric field F near the interface is higher 
than close to the end of the depletion region. Depending on the height of the bias 
pulse, the depletion region will collapse further. So, in the case of a higher bias pulse, 
the emission will take place in a region of higher electric field. 
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F 

Figure 4.6: The difference in electricfieldfor two different pulses, Vp2 > Vpl· 

Often it is assumed that the electric field on DLTS is negligible small. However, there 
is strong evidence that in some cases the emission rate does depend upon the applied 
bias and doping <25
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Figure 4. 7: Schematic representation of the potential harrier lowering (26
J. 

When the potential of the defect can be described as a coulombic well, the total 
poten ti al (defect plus electric field) is 
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V(x)= (4.15) 

In this case there is a maximum in the conduction band (see the dashed line in tigure 
4.7), differentiating equation 4.15 gives 

x~ = ~ 4,:,F . (4.16) 

There are three mechanism that enhance the emission in an electric field CZ?) : 

pure tunneling trough the harrier formed by the electric field, phonon-assisted 
tunneling and the Poole-Frenkel effect, where the electron climbs over the harrier. 
Pure tunneling only becomes important at very high electric fields. 

The influence of the Poole-Frenkel effect on the emission rate is easy to describe. 
Looking at the Coulombic potential of tigure 4.7 again and using equations 4.15 and 
4.16, one can determine a decrease in ionisation energy 

-llli; = V(x=,)= -q~ qF . (4.17) 
lrB,. 

Due to the Poole Frenkel mechanism the emission rate due to the presence of an 
electric field (en') will be enhanced: 

tl.E; tl.E;-E; 

e '= e e kT = e e kT 
n n noo ' 

(4.18) 

in which en is the emission rate without field. Comparing the defect with the 
coulombic well, the ionisation energy Eï is equivalent to Ena and enoo to trana· 

31 



4.5 Depth profiling 

In section 4.2 DLTS was discusses as a method to determine both energy level and 
capture cross-section of a defect. DLTS however, can also be used to determine the 
concentratien of the traps in the materiaL 
Often the simple formula 

N =- 2óC(O) N 
T C(oo) D ' 

(4.19) 

derived from equation 4.5, is used to determine the trap concentration. This 
approximation however, is not valid in all cases. Only when using a filling pulse, that 
fills every single defect state, and when having a negligible transition distance À in 
comparison to the total depletion width, it would be appropriate to u se equation 4.19. 
In all other situations, especially when wanting to make a depth profile of the defect 
concentration, a more accurate method should be used. 
In 1981 Y. Zohta and M.O. Watanabe (ZS) reported on a more precise depth profiling 
method, taking the transition distance in account. In this method, measurements are 
done by modifying the reverse bias, while taking the filling pulse constant. Although 
the interpretation of the measured data is easier in this case, in practise this method is 
very inconvenient, because by changing the reverse bias, the capacitance in 
equilibrium changes as well. As a result for every single measurement one has to 
change the instrument settings, to make sure that the capacitance is well compensated. 
Therefore in this project the reverse bias is kept constant, whereas one varies the 
height of the filling pulse. 
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Figure 4.8: Banddiagramfora Schottky harrier with deep donors under 
reverse bias (top) and the corresponding charge distribution 
(bottom). The dashed line shows the distribution justafter puls ing. 
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Using equation 3.41 on the part Xr-À <x< Xr (see figure 4.8) gives 

EF -ET =I..!LNDÀ2 
q 2B, 

from which the transition distance 

À = 2B,. (E F - ET ) 

qND 

(4.20) 

(4.21) 

can be derived. The shallow donor concentration No is determined by C-V 
measurements (see section 5.2.2) and the Fermi levelEF by using equation 3.28. 

Before pulsing, double integration of Poisson's equation in the depletion region yields 
x,-Ä .x, 

V,+V; =I NT(x)·xdx+ INv(x)·xdx (4.22) 
0 0 

where Vi is the built-in potential and the depletion width Xr can be determined using 
3.39 with Vd = Vi+ Vr. 
Justafter pulsing, double integration of Poisson's equation leads to 

x1,-À x0 

V, +V;= I NT(x)·xdx+ INv(x) · xdx (4.23) 
0 0 

where x0 is the depletion width just after pulsing. Xp, the depletion width during the 
pulse, also can be determined using 3.39, but now with Vd = Vi+ Vr-Vp. 
Combining equations 4.22 and 4.23 gives 

x0 x,-À 

INv(x)·xdx= INT(x) · xdx. (4.24) 
x, 

Assuming No being constant in the range Xr <x < x0 and NT constant in the range Xp-À 
<x < Xr-À and realising the capacitance change óC(O) is small compared with the total 
capacitance C, we obtain from equations 3.43 and 4.24 the average trap concentration 
(NT) in the region Xp-À< x< Xr-À: 

x,-À 

I NT(x)dx 

(NT)= x,. -À = (1-.5:_11 + .5:_- 2À]N D 2óC(O). (4.25) 
x, -x p x, x, x, c 

By measuring (NT) for different (slowly increasing) pulse heights Vp, one can find 
quite accurate values for NT for different positions in the depletion region, by 
subtracting the integrated values of equation 4.25: 

x
1
, 2 -À 

INT(x)dx 
N ( À) ___,;:,x,.~1 -À __ (NT) 2 (XP 2 -À)-(NT),(xP1-À) 

T xp12- = xP, -xp2 = (xP, -À)-(xp2 -À) 
(4.26) 

with xp 1z-À being the average depth of the region: 
XP 12 - À= l(xP,- À)+ (xP 2 - À )j12. (4.27) 

Obviously this can be done for any two values of Xp that follow each other (xp23, XpJ4, 

etc.). 

A print-out of the SigmaPlot® script made by W. E. Meyer and edited by H. A. v. 
Laarhoven, to transform the measured data conform the metbod presented here, can 
be found in appendix C. 
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4.6 Laplace DLTS 

4.6.1 An introduetion 

Although LIA DLTS is a very sensitive method, providing a high signal-to-noise 
ratio, it also has its shortcomings. Already in 1974 D.V. Lang (6) drew attention to the 
main deficiency of using the lock-in amplifier, namely the problem of separating 
closely spaeed peaks. Even a perfect defect, having one single time constant, produces 
a broad peak on the spectrum, due to the response function of the LIA (see section 
4.3). Unless the time constants of the different defects are well separated, it will be 
practically impossible to resolve the characteristics of each defect. 
In an attempt to overcome this deficiency, numerous people tried applying various de
convolution methods. These methods, however, are fundamentally ill posed, when 
dealing with decaying exponential components. Another attempt, optimising the 
weighting function, turned out to be unsuccessful as well (29

). 

As a result people became interested in digital signal processing like Laplace DLTS 
(7), instead of the analogue reai-time processing provided by lock-in or box-car 
techniques. 

4.6.2 Recording oftransients 

For digital methods one actually does the inverse of creating a spectrum with a 
analogue method. Instead of keeping the reference time, 't"ref, constant and recording 
the response of the system, while scanning up or down in temperature, for digital 
schemes the temperature is fixed, while recording the transient. The analogue 
transient coming from the capacitance meter is digitised. Normally many digital 
recordings of the transient are made and an average is taken c3o). 

4.6.3 Numerical routines 

Because of the form of equation 4.5, one can assume that the raw transient of a 
sample having one or moredefectsis a sum of exponential decays (30: 

n 

~C(t)= L,c;e r,, (4.28) 

in which n being the number of emission constants, but not necessarily the number of 
different structural defects. Because the Laplace-transform of a delta function is an 
exponential, an obvious choice is to use a reverse Laplace-transformation, 

~ 

J(t)= J F(s)e-"1 ds (4.29) 
0 

to analyse the transient, resulting in a spectrum of the form 
n 

T(s) = L,c; ö[s -1/rJ (4.30) 

In this ideal case every single emission constant would be visible, no matter how 
closely spaeed they are. In reality however, we are dealing with a measured signal 
taking over a finite time. The presence of noise will make it difficult to separate the 
time constants so easily. Furthermore the analytica! integral of 4.29 has to be 
approximated by a finite dimensional linear operator (K) for doing numerical 
calculations, resulting in a vector equation: 
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KF = f , (4.31) 
in which f is the transient represented at equidistant time intervals and F is a vector 
representing the spectrum at given frequency points. 
The linear system of 4.31 can not be solved directly for any f and therefore the matrix 
equation is changed into a minimisation problem 

ci>0 = IIKF -ril= min. (4.32) 

This problem is ill-conditioned, because usually there are many possible solutions of 
equation 4.32 satisfying it within the experimental transient. By adding the constraint 
that the components of the sgectrum should be positive and rewriting 4.32, now using 
the Tikhonov reguiaris ti on <3 

) , one ends up with the following minimisation problem 

ct>o (a)= IIKF- fll2 + a211RFII2 =min 
(4.33) 

Fi ;;:::o 
in which R is the regularisation matrix, corresponding to the second derivative, and a 
is the regularisation parameter, which characterises the influence of the regularisation 
on the spectrum. lt should not be chosen to small, otherwise artefacts generated by 
noise will appear in the spectrum. On the other hand it should not be too large either, 
because in that case the solution will be shifted too far away from the actual value. 

Included with the Laplace DLTS software are three numerical routines: Flog, Ftikreg 
and Contin. Each one of them is based on the Tikhonov regularisation method, 
although the determination of the regularisation parameter is determined different for 
each routine. 
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5 Experimental set-up and preparations 

5.1 Introduetion 

Before one can start doing DLTS measurements, contacts should be deposited on the 
surface of the sample. Before depositing the metal contacts, the samples were etched. 
Both etching and contact-deposition did nottake place at the University of Pretoria, 
but was done by L. Zhou at the University of Illinois. The preparatien of the samples 
will be discussed in sec ti on 5 .2. 
The deposited contacts were tested by doing 1-V and C-V measurements and harrier 
height and ideality factor of the contacts were determined as well as the carrier 
concentratien of the samples, which are reported insection 5.3. 
Insection 5.3 the experimentalset-up ofboth the LIA DLTS and the Laplace DLTS 
will be discussed. 

5.2 Preparation of the samples 

5.1.1 Etching 

Before depositing metal contacts onto the samples, they are chemically treated to 
obtain a clean surface. Both the GaN and AlGaN samples are etched by two different 
liquids, a HCI solution and BOE®. 
HCl is known for its successful cleaning of GaN surfaces, especially to remove oxides 
(33) 

BOE®, Buffered Oxide Etchants, is a blend of hydrofluoric acid (HF) and ammonium 
fluoride (NH4F) produced by General Chemica} 04). lts common use is to remove 
Si02 layers from a silicon surface without etching the Si-surface. For GaN a similar 
behaviour is desired and expected; removal of the oxides, but not of the GaN itself. 

5.1.2 Deposition ofmetal contacts 

Epitaxial n-GaN structure 

Ti/Al ohmic contact 

Ni Schottky contact (500 A) 

17 pm GaN (HVPE) 

250 A buffer layer 

sapphire substrate 

Figure 5.1: The epitaxiallayers of the GaN samples, including the me tal 
contacts. The ohmic contact is wrongly shaped on this picture 
though ( see figure 5.2 fora more exact representation). 
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Figure 5.1 shows the epitaxiallayers of the GaN as well as the metal contacts on the 
surface. The contacts are deposited onto the sample using metal electron beam 
techniques (35

). The Schottky contacts are round (250 ~m in diameter) nickel discs, 
500 Á thick. The Ohmic contact is only 25 ~m spaeed from the Schottky contacts (see 
figure 5.2) to have low series resistance. 
On the AlGaN samples similar contacts are deposited. The epitaxial AIGan, however, 
is only 1.0 ~m thick. As a result, one should avoid a high reverse bias ( Vr > 6V), 
otherwise the depletion layer might be bigger than the layer of AlGaN. 

Ti/Al Ohmic contact 

25 11m spacing 
between contocts 

Figure 5.2: Top view ofthe sample's surface showing the Schottky and Ohmic 
contacts. 
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5.3 Characterisation of the diodes 

5.3.1 I-V measurements 

Before starting a DLTS experiment it is necessary to do both 1-V and C-V 
measurements to determine the quality of the diodes. Not every contact made by 
metal deposition shows the right rectifying behaviour to do DLTS on them. 
Furthermore to make a depth profile of the defect concentration, the donor 
concentration of the sample and the Schottky harrier height of the contact have to be 
known, which can also be determined by 1-V and C-V measurements. 
For both type of measurements, the sample is placed in a dark isolated area and 
probes are placed on both Ohmic and Schottky contacts. 

Determining the diode's ideality factor, n, and the harrier height, p8 , is done by 
rewriting equation 3.36 and neglecting the second constant term, which is valid in 
case of a forward bias V> 3kT/q: 

ln(l)= [ln(SA *T 2 )-_!Lf/18 ] + [_!L_!_] ·V (5.1) 
kT kT n 

in which S the surface of the diode is. However, the thermionic emission theory does 
nottake series resistance into account. For high values of Vthe diode's behaviour will 
become Ohrnic and a plot of In(/) versus V will not give a straight line. From 
experience, the diode's behaviour is according to equation 5.1 for 0.1 V< V< 0.5 V. 
From the slope of the graph one can deterrnine the ideality factor, whereas from the 
intercept the barrier height is determined. 

5.3.2 C-V measurements 

The donor concentration of the sample can be determined by measuring capacitance 
(with an HP 5051 capacitance meter) as a function of reverse bias. The barrier height 
can also be determined with this method. 
An expression similar to that of the capacitance over the space charge region 
(equation 3.43) can be used, only now correcting for the majority carrier tail by 
adding a term kT/q: 

,--------
c qê.,.Nv 

S - 2(V; +V -kT I q) 
(5.2) 

The built in potential is related to the harrier height by the relationship (using figure 
3.4 and equation 3.28) 

1>8 =V;+ Ec -EF =V; + kT ln(Nc )· (5.3) 
q q q ND 

By plotting as l/C2 versus V will give an straight line having a slope 2/[qesA2N0 ] , 

through which the doping density Nv can be easily determined, and an intercept on 
the V-axis of Vint =-Vi + kT!q. 
As aresult one can determine the harrier height in eV: 

f/1 8 =-~nt +kT ln(Nc )+kT. (5.4) 
q q ND q 
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5.3.3 Results 

An example of an 1-V diagram for one contact on the HCl etched AlGaN sample is 
given in figure 5.3. The logarithmic behaviour satisfying equation 5.1 is evident in the 
region 0.1V< V< 0.5V. For highervalues the series resistance becomes dominating 
resulting in a linear plot. The difference in magnitude between reverse and forward 
bias for V=l.OV is in the order of 105

, which is sufficient forDLTS measurements. 
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Figure 5.3: I-V characteristic of HCZ etched AlGaN on single logarithmic 

se ale for bath forward and reverse bias. A linear curve is fitted for 
O.JV < V< 0.5V. 

The C-V characteristic of the same AlGaN sample (figure 5.4) shows linear behaviour 
for 1/è plotted against V, corresponding to equation 5.2. By comparing the linear fit 
of both the I-V and C-V plots, one cao immediately see that determining the harrier 
height cao be more accurately done from the intercept of the C-V plot than from the I
V plot, because throughout the whole voltage range the plot is linear. 

For each of the four samples (both the AlGaN and GaN samples etched by BOE and 
HCl) at least on four different contacts spread over the sample 1-V/C-V measurements 
are taken. The average harrier height, carrier density and ideality factor for each 
sample are shown in table 5.1. 
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Figure 5.4: C-V characteristic of HCl etched AlGaN, J!è versus V. 

<iJB (eV) 
GaN HCI etched 0.94 

AlGaN BOE etched 0.87 

Table 5.1: The average harrier height, donor concentration and ideality 
factor for the Jour different samples. 
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5.4 DLTS hardware 

5.4.1 Experimentalset-up for LJA DLTS 

probe 

sample sapphire insuiator 

thermo couple _" ____ .,"",,""" ___ .. ___ ""_"", 

heater 

-!---------------------- temperafure interface 

Figure 5.5: The 'coldfinger'. The place inside the cryostat where the sample 
is mounted. 

After the I-V and C-V measurements the sample is readyforDLTS experiments and 
can be place into the cryostat. The sample is mounted on the so-called "cold finger" 
(figure 5.5). This cylinder contains the temperature interface, consisting of a sapphire 
rod (for an optimal value of thermal conduction) enclosed in copper, a thermocouple 
just beneath the disc on which the sample is mounted and a heater. The sample is 
mounted on an insulating sapphire plate that rests on a copper disc. Beryllium-copper 
probes are fixed to both ohmic and a Schottky contact. The cryostat is sealed so it can 
be brought under vacuum. 
The probes are brought in contact with a capacitance meter trough coax cables (as 
shown in figure 5.6). The capacitance meter (a Boonton 7200) is the heart of every 
DLTS system. lt applies the bias to the sample, which is provided to it by a 
programmabie pulse generator (a HP 8110A or HP 8115A). To be able to workon the 
sensitive 2 pF scale of the Boonton, one can substract an offset to the capacitance by 
using extra capacitors. The output of the capacitance of the goes to the Sample&Hold 
first, which is triggered on the rising edge of the pulse and gates off a time tg of the 
signal (see sectien 4.3), in order not to overlead the LIA with the signal of the pulse 
itself and the first part of the transient. 
This signal is fed to the LIA (Stanford Research Systems 830 DSP). 
All equipment is connected trough IEEE with a PC in a HP Basic environment. The 
setpoint and rate of the temperature controller (a Scientific Instruments 5500 or a 
LakeShore 340) can be programmed this way, as well as the settings of the pulse 
generator, the Boonton and the LIA. Both the output of the LIA and the temperature 
controller are recorded. 
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PC IN HP BASIC 

ENVIRONMENT 

trtggaln 

Figure 5.6: Schematic representation ofthe set-up of a LIA DLTS showing all 
the essential equipment. 

5.4.2 Experimentalset-up for Laplace DLTS. 

Most of the hardware for Laplace DLTS is the same (figure 5.7). One also uses a 
temperature controller (a LakeShore 340), a Boonton 7200 capacitance meter and the 
sample is also place in a similar cryostat. The main difference is in the processing of 
the outputsignalof the Boonton. Laplace DLTS uses a UMIST card, that records and 
averages digitised transients, by taking samples of the capacitance and converting 
these. With the software one can adjust the sampling rate (in Hz), the sampling time 
(in ns) and the number of scans to take an average over. The duration of a transient (in 
seconds will be 

tr =(samplingrate)x(samplingtime)·l0-9 
• (5.4) 
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IEEE CABLE 

PC 

PULSE SHAPING 

PC 
LAPLAC E 0 LTS 

Figure 5. 7: The set-up of a Lapface DLTS system, using a wavefarm generator 
for pulsing. 

Normally the UMIST card operates as a pulse generator as well. The parameters for 
the bias voltage (Vn Vp and Tp) can be adjusted in the program and the Sample&Hold 
function is also embedded in the program. The problem with the pulses generated by 
the UMIST card though, is that the leading edge rise time of the pulse is too short, 
which results in an oversboot <36

) (see figure 5.8). 

0 
I 

V (V) 
-1 1---------" 

Time (ms) 

Fig 5.8: Output ofthe Boonton capacitance meter in response to an external 
bias pulse. The solid fine shows the output for a leading edge rise 
time of0.5 ms. The dotted linefor a rise time of25 ns (J6

J. 
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As a result one might also charge the uniformly distributed interface states, leading to 
many unwanted peaks on the spectrum. This rise time can not be changed with the 
UMISTcard. 
As a solution a HP 811 OA pul se generator was used instead. The parameters of this 
specific pulse generator can be adjusted by the software. This also turned out to be 
unsuccessful, because the baseline produced by this specific pulse generator turned 
out not be completely flat, but consists of a small second pulse (as can be seen in 
figure 5.9). This small extra pulse is big enough to give rise to extra noise to the 
transient. Therefore an arbitrary waveform generator (HP 33120A) was used, that 
does notdisplay the same behaviour as the HP 8110A and HP 8115A, but gives a 
rather clean pulse (as shown in the bottorn figure of 5.9). The problem with the HP 
33120A is though that, instead of just given it a set of parameters to form a pulse, the 
whole shape of the pulse has to be programmed. A program to shape the pulses and 
downloadthem by IEEE to the HP 33120A was written by W. E. Meyer. These pulses 
were triggered by the pulse generator of the UMIST card. To trigger the HP 33120A, 
with a trigger level is 10 V, one has to place a 4v7 Zener diode to shift the signa! of 
the UMIST card, which has a range from -9 V to +3 V. Furthermore one has to make 
sure that the pulse length of the UMIST is at least set 0.1 ms longer than the actual 
pulse of the waveform generator to account for the delay that takes place by 
triggering. Otherwise the capacitance value during pulsing will also be measured and 
it will overload the UMIST card. 
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Figure 5.9: Output obtainedfrom three different pulse generators (361
: the HP 

8115A (top), the HP 8110A (middle) and the HP33120A (bottom). 
In each case a 1 V pulse was superimposed on a -1 V background, 
but the deviationfrom the -1 V level is shown. In order to 
emphasise the periadie noise, the average of 100 pulses was taken. 
Note that the graphs have different voltage scales. 
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6 Defect characterisation 

6.1 Using Lock-in Amplifier DLTS 

6.1.1 GaN 

Figure 6.1 shows a LIA DLTS scan for BOE-etched GaN. The sample was under a 
reverse bias of 2.0 V and the height of superimposed pulse was 1.4 V. The frequency 
of the lock-in amplifier was 4.6 Hz. 
There are four clear peaks in the spectrum, namely at T = 137 K (A), 228 K (B), 291 
K (C) and 337 K (D). lf one compares this spectrum with previously reported data on 
HVPE grown GaN <

37
) <

38
), the peaks A, C and D show high resemblance with the 

growth induced defects, that are reported. The nature of defect B is not that clear. 

Boe-etched GaN (fuA= 4.6 Hz, VP= 1.4 V) 
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Figure 6.1: LIA DLTS scan ofthe BOE-etched GaN samplefor fuA = 4.6 Hz, 
Vr = 2.0 V, Vp = 1.4 V and Tp = 200 J.lS. 

In table 6.1 one can see the result of previous reports on growth induced defects in 
HVPE grown GaN. A simulation of the shape of the LIA response to these defects is 
shown in figure 6.2 for both the data of Auret <

37
) and Hacke 08

). Because the sample 
has not been exposed to radiation processes, other than the deposition of the metal 
contacts, defect B is assumed to be induced during the metallisation process. From 
earlier reports on processing-induced defects in GaN, the ES4 defect, reported by 
Auret <40

), seems to have the most resemblance with peak B and therefore its data (ET

Ec = 0.45 eV and O'na = 8x10-16 cm2
) is added to the simulated spectrum offigure 6.2. 

Looking at figure 6.2, it shows that the data by Auret on the E06 shows more 
resemblance than Hacke' s data. 
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Author 
Name of Energy level Capture cross-
defect (eV) sectien ( cm2

) 

E02 0.27 6x w-1) 
Auret et al. (37) 

E05 0.61 lxl0-14 

E06 0.65 2xl0-15 

ES4 c4o) 0.45 8x10- 16 

El 0.26 1.6x10-15 

Hacke et al. (38) E2 0.58 2.9x10-15 

E3 0.67 l.Oxl0-15 

A 0.70 1.7x10-15 

Pang et al. (39) B 0.58 2.4x10-15 

D 0.25 1.2x10-15 

Table 6.1: Characterised defects in as-grown HVPE GaN by various authors. 

simulation for E02, E05, E06 and ES4 at fuA = 4.6 Hz 

1.0 ,...------------------------, 
E05 

- Auret on HVPE GaN 

0.8 
- Hacke on HVPE GaN 

0.6 

ES4 

0.4 

E02 
0.2 

0 .0 

100 150 200 250 300 350 400 

T(K) 

Figure 6.2: Simulated scan of a sample containing the E02, EOS, E06 and 
ES4 defect using data of bath Hacke and Auret. fuA = 4.6Hz. 

For the BOE-etched sample scans are done for several frequencies ranging from 46 to 
1.0 Hz. Those scans are done both upwards and downwarcts in temperature to be able 
to account for the slight difference in temperature between the sample and the place 
where the thermocouple is attached. For a reverse bias of 2.0 V and a pulse height of 
2.2 Van Arrhenius plot is made for the four defectsas shown in figure 6.3. The data 
by Auret and Hacke is also added to the plot. 
Out of this plot the energy level Ena (see equation 3.63) and capture cross-sectien ana 
(equation 3.62) for defects A, B, C and D are determined. The values for A (Ena = 
0.26 ± 0.01 eV and ana = 4 ± 2 xl0-15 cm) are almost equal to those found by Auret 
for E02 and Hacke forEl. Although the lines of the Arrhenius lines almost coincide 
the determined data for C (Ena = 0.49 ± 0.01 eV and ana = 1.0 ± 0.5 xl0-16 cm) differ 
significantly from the E05 and E2. ForD (Ena = 0.62 ± 0.02 eV and ana = 5 ± 4 xl0-16 
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cm) the data almost coincides with the E06 and E3 . The energy level and capture 
cross section for B (Ena = 0.43 ± 0.06 eV and O"na = 2 ± 1.8 xl0- 15 cm2

) seem similar to 
the data publisbed by Auret on the ES4 <

40
\ although the difference in capture cross 

section is quite big. 

BOE-etched GaN (V p = 2.2 V) 
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ij • A: E02 
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." C: E05 
\l D: E06 
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Q)c lJ -1-

1Q3 

/f I 0 

I 
I 

1()2 I 
2 3 4 5 6 7 8 
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Figure 6.3: Arrhenius plots for defects A, B, C and D in BOE-etched GaN at 
Vp = 2.2 V. Added to the plot are the data on HVPE grown GaN 
by Auret (37J and Hacke (38J, as wellas the ES4 defect reported by 
Auret (40J. 

Similar spectra have been made for the same sample under the same experimental 
conditions, except for the pulse height. Energy levels and capture cross sections for 
both defects A and C were determined fora pulse height of 1.4 V and 0.6 V. Due to 
lower SIN values scans under smaller pulse height, it was impossible to determine 
those for defects B and D. Arrhenius plots of A and C for Vp = 0.6 V are shown in 
figure 6.4. 
For defect A, values seem to be almost indifferent for lower pulse height: Ena = 0.26 ± 
0.01 eV and O"na = 2.0 ± 0.8 xl0- 15 cm2 for Vp = 1.4 V and Ena = 0.26 ± 0.03 eV and 
O"na = 3 ± 2 xl0- 15 cm2 for Vp = 0.6 V. 
For defect C however, the pulse height does influence the results: Ena = 0.53 ± 0.01 
eV and O"na = 5.0 ± 0.6 xl0-16 cm2 for Vp = 1.4 V and Ena = 0.58 ± 0.01 eV and O"na = 
2.4 ± 0.8 xl0-15 cm2 for Vp = 0.6 V. For low electric field the energy level seem to 
coincide with previous reported data. For larger pulse height, however, the energy 
level is significantly lower, which could be due to the Pool Frenkel mechanism or 
tunneling as described in section 4.4. 
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Figure 6.4: Arrhenius plots for defects A and C in BOE-etched GaN 
at Vp = 0.6 V. Added to the plot are the data on HVPE grown GaN 
by Auret (37J and Hacke (38J. 

For the HCI-etched GaN sample similar scans at different frequencies are done. The 
spectrum for HCI-etched GaN is identical to the one of BOE-etched GaN, showing 
that the different etching techniques do not induce different defects (see figure 6.5). 

HCI-etched GaN (fuA= 4.6 Hz, VP= 1.4 V) 
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Figure 6.5: LIA DLTS scan ofthe HCl-etched GaN samplefor fuA = 4.6 Hz, 
Vr = 2.0 V, Vp = 1.4 V and Tp = 200 J.LS. 
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Figure 6.6 shows the Arrhenius plots for defects A, B, C and Dat Vp = 0.8 V (due toa 
higher SIN ratio, Arrhenius plots of defect B and D could also be made at a pulse 
height of 0.8 V) for the sample etched with HCl. The energy level and capture cross 
section of defects A (Ena = 0.26 ± 0.02 eV and CJna = 5 ± 3 xl0- 15 cm2

), B (Ena = 0.48 ± 
0.03 eV and CJna = 2.5 ± 2.0 xl0-14 cm2

), C (Ena = 0.57 ± 0.01 eV and erna= 2 ± 1 x10· 
15 cm2

) and D (Ena = 0.63 ± 0.03 e V and erna = 7 ± 5 x 10-
16 cm2

) correspond with the 
data by Auret. 
The data for both the HCl-etched and the BOE-etched sample and are summarised in 
table 6.2. 
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Figure 6.6: Arrhenius plots for defects A, B, C and D in HCl-etched GaN 

BOE-etched GaN 
V0 = 2.2 V 
BOE-etched GaN 
V"= 1.4 V 
BOE-etched GaN 
Vn=0.6 V 
HCI-etched GaN 
Vo= 0.8 V 

at Vp = 0.8 V. Added to the plot are the data on HVPE grown GaN 
by Auret rm, as wellas the ES4 defect reported by Auret (40J. 

A B c D 
En a CJna Ena CJna Ena CJna Ena CJna 
(eV) (cm2

) (eV) (cm2
) (eV) (cm2

) (eV) (cm2
) 

0.26 4xl0-15 0.43 1.8xl0·•5 0.49 lxlO·t6 0.62 5xl0·16 

0.26 2xl0-15 0.53 5xl0·16 

0.26 3xl0·15 0.58 2.4xl0·15 

0.26 5xl0·15 0.48 3xl0·14 0.57 2xl0·15 0.63 7xl0·16 

Table 6.2: Energy leveland capture cross-sectwnfor the BOE-etched and HCl-etched 
GaN samples. 
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For both the samples depth profiles were done. All scans were done at a LIA 
frequency of 4.6 Hz and a pulse duration of 0.20 ms. The reverse bias was kept 
constant at 2.0 V for each scan, while the pulse height was varied. Scans were done at 
Vp = 0.6, 1.0, 1.4, 1.8, 2.2 and 2.6 V. The height of the peaks on the scans were 
measured and by using the script shown in appendix C, the plots were made. Figure 
6.7 shows the result for the sample etched with BOE and 6.8 for the HCl-etched 
sample. 

Depth profile of BOE-etched GaN 
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Figure 6. 7: The defect concentration as a function of the depth for the defects 
A, B, C and D in BOE-etched GaN. 

Figures 6.7 and 6.8 look almost identical. The defect concentrations in both samples 
are just as high. In both plots the concentration of defect A seems to be independent 
of the depth, whereas the concentrations for B, C and D are dependent on the depth 
and have a higher concentration near the surface. Apparently etching with BOE does 
not decrease or increase the defect concentrations compared to HCl. 

Although depth profiles give a good indication of the average concentration and its 
fluctuation with depth of a certain defect, it is hard to say sarnething about the errors 
being made in determining the depth itself. There is no evidence that the depletion 
region spreads out equally and only into the x-direction. If one wants to test this, 
depth profiles should be made for different values of the reverse bias. lf this would 
lead to different results, one can surely say that the determined depth x does not 
correspond with the actual depth. 
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Depth profile of HCI-etched GaN 
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Figure 6.8: The defect concentration as ajunetion ofthe depthfor the defects 
A, B, C and D in HCl-etched GaN. 
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6.1.2AlGaN 

BOE-etched AIGaN ( fuA= 0.5 Hz, VP= 2.0 V) 
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Figure 6.9: LIA DLTS scan ofthe BOE-etchedAlGaN sample 
for fuA = 0.5 Hz, Vr = 2.0 V, Vp = 1.4 V and Tp = 200 f.l.S. 

Figure 6.9 shows a LIA DLTS spectrum of the BOE-etched Alo. 1Gao.9N sample. The 
scan was made at the low frequency of 0.5 Hz. This was necessary because parts of 
the temperature interface in the cryostat will melt at temperares above 500 K. To be 
able to show the peak c, one has to operate at low frequencies. Because the pulse 
generator does not generate pulses below 1 Hz, it was triggered by the lock-in 
amplifier. As aresult of the low frequency and the high temperature (which gives rise 
toa higher leakage current), the signalis noisier than compared with GaN. 
Looking at figure 6.9, one can see three clear peaks on the spectra: a at 295 K, b at 
333 K and c at 455 K. For these three defects Arrhenius plots were made for both the 
BOE-etched and HCl-etched samples (see figure 6.10). Unfortunately, due to the low 
SIN ratio and the fact that peak a is almost hidden in peak b, it was impossible to 
characterise defect a in the BOE-etched materiaL 
If the same structural defects occur in the AlGaN samples as in the GaN samples, 
their energy levels are obviously not pinned to the edge of the conduction band, 
because non of the plots in figure 6.10 show similarity with those of section 6.1.1. 
However, one would expect at least that defect A in GaN would occur in AlGaN as 
well, because this defect is assumed to be a nitrogen vacancy. Assuming the trap 
levels are pinned to the vacuum level instead, the defects A and C (D is not found in 
MOCVD grown GaN, whereas A and Care <37

)) at Vp = 1.4 V as determined insection 
6.1.1, with the conduction band offset of 0.13 e V added to their energy level, are 
added to the plots of figure 6.1 0. These plots seem to show high resemblance, 
although the determined energy leveland capture cross section (as shown in table 6.3) 
do not totally coincide with the data for GaN ( Ena = 0.34 ± 0.02 e V instead of the 
expected 0.39 ± 0.02 e V). 
Table 6.3 also shows the data for defect c, which has the very low capture cross
section of 1x10-20 ± 1. 
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Figure 6.10: Arrhenius plots for defects a, b and c in AlGaN at Vp = 1.4 V. 
Added to the plot are defect A and C as characterised at Vp = 1.4 
with the conduction band offset of 0.13 e V added to their energy 
level. 

Etchant Ena (eV) O"na (cm2
) 

a HCI 0.34 ± 0.02 2 ± 1 x10-16 

HCI 0.69 ± 0.02 8 ± 6 xl0- 16 

b 
BOE 1.2 ± 1.0 xl0-15 0.68 ± 0.03 
HCI 0.53 ± 0.06 lxl0-20 ± 1 

d 
BOE 5xl0-21 ± 1 0.49 ± 0.07 

Table 6.3: Energy leveland capture cross-sectionfor the BOE-etched and 
HCl-etched AlGaN samples. 

Why deep defects, which occur in both GaN and its alloy AlGaN, pin to the vacuum 
level is reasonably easy to understand. As explained in section 3.4.1, in contrast to 
shallow donors, which can be described by Rydberg series (the electron is not tightly 
bound to the defect, moving through the lattice at a distance of several Bohr radii), the 
deep donors are strongly localised. As a result its electroos are hardly influenced by 
the presence of the lattice, but only by the defect itself or ciosest neighbours, which 
are mostly gallium and nitrogen. As a result the activation energy for the defect in 
AlGaN is not modified and stays at the same position as in GaN, whereas the 
conduction band shifts up with 0.13 eV. Therefore the activation energy seems to be 
pinned to the vacuum level. 
For AlN this situation might change. In the case of the assumed nitrogen vacancy 
(defect A), the ciosest neighbours will now be all aluminium insteadof gallium, 
which rnight result in a different behaviour. 
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Due to its size and position, it was impossible to make a depth profile for defect a. To 
determine the concentration equation 4.19 was used instead, which resulted in 3 ± 2 
xl0 11 cm-3

• Por the other two defects, band c, depth profiles were made and plotted in 
figure 6.11. The concentration of both defects are depth dependent and higher near the 
surface than in the bulk. 

Depth profile of BOE-etched AIGaN 

8 

c? 7 

E defect b u 
.... 6 defect c 
~0 

..-
>< ...._, 

1 +-------~,--------.---------.--------.-------~ 
0.00 0.02 0.04 0.06 0.08 0.10 

x (!lm) 

Figure 6.11: The defect concentration as a function of the depth for the defects 
b and c in BOE-etched AlGaN. 
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6.2 Using Laplace DLTS 

6.2.1 GaN 

In the ideal case, when doing DLTS by using digital analysing techniques, slight 
differences in the length of the transient, the amount of samples taken or the sampling 
frequency, should not give rise to a different spectrum. In practise however, changes 
in the length of a transient often resulted in totally different spectra. 

Similar to the function of the sample&hold circuit in LIA DLTS, the UMIST card is 
also protected for the high input signal during the actual pulse and only starts 
measuring shortly after the pulse. Due tothenon-zero meter's response time, the first 
part of the transient is often not desirabie as well. These few first samples can be 
manually cut off from the rest of the signal. 
Figure 6.12 shows the beginning of a transient for BOE-etched GaN at 340 K (Vr = 
5.0V, Vp = 3.0 V and Tp = 0.40 ms) at a sampling rate of 20kHz. 
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Figure 6.12: The beginning of a digitised transientfor BOE-etched GaN at 
340K (Vr = 5.0V, Vp = 3.0 V and Tp = 0.40 ms). 

One can see that the pulse itself and the dead time is already cut off. Still figure 6.13 
shows a difference spectrum, when excluding five more points from the beginning of 
the transient. Apparently the beginning of the transient gives rise to a high frequency 
component. In the same way the non-flat baseline of the transient often gives rise to a 
low frequency component. As a rule of thumb, the first and last decade of the 
spectrum are seen as doubtfully and are usually not taken into account. 
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Figure 6.13: Lapface DLTS spectra of BOE-etched GaN at 345 K (Vr = 5.0V, 
Vp = 3.0 V and Tp = 0.40 ms) generated with Contin. 
The black plot is the spectrum of the unmodified trans i ent, 
the grey one after removing the first 5 samples. 

The spectra in 6.13 also show a lot of peaks, whose origin, when comparing it to the 
data gathered in section 6.1.1 , seems unclear. For 340K one would ex peet peaks 
around 17 and 350 Hz, but many more peaks are visible. The position of these peaks 
seems to vary very irregularly with temperature (as shown in figure 6.14) and as a 
result one would assume them to be noise related. 
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Figure 6.14: Contin spectrafor 340 K, 345 K and 350 K. All other conditions 
are similar to those offig. 6.13. Exceptfor the highest peak, the 
peaks do not show a positive shift with increasing temperature. 
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As mentioned earlier, the non-flat baseline of the transients is also a problem. A 
possible origin of this effect is the existence of interface states. Defect states at the 
metal-semiconductor interface have an almost continuous distribution over the whole 
band gap. When applying a pulse, those states are also filled. These defects randomly 
emit their carriers in time, giving rise to an inclining baseline. The presence of these 
interface states can also be seen in the LIA DLTS spectrum of figure 6.1. The peaks 
seem to be superimposed on an inclining line. This rise of the capacitance with 
increasing temperature is easily explained. When the Fermi level shifts down (with 
increasing temperature ), more interface states will be ionised and the capacitance will 
increase. 
When using a high reverse bias and low pulse height the filling of these defects is 
reduced. For Laplace DLTS however one prefers a high pulse height to obtain a better 
SIN ratio. As a result, a reverse bias of -5 V and a pulse height of 3 V on top of this 
was chosen. The build-in pulse generator of the UMIST card with its oversboots was 
replaced by a pul se generator (HP 811 OA). The baseline of this pulse generator itself 
however appears to be not flat (as discussed in section 5.4.2). Therefore it was 
replaced as well, by a programmabie waveform generator (HP 33120A). All these 
measures however did improve the baseline of the transient, but did not totally solve 
the problem as can be seen in figure 6.15.a, showing a transient (under the same 
conditions as before) of 20000 samples at 20kHz (averaged over 8000 scans). 
Figure 6.15.b shows a transient under the same conditions, but only having 5000 
samples. Here one can see that the shape of an exponential decay is still present in the 
last part of the transient. 
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Figure 6.15.a: A transient of 20000 samples and b: of 5000 samples, bath at 20kHz 
(GaN at 340 K (V,= 5.0V, Vp = 3.0 V and Tp = 0.40 ms). 

Similar to these, also a transient consisting of 10000 samples is taken. Spectra are 
made for each of the three transients. Figure 6.16 shows the resulting spectra of the 
Contin routine. The Ftikreg spectra are shown in appendix E. 
The dominating peak in the spectra appears at about 400 Hz and obviously is the one 
related to defect C. This is also the only consistent peak. No matter the amount of 
samples taken, it stays at the same position in the spectrum. All the other peaks seem 
to shift when the number of samples increases or decreases. Because of this, one 
would assume those peaks to be noise related. The peak for defect D however, which 
should lie at around 17 Hz, seems to shift too, especially in the case of only 5000 
samples. Of course the accuracy of a low frequency component is low, when the total 
transient's time is only 0.25 seconds, but the shift is rather big. 
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Figure 6.16: Contin spectrafor n = 20000 (black), n = 10000 (dark grey) and 
n = 5000 (light grey). The samplingfrequency is 20kHz. All 
other conditions are unchanged (GaN at 340 K (Vr = 5.0V, 
Vp = 3.0 V and Tp = 0.40 ms, all averages over 8000 scans). 

0.1 10 100 1000 1 (Hl) 10000 

Figure 6.17: Contin spectrafor BOE-etched GaN at T = 140, 145, 150, 155, 
160 and 165 K (n = 3000, !sample = 6.0 kHz, Vr = 5.0V, Vp = 3.0 V 
and Tp = 0.40 ms averaged over a 1000 scans). 
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When looking at a single spectrum it is impossible to distinguish between peaks in the 
spectra due to noise and defects. Only when recording transients for different but 
closely spaeed temperatures, one can detect those peaks that gradually shift with 
increasing temperature. To be certain the peak is not noise related, measurements can 
be done for different acquisition parameters. 
Figure 6.17 shows some selected spectra at low temperatures. Two major peaks are 
visible on all spectra. One is the peak of defect A. The other is a reoccurring peak at 
1000 Hz. This peak is related to noise coming from the Boonton capacitance meter. 
Similar spectra are made for other temperature ranges, in which emission peaks of 
defect C (see figure 6.18) and D were found (for T = 340 and 355 K these peaks are 
also visible on figure 6.18). It was impossible to retrieve defect B on any of the 
Laplace DLTS spectra. 

0 .1 10 100 1000 10000 

f[Hz] 

Figure 6.18: Contin spectrafor BOE-etched GaN at T = 290, 305, 320, 340, 
and 355 K (Vr = 5.0V, Vp = 3.0 V and Tp = 0.40 ms). 

For defects A, C and D, Arrhenius plots are made, which are shown in figure 6.19. 
The data gathered from these plots are displayed in table 6.4. Except for defect A, the 
results seems to be in agreement with the results obtained from LIA DLTS. 

Numerical Ena (eV) O'na (cm2
) 

routine 
A Contin 0.23 ± 0.01 4 ±3 xl0-16 

c Contin 0.58 ± 0.01 5 ±2 XlO· IS 

Ftikreg 0.58 ± 0.01 5 ±2 Xl0-I S 

Contin 0.63 ± 0.08 10-1s ±I 

D 
Ftikreg 0.66 ± 0.02 2 ±1 XlO·I S 

Table 6.4: Energy leveland capture cross-sectionfor defects A, Band D 
determined using Lapface DLTS. 
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BOE-etched GaN (Laplace DL TS) 
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Figure 6_19: Arrhenius plots for defects A, C and D in BOE-etched GaN, 
determined using Lapface DLTS and the numerical routines 
Contin and Ftikreg (Vr = 5.0V, Vp = 3.0 V and Tp = 0.40 ms). 

Camparing the spectra of figure 6.17 and 6.18, one can see more noise related peaks 
on the spectra at high temperature of figure 6.18. This is understandable, because for 
higher temperatures, the leakage current of the diodes increases. The baseline will 
also become skewer, because, due to the lower Fermi level at high temperatures, more 
interface states will be ionised and be filled again during pulsing. 
This rnight also explain the fact that for GaAs Laplace DLTS was successful (on the 
same experimental set-up the EL2 defect in GaAs was characterised without being 
troubled by noise related peaks <

42
)). Contacts on GaAs give a lower leakage current 

and the capacitance over the junction is also higher than with GaN. Furthermore there 
could be a significant difference in the surface concentratien of oxides and other 
impurities between the two materials. 
Another reason for the unsatisfying results might be the fact that the contacts on the 
GaN samples were small ( only 250 J..Lm in diameter) resulting in a smaller signal. 
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6.2.2AlGaN 
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Figure 6.20: Ftikreg spectrafor BOE-etched AlGaN at 340 K, 350 K, 360 K 
and 370 K (n = 30000,fsample =20kHz, Vr = 5.0V, Vp = 3.0 V 
and Tp = 0.40 ms averagedover a 4000 scans). 

Figure 6.20 shows spectra obtained for the BOE-etched AlGaN sample. One can see 
that the spectra exist of a great number of peaks that shift randomly with temperature. 
The reason this occurs with the AlGaN samples is most probably due to an effect 
called alloy broadening <

41
) Due to the random distribution of the cation atoms 

throughout the sample, a structural defect might show a different electronica! 
behaviour, depending on its neighbouring atoms. As a result the defect does not have 
one single discrete energy level and the transients are often not exponential. This 
effect can also beseen with LIA DLTS. The peaks on figure 6.9 are slightly broader 
than those shown in section 6.1.1. However the information on the activation energy 
of the defects obtained with LIA DLTS is still relevant. With Laplace DLTS though, 
it was impossible to resolve the defect levels from the Contin or Ftikreg spectra. 
In an attempt to obtain a limited amount of dominating frequencies , and thereby being 
able to characterise defect b and c, the Fast_DC routine was used. This routine is less 
accurate than Contin or Ftikreg, but you can limit the amount of frequency 
components to two or three. Appendix F shows the results for Fast_DC at various 
temperatures. None of the frequency components in this table seem to have a steady 
shift in frequency with rising temperature. Apparently for AlGaN the defect levels are 
not resolvable with Laplace DLTS. 
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6.2.3 A suggestion for noise reduction in Laplace DLTS 

Subtracting transients is a very common technique in DLTS to get rid of side effects 
or trying to deconvolute a signal. This is often done by subtracting transients recorded 
at two different pulse heights. This option is also available in the Laplace DLTS 
software. However, in our case it can however not be used as such, because we are 
using the UMIST card only to trigger the HP wavefarm generator. 
To eliminate the baseline effect, which is assumed to be induced by the interface 
states, subtracting transients at different pulse heights will also not be successful, 
because changing the pulse height willlead to filling a different amount of surface 
states. 
One can choose to change the pulsing time instead. Faster pulses mean less time for 
the defects to capture electroos and as a result for fast pulsing times all defect states 
(of one specific trap) might no be fully filled. By changing the pulsing time, one can 
vary the fraction of the total filled defect states of that trap. 
lf one assumes that some of the interface states have higher capture rates than the bulk 
defects, one can eliminate those, by subtracting a transient, recorded while using a 
pulsing time t2, from a transient, recorded while using a pulsing time t1 (t1>t2). By 
doing this one can at least remove some of the noise, by eliminating all those interface 
states with a higher capture rate than the bulk defects. 
To do this subtraction with the arbitrary wavefarm generator, one should set the 
UMIST card to create two pulses of different pulse height. Pulse 1 should be high 
enough to trigger the wavefarm generator; pulse 2 should be under the trigger level 
(figure 6.2l.a). If the wavefarm generator is programmed to create a wave consisting 
of two pulses, one with a higher pulsing time at the moment of triggering and one of 
lower pulsing time at time T=lif(figure 6.2l.b), one can let the Laplace software 
subtract the two corresponding transients from each other. 

f1 t2 
+-----+ -
n n 
0 T 2T 

b) output of the wavefarm generator 

trigger level 

0 T 2T 
a) output of the U MIST card 

Figure 6.21: The output ofthe UMIST card and the wavefarm generator. 
The wavefarm generator will only be triggered at t = 0, 2T, 4T, ... 
The generator is programmed to create a wave, which has two 
pulses of different pulsing time ( one at t = 0 and one at t = T). 
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7 Final conclusions 

7.1 Comparing the defects in GaN and AlGaN 

• The three defects that were also characterised in other reports by Auret, Fang 
and Hacke on HYPE grown GaN, were also present in the samples used in this 
study (for an overview of the activation energy and capture cross section the 
detected defects, see table 6.2). 

• There was one defect that showed high resemblance with a process-induced 
defect ES4 detected by Auret c4o) and was present in both BOE-etched and HCl
etched samples. 

• Defect C's energy level was highly depending on the height of the bias pulse. 
For high bias pulses a lower energy level was determined, which could very 
well be due to tunneling or the Pool-Frenkel effect. 

• Except for sample A, which corresponds with the E02 defect of Auret, for all 
other defects their concentration increases with decreasing depth. 
Concentrations in the BOE-etched sample do not differ from the HCl-etched 
sample, so BOE does not introduce any additional defects. 

• Concentrations in the BOE-etched sample do not differ from the HCl-etched 
sample, so BOE does not introduce any additional defects. 

• In the MOCVD grown AlGaN samples three defects were found (of which the 
data is presented in table 6.3). 

• Defect c, present on the LIA DLTS spectra at high temperatures and having an 
extremely low capture cross section, did not show any resemblance with any 
previously reported defect in GaN. 

• Defects a and b seem to be the same structural defectsas A and C in GaN. Their 
Arrhenius plots show high resemblance, when the conduction band offset of 
0.13 V is added to the activation energy of defect A and C. This shows that the 
defects are hardly influenced by the presence of the lattice and therefore must be 
strongly localised. 

• Both the concentration of defect b and c are depth dependent lt was impossible 
to make a defect concentration of defect a, but its average defect concentration 
was calculated (3 ± 2 x1011 cm-3

). 

7.2 Comparing Lock-In Amplifier DLTS and Laplace DLTS 

• Although Laplace DLTS has given good results in the case of silicon and 
gallium arsenic (7), for GaN and especially AlGaN the results are disappointing. 

• Spectra showed a great amount of peaks that were related to noise or the skew 
baseline. Those peaks could be eliminated by looking at their reaction to time 
and temperature variations. 

• For GaN Laplace DLTS does not contribute anymore information on the defects 
and moreover, the with analogue methods detected defect B is not resolvable 
with Laplace DLTS. 

• Due to the noisy signal, the advantage of being less time consuming is also 
questionable. In most cases to have a high enough SIN ratio thousands of scans 
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had to been taken and as a result often more time was needed for one Laplace 
spectrum than for one LIA spectrum. 

• Most probably due to alloy broadening and the non-exponential behaviour of 
the transients, no defects at all could be characterised in AlGaN. 
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Appendix 

A. Basic crystallography in GaN 

The lattice is defined by fundamental translation vectors, a 1, a2 and a3, such that the 
atomie arrangement is the same when viewed from the point r as when viewed from a 
point 

r'= r + u1a 1 + u2a 2 + u3a 3 (2.1) 

where u1, u2 and u3 are arbitrary integers<8
). These translations veetors are called 

primitive, if by a suitable choice of integers, u1, u2 and u3, a translation to every single 
lattice point can be made. These primitive translation vectors, a1. a2 and a3, build up a 
primitive cell, the smallest volume that can serve as a building block for the whole 
crystal structure. 

~ = l:x:Jsis 
b,=a, 

Figure A.l.a: The primitive veetors ofGaN. Figure A.l.b: The basis ofthe lattice. 

The wurtzite structure of GaN can be considered as two interpenetrating hexagonal 
close-packed lattices, one for Gaand one for N. 
As a result the basis consists of two Gallium and two Nitrogen atoms (figure A.l.b ). 
The set of primitive vectors, al, a2 and a3, is the same as for a hexagonal close
packed lattice (figure A.l.a): 

1 A ..J3 A a - -ax --ay ,- 2 2 

1 A ..J3 A (2 2) a 2 = -ax +-ay · 
2 2 

a = 3 

However, often four axes are used to build up the primitive cell for equivalent planes 
to have similar Milier indices: 
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(2.3) 

b4 a3 
The basis veetors (figure A.l.b) are: 

1 2 1 A 1 A 

3
a 1 +3a 2 = 

2
ax+ 

2
.J3ay (N) 

2 1 1 lA 1 AlA 
-a +-a +-a = -ax---ay+-cz 
3 

1 
3 

2 
2 

3 
2 2.J3 2 

(N) 
(2.3) 

1 2 lA 1 A A 
c3 = 3a1 +3a 2 +ua 3 = 2ax+ 

2
.J3ay+ucz (Ga) 

C 4 = ~a 1 +~a 2 +(~+u } 3 = ~ai- 2~ay+(~+u }z (Ga) 

with u being the internal parameter, which is the relative displacement of the N 
sublattice with respect to the Ga sublattice along the a3 direction. In the ideal case u = 
0.375·c. 
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B. Determining the bandstructure of GaN 

B.l The pseudo potential method 

As aresult of the potential energy V(r) being periodic, the energy states Ek arealso 
perioctic in the reciprocallattice. Therefore tolabel the energy states uniquely, it is 
sufficient to only use k veetors in a primitive cell of the reciprocallattice. 
Normally one uses the Wigner-Seitz cell in the reciprocal lattice, the so-called 
Brillioun zone 02>. Figure A.2 shows the Brillioun zone for solids having a Wurtzite 
lattice structure like GaN. lt also shows the most important symmetry points and 
symmetry lines. 

Figure A.2: The first Brillioun zonefora wurtzite-type crystal (l4J. 

Even for the most symmetrie points in the k-space, solving the Schrödinger equation 
using group theory yields to a system of at least lOxlO secular equations. Therefore 
the energy bands are commonly studied using a variety of numerical methods and 
approximations of the potential energy function V(r). To calculate the band structure 
of GaN, Bioom (1970) 03> and also Yeo et al. (1998) (t

4
) used the pseudopotential 

method, which is based on an interpolation scheme that only depends on a few 
parameters. This is done by observing that the effective potential for electroos near 
the Fermi level can be split into two parts, one part due to the core and the other due 
to the valenee electrons. lt is assumed that for semiconductors the relative effect of 
the core is rather small, so it can be replaced by an effective repulsive potential. The 
contribution of the valenee electroos is more complicated. The latter part of the 
potential, however, may be expected to be slowly varying, so only its first few Fourier 
coefficients should be of interest. So the potential consists of a part, which is only 
large near the origin of physical space, the other one only large near the origin of k
space. So the Hamiltonian, 

H = -( ~: f' + V(r) (3.3) 
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contains an effective potential which is expanded as a Fourier series in reciprocal 
lattice space. The expansion is written in two parts, which are symmetrie and anti
symmetrie with respect to interchange of the two atoms about their midpoint <

13
): 

V(r) = L (ss (G)v; + SA(G)VC: )eiGr, (3.4) 
IGI~G 0 

in which G is a reciprocal lattice vector, Ss and sA are the symmetrie and anti
symmetrie structure factors, and V es and V l are the symmetrie and anti-symmetrie 
form factors, given by 

ss(G)=.!. Ie-iG<'i j (3.5) 
n j 

SA(G)=.!."" P e-;Ga j and 
n LJ 1 

1 

vtA (12) = [nlvG (1) ± n2 VG (2)]/21112 with 

Va (i)= -
1-J V; (r)e-G·r d 3r 

nj 

(3.6) 

(3.7) 

(3.8) 

in which n is the numbers of atoms per unit cell, ö1 the position vector of the jth atom 
in the unit cell, P1 is + 1 if j denotes one type of atom (Ga) and -1 if j denotes the other 
(N), !l; is the volume-per-atom of the monatomic solid consisting of atoms of type i 
and v;(r) refers to the potentials of atoms of type i. Bloom's form veetors are 
calculated non-empirically by means of form factors synthesised from those of C, Ge 
and Ga (figure 3.2.a). Yeo tuned the form factors to obtain valenee band structures 
which agree with self-consistent calculations and experimental data (figure 3.2.b). 

L----L~----~~----~~~--~ * ·~ t,.M f :'l H K r 

Fig. A.3.a: Band structure according to Bioom (JJJ and Fig. A.3.b: according to Yeo (I4J_ 

B.2 The tight-binding approximation 

Another way to explain the band structure is by using molecular orbits. In this 
approach it is assumed that the crystal is formed by bringing individual atoms close 
together. When atoms are well enough separated they are seen as isolated systems the 
equivalent energy levels and the equivalent energy levels of the orbits will all be 
exactly the same. When the atoms are brought sufficiently close together so there can 
be interaction between an atom and its close neighbours, they must be considered as a 
single system. In the case of a crystal with many nearby atoms, the original energy 
states of the bonding and the anti-bonding orbitals (formed in the case of a single 
molecule) must now shift relatively to one another so that the Pauli principle is not 
violated. 
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In a system of N atoms each original energy level has to split up now in N levels. So 
every bonding and anti-bonding orbital that is formed between atoms both split into N 
levels, forming two energy bands of closely packed energy states, the valenee band 
and conduction band with a forbidden energy zone, the band gap, in between. 
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C. Script for depth profiling 

;DL TS Depth profiling tor GaN 
;WE Meyer 2/1 0/1991 
;edited by Rik van Laarhoven 31/6/2002 

;sc=starting column 
sc=1 0 ;should betaken as 0,1 0,20,30 etc 
;In column1: Temp, Et, Vrd, Vbi, Nd 
n=3 ; Number of cells to average (n=1 ,3,5 ... ) 
d=1 ; Interval tor differentiation (d>=1) 

T =cell(sc+1,1) ; Temperature 
Et =cell(sc+1 ,2) ; Trap energy 
Vrd=cell(sc+1 ,3) ; Reverse bias 
Vbi=cell(sc+1 ,4) ; Vbi (Built in voltage is not equal to SBH) 
Nd =cell(sc+1 ,5) ; carrier density 

De = runavg(col(sc+3),n) ; Peak heights 
Vpd =runavg(col(sc+2),n)+.141 ; Puls heights 

k=8.62e-5 ; Boltzman constant 
m0=0.2 ; Electron mass of GaN 
q=1.6e-19 ; unit charge 
epsilons=8.85e-14 *9.3 

n_state=4.83e15*(mO*T)A1.5 ; the density of states in the conduction band 
Ef=k*T*In(n_state/Nd) 
ceii(9,3)=Ef ;Fermi level 
Sqrf=sqrt(2*epsilons/Nd/q) 
L=Sqrf*sqrt(Et-Ef) 
cell(9, 1 )=L ; is labda 

Xr=Sqrf*sqrt(Vbi+Vrd) 
Xp=Sqrf*sqrt(Vbi-(Vpd-Vrd)) 
coi(SC+6)=Xp 
cell(9,2)=min(Xp) 

Dx=Xr-Xp 
Wf=1/((1-Xp/Xr)*(1 +Xp/Xr-2*UXr)) 
Ww=(Xr+Xp )/2-L 
Ntd=2*Dc*Wf*Nd 
Ndef=Ntd*Dx 

col(sc+ 7)={Ndef ,0/0} 
col(sc+8)={Xp,0/0} 

Ntdd=-(col(sc+7, 1 )-col(sc+7,d+1 ))/ (col(sc+8, 1 )-col(sc+8,d+1 )) 
; Ntdd=-diff(Ndef)/diff(Xp) 
Xpav = (col(sc+8, 1 )+col(sc+8,d+ 1 ))*0.5 
col(sc+4)=Ntdd ; Defect density 
col(sc+5)=(Xpav-L)*1 E4 ; Depth 
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D. Table of defects in as-grown GaN 

Author Growth method Sample Name of Energy level Capture cross-section 
details defect (eV) 

Auret et al. MOVPE E01 0.21 4x10-14 

E02 0.27 8x10-15 

E03 0.45 7x10-13 

E05 0.61 1xl0-I4 

RMBE Sidoped E 0.22 I 0.25 2x10- 14 

E02 0.27 6x10- 15 

E05+ 0.61 lx10-14 

HVPE E02 0.27 6xlo-'5 

E05 0.61 lxl0-14 

E06 0.65 2x10-15 

Götz et al. MOCVD Si-doped I 0.18 
11 0.49 

Haaseet al. MOVPE D2 0.60 
Hacke et al. MOCVD Mg-doped El 0.26 1.3xl0-15 

E2 0.61 2.4x10-14 

HVPE El 0.26 1.6x10-15 

E2 0.58 2.9xl0-15 

E3 0.67 l.OxlO-ts 

Hierro et al. MOCVD A 0.58 I 0.62 1-5xlo-D 

B 1.35 
Lee et al. MOVPE Si-doped 1 0.14 3.9x10- 1 ~ 

2 0.49 4.9x10-17 

3 1.63 5.8x10-12 

Fang et al. MOCVD A, 0.88 
B 0.62 7.4xlo-'5 

c 0.45 1.5x10-13 

D 0.24 2.0x10- 15 

RMBE Si-doped A, 0.89 3x10- 14 

A 0.67 lxl0-15 

B 0.62 1.2x10-14 

c, 0.43 3x10-15 

c 0.41 2.8xlo-'4 

D 0.25 2.6x10-15 

E, 0.21 I 0.25 1.6x10-14 I 4.3x10-13 

HVPE A 0.70 1.7x10-15 

B 0.58 2.4x10-15 

D 0.25 1.2xl0-15 

Wang et al. RMBE Si-doped El 0.23 
E2 0.58 
E3 0.66 
E4 0.96 

Table A. I: The energy leveland capture cross section of previously found defects in 
as grown GaN. The data is sorted by author and growth method. 
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E. Flikreg spectra for BOE-etched GaN at 345 K 

0 .1 10 100 1000 10000 

Figure A.4: Ftikreg spectrafor n = 20000 (black), n = 10000 (dark grey) and 
n = 5000 (light grey). The samplingfrequency is 20kHz. All 
other conditions are unchanged (GaN at 340 K (Vr = 5.0V, 
Vp = 3.0 V and Tp = 0.40 ms, all averages over 8000 scans). 
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F. Frequency components for Lapface DLTS on AlGaN 

T(K) 2 components 3 components 
f(Hz) f(Hz) 

340 2.15 30.3 1.82 9.28 66.0 

350 2.17 22.3 1.53 8.27 45 .7 

360 2.05 22.6 0.88 6.71 43.6 

370 2.10 26.3 1.35 9.4 53 .7 

380 1.58 29.9 0.94 12.0 92.4 

390 1.62 38.6 0.17 4.61 60.1 

400 1.38 48.9 1.13 12.8 88.7 

410 1.31 41.2 1.02 11.5 83 .0 

420 1.40 36.5 0.44 4.55 85 .9 

Table A.2: Frequency components for Lapface DLTS on AlGaN determined 
using the Fast_DC routine solving for either 2 or 3 components. 
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