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ABSTRACT 

The symmetry and thermal activation energy of a dominant defect center in 

n-type liquid encapsulated Czochralski grown gallium arsenide (GaAs) crystal, 

called EL2, is investigated experimentally by the deep level transient spectroscopy 

(DLTS) and uniaxial stress techniques. A brief presentation of what has been 

done and known about this defect center is given first. A numerical fitting method 

improved upon the standard DLTS analysis is then presented. This method deals 

with a situation where the standard rate window DLTS is no longer sufficient, and 

gives an EL2 thermal activation energy of 0.76 ± 0.001 eV, different from the 

0.82 ± 0.006 eV obtained by the standard DLTS. The symmetry of the EL2 center 

is then investigated through a more sophisticated data analysis method. From the 

experimental capacitance transients data measured under uniaxial stress, which 

superficially appears compatible with Tj symmetry, we extract reproducible defect 

energy level splittings under uniaxial stress and conclude that EL2 has Csv 

symmetry, supporting the proposed EL2 structure as the arsenic antisite and 

arsenic interstitial pair, Asca — Asi, with Asi weakly bound to Asca-
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CHAPTER I 

INTRODUCTION 

Defects in semiconductors have been studied by many theoretical and 

experimental physicists around the world. Identifying the structure of a defect not 

only serves the purpose of eventually having better electronic devices, but also 

solves a complicated, and sometimes intriguing physics problem. One of these 

problems, the topic of my doctoral degree project, is the identification of a defect 

center in gallium arsenide (GaAs), called the EL2 center. This project is to 

experimentally study the EL2 center in n-type liquid encapsulated Czochralski 

(LEC) grown GaAs crystal, and, particularly, to identify the symmetry of this 

defect center, from, which its plausible microstructure model can be inferred. This 

dominant high density defect is a donor state in the middle of the forbidden gap in 

virtually all n-type GaAs materials. It has been studied for decades, but its 

structure is still under wide debate. The experimental technique used for this 

project is a much improved version of the standard deep level transient 

spectroscopy (DLTS) technique with the application of uniaxial stress. I have 

obtained from the experiment new results for the EL2 thermal activation energy 

and the EL2 symmetry, two main characteristics of this interesting defect center. 

Deep level transient spectroscopy (DLTS) is an experimental technique based 

on analyzing capacitance transients from a reverse biased diode deposited on the 

surface of a semiconductor sample containing defect centers to be studied. It has 
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become extremely useful in determining the thermal emission properties of defects 

in semiconductors. Like any other experimental technique, it is, however, not 

without its limitations. The standard DLTS analysis — the rate window method 

— is based on the assumption that the defect density, NT-, is much less than the 

shallow donor doping density. No- It is, however, often used under circumstances 

when NT •J^ ND-, and large errors can therefore result. As an improvement over 

the standard DLTS analysis, several numerical fitting methods are developed for 

studying this high density defect where, in our sample, NT is as high as 80 to 90% 

of ND' Digitized capacitance transients are numerically fit to extract the electron 

emission rate, defect density, and defect energy level. Following Chapter II, where 

a brief presentation of what has been done and known experimentally and 

theoretically about the EL2 center is given. Chapter III describes the DLTS 

theory and the standard rate window technique. Based on that. Chapter IV then 

describes the digital capacitance transient data collection system, the numerical 

fitting method, and the new results about the EL2 defect thermal activation 

energy obtained from the fitting technique. The fitting method gives an EL2 

thermal activation energy of 0.76 eV, different from the 0.82 eV obtained by the 

standard DLTS, which only examines the maximum emission conditions. 

Another drawback of the DLTS technique is that it provides no microscopic 

information about the structure of the defect. This project compensates for this 

disadvantage by combining DLTS with the application of uniaxial stress. The 
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latter controUably perturbs the properties of a defect as a means of identifying its 

structure. By mechanically applying high pressure uniaxial stress in giga-Pascal 

scale in the three principal axes ([100], [110], and [111]) to a semiconductor 

sample, while conducting a regular capacitance transient measurement, one can 

determine the symmetry of a defect contained in the sample from, the resulting 

capacitance signals. Chapter V describes the theories of how the application of 

uniaxial stress can break the orientational degeneracy of an anisotropic defect 

center in a cubic crystal and help to determine its symmetry. A uniaxial stress 

apparatus designed for this project is also described in detail. 

The symmetry of the EL2 center is then investigated through a more 

sophisticated data analysis method. Instead of using the standard rate window 

DLTS or the fitting method developed in Chapter IV, the more powerful 

non-linear least squares Marquardt method is used to fit the experimental 

capacitance transients measured under uniaxial stress. As described in Chapter 

VI, from experimental data which superficially appears compatible with Td 

symmetry, we extract reproducible defect energy level splittings under uniaxial 

stress and conclude that EL2 has Csv symmetry. In comparison with results from 

other experiments, current results agree reasonably well with most of them. 



CHAPTER II 

EL2 IN GALLIUM ARSENIDE 

The existence of the main defect as a donor state in the middle of the 

forbidden gap in n-type GaAs materials was detected quite early [1, 2, 3] by using 

a transient capacitance technique. The unusual behavior of the material, namely a 

persistent quenching of the photoconductivity at low temperature, was discovered 

only 10 years later [4]. The level associated with this defect was then rediscovered 

by DLTS [5] and labelled EL2. It was demonstrated that the above unusual 

behavior was caused by the presence of this level [6, 7] and could be explained by 

the existence of a metastable state (i.e., a second configuration of the defect with 

the same charge state as the stable configuration) of this defect [8]. Since this high 

concentration defect center has a level in the middle of the gap and compensates 

the free carriers in undoped or lightly doped material, it is very much responsible 

for the semi-insulating property of GaAs, which has been widely used to make 

integrated circuits. Fully understanding its structure will certainly help people to 

make better use of this material. However, although after decades of research 

some of its electronic and optical properties have been revealed [9, 10], its 

complete microstructure picture is still not known. The consensus is that it does 

involve an arsenic antisite, Asca-, an arsenic atom occupying a site belonging to a 

gallium atom, while the dispute is whether it is an isolated arsenic antisite or a 

complex of an arsenic antisite and other constituents. A recent excellent review is 
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given in Ref. [11]. Some experimentally and theoretically established properties 

are summarized below, and two prominent models are discussed also. 

1. It was thought that EL2 was related to oxygen because the incorporation of 

O results in high resistivity material, but careful studies in various types of 

materials denaonstrated that there was no correlation between the EL2 

concentration and the O concentration [12]. 

2. The stable state of EL2 has a deep level around ^c-0.75 to 0.82 eV. This 

EL2 signature obtained from DLTS varies from sample to sample and author to 

author (see Ref. [10]). The reason is that the condition on which the original 

DLTS analysis is based is not always satisfied in the case of EL2 (see CHAPTER 

IV). 

3. The donor nature of this level has been determined by the profile the defect 

exhibits near the surface after a thermal treatment. The comparison of the defect 

profile and the free carrier profile when defects are empty or filled allows one to 

conclude that the defect is a donor [13]. It is therefore widely assumed that EL2 is 

electrically neutral when occupied by electrons and positively charged when these 

electrons have been released. It is a deep level electron donor with a 0 /+ 

transition. Some suggest it is also a double donor with a 4-/2-}- level in addition, 

at Ev + 0.54 eV^ observed in p-type materials [14]. 
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4. EL2 is an intrinsic defect. It is consistently observed in practically all 

materials grown by different techniques. It is either a substitutional impurity 

(antisite), an interstitial defect, a vacancy, or a complex of these constituents. 

5. A special fingerprint of the EL2 defect is its metastability [8]. EL2 can be 

optically bleached into a metastable state which is electrically and optically 

inactive, i.e., the defect state "disappears" by photoexcitation at 1.1 eV at low 

tenaperature and remains in this new state after the optical excitation is removed. 

The stable state can be thermally regenerated from the metastable state by 

annealing at ~ 140iir. AU properties associated with the EL2 defect in the stable 

configuration disappear when it is in the metastable state. This new state is 

metastable, since it has the same charge state as the stable state [7, 8] and is only 

stable at low temperature. 

6. This photoinduced transition is observable in the optical absorption 

spectrum [15]. The absorption band displays a fine structure interpreted as 

phonon repHca of the zero phonon fine lying at 1.04 eV. The absorption band 

corresponds to the intracenter transition between the ground and excited states of 

the EL2 center. This intracenter transition begins with the zero phonon line and a 

series of replicas with the energy separation 11 meV. 

The existence of the metastable EL2 configuration is also observed by the 

electrical conductivity and low temperature DLTS measurement under hydrostatic 

pressure [16]. Without pressure, this level is resonant with the conduction band 
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and unoccupied, under relatively low pressure (0.2 ~ 0.3 GPa) it enters the gap, 

capturing free electrons, and becomes a negatively charged state of the metastable 

EL2. The electrical activity of this negatively charged metastable state may allow 

one to determine directly the microstructure of the metastable EL2 configuration. 

7. The initial EL2 structure identification came with the electron paramagnetic 

resonance (EPR) detection of the spectrum associated with the As antisite and 

the denionstration that this spectrum has the same metastable behavior as 

EL2 [17]. Various models were proposed when it was clear that EL2 involves 

AsGa- Among them, two atomic configurations, the isolated arsenic antisite, Asca-, 

and the pair of the arsenic antisite and arsenic interstitial, Asca — Asi^ are the 

most popular, and both have strong experimental and theoretical support. 

8. The isolated arsenic antisite model, Ascat shown in Figure 2.1(a), was 

proposed primarily because the defect appears to have full Td symmetry. That was 

obtained experimentally by Kaminska et al. [18] by a measurement of the splitting 

of the electronic degeneracy {Ai -^ T2 transition) of the EL2 center through the 

zero phonon line (ZPL) under uniaxial stress. The interpretation of the ZPL 

splitting results was however questioned [19], raising the possibility of C2V 

symmetry as an alternative. The ZPL splitting results were then independently 

repeated [20], confirming that the original interpretation was correct and the EL2 

center possesses Td symmetry. The discussion continued when it was suggested 

that the so-called "ZPL" and its replica are due to electronic excitation from the 
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Figure 2.1: Models of EL2 structure, (a) the stable isolated Asca] (b) the metastable 
Asi-Vca pair; (c) the stable Asca-Asi pair; and (d) the metastable split interstitial 
Asi - Asi pair. 



antisite to the conduction band (CB) at the L minimum [21], and not due to an 

intracenter transition between electronic states of the EL2 center. Td symmetry 

was therefore suggested as a mere reflection of the bulk symmetry. The identity of 

the observed "ZPL" was further questioned when it was found tha t the "ZPL" 

and its related broad band move in opposite directions and overlap under pressure, 

questioning whether they are related to optical transition to the same final 

electronic s ta te [22]. In addition, the hydrostatic pressure dependence of the 

"ZPL" final s ta te was found to coincide with that of the L CB minimum citebar. 

Basically the same "ZPL" and its replica have been found on another defect [24] 

(an electron irradiation generated Asca related defect, but this is not 

photoquenchable as is the EL2 center), suggesting the absorption structure is not 

closely or not at all related to the microscopic structure of the defect. These 

experimental findings left the isolated Asca model having Td symmetry without 

solid experimental support . This situation came to an end recently with the 

results of photoluminescence experiments. These found no splitting of the 

photoluminescence (PL) transition under uniaxial stress [25], i.e, no orientational 

degeneracy. 

There are quite a few theoretical studies [26, 27, 28, 29, 30] strongly 

support ing isolated Asca in the stable state and Td symmetry. These calculations 

explained particularly well the metastabili ty of the EL2 center by proposing the 

metas table configuration as the arsenic interstitial and gallium vacancy pair, 
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Asi — Vca, with Csv symmetry, as shown in Figure 2.1(b). The Csv symmetry of 

the metastable state was also confirmed by a recent experiment [31] studying the 

EL2 stable state recovery process under uniaxial stress. The calculated energy 

barrier for the transformation from the metastable state to the stable state is 

between 0.2 ~ 0.4 e F , near the experimentally determined value of 0.34 eV [32]. 

9. The arsenic antisite and arsenic interstitial pair model, Asca — Asi, was first 

proposed on the basis of electron paramagnetic resonance (EPR) experiments by 

von Bardeleben et al. [33]. It was observed that the EPR spectrum is no longer 

photoquenchable after the material was annealed at 850°C and quenched to room 

temperature. The spectrum recovers its photosensitivity after an additional 

annealing at 120°C It was suggested then that EL2 is a complex of Asca and 

another entity. This entity is dissociated from the isolated Asca at high 

temperature and recombined with the isolated Asca at subsequent low 

temperature treatment to form the EL2 center. Because the substitutional atom 

AsGa can not migrate at this low temperature and Asi migrates in the same 

temperature range as does this entity, it was concluded that EL2 is the 

AsGa — Asi pair. Also, because the EPR spectrum of EL2 can not be 

distinguished from that of the isolated Asca and the EL2 EPR spectrum 

disappears when EL2 is in its m.etastable state, it was further proposed that the 

EL2 stable state corresponds to Asca with ^45, in the second neighbor position 

(the EPR spectrum of Asca is slightly perturbed). On the other hand, in the 
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metastable state, Asi comes closer to Aaca and no Asca like EPR spectrum is 

observable (the EPR spectrum is expected to look like that of perturbed Asi). An 

isolated interstitial, like Asi^ has, however, not been observed in any 

semiconductor by EPR or other electrical or optical techniques. 

The above proposal was confirmed by optically detected electron-nuclear 

double resonance (ODENDOR) by Meyer et al. [34]. ODENDOR is a 

microstructure-sensitive technique capable of resolving the superhyperfine 

interaction of the electron spin with the nuclear spins of the atoms which surround 

the defect. It was deduced that Asi is always diamagnetic and in a singly positive 

charge state; that Asi is located at a [111] tetrahedral site and about two As — Ga 

bond lengths away from Asca] and that the Asca — Asi pair has Csv symmetry, 

shown in Figure 2.1(c). This pair model was recently confirmed again by optically 

detected magnetic resonance (ODMR) and magnetic circular dichroism of the 

absorption (MCDA) [35]. Csv symmetry is also shown by photocapacitance 

quenching behavior under uniaxial stress [36] and anisotropic electron emission 

rate enhancement induced by electric field under various directions [37]. 

There are also theoretical works [38, 39, 40] which examined Asca — As, pair 

model and showed some agreement with the EL2 properties as weU as revealed 

some flaws with this model (see next item). The atomic configuration of the 

metastable state for this pair model was proposed as a split interstitial 

configuration, Asi — Asi [40], shown in Figure 2.1(d). A full calculation of the 
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electronic structure [40] showed that the split interstitial configuration is more 

stable than the separated pair; that the electronic structure does not lead to a gap 

state; and that the configuration can only have a 1-f- charge state. This precisely 

corresponds to the quenchable charge state of the stable configuration and agrees 

with the observation that the charge state of the defect is conserved in the 

transition. The experimental verification of this spHt interstitial configuration has 

not yet been reported. 

10. One drawback of the Asca — Asi pair model is its inability to explain the 

charge state. To be EPR active, the isolated As antisite needs to be in a singly 

positive state, AS'Q^^ since both As%^ and AS^Q'^ would not be paramagnetic and, 

therefore, not EPR active. From the diamagnetic behavior of the As interstitial 

observed by ODENDOR, Meyer et al. [34] claimed that the As interstitial must be 

also in a singly positive state, Asf ^ since the As interstitial with an odd number of 

electrons would be paramagnetic, not in agreement with the experimental 

observation. It was proposed from experiments [33, 34] that the EL2 (0 /+) level is 

primarily due to the Asca (0 /+) level; that the Asf in the pair provides very little 

perturbation to the observed EPR spectrum originating primarily from the As%^ 

which is part of the whole AsQa populations; and that the metastable state results 

when the As^^ captures an electron generated by photoexcitation and changes to 

As%^ which is EPR inactive. The theoretical calculations [38, 39], however, 

showed that the As^^ — Asf state with C^v symmetry results in a significant 
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reduction of the stability of the complex because of the Coulombic repulsion; and 

tha t the ASQ^ — Asf s tate wiU result in an acceptor level at 0.2 ~ 0.5 eV above 

the EL2 level, which has not been observed yet. 

Recently, Chadi [41] proposed a modified model as ASQ^ — As~, based on the 

above antisite and interstitial complex model, with the Asca — Asi axis deviating 

by 10° ~ 14° from the cubic [111] axis. This model preserves the E P R activity of 

ASQ^ and the diamagnetism of Asi by having a singly negative charge state , As~. 

While the calculation showed that the pair 's stability is improved, the overall 

symmetry of the model, though, has to be C2 or C2V Also, differing from the 

experimental observation [7], the charge state from the stable to metastable 

transit ion is no longer conserved since ASQ^ — As~ has to be changed to 

As^^ — As~ to be E P R inactive. 

In summary, there are two competing models for EL2: the isolated Asca with 

Td synimetry supported by PL uniaxial stress experiment, and the Asca — Asi pair 

with Csv symmetry supported by EPR, ODENDOR, and ODMR experiments. In 

addition, a recent theoretical study predicted the pair model may have C2 or C2V 

symmetry. A further s tudy of the EL2 symmetry is therefore needed. In this 

project , an improved version of the deep level transient spectroscopy technique 

with the application of uniaxia! stress is used to study the EL2 symmetry. First , a 

description of DLTS technique and the new findings of the EL2 thermal activation 

energy are presented. 



CHAPTER III 

DEEP LEVEL TRANSIENT SPECTROSCOPY 

DLTS, introduced by D.V. Lang [42] in 1974, is based on measuring the 

transient capacitance of a reverse biased diode deposited on the surface of a 

semiconducting material sample containing defect centers to be studied. A defect 

center with its energy level in the bandgap of a semiconductor can be 

characterized by exploiting its electron or hole emission behavior as a function of 

temperature and its activation energy. The activation energy of a deep level, so 

called because its energy level falls deep in the gap, is the energy difference 

between the energy level and its respective band. Deep levels can be generation or 

recombination centers by emitting or trapping electrons or holes. Figure 3.1 shows 

electron and hole traps, and generation and recombination centers [43]. In n-type 

material, such as the GaAs samples used, an electron trap is a majority carrier 

trap and a hole trap is a minority carrier trap. In p-type material a hole trap is a 

majority trap and an electron trap is then a minority trap. 

The following is a discussion of the thermal emission process for trapped 

carriers [44, 45, 46] and the original DLTS technique [42, 43, 47]. We concentrate 

the discussion on an electron trap, as results for a hole trap can be similarly 

derived. 

14 
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Figure 3.1: Band diagram showing electron and hole traps, and generation and 

recombination centers. 
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3.1 Trap Concentrations and Emission Rates 

For convenience, a list of definitions of the notations needed foUows first 

n = concentration of electrons in the conduction band (CTTI""') 

p = concentration of holes in the valence band [cm~^) 

NT = concentration of defect energy level [cm~^) 

NC= effective density of states at the conduction band edge {cm~^) 

Nv= effective density of states at the valence band edge (c7n~^) 

riT = concentration of defect energy level occupied by electrons {cm~^) 

PT = concentration of defect energy level occupied by holes {cm~^) 

Ec = energy of conduction band edge (eV) 

Ev = energy of valence band edge (eV) 

ET = energy of defect energy level (eV) 

Ejp = energy of Fermi level (eV) 

c„ == capture coefficient of defect for electrons {cm^sec~^) 

Cp = capture coefficient of defect for holes [cm^sec~^) 

e„ = emission rate of defect for electrons {sec~^) 

Cp = emission rate of defect for holes [sec~ ). 

(Tn= capture cross section for electrons [cm^) 

<rp=capture cross section for holes {cm^) 

< v„ > = average electron thermal velocity [cmsec~^) 

< ? ; _ > = average hole thermal velocity [cmsec~^) 
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k=Boltzmann constant (eV/K) 

and T=temperature (K). 

Referring to Figure 3.2, the processes of electron and hole capture and 

emission, a , b , C and d, for a single energy level electron trap is shown. The 

electron capture process, a, is proportional to the electron concentration in the 

conduction band, n, to the concentration of defect unoccupied by electrons, pr^ 

and to the electron capture coefficient of defect, c„. The electron emission process, 

b , is proportional to the electron emission rate, e„, and to the concentration of 

defect occupied by electrons, n j . Hence the electron concentration in the 

conduction band varies as 

—- = - a - f 6 = - c „ n p T 4 - e „ n T , (3.1) 
at 

and, similarly, the hole concentration in the valence band varies as 

-jr = -c-\- d= -CppuT + SpPT- (3.2) 
at 

Then the rate of change in concentration of defect level occupied by electrons is 

- ^ = - - ^ + - ^ = {cnu + ep)pT - {cpp + er,)nT. (3.3) 
at at at 

Since NT = PT -\-f^T and in the depletion region of a diode the free carrier 

concentration n = p = 0, the last equation can be simplified to 

- ^ = BpNT - (ep + er,)nT- (3.4) 
at 
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n = concentration of electrons in conduction band 

ny= concentration of electrons on trap at Ey 

p = concentration of holes in valence band 

P = concentration of holes on traps 

W = concentration of traps 

Figure 3.2: The trap may capture (emit) electrons from (to) the conduction band, 

a (b) or capture (emit) holes from (to) the valence band, C (d). 
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Equation (3.4) is readily solved by considering the following initial condition. 

When i = 0, 71^(0) = TVj, i.e., all the traps are filled with electrons, which can 

experimentally be realized by supplying an electron filling pulse and electrically 

pulsing a reverse biased depletion region toward zero bias. Then the solution of 

equation (3.4) is 

C n C» 

™TW = i V x [ - ^ + - ^ e - ( ^ " + ^ ' " ] . (3.5) 

We can proceed to determine the thermal emission rates for electrons and 

holes, e„ and Cp. We define the probability that a trap is occupied by electrons to 

be / T , the Fermi-Dirac distribution function, 

/ ^ = ^ =. [1 + ^[Er-E^ykTyl ^ (3 6) 

iVj' 

In equilibrium, dn/dt = 0. Hence from equation (3.1), 

enNTfT = c„nNT{l - / T ) , (3.7) 

and then, 

e„ = c„ne(^^-^^)/*^. (3.8) 

The capture coefficients are given by definition to be Cn^p) =< Vn[p) > (^nip), and 

the concentration of electrons in the conduction band is n = JVce~(^<^~^^)/*^^. 

We then have 

e„ = Nc<v„> a,.e-(^c-Ery>^T^ (39) 

and, by similar arguments, 

ep = Nv<Vp> ^pe-(^^-^^)/*^. (3.10) 
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Further, by using 

2[27rm% sJbTl^/^ 3jfej , 
^civ) = ^ ^ - ^ - ^ , < .„(p) > = l ^ Y ^ ' (3.11) 

with, for GaAs, m* = 0.067mo, m* = O.lSmo and mo being the free electron mass, 

the emdssion rates for electrons and holes are 

e„(T) = i i r „ r V „ e - ^ ' # ' , (3.12) 

ep(T) = KpT'^apB-^'^, (3.13) 

with constant 

2(27r)3/23i/2m;,.A;2 

For GaAs, ir„ = 2.18 x lO^o cm-^^-^iir-^, and iifp = 5.89 x lO^^ cm,-'^s-^R-"^. 

In the standard DLTS analysis [42], equation (3.5) was simpHfied to 

nT{t) = NTe-^^\ (3.15) 

by assuming ET is well above the Fermi level, so Ec — ET <C ET — Ey and, from 

equations (3.12) and (3.13), e„ ^^ tp. However, in the case of EL2, Ec — ET ^ 0.76 

eV (see later) and the GaAs band gap i^ 1.42 eV, so we have Ec — ET '^ ET — Ey. 

Fortunately, experiments [9, 48] have found the EL2 hole capture cross section 

(Tp 7^ 10"^^ crri^ and its electron capture cross section (7„ i=a 10~^^ ~ 10" '̂* crri^. 

(Our results later confirm this o-„ value.) One then obtains e„/ep « lO'* ~ 10^, 

thus e„ '^ Sp is true. However, recently it was found [49] that dp ~ 10~^^ crri^. If 

this value is correct, equation (3.15) may not be a very good approximation. 
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3.2 Rate Window Analysis Method 

The trap properties can then be studied by monitoring nT{t) through the 

junction capacitance of a Schottky diode in an n-type material: 

where A is the junction area, e is the permittivity of the semiconductor, Hi is the 

junction built-in voltage, V is the voltage appHed across the junction (V < 0 if 

reverse biased), q is the electron charge, and No is the ionized donor doping 

density. The presence of electron traps, such as the EL2 center which behaves like 

a donor (at « 0.8 eV with a charge state 0 /+ . See Chapter II or Refs. 

[9, 10, 13, 26]), results in ND being replaced by ND + NT. After applying an 

electron filling pulse, it further changes to ND + NT — nT{t). The capacitance 

transient then, after introducing the emission time constant r = l /e„ , becomes 

^ ( ' ) = ^(°°) t^ - N ^ ^ ' " ' ^ ' " ' (3.17) 

where 

(̂-)=̂ t w f 1''̂  (̂-̂̂ ^ 
is the junction capacitance an infinite time after the pulse. One then assumes 

NT <€. ND and simplifies equation (3.17) to 

C{t) = C(oo)[l - ^ e - " l . (3.19) 
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This approximation has made it possible to find the emission time constant 

through the so-called rate window method. One can sample, from a capacitance 

transient, two capacitance values at two different times, ti and ^2, and plot 

C{t2) — C(ti) versus the temperature at which the capacitance transients are 

measured. When C{t2) - C(ti) vs. T has a peak, one has 

IT °' d? ="' (̂ -̂ "̂  

and one finds analytically the emission time constant at the peak as 

With pairs of ti and <2 and the corresponding peak temperatures, one uses the 

Arrhenius equation derived from equation (3.12), 

ln(rT') = -ln{K„a„) + 3 ^ ^ , (3.22) 

to determine, from the slope of ln{TT^) vs. 1000/T, the apparent thermal 

activation energy level, AE = Ec — ET, and, from the vertical axis intercept, the 

electron capture cross section, <j„. This is the so-called rate window concept. 

Figure 3.3 shows the pulsing scheme for a Schottky diode [43]. The diode is 

initially reverse biased to voltage VQ and the traps in the depletion region are 

empty. The diode is then pulsed to Vi which is close to zero, and the traps are 

fiUed quickly with electrons. When the pulse is returned to VQ, the traps begin to 

emit their captured electrons according to equation (3.12), and the junction 
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Figure 3.3: Pulsing scheme for a Schottky diode. 
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capacitance changes according to equation (3.17). Figure 3.4 shows how the rate 

window method is implemented. While slowly scanning the sample temperature, 

one gets a series of transients with different time constants. The difference, 

C{t2) — C{ti), wiU then reach a peak, when the corresponding time constant is 

"^peak-
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CAPACITANCE TRANSIENTS AT VARIOUS TEMPERATURES 

TEMPERATURE 

Figure 3.4: Illustration of how the rate window method is implemented. The upper 
part shows the capacitance transients at various temperature. The lower part shows 
the corresponding rate window DLTS spectrum. 



CHAPTER IV 

EL2 THERMAL ACTIVATION ENERGY FROM 

NUMERICAL FITTING OF CAPACITANCE 

TRANSIENTS 

The standard rate window DLTS method of finding r is obviously based on the 

assumption NT <C ND. Since EL2 is a high density defect (in the GaAs used 

NT ~ ND), using the rate window DLTS can thus give erroneous information (see 

later) and could be one reason why the defect energy varies among different groups 

[10, 50, 51]. I have developed a numerical fitting method which is not based on the 

above assum.ption, and found the EL2 activation energy with higher accuracy by 

numerically fitting full transients than by using the standard rate window DLTS. 

4.1 Data Collection and Sample Preparations 

Before the numerical fitting procedures and results are presented, the digital 

data collection system and sample preparations need to be addressed first. 

The capacitance transients are recorded by a digital DLTS system, shown in 

Figure 4.1, which consists of a computer, a pulse generator, a digital multimeter, a 

high frequency capacitance meter, a oscilloscope, and a temperature controller (see 

also [52, 53]). The computer (HP 9000/300), which controls the entire 

measurement process and data acquisition, is interfaced with all the digital 

instruments through the IEEE-488 bus. The pulse generator deHvers the 

negatively biased pulses (bias voltage: —4.5 F , pulse height: 4.3 V, pulse width: 

26 
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Figure 4.1: Digital DLTS system. 
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0.1 5, and pulse period: 1 s) to the junction capacitor of a Schottky diode through 

the 1 MHz capacitance meter (Boonton 72B), which outputs its analog 

capacitance transient measurements to the digital multimeter (HP 3458A). The 

digital multimeter, synchronized with the pidse generator and oscilloscope, sends 

the digitized results to the computer to be stored and later analyzed. The 

oscilloscope is used to monitor the pulses and corresponding capacitance 

transients. The computer also controls the temperature controller (LakeShore 

DRC-91C), which controls and digitizes the sample temperature to be stored with 

the corresponding capacitance transient. The temperature of the sample sitting 

inside a dark vacuum chamber (described in detail in Chapter V), which can 

facilitate the sample temperature control and avoid any optical excitation, is 

controlled by the temperature controller through a heater under the sample and is 

measured through a silicon diode sensor. 

The gallium arsenide samples used in the experiment are n-type LEC grown 

single crystals. The silicon doping density is about 10^^ cTn~^. The sample is cut, 

lapped, and etched. The etchant is 50% hydrogen peroxide, 25% ammonium 

hydroxide and 25% distilled water. Schottky diodes are made on an etched surface 

by evaporating gold dots of about 0.7 Tmn diameter. Ohmic contact is made on 

the opposite side of the sample by evaporating tin dots. Electrical leads are then 

made by using conductive epoxy to attach 1 mil gold wires on both a gold dot and 

a tin dot. 
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Figure 4.2 gives examples of a filling pulse and a capacitance transient with the 

instrument parameter settings shown. Figure 4.3 shows DLTS spectra obtained by 

the rate window method, with ^2/^1 w 3 ~ 4. Figure 4.4 shows the Arrhenius plot 

using pairs of Tp^ak and Tpeak obtained from the peaks similar to that shown in 

Figure 4.3. The slope and vertical axis intercept of the least-squares fitting give, 

respectively, the defect activation energy and capture cross section for electrons. 

The apparent non-Hnear behavior of the data points shown in open circle is caused 

by the low resolution of the rate window DLTS spectra. 

4.2 Numerical Fitting Methods and Results 

One way to improve the DLTS resolution is to numerically fit the digitized 

experimental capacitance transient according to equation (3.17) by using 

least-squares fitting [54], and to extract r , ND, and NT values from the fitting 

parameters. 

The computer programs the digitizing multimeter to digitize each capacitance 

transient curve with a specified number of data points per curve and with a 

specified digitizing period between two consecutive data points. Each stored 

transient is obtained by digitizing and averaging 30 to 100 individual transients 

while keeping the sample temperature variation within ±0.2ir through the 

temperature controller commanded by the computer. A good numerical fit 

requires (also see discussions below), first, to record a long transient having its last 

data point very close to the actual C(oo), the capacitance an infinite time after 
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the pulse, i.e., to have as many data points per curve as possible, and, secondly, to 

record a fast-changing transient having its first data point very close to the actual 

C(0), the capacitance at t = 0, i.e., to set the digitizing period between two points 

as short as possible. This combination, plus choosing a small temperature change, 

AT , between two transients, wiU generate a huge amount of data. To keep the 

data size within the computer capacity, I set the digitizing period between two 

data points to 0.5 7715 (also see section 4.2.2), the number of data points per curve 

to 800, AT = 1 K, and the whole temperature range ZOOK <T < A20K. 

4.2.1 Simple Numerical Fit 

We rewrite equation (3.17) into: 

^^^i-(i-Rmt)/my^ = --L,, (4.1) 
R '''fit 

where R = NT/{ND + NT), and Tfn is the characteristic emission time constant. 

Here C(0)/(1 — R)^^^ replaces C(oo) of equation (3.17), and C(0) is approximated 

by the first data point of a transient. Replacing C{t) and i, respectively, by the 

experimental transient data points and the corresponding time, a Tfn can be 

obtained from the above equation for every R. The best fit of Tfit and R is 

obtained through a minimum x^i 

^ ^ f ^C(t) - [C(0)/(1 - Ry"]{l - fle-'/-/")'/Y, (4.2) 
(=0 <^c 
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where tL is the time of the last data point of a transient, ac ( ^ ±2 pF) is the 

experimental uncertainty. 

The results of numerically fitting the experimental data while allowing the 

doping and defect densities as well as the emission time constant to vary with 

temperature are shown in Figures 4.5 and 4.6. Figure 4.5 shows r/,t, the 

numerically determined emission time constant, increases rapidly with decreasing 

tenaperature. Figure 4.6 shows the Arrhenius plot of equation (3.22) using Tfn. 

The slope of the curve found is a measure of the defect activation energy level. At 

low temperature (large 1000/T) this curve bends downwards as if there may be 

another energy level besides that of EL2. The energy level is calculated in three 

temperature ranges. These energy levels are listed in Table 4.1. 

The discrepancy between the results at high and medium temperatures is 

believed to be caused by the instrumental Hmitation to be discussed in section 

4.2.2, the inabifity of the 1 MHz capacitance meter to discern very rapid decays. 

The discrepancy between the results at low and medium temperatures, however, is 

caused by the nature of the experimental data at low temperature and is 

explained below. 

We can compare the fit capacitance at infinite time, 

Cfit(oo) = C(0)/(1 — R)^^^ (replacing (7(0) with the first data point of a transient 

and using the ratio R, which gives a minimum x^)^ with the actual capacitance at 

infinite time (or the steady state capacitance, Cga)- The latter varies with 
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decreases. The dashed line using TCT {AECT) shows the consistency of its slope as 
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t empera tu re only and is experimentally measured within the same temperatures 

and with the same reverse bias voltage but no filling pulse applied. Since both 

C'/,t(oo) and Tfit are determined by R, a correctly obtained Tfit at some 

t empera tu re should be accompanied by a C/,f(oo) which is very similar to the 

measured capacitance at long t ime, Cgg. Figure 4.7 shows the numerical fit value 

of the capacitance at infinite t ime, C/,f(oo), the measured steady state 

capacitance, Cgg, and the last point of the experimental transient, Cexp{L). 

These three quantit ies, C/,f(oo), Cgg, and Cexp{L), should ideally be identical 

at all t empera tures , however as the temperature drops it takes longer and longer 

for the transient capacitance to decay to the steady state value. This increase in 

the t ime constant is inherent in the physics of this process: as the temperature 

decreases, the emission rate from the defect decreases sharply. At higher 

t empera tu re , T > 360iir, the emission rate is large; the capacitance reaches its 

steady s ta te value quickly; the last measured capacitance value, Cexp{L), is 

therefore very close to the actual capacitance at infinite t ime, Cgg. As a result, the 

fit capacitance at infinite t ime, C/,f(oo), matches the steady state capacitance, 

Cgg, very well. At lower tempera ture , T < 360K, the emission rate is smaller; the 

capacitance reaches its steady s tate value more slowly; Cexp{L) hence becomes 

smaller t han Cgg. Though improved in comparison with Cexp(L), Cfit(oo) stiU 

appears smaller than Cgg. The relation between C/,f(oo) and Cgg indicates tha t 

the emission t ime constant, Tfit, and so the energy obtained at temperatures above 
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Figure 4.7: C/i,(oo), C,„ C^spW, and Ccr(oo) (introduced in section 4.2.2) as a 
function of temperature. When T > 360K aJl four curves are degenerate. When 
T < 360K CexpiL) is much smaller than the actual capacitance at infinite time, C „ ; 
C,7,(oo) is closer to, but still smaller than, C „ ; only CCT(OO) matches C,. perfectly 
and therefore is represented by the same curve as that of C„. 
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360iir is good, while tha t obtained at temperatures below 3601^ is not valid. That 

explains the non-linear behavior of the Arrhenius plot at low tempera ture in 

Figure 4.6 

The result of this simple numerical fit to the digital capacitance transients 

shows tha t a consistent fit to the experimental values can be achieved at high 

t empera tu re , while extension to lower temperature would require a longer 

transient be recorded. Recording a longer transient would simply shift the region 

of consistent fit to lower temperatures , and would either require many more points 

on the transient or necessitate increasing the t ime between successive capacitance 

values on the transient . Another fitting method working in a wider temperature 

range has been developed and is explained next. 

4.2.2 Capacitance-Temperature Fit 

Since the previously described simple fit failed to achieve consistency when the 

last capacitance value differed from the steady state capacitance, we can a t tempt 

the following modification: vary R until the fit capacitance at infinite t ime 

matches the actual capacitance at infinite t ime, i.e., | C (0 ) / (1 — Ry'^ — Cgg \ is 

minimized, then the ratio, i?, from the minim.ization, is put in equation (4.1) to 

find the t ime constant r . Because the capacitance transients and Cgg are measured 

separately and their temperatures are not exactly the same, C(0 ) / (1 — R)^'^ is 

compared with a chosen Cgg whose tempera ture is the closest (within ±0.2K) to 
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that particular C(0)/(1 - Rfl'^ value's temperature. We hence name this modified 

fitting procedure as Capacitance-Temperature (C-T) fit. The best fit of 

^ ( 0 ) / ( l — RY'"^ to Cgg is defined as CCT{OO), and the time constant determined is 

defined as TCT- CCT(^ is plotted in Figure 4.7 and, of course, is degenerate 

with Cgg. 

The time constant extracted using the steady state capacitance in the C-T fit, 

TCT, is plotted in Figure 4.5. At lower temperatures TCT is markedly different from 

the time constant from the simple fit, r/,f. In Figure 4.6 the Arrhenius plot using 

TCT is essentially a straight line, indicating a single value for the energy level 

independent of the temperature of the measurement. The energy level is 

calculated in the three temperature ranges used previously and compared with 

values obtained from the simple fit in Table 4.1. The closeness of the energy values 

at low and medium temperatures indicates that the C-T fit does work in a wider 

temperature range. Also, at medium temperature AECT = 0.754 ± 0.004 e F is 

close to AEfit = 0.746 ± 0.003 eV, confirming the simple fit works too, but within 

a narrower temperature range. The discrepancy between the energies obtained in 

the different temperature ranges is discussed later. 

Now the actual capacitance at infinite time is found at all temperatures, the 

density of ionized centers (ND + NT) as a function of temperature can be 

determined from equation (3.18), with C(oo) replaced by CCT('^>O), the diode area 

A measured, and Vbi determined from the C-V measurement. The sum. 
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(ND + NT), combined with the ratio, R, gives the defect and donor densities, NT 

and ND. These values are shown in Figure 4.8, illustrating that the EL2 defect 

density is indeed very close to the silicon doping density, with 

NT = 2.12 ~ 4.01 x 10^^ cm,-^ and ND = 4.02 - 8.99 x 10^^ cm-\ or 

NT/ND = 40 ~ 95%. In addition, (ND + NT)CV from the C-V measurement is also 

shown to match the densities from the C-T fit fairly well. 

Figure 4.8 also shows the ionized silicon doping density, ND, increasing with 

temperature as expected. We expect the ionized defect density, NT, would behave 

similarly, or stay fairly constant at high temperature where all the defects are 

ionized. However, though initially NT does increase with temperature, it decreases 

slightly at the high temperature end. We believe the most probable cause for this 

apparent decline is the instrument limitation discussed below. 

In Figure 4.8 the EL2 density, NT, is determined from the charge density, 

(ND + NT), which is found using the fit parameters in equation (3.18), and the 

ratio, iE, a fit parameter. The chief error in calculating the charge density using 

equation (3.18) is the long time capacitance C(oo) which we are assuming is equal 

to the measured steady state capacitance, Cgg. The error in the ratio, i2, however 

is larger. The ratio, R, is determined when | C(0)/(1 — R)^^^ — Cgg | is minimized, 

where C(0) is the first point in the capacitance decay and Cgg is the steady state 

capacitance, both measured quantities. The capacitance starts at a small initial 

value and exponentially increases to a larger value, eventually the steady state 
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Figure 4.8: The sum of ionized doping density and defect density as a function 
of temperature. ND + ^ r , ND, and NT are from the C-T fit. (ND + NT)CV are 
from the C-V measurement. The defect density, NT, would increase or stay fairly 
constant at the high temperature end if the capacitance meter had a shorter full 
accuracy response time. 
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capacitance at infinite time. The extracted value for the ratio, R, wiU change 

drastically as the initial capacitance value changes. If C(0) is made smaller, R 

becomes larger and the trap density, NT, would no longer decrease at high 

temperature. At the temperature where NT begins to decrease, the time constant, 

TCT, has dropped below 20 ms which implies that the 0.5 ms digitizing period is 

too long to find a reasonable initial capacitance value. As the temperature 

increases the digitizing rate suitable at low temperature is too slow. This is 

verified experimentally by increasing the digitizing period (i.e., measuring C(0) at 

a later time) which results in the same decreases in NT but at even lower 

temperature. Measuring C(0) at a faster rate by decreasing the digitizing period is 

not possible as the 1 MHz capacitance meter has a response time of > 0.1 ms 

[53, 55]. This instrumental limitation then also accounts for the low values of the 

defect energy level found at high temperature, in Table 4.1, for both the simple fit 

and the C-T fit. Figure 4.9 shows the comparison between the experimentally 

acquired transients and the C-T fit to the transients as a single exponential. At 

higher temperature the transient rises sharply while at lower temperature it rises 

relatively slowly, explaining why the actual C(0) at higher temperature can be 

easily missed. At lower temperature the end of a transient is stiU rising while at 

higher temperature the transient is flat for long times, explaining why at lower 

temperature Cexp(L) is much smaller than Cgg. 
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Figure 4.9: The experimentally acquired capacitance transients, Cexp(t), and the 
fitted capacitance transients, Ccr(0» ^* selected temperatures. There are 800 data 
points in one transient and 0.5 ms between two consecutive data points. 
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4.2.3 Comparison with Standard Rate Window DLTS 

Finally, we compare our results with those obtained from the standard rate 

window DLTS analysis. An Arrhenius plot using Tpeak (^2/^1 ?̂  3 ~ 4) and the 

peak temperatures from the DLTS spectra peak positions is shown in Figure 4.10, 

similar to Figure 4.6 but within a smaller range. The open circles are the values 

for the standard DLTS analysis technique. The soHd fine is the result of the 

simple numerical fit. The dashed line is the result of the C-T fit. Extracted energy 

levels are shown in Table 4.1. To fit at 300iir < T < 395iir gives 

AECT = 0.756 ± 0.001 eV and CTCT = (2.26 ± 0.06) x lO'^^ cm\ In the same 

temperature range, the standard rate window DLTS gives AEdits = 0.817 ± 0.006 

eV and adUg = (1.57 ± 0.35) x 10"^^ cm^. The standard DLTS values agree with 

the published results [9, 10, 56] from other rate window DLTS measurements and 

agree with the results from fitting the capacitance transient to a simple 

exponential, C(t) oc 1 — e~^"*, which is stiU based on the same approximations 

that give standard DLTS [57]. The C-T fit results agree with the thermally 

stimulated current and DLTS results of Siegel et al., where the high defect density 

was considered [58]. The C-T fit results also agree with the measured values from 

space-charge-limited current [59] and near-infrared photoabsorption [60]. 

The numerical fitting method presented here is an improvement over the 

standard rate window DLTS particularly when the defect density is comparable to 

the doping density. Other numerical fitting DLTS methods do exist 
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Figure 4.10: Arrhenius plot using Tpeak (AEdits), in comparison with that using 
Tfit and TCT- The rate window DLTS data's behavior indicates large errors in 
determining the EL2 activation energy and capture cross section, and gives different 
values in the two temperature ranges shown in Table 4.1. 
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[51, 61, 62, 63], but very few have considered the high defect density aspect. The 

apparent EL2 thermal activation energy obtained from the C-T fit, AE ^ 0.76 

eV, is smaller than what is commonly reported, AE ^ 0.82 eV. This discrepancy 

is real, and the fit results presented here more accurately reflect the defect energy 

level. Depending on the defect, a different model of the capacitance transient is 

needed if one wants to apply these fitting methods to other materials. Both the 

simple fitting and C-T fitting methods have advantages and disadvantages. The 

C-T fit works in a wider temperature range than the simple fit does, and measures 

the defect and doping densities more conveniently. On the other hand, in addition 

to measuring capacitance transients, the simple fit does not require to acquire the 

actual long time capacitance, Cgg, while the C-T fit does. To take the 

measurement twice, once for capacitance transient and once for steady state 

capacitance, could bring extra difficulties into the experiment when, for example, 

the sample needs to endure high uniaxial stress for a long time (see Chapter VI). 



CHAPTER V 

DEFECT CENTER SYMMETRY DETERMINATION 

BY APPLICATION OF UNIAXIAL STRESS 

One important property characterizing a semiconductor defect center's 

structure is its symmetry. A large number of defect centers in cubic crystals 

possess an inherent point symmetry corresponding to noncubic symmetry groups, 

i.e., they are the anisotropic centers. The anisotropy is due to, in the defect 

centers, the existence of several groups with differing orientations. It could be 

caused by the anisotropy of a center itself, e.g., an impurity ion associated with 

one or more other defects, or by the anisotropy associated with its position, e.g., 

an impurity ion at a point with noncubic local symmetry. 

Anisotropic centers of different symmetry are categorized by Kaplyanskii [64]. 

In cubic crystals (we restrict ourselves to cubic crystals of O/, and Tj classes, 

which are the most common among the semiconducting materials), there are only 

seven types of noncubic centers, as shown in Figure 5.1 : 

(1) Tetragonal centers are characterized by one rotational symmetry axis of the 

fourth order, C4, which coincides with the [100] direction. 

(2) Trigonal centers have one rotational axis of the third order, C3, which 

coincides with the [111] direction. 

49 
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B 

Figure 5.1: Noncubic centers in a cubic crystal from A. A. Kaplyanskii [66]. A) 
Defect symmetry types, B) Piezospectroscopic tensors for centers. Triclinic is not 
shown. The defect symmetry is determined by its principle symmetry axes and may 
not have the same shape as above. 
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(3) Orthorhombic I centers have a symmetry axis of the second order, C2, 

which coincides with the [110] direction, and two other perpendicular axes, Cj in 

the [110] direction and C2 in the [001] direction. 

(4) Orthorhombic II centers also have a C2 axis, which coincides with the [100] 

direction, and C2 in the [010] direction and C2 in the [100] direction. 

(5) Monoclinic II centers have a C2 axis which coincides with the [100] 

direction. 

(6) Monoclinic I centers have a C2 axis which coincides with the [110] direction. 

(7) Triclinic centers ( not shown in the figure) have neither symmetry axes nor 

symmetry planes. 

The most important feature of noncubic centers is that the centers occupy in 

the cubic lattice several energetically equivalent positions with different 

orientations. Noncubic centers have a number of differently oriented groups with 

statistically the same population. The number of such orientation is as foUows. 

There are three equivalent orientations for tetragonal centers, four for trigonal 

centers, six for orthorhombic I or II centers, twelve for monoclinic I or II centers, 

and twenty-four for triclinic centers. Under normal conditions all possible 

positions are populated with equal probability. The micro-anisotropy of the 

centers is averaged out and concealed in the macroscopic properties of cubic 

crystals. For centers with cubic symmetry and without the orientational 

degeneracy described above, there may exist electronic degeneracy if the upper or 
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lower electronic states of a center are degenerate (see Ref. [65]). There are cases 

where bo th types of degeneracy are present, i.e., in tetragonal and trigonal centers 

there also exist doubly degenerate electronic states (see Ref. [67]). 

To remove the degeneracy and to reveal the anisotropy of noncubic centers, 

one should subject the crystal to some anisotropic external influences which would 

selectively affect individual groups. Since the centers have orientational and /or 

electronic degeneracy, the effect of a directional perturbat ion, and hence the 

response from the groups with different orientations to this perturbat ion wiU be 

different. Studying the responses from the centers to a differently oriented 

per turbat ion, one gains information about the symmetry of the centers. To apply 

the external per turbat ion, one normally applies: (1) uniaxial stress, (2) polarized 

Hght, (3) external electric field, and (4) external magnetic field. AU the existing 

methods of studying the defect centers symmetry in cubic crystals are based on 

the use of above actions or their combinations. The uniaxial stress technique is 

most often adopted. Because the energy level of the centers depends essentially on 

their interactions with the lattice, the directional elastic deformation in the lattice 

by uniaxial stress causes the energy level shifts. Since in the centers there are 

several groups disposed differently with respect to the directional stress, the shifts 

wiU generally be different for the groups. This then leads to , aside from shifts, 

splitting of the energy level of the centers, and removal of the orientational 

degeneracy of the centers. 
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Kaplyanskii [64, 65, 66] and Runciman [67] have systematicaUy shown their 

theoretical investigations on the effect of applying uniaxial stress with polarized 

light on various defect centers. To remove the orientational degeneracy, uniaxial 

stress alone is usually suflScient, although with polarized light the optical 

properties of a defect center can also be determined and one is given an excess 

number of experimental parameters for the symmetry determination. To remove 

the electronic degeneracy, uniaxial stress has to be applied together with polarized 

optical excitation of different directions to reveal the splitting of electronic 

transit ions. Table 5.1 lists seventeen types of defect centers with orientational 

and /o r electronic degeneracy, and shows the number of splitting components 

under uniaxial stresses (with polarized optical excitation for removing electronic 

degeneracy) along the [100], [111], and [110] directions. 

We chose deep level transient spectroscopy with uniaxial stress to study the 

symmetry of the EL2 defect center. DLTS is an electrical characterization 

technique in studying the thermal emission properties and activation energy of a 

defect center. Together with uniaxial stress which removes the orientational 

degeneracy of a defect center as a means of identifying its symmetry, it can also 

provide microscopic information about the structure of a defect center. It does not 

provide any optical information or reveal any possible electronic degeneracy of a 

defect center, since uniaxial stress is the only external perturbat ion applied. The 

practical possibility of appl3ring this technique depends on obtaining sufficient 
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Table 5.1: Seventeen types of defect centers with orientational and/or electronic 
degeneracy, and the number of splitting components under uniaxial stresses (with 
polarized optical excitation for removing electronic degeneracy) along the [100], 
[111], and [110] directions. 

Type of centre 

Orientational degeneracy 
1. Tetragonal [100] 
2. Trigonal [111] 
3. Orthorhombic I [110] 
4. Orthorhombic II [100]C2 
5. Monoclinic I [hhl] 
6. Monoclinic II [hkO] 
7. Triclinic [hkl] 

Electronic degeneracy 
8. Ax -^ Tx, Aa -^ T2 (Ax -^Tz, 
9. E ^ T i , E - ^ T z 

10. Tx - * T 2 
11. Tx - > T i , T2 - > T 2 
12. Te -* Ts, r , -> Te 
13. Te -^ Te 

A a - T x 

Electronic + orientational degeneracy 
14. Tetragonal [100], A ^ E 
15. Trigonal [111], A ^ E 
16. Tetragonal [100], E ^ E 
17. Trigonal [111], E ^ E 

[100] 

2 
1 
2 
3 
2 
3 
3 

inT„) 2 
3 
3 
3 
2 
4 

3 
2 
3 
4 

Stress direction 

[111] 

1 
2 
2 
1 
3 
2 
4 

2 
2 
4 
3 
2 
4 

2 
3 
2 
5 

[110] 

2 
2 
3 
3 
4 
4 
6 

3 
5 
6 
6 
2 
4 

4 
4 
4 
8 
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resolution of the splitting energy levels, having structures sensitive to small 

deformation of the crystal lattice, and having the mechanical properties which 

allow the application of sufficient stress on the sample. This wiU be known only 

through experimental means. 

5.1 Removal of Orientational Degeneracy by Uniaxial Stress 

As an illustration of how the orientational degeneracy of a defect center can be 

broken, we use a defect center with the trigonal symmetry, C3, as an example to 

show the number of splitting components, the ratio between the spHtting 

components populations, and the magnitude of spHtting produced by the 

application of uniaxial stress. (The results of the other defect symmetry types are 

described in detail in [64, 68].) 

Assuming the energy level displacements are linear function of the applied 

stress, the energy level shift of a center under stress can be expressed as. 

A = 

A A A 
•^^xx -^^xy •'^xz 

A A A 
-tXyx -f^yy -"-yz 

A A A 
^*-zx ^^zy ^^zz 

X 

o^xx xy ^xz 

O'yx ^yy ^yz 

^zx ^zy ^zz 

(5.1) 

where A is the energy level shift (meV), A is piezospectroscopic tensor 

(m,eVlGPa) linking the energy shift with the applied stress tensor a (GPa). The 

subscript xx s tands for stress apphed in the x direction on a surface oriented in 

the X direction (normal stress), and xy stands for stress applied in the x direction 
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on a surface oriented in the y direction (shear stress). Component with subscript 

xy equals to component with subscript j/aj, and so on. 

Referring to Figure 5.1, since a defect center with the trigonal symmetry, C3, 

has a three fold symmetry axis along one of the [111] directions, there exists only 

two independent piezospectroscopic tensor components, A\ = A^x = Ayy = A yy — •'^zz 

and A2 = Axy = Ayz = Azx. (The piezospectroscopic tensor components for the 

other symmetry centers are also shown in Figure 5.1.) Because it has only four 

equivalent orientations, i.e., [ I l l ] , [111], [111] and [111], we have 

Al -A2 -A-i 

-A2 Al A2 A[iii] = 

>l[lTl] = 

Al 

A2 

A2 

Al 

-A2 

A2 

A2 

Al 

A2 

-A2 

Al 

-A2 

A2 

A2 

Al 

^[111] = 

A2 

-A2 

Al 

>l[iii] = 

-A2 A2 Al 

(5.2) 

Al A2 -A-2 

A2 Al -A", 

-A2 -A2 Al 

From equation (5.1), we then have four different energy level shifts along these 

four orientations. 

A[iii] = >li<T^x + Aiayy + Aia^z + 2A2cr^y + 2A2(Tyz + 2^20-, 

Ariiil = MfTxx + Ai<Tyy + AiCTzz - 2A2<Txy + 2A2(Tyz - 2A2(T ' zx 

(5.3) 
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^[111] = Aiaxx + Aiayy -f Aiazz - 2A2axy - 2A2<ryz + 2A2<TZX 

^[111] = AI<TJ:X - f AiO-yy + Ai(Tzz + 2>l20-a;y - 2>l20-y^ - 2A2<Tzx' 

We then consider the effect of applying uniaxial stress on the three principal 

axes, [100], [110], and [111], respectively. 

(1) When under no stress, o- = 0, 

A[iii] = A[in] = A[iii] = A[iii] = 0. (5.4) 

We see no energy shift at all. All four orientations are equally probable under this 

normal condition. 

(2) When the crystal is stressed in the [100] direction, with the magnitude P , 

O'xx ^ -* ? ^yy ^^ ^zz — ^xy — ^yz — ^zx — ", 

A[iii] = A[iii] = A[iii] = A[iii] = PAi. (5.5) 

Under [100] uniaxial stress we only see the energy level of the center shifted, but 

no energy level splitting, since all four orientations give the same energy shift. In 

other words, the number of splitting components is 1, the ratio between the 

splitting components populations is 4 : 0, and the magnitude of splitting is Ai : 0. 

(3) When stressed in the [110] direction, <TXX = <^yy = ^xy = ^ / 2 , 

O'zz = ^yz = ^zx = 0 , 

A[in] = Afiii] = P(Ai -h A2), 
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(5.6) 

A[in] = A[iii] = P(Ai - A2). 

Under [110] uniaxial stress we see an energy level spHtting. The number of 

spHtting components is 2, the ratio between the spHtting components populations 

is 2 : 2, and the magnitude of spHtting is Ai -j- A2 : Ai — A2. 

(4) When the crystal is stressed in the [111] direction, 

O-xx = O-yy = (^zz = O'xy = O'yz = (^zx = P/^, 

A[ni] = P(Ai -f 2A2), 

(5.7) 

A[iii] = A[in] = Afiiij = P(Ai - 2/3A2). 

Under [111] uniaxial stress we also see an energy level spHtting. The number of 

spHtting components is 2, the ratio between the spHtting components populations 

is 1 : 3, and the magni tude of spHtting is Ai + 2^2 : Ai — 2/3A2. 

Similar results can be obtained for the other six defect symmetry groups. 

Shown in Table 5.2, Kaplyanskii [64] has systematically included all seven possible 

defect symmetry groups. The ratio between the spHtting components populations 

is shown to the left in each column, and the magnitude of spHtting is shown to the 

right in each column. 



Table 5.2: Piezospectroscopic spHtting table excerpted from Refs. [64, 69]. 
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symmetry 

t e t r a g o n a l 

P II <100> 

1 Al 

2 Ar 

P|l <111> 

3 V3(A3_+2A2) 

| |<110> 

2 V^Ai+A2) 

1 Ao 

t r i g o n a l A A, 1 Aj_+2A2 

3 A , - 2 / o A 3"2 

2 A1+A2 

2 Aj^-A2 

rhombic I 4 A2 

2 Al 

3 ^/3(A^+2A2+2A3) 

3 ^/3(Aj^+2A2-2A3) 

1 A2+A3 

A V:^A^+A2) 

1 k2~^-i 

rhombic I I 2 Aj 

2 Aj 

2 A-, 

6 ^/3(Aj^+A2+A3) 2 V^Ai+A2) 

2 V:^Ai-hA3) 

2 Vi:A2+A3) 

m o n o c l i n i c I 8 A2 

A A. 

m o n o c l i n i c I I A A^ 

A A2 

A Ao 

t r i c l i n i c 8 Al 

8 Â  

8 A, 

6 ^/3(Ai+2A2+2A3) 

3 V3(Aj^+2A2-2A3-AA^) 

3 V3(Ai+2A2-2A3+4A^) 

2 A2+A3 

6 V3(Aj^+A2+A3+2A^) 

6 V3(Aj^+A2+A3-2A^) 

6 ^/3(Aj^+A2+A3+2A^ 

-l-2A3+2Ag) 

6 ^/3(A^+A2+A3-2A^ 

+2A3-2Ag) 

6 ^/3(A3^+A2+A3-2A^ 

-2A3+2Ag) 

6 V3(A^+A2+A3+2A^ 

-2A3-2A^) 

4 V^Ai+A2-2.\^) 

4 V:^Aj_+A2+2A^) 

tu A ' j ' ~ t k n 

A V^Ai+A2) 

A V^Ai+A3) 

2 V^A2+A3+2A^) 

2 V^A2+A3-2A^) 

4 V^A^+A2+2A^) 

4 V^A3_+A2-2A^) 

4 ^iK^+k^+lk^) 

4 V^Aj^+A3-2A^) 

4 V^Aj^+A3+2A5) 

4 l/<Aj^+A3-2Ag) 
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5.2 Uniaxial Stress Apparatus 

This device is designed to apply a force of up to several thousand Newtons to a 

sample with cross-sectional area of approximately 3 m,m,^ so as to achieve 

gigaPascal-scale pressure on a sample. Such a high pressure is necessary [70] to 

make the defect energy level shift or spHtting large enough to be detected by 

DLTS. The main Hmitation of applying high pressure is due to the sample's (e.g., 

GaAs crystal) very Hmited structural strength. Placing a semiconductor crystal 

sample under high pressure without damaging it imposes the principle difficulty in 

this experiment . The force appHed to a sample must be weU defined, particularly 

in direction, since any sHght deviation from the desired direction wiU crush the 

small sample. Shear stresses in particular must be avoided. The shape of a sample 

needs to be weU prepared, i.e., in our case the sample is a parallelepiped. Also, the 

device itself has to be very stable mechanically under large forces. The finished 

uniaxial stress appara tus is displayed in Figures 5.2 and 5.3. Figure 5.2 is an 

overview, showing the entire device. Figure 5.3 gives a more detailed drawing of 

the actual sample holder. The foUowing discussion deals with the drawings. 

T h e large force and mechanical stabiHty of the device are realized by soHdly 

fixing a compound lever, which has a mechanical advantage of 48, to the base 

pla te . The compound lever (1) consists of two arms. The upper arm, 1 inch x 1 

inch, is connected to the lower arm, 2 inch x 2 inch, through a pair of joint rod 

ends. Both the upper and lower arms are also supported through another joint rod 
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10 

11 

Figure 5.3: Closeup view of the near-sample environment: (3) steel rod, (4) sample, 
(5) sleeve bearing, (6) steel ball press-fit into the steel rod, (9) springs to retain the 
steel rod, (10) iron sample platform, (11) thinwall staiidess steel tube, (12) heater 
cartridge, (13) sapphire disk, and (14) cardboard shock absorbers. 
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end by a post , which is fixed on the base plate. The posts have a 1 inch diameter 

for support ing the upper arm and a 2 inch diameter for supporting the lower arm. 

To reduce the weight of the device itself, the upper arm with its mechanical 

advantage of 12 is made of aluminum since it experiences relatively smaller forces 

compared with tha t experienced by the lower arm which is made of iron to 

wi ths tand the greater forces. The lower arm is much more substantial than the 

upper a rm and has a mechanical advantage of 4. Obviously, since these two arms 

have non-negHgible weight themselves, the compound lever therefore tends to 

exert some force on the sample even when there is no externally appHed force. To 

prevent this undefined force from being appHed to the sample, a counterweight (2) 

is hung on the end of the lower arm to keep both arms in balance and the sample 

under no force when no external force is appHed. 

The direction of the appHed force and the shape of the sample are the two 

m.ost impor tan t factors concerning the success of this experiment. In order for the 

sample crystal to s tand high pressure, the direction of the force tha t the sample 

experiences has to be as parallel as possible to the long axis of the weU-prepared 

parallelepiped sample. Two techniques have been used to ensure a weU defined 

force direction. First , we let a steel rod (3), which is going to exert the force 

directly on the sample (4), go through a sleeve bearing (5) which is mounted 

vertically in the center of a soHd aluminum bridge fixed to the base plate. Since 

this soHdly fixed sleeve bearing is vertical and has the same diameter as the steel 
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rod, it wiU constrain the steel rod to move only vertically, as we know that any 

appreciable shearing force created by horizontal movement is disastrous to the 

sample. Second, on the upper end of the steel rod, shown in Figure 5.3, a steel 

ball (6) is very tightly pressed into a socket, with about half of the ball remaining 

outside the socket in the rod. This ball therefore always has a tangential contact 

with the flat smooth surface of the end of an adjustable bolt (7), which is screwed 

through the end of the lower arm. As shown in Figure 5.2, when a force is appHed 

to the upper arm through a long thin stainless steel rod (8), one end of the lower 

a rm connected with the upper arm is deflected upwards while the other end of the 

lower arm with the adjustable bolt tends to go down and the bolt wiU apparently 

m.ove bo th vertically and horizontally. The tangential contact together with the 

sleeve bearing can effectively prevent the steel rod (3) from moving horizontally. 

Finally, to keep tha t steel rod from freely falHng through the sleeve bearing, a pair 

of small springs (9) are at tached to an Q, shaped handle soldered on the steel rod 

and to two small screws in the adjustable bolt. By making the bolt adjustable, 

i.e., t ightening or loosening the bolt, the position of the steel rod can be 

conveniently adjusted according to the height of the sample. 

T h e use of a sleeve bearing (5) to constrain the rod pressing on the sample is 

weU worth mention. This bearing consists of rows of very small ball bearings in 

curved t racks. The bearings and their tracks are arranged around a cyHndrical 

cavity where the press rod fits. The bearing forces the rod to only move along its 
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length, it is very stiff against lateral motion. The resistance to lateral motion by 

the rod is essential to this experiment. Horizontal motion of the press rod will 

result in a shearing force on the very brittle semiconductor sample. Any shearing 

force wiU reduce the sample from a carefuUy prepared, oriented piece of 

semiconductor to a plastically deformed, or crushed, pile of shards. 

The sample is cut to the size of 1.5 m,m, x 2.2 m,m, x 3.5 m,m, with the long axis 

being parallel to the direction of the appHed uniaxial stress. The two surfaces on 

which the forces are appHed are exactly parallel with each other and each of the 

other four surfaces is exactly rectangular. The sample is poHshed and etched first 

(see Section 4.1), then, to make the diode required for the DLTS measurement, 

99.995% pure gold dots are evaporated onto the sample side where the forces are 

not appHed. Ohmic contact is made on the other side by evaporating tin dots. 

Electrical contact from the capacitance meter to the Schottky diode and ohmic 

contact is achieved by attaching 1 mil diameter gold wire to the diodes and the tin 

dot with conductive epoxy, the contact requires epoxy rather than silver paint 

because the thernaal and physical stresses on the gold dot can be appreciable. The 

1 mil gold wires are approximately 1 cm long at which point they are epoxied to a 

thin copper wire which is then soldered to micro-coax cable. The 1 mil gold 

wire/thin copper wire leads are fabricated, then they are shaped by hand so that 

the gold wire comes down in a point onto the gold Schottky diode and the tin 

ohmic contact. The gold wire tip is dipped in epoxy and positioned appropriately 
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on the diode and tin dot, then this whole assembly is placed in a 200''C oven for 

30 minutes to cure the epoxy. The resultant contacts and leads are very secure. 

The electrical signals to and from the sample are shielded by the coax cable after 

approximately 2 cm from the sample. 

The sample sits on an iron platform (10) which in turn is supported by a 

thinwall stainless-steel tube (11) standing on the base plate. Since the DLTS 

experiment is conducted at variable temperatures, and in our case the 

temperature wiU vary from room temperature up to about 450 K, s.25 W 

heater (12), Avith its length being the same as the diameter of the iron platform, is 

inserted into the middle of the platform. The temperature range of interest in this 

study is 300 — 450 K, the temperature range in which the EL2 emission rate can 

be matched with our electronics. This apparatus then cannot be used to examine 

levels more shallow than approximately half of the bandgap. A siHcon 

temperature sensor is attached by varnish on the side of the platform close to the 

sample for measuring the sample temperatures (the error between the real sample 

tem.perature and the sensor temperature is found to be less than 1 K, which may 

influence the numerical value of the energy level sHghtly, but the exact numerical 

value is not crucial for this experiment as it is the energy level shift and/or 

SpHtting that we are interested in). The reason for using iron to make the 

platform where the sample sits is that iron is a good thermal conductor and 

therefore the temperature variance between the sample and the platform can be 
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kept to a minimum. The motivation behind using a thinwall stainless-steel tube to 

make the support is tha t stainless-steel is hard and a poor thermal conductor and 

a t ube has a small contact area with both the platform and the base plate, so the 

tenaperature variance between the platform and the tube , as weU as between the 

tube and the base plate, can be kept to a maximum. In other words, the 

stainless-steel t ube effectively acts as a thermal insulator between the heater and 

the rest of the device while at the same time it is strong enough to support the 

platform when under high pressures. By the same token, a sapphire disk (13) is 

pressed into the end of the steel rod (3), since it is a good thermal insulator and 

its hardness can s tand very high pressure. To keep the surface of the sapphire disk 

parallel to the sample surface on which the force is appHed, an indentation is made 

at the end of the steel rod and the sapphire disk is pushed into it with a thin layer 

of indiuna inserted in between so tha t when the force is appHed the indium layer 

wiU flow and deform to force the disk to move its surface to be parallel to the 

sample surface. The indium foil can also serve as a shock absorber since if, 

without any absorbers, the initial force is not appHed carefuUy the sample crystal 

could shear catastrophicaUy. A thin sheet of mica, electrically nonconductive and 

thermally conductive, is placed on the surface of the platform to prevent the 

electrical leads of the sample from touching the platform and resulting in 

grounding of the electrical signals. 
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Indium foil shock absorbers placed above and below the sample were used 

initially. It was found tha t in the tempera ture range of interest indium foil became 

far too soft, giving essentially no support to the sample. Lead foU was used as a 

subst i tu te for indium. The sample has a thin sheet of lead placed just beneath the 

sample. The job of shock absorber was taken up by an unexpected material. We 

placed very thin sheets of cardboard above and below the sample. These 

cardboard sheets served very weU to take up the imperfections in the sample 

surface as the anvil pressed in. It is quite Hkely that there are more suitable 

candidates for shock absorbing material, but none bet ter than cardboard were 

found thus far. 

The whole device is placed inside a vacuum chamber with a removable top 

cover. The main purpose of using the vacuum chamber is to reduce the heat 

dissipation to surrounding air so tha t it is easier to control the sample 

t empera tu re , which otherwise would require long times to be stable and in 

equiHbrium with the heater tempera ture . The second purpose is that the metal 

vacuum chamber can also electrically shield electromagnetic noise, as the 

experiment shows tha t with the vacuum chamber the electrical signals are much 

cleaner. 

There are three electrical connections from inside the dewar to the electrical 

measurement appara tus , all of which are through flanges on the bot tom of the 

vacuum chamber. The power supply to the heater inside the iron platform is 
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suppHed externally by a PID temperature controUer. The siHcon diode 

temperature sensor is also connected to the temperature controUer. The electrical 

leads from the Schottky diodes on the sample are connected to a 1 MHz 

capacitance meter, the output of which is sent to a digitizing multimeter. The 

temperature controUer sends the digitized sensor temperature value to a computer 

which, according to the desired programmed temperature change rate and through 

the temperature controUer, controls the power supply to the heater and controls 

the digital multimeter digitizing the incoming capacitance transients. The 

computer then stores the capacitance transients with the corresponding 

temperatures for later analysis. Another two connections to the outside are the 

vacuum pumpout valve and the weight hanger. The pumpout valve is installed 

outside the bottom of the chamber and is connected to a mechanical vacuum 

pump. The installation of the weight hanger is a Httle bit tricky. The long 

stainless-steel rod connecting the upper arm and the weight hanger, which is 

outside the vacuum chamber, should be able to move freely when a weight is 

added on the weight hanger. A feed-through (15), shown in Figure 5.2, with a 

small 0-ring inside is screwed onto the bottom of the chamber to let the long 

stainless-steel rod go through. The lower part of the feed-through can be screwed 

loose enough to let the stainless-steel rod move freely and yet tight enough to 

prevent significant air leakage through it. Although high vacuum may not be 

practical, the vacuum we have obtained is about 30 microns of mercury and is 
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sufficient for our experiment since the main purpose of having vacuum is to retain 

the heat on the sample. The weight hanger can be screwed onto or off of the 

stainless-steel rod by a pin vise, in case we need to replace the stainless-steel rod 

as it can be very easUy bent. The end of the stainless-steel rod is shaped such that 

the weight hanger can be screwed on tightly enough to stand up to 50 kg without 

breaking the connection between the pin vise and the stainless-steel rod. 



CHAPTER VI 

EL2 SYMMETRY DETERMINATION BY 

NUMERICAL FITTING OF CAPACITANCE 

TRANSIENTS UNDER UNIAXIAL STRESS 

We are now ready to determine the EL2 symmetry using numerical fitting of 

capacitance transients taken under uniaxial stress. The standard rate-window 

DLTS analysis is replaced by a more sophisticated analysis using fuU transient. 

Both our earHer experiments [71] and others [72] had difficulty accurately 

detecting the small stress induced shifts of the DLTS peak using standard method. 

The low resolution is mainly due to two factors: (1) defect density comparable to 

donor density, and (2) difficulty in applying high stress to relatively soft GaAs 

crystals. It was shown in CHAPTER IV that the rate-window analysis, based on 

the approximation that the defect density, NT, is much less than the donor doping 

density, ND, is substantially improved by numerically fitting the transients in the 

case of EL2. It was found for our sample (NT » 2 X 10^^ cm~^, ND ^ 4: x W^ 

cm~^) the EL2 thermal activation energy, A ^ ^ 756 (meV), as compared to 820 

(meV) [9, 10] from the standard method. Secondly, unHke siHcon where high 

enough uniaxial stress (e.g., > 0.5 GPa) is rather easily achieved producing an 

appreciable DLTS peak shift and spHtting for the A center [73], for GaAs, high 

stress is diflficult to achieve without damaging the sample. Shown in Figure 6.1 are 

DLTS spectra measured under uniaxial stress for the A center in siHcon from 
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Figure 6.1: DLTS spectra of the A center in siHcon under uniaxial stress, with (a) 
zero stress, (b) 0.48 GPa in [001], (c) 1.05 GPa in [111], and (d) 0.62 GPa in [110]. 
Excerpted from Ref. [73]. 
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Ref. [73]. Wi th the lowest stress 0.48 GPa and the highest stress achieved 1.05 

GPa, t he DLTS spectra peak spHttings under stresses in the three principal axes 

are apparent . However, in the current experiment, the highest stress obtained 

without damaging the GaAs sample is around 0.35 GPa (see results in section 6.2 

la ter) . Also, considering tha t EL2 may be a complex with Asi loosely bound to 

AsGa (see Chapter I I ) , any possible spHtting would be small, and perhaps not 

visible via the rate-window DLTS peak with low stress. Therefore, we chose the 

improved numerical fitting method with higher resolution to analyze the 

capacitance transients measured under uniaxial stress. We concentrate the 

discussion on analysis assuming Td and Ca^ models, while briefly discussing the C2 

or C2V al ternative. 

6.1 Experiments and Data Analysis 

6.1.1 GaAs Sample Orientation 

An X-ray diffractometer, using X-ray source from a copper target with the Cu 

Kac and Cu K^ wavelengths A/<:̂  = 1.541 A and XK^ = 1-392 A, is used to 

orientate the GaAs samples. Referring to Bragg's diffraction law, 2ds\Ji9 = n\, for 

GaAs crystal with various orientations [hkl], the corresponding Bragg diffraction 

angles, 6, and the lattice spacings, d, determined by the Cu X-ray diffraction, are 

already systematically tabulated (first order, n=: l ) . It is therefore quite 

straightforward from the X-ray diffraction spectrum of our GaAs sample to 

identify [100], [110], and [111] orientations, upon which uniaxial stress wiU be 
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appHed for defect center symmetry determination. GaAs sample is then cut to 

approximately 1.5 mm x 2.2 mm x 3.5 mm with the long axes parallel to [100], 

[110], and [111], respectively. The orientation error, mainly caused by sample 

cutting and poHshing processes, is estimated as ± 1 ~ 2 degrees. 

6.1.2 Capacitance Transient Data CoUection 

As described earHer in Section 5.2, a Schottky diode and an ohmic contact are 

made on the sample; the sample is then loaded in the apparatus and uniaxiaUy 

stressed in [100], [110], and [111] directions, respectively, under pressure ranging 

from zero up to 0.35 GPa. Negatively biased pulses (bias voltage: -4.5 V, pidse 

height: 4.3 V, pulse width: 0.1 s, pulse period: 1 s) are appHed to the diode. The 

digitized capacitance transients are recorded every 1.5 K from 340 K to 410 K 

under the appHed stress on the three principal axes. Instead of using the C-T 

fitting method, a more sophisticated least-squares fitting method (described later) 

has been chosen to numericaUy analyze the fuU transient for the foUowing two 

reasons. (1) As described earHer, in addition to acquire the capacitance transient, 

the C-T fitting method also requires to measure the steady state capacitance, and, 

therefore, requires to repeat the experiment at least once. That wiU put the 

relatively soft GaAs sample under high stress for at least twice as long, and, the 

experiment shows, more Hkely damage the sample. (2) If there is an energy level 

spHtting under uniaxial stress and more than one exponential component may be 
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needed in the fitting model similar to equation (3.17), it wiU be very difficult to 

separate these individual components (see later) by using the C-T fitting. To 

prevent the problems of the two previous numerical fitting methods from 

occurring, i.e., a consistent fit cannot be achieved at the low temperature end for 

the simple fit and at the high temperature end for both the simple fit and C-T fit 

(see earHer discussion), the whole temperature range is shortened to be in the 

medium range, 340iir <T < 410iir; and a longer fuU transient is recorded by 

increasing the data points per transient from 800 to 1000 and the digitizing period 

between two points from 0.5 m,s to 1 m,s. The size of the data file is kept within 

the computer capacity by increasing the temperature interval between two 

transients from 1 iif to 1.5 K. High quaUty diodes and clean transients are 

essential to successful numerical fitting. High signal-to-noise ratio is achieved by 

averaging over 50 separate transients while keeping the temperature variation 

within ±0.2 K. 

6.1.3 Capacitance Transient Models 

The model for fitting the transients was fuUy explained previously. Prior to the 

approximation resulting in the rate window analysis, the capacitance transient is 

C(t) = C(oo)[l - i^e-*/^^/^ (6.1) 

where R = NT/(ND + NT), NT (ND) is the EL2 defect (donor doping) density, 

and T is the electron emission time constant from the defect. Any visible 
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rate-window DLTS peak shift or spHtting can be measured with higher accuracy 

by fitting the fuU transient to this model. 

Because of the existence of both experimental and theoretical evidences 

supporting strongly either the isolated antisite model or the complex model, there 

are speculations that EL2 may be a complex with an As interstitial weakly bound 

to an As antisite; that Ca^ symmetry results from sHghtly disturbing Td symmetry 

of AsGa', and that some experiments may not detect the symmetry lowering due to 

small deviations from the isolated antisite behavior. If these are true, it is quite 

conceivable that any energy level spHtting could be too small to be measured by 

the standard DLTS method or even by fitting fuU transient to a single exponential 

model of equation (6.1). Attempting to resolve any possible hidden energy level 

changes, we thus also fit the fuU transient to a double exponential model, 

C(t) = C(oo)[l - Rie-"^' - R2e-"^YI\ (6.2) 

where Ri-\- R2 = R. Here Ri, TI, R2, and T2 appear because under stress the 

centers forni two groups with densities, NTI and NT2-) and emission time 

constants, TI and T2. Referring to equation (3.15), under stress, nT(t) = NTC'^'"" 

becomes nT(t) = NTIC'*/'^^ + NT2e~^^^. Then, NTe'^f"" in equation (3.17) which is 

the same as equation (6.1) of the single exponential model, is replaced by 

ATne"*/'̂ ^ + NT2e~^^'^, with NT = NTI + NT2. Therefore, equation (6.2) of the 

double exponential model results. 
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This model is also based on Kaplyansku's analysis. As Ulustrated in Section 

5.1, for an anisotropic center of Cs^ symmetry, the number of spHtting components 

under uiuaxial stress is 2; the orientational degeneracy is 4; and under [100], [UO], 

and [HI] stresses, the ratios between the densities of the spHtting components are, 

respectively, 4 : 0, 2 : 2, and 1 : 3, and the spHtting magnitudes are, respectively, 

Al :0,Ai + A2:Ai- A2, and Ai + 2A2 : Ai - (2/3)^2. Here Ai and A2 are 

piezospectroscopic tensor components (meV/GPa) Hnking the energy shift to the 

appHed stress, and are characteristic of each anisotropic center. The hydrostatic 

pressure coefficient of the defect energy is ZAi since hydrostatic pressure is 

equivalent to applying three [100] stresses simultaneously in cubic crystals, and A2 

is a measure of the anisotropy of the defect center. For C2 symmetry, the 

orientational degeneracy is 6; the number of spHtting components under uniaxial 

stress could be 3; and a third exponential component is therefore necessary in 

equation (6.2) for certain stress directions. In addition, there are three 

independent piezospectroscopic tensor components instead of two. (See Ref. [64] 

or Table 5.2.) 

6.1.4 Marquardt Fitting Method 

The non-Hnear least-squares Marquardt method [54, 74] is used to fit the 

experimental data. The Marquardt method, which has become the standard of 

nonHnear least-squares routines, is a compromise between Gauss-Newton method 
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and steepest descent method. It uses the derivatives of a function with respect to 

each parameter to be est imated to search for the direction in which the error sum 

of squares, x^, decreases most efficiently. It is very useful when the parameter 

est imates are correlated, as in our case explained next. A non-Hnear regression 

procedure from the SAS system, a software system for da ta analysis, is used for 

analysing current data . Together with the equations of the models themselves, the 

derivatives of the above two equations with respect to each parameter to be 

est imated are suppHed analyticaUy. The Marquardt fitting routine is chosen 

because it performs consistently bet ter and faster than the Gauss-Newton and 

steepest descent methods . 

Transients taken under various temperatures and stresses are fit to both 

equations (6.1) and (6.2). WhUe fitting to equation (6.2), assuming the defect 

center has C^v symmetry, we restricted the densities of two spHtting groups such 

tha t they can only be varied under the conditions satisfying R2 : Ri ^ 2 :2 under 

[100] stress, R2 : Ri ^2 :2 under [UO] stress, and R2 : Ri ^ 3 : 1 under [111] 

stress. Though the overaU t rend does not differ fundamentaUy without the 

restrictions, the fitting does not consistently converge for every transient and 

R2/R1 occasionally varies drastically. For [100] stress, if the center has C^v 

symmetry , we wiU obtain two identical groups with TI = T2 under the above 

condition, i.e., no spHtting should appear. We also a t t empted to fit the 

experimental da ta to a multiple exponential model for C2V or C2 symmetry with 
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inconsistent results. The fitted emission t ime constant (T,TI,T2) from each 

transient with its t empera ture can then be used to calculate the apparent defect 

thermal activation energy, AE, through the Arrhenius equation 

r - i = Kr,T^anexp(-AE/kT) as explained in C H A P T E R III. 

6.2 Results and Discussions 

Figure 6.2 shows the defect activation energy plotted versus the appHed 

uniaxial stress in the three principal directions as obtained by fitting the 

transients to equation (6.1). No energy spHtting is observable in this case. The 

pressure derivatives, dAE/dP, under the three stress directions are Hsted in 

Table 6.1, in comparison with the da ta from other experiments. Measurements 

using uniaxial stress with the s tandard rate-window DLTS [72] showed no spHtting 

of the DLTS peaks. Only minute peak shifts for the three orientations were 

detected. Similar peak shifts are also observed with low accuracy in our 

experiment when using the rate-window method to analyze the same data . 

Figure 6.3 shows the ra te window DLTS spectra from using the same data . 

Spectra under zero stress and 0.3 GPa stress under the three directions are shown, 

with the peak shifts just visible and no peak spHttings detected. As the figures 

show, due to the low stress achieved and the errors caused by the rate window 

method , it is difficult to accurately measure the peak positions and, therefore, the 

energy level shifts. Photoluminescence (PL) uniaxial stress experiment [25] also 

did not see any spHtting of the EL2 PL transition peak and obtained roughly the 
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Figure 6.2: EL2 thermal activation energy, AE, as a function of uniaxial stress. 
Results are obtained by fitting the experimental data to equation (6.1). 



81 

Table 6.1: Pressure derivative of the EL2 thermal activation energy under the three 
uniaxial stress directions, dAE/dP ( ±0.5 meV/GPa), obtained from fitting the ex
perimental data to the single exponential model and the double exponential model, 
respectively. Listed also includes the results from other uniaxial stress experiments. 

Stress 

Figure 6.2 

SpHtting Magnitude * 

Ref. [72] 

Ref. [75] 

Ref. [25] ^ 

Figure 6.4 

SpHtting Magnitude * 

Piezospectroscopic 
Tensor 

[100] 

14.9 

Al 

5 

12 

13.2 

14.2 13.7 

Al = 14.9 

[110] 

12.5 

10 

N/A 

13.6 

16.8 12.6 

Al -\- A2 Al - A2 

A2 = 2.2 A2 = 2.3 

[111] 

13.2 

9 

8 

13.9 

18.8 13.4 

Al + 2A2 Al - \A2 

A2 = 1.9 A2 = 2.3 

^ See Section 5.1. 
^ Estimated by adding one-third oidEb/dP from Ref. [77] to each dET/dP measured 
under stress by these authors. 
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shifts are not easily detected due to the low stress achieved and the errors caused 
by the rate window method in the case of EL2. 
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same pressure derivative for the EL2 ground energy level, dETJdP, under each 

stress direction. The corresponding dAE/dP from PL uniaxial stress experiment 

is estimated by adding one third of the hydrostatic pressure derivative of the 

capture barrier energy, dEb/dP = —41 (meV/GPa) [77], to dETJdP measured 

under each stress direction, since AE = ET + Ei,. Our results from fitting to the 

single exponential model appear to be within the range of the results from Refs. 

[72] and [75], and agree particularly weU with the PL uniaxial stress results [25], 

aU easUy leading to a conclusion that EL2 seems to possess Td symmetry. 

Fitting to a multiple exponential model results in small energy level spHtting. 

Figure 6.4 shows the results obtained by fitting the data to equation (6.2) with the 

R2 : Ri restrictions stated above. In Figure 6.4(a), under [100] stress we see two 

components of almost identical energy shift, indicating there is indeed no spHtting 

under [100] stress. In Figure 6.4(b)(c), we clearly see two components of different 

rates of energy shift with stress, showing there is a spHtting of the thermal 

activation energy, and, therefore, a break of orientational degeneracy of the EL2 

center under [110] and [111] stresses. Figure 6.5 shows examples of the Arrhenius 

plots, using r from the single exponential model, and n and T2 from the double 

exponential model. The samples are under 0.3 GPa stress in [100], [110], and [111] 

directions. The slopes of these plots measure the defect energy level. They also 

clearly show no energy spHtting under [100] stress and definite defect energy level 

SpHtting under [110] and [111] stresses. 
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Figure 6.4: EL2 thermal activation energy, A ^ , as a function of uniaxial stress. 
Results are obtained by fitting the experimental data to equation (6.2). The soHd 
Hne is the fit of the data points shown, with (a) for [100] stress, (b) for [110] stress, 
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Table 6.2 Hsts some example numerical values of TI and T2 obtained by fitting 

the da ta to the double exponential model. The difference between TI and T2 for 

the [100] case where no spHtting is observed is very small, whUe the difference 

between them for the [110] case where spHtting is observed is quite significant. 

Figure 6.6 also shows the r , TI, and T2 as a function of temperature for the [HI] 

case under 0.35 (GPa) . Note, the t ime constant r tha t DLTS measures is a 

measure of how fast the captured electrons by defect emit from the defect after 

thermal ionization. This process is governed by the thermodynamics. Electrons 

are captured by a defect center from the conduction band and then are emitted 

back to the conduction band. The defect center stays in the ground state 

throughout this process. From the detail of balance (see Chapter III) , one gets 

T~^ oc T^anexp(—AE/kT). As temperature increases the captured electrons 

possess more kinetic energies and emit faster back to CB. The emission t ime 

constant also heavily depends on the defect energy level AE below CB, as weU as 

the capture ra te . The emission t ime constant can be as long as a few minutes at 

very low tempera tu re or as short as a few microseconds or nanoseconds at very 

high t empera tu re . W h a t DLTS can measure is only within a portion of tha t wide 

range. By changing the tempera ture to certain range, it adjusts the electron 

emission rates so tha t they can be detected by this techniques. For EL2, the 

DLTS operating tempera ture range is 300 K to 450 K; for the thermal donor in 
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Table 6.2: Examples of TI and T2 numerical values obtained from fitting the double 
exponential model, using data taken under 0.3 GPa in [100] and [110] directions. 

0.3 GPa in [100] 

Temp (K) 

406.35 
402.83 
399.36 
395.76 
392.20 
388.68 
385.15 
381.70 
378.28 
374.88 
371.53 
368.13 
364.67 
361.24 
357.89 
354.54 
351.21 
347.94 
344.71 
341.53 

Ti (ms) 

3.44 
4.08 
5.16 
6.58 
8.00 

10.21 
12.33 
16.22 
19.80 
24.30 
31.73 
39.68 
50.76 
65.73 
83.53 

108.48 
138.82 
181.53 
222.81 
299.81 

T2 (m.s) 

3.15 
3.99 
4.84 
5.94 
7.62 
9.37 

11.78 
14.98 
18.54 
22.47 
28.74 
36.74 
47.21 
61.70 
77.07 
99.69 

126.59 
167.68 
218.00 
280.17 

0.3 GPa in [110] 

Temp (K) 

405.24 
401.74 
398.34 
394.82 
391.32 
387.89 
384.50 
381.12 
377.78 
374.47 
371.17 
367.78 
364.35 
360.92 
357.55 
354.14 
350.82 
347.52 
344.27 
341.08 

Ti (m,s) 

2.83 
3.36 
4.24 
5.38 
6.52 
8.29 
9.94 

13.02 
15.83 
19.32 
25.18 
31.48 
40.22 
52.10 
66.36 
86.62 

110.92 
145.47 
179.05 
241.31 

T2 (ms) 

5.27 
6.68 
8.07 
9.88 

12.65 
15.47 
19.29 
24.44 
30.09 
36.28 
46.29 
59.14 
75.86 
99.16 

124.10 
161.29 
204.88 
272.09 
354.63 
456.31 
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sUicon which has a much shaUower energy level, the DLTS temperature range is 

below 40 K. The measurable time constant is usuaUy within nuUiseconds range. 

Table 6.3 gives the numerical values of the spHtting EL2 energy level, A ^ i and 

AE2, as a function of the appHed stress. These values are obtained from fitting the 

data to the double exponential model. Data from two samples are Hsted. Due to 

the extreme difficulties of having a high quality diode from which clean transients 

can be obtained and, at the same time, performing high stress experiment on a 

sample without breaking it, only two out of about 40 samples produce meaningful 

results. The rest of samples either produce unsatisfactory or noisy transients or 

break at low stress. As shown in the table, sample 1 endured higher stress under 

all three directions than sample 2. The results from the sample 1 are more 

complete and reUable and, therefore, are used as the main experimental data to 

show the EL2 symmetry. However, from what can be extracted from the sample 2, 

both the energy levels (AEi, AE2) and the pressure derivative (dAE/dP) are very 

close to that from the sample 1. AU these clearly indicate that there are indeed 

energy level spHttings under [110] and [111] stresses and no energy level spHtting 

under [100] stress. The pressure derivative of each branch in Figure 6.4 and in 

Table 6.3, dAE/dP, is also Hsted in the bottom half of Table 6.1. The 1 : 2 : 2 

spHtting pattern in Figure 6.4, with the corresponding defect density distributions 

proportional to R2 : Ri, clearly suggest that EL2 possesses Ca^ symmetry. 
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Table 6.3: List of numerical values of the spHtting EL2 energy level, A ^ i and AE2 
(±0.5 m.eV), obtained from fitting the data to the double exponential model, as a 
function of the stress (GPa). Data obtained from both the sample 1 and sample 2 
are Hsted. Data from the sam.ple 1 are more complete since the sample 2 could not 
stand high stress. Also Hsted are dAE/dP (meV/GPa) under each direction. 

[100] 

dAE/dP 

[110] 

dAE/dP 

[HI] 

dAE/dP 

Sample 1 

Stress 

0.000 
0.151 
0.250 
0.302 
0.350 

0.000 
0.152 
0.252 
0.301 

0.351 ^ 

0.000 
0.152 
0.250 
0.304 
0.350 

AEi 

755.50 
757.29 
758.33 
759.76 
760.56 

14.2 

755.53 
758.32 
759.73 
760.78 

(635.46) 

16.8 

755.53 
758.36 
760.24 
761.23 
762.13 

18.8 

AE2 

755.53 
757.17 
758.71 
759.22 
760.52 

13.7 

755.40 
756.82 
758.37 
759.22 

(678.56) 

12.6 

755.56 
757.51 
758.92 
759.61 
760.25 

13.4 

Sample 2 

Stress 

0.000 
0.145 

0.284 * 

0.000 
0.162 * 

0.000 
0.160 
0.330 

0.403 * 

AEi 

755.22 
757.10 

(708.41) 

13.0 

755.81 
(848.30) 

? 

755.64 
759.21 
761.84 

(623.81) 

19.4 

AE2 

755.04 
757.15 

(856.48) 

14.6 

755.25 
(648.41) 

7 

755.79 
757.43 
760.55 

(943.45) 

12.9 

Sample is broken under this stress; the corresponding energy values are not valid. 
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The results from fitting the C2„ or C2 model with the corresponding spHtting 

density ratios restrictions (see Table 5.2) are as foUows. For orthorhombic I center, 

m [100] direction (R2 : Ri ^ 4 :2), two components with the same energy shift are 

again observed; in [111] direction (i^z : i^i w 3 : 3), fittings do not converge 

consistently; in [110] direction (Ri : R2 : Rz ^ I : 4 : 1), fittings either do not 

converge consistently or, if converging, R^ is two or three magnitude smaller than 

R2 and Ri. The lack of [100] spHtting strongly denies orthorhombic I symmetry. 

The fact that R^ is much smaller than Ri and R2 indicates that there are only two 

components under [110] stress. For orthorhombic II center, the fitting results are 

similar, with either R^ much smaUer than Ri and R2 or fitting not converging. AU 

these facts strongly suggest that C2V or C2 is not correct. 

The theoretical spHtting magnitude under the three directions is also Hsted in 

Table 6.1. We use the pressure derivative under [100] stress in Figure 6.2 as Ai, 

since only a single component should exist under [100] stress. We then use the 

obtained Ai and the corresponding theoretical expressions for the spHtting 

magnitude under [110] and [111] stresses to calculate A2 for aU four branches. As 

can be seen, within fitting errors all four A2 values are essentially the same, with 

the average A2 = 2.2 ± 0.5 (meV/GPa). Compared with Ai = 14.9 ± 0.5 

(meV/GPa), A2 is almost an order of magnitude smaller, an indication of weak 

anisotropic character of the EL2 center. We can also compute the hydrostatic 

component of dAE/dP, which is equal to 3Ai. Table 6.4 Hsts our result and the 
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results from other hydrostatic pressure experiments [78, 79, 80, 81] and PL uniaxial 

stress experiment [25]. Our result agrees reasonably weU with these earHer values. 

To put my results of the stress coefficients (Ai = 15 m,eV/GPa and A2 = 2.2 

meV/GPa) into perspective, we can compare other uniaxial stress results with the 

current one. M. Chandrasekhar et al. [82] did uniaxial stress experiment on the 

GaAs band gap and observed the spHtting of the valence band (VB spHts into vl 

and v2). The resultant pressure coefficients of vl-to-CB and v2-to-CB transitions 

are as foUows (approximately): under [100] stress, 63 m,eV/GPa (v2-to-CB), and 7 

meV/GPa (vl-to-CB); under [111] stress, 56 meV/GPa (v2-to-CB), and 11 

meV/GPa (vl-to-CB). M. Stavola et al. [83] did uniaxial stress experiments on 

the symmetry of B-H and As-H defect centers in siHcon, and the symmetry of 

Be-H complex in GaAs, all of which, according to their results, have C3 symmetry. 

The stress coefficients are as foUows: for B-H in Si, Ai = 1.6 meV/GPa and 

A2 = 1.7 meV/GPa; for As-H in Si, Ai = 11 meV/GPa and ^2 = 8 meV/GPa; 

and for Be-H in GaAs, Ai = 0.62 meV/GPa and A2 = 0.81 meV/GPa. The 

hydrostatic pressure coefficient of the energy gap dEg/dP, the conduction band 

dEc/dP, and the valence band dE^/dP, have been measured experimentaUy and 

calculated theoretically. For example, Wolford and Bradley [84] found 

dEg/dP = 107 meV/GPa. G. A. Samara et al. [85] found dEjdP = 6 meV/GPa. 

So one gets, typicaUy, dEc/dP = 113 meV/GPa. The absolute hydrostatic 

pressure coefficient of the EL2 level, therefore, is around - 7 0 meV/GPa. Since 
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DLTS technique measures the defect energy with respect to the lowest CB, the 

energy level spHtting observed can not be due to anything else other than the 

symmet ry breaking of the defect center itself. The absolute uniaxial stress dE^dP 

under each stress direction is unknown. If it were known, we would be able to find 

the absolute uniaxial stress coefficient of the EL2 level. The result of the EL2 

symmetry obtained here is however not going to be affected by this. The obtained 

magni tude of the stress coefficients of the EL2 defect center, compared with the 

other relevant results above, is Avithin the expected range and not without physical 

meanings. 

The above findings of weak anisotropy and Cz„ symmetry support the 

proposed Asca — Asi model with Asi weakly bound to AsQa- It may be argued 

tha t if one looks for two or more components when fitting experimental data one 

wUl see them. However, the fact tha t the energy spHtting pa t te rn obtained 

matches only a trigonal center 's behavior and not other symmetry types (i.e., no 

spHtting under [100] stress and two spHtting components under [110] and [111] 

stresses) and the computed values of piezospectroscopic tensor components, Ai 

and A2, are reasonable should eHminate the possibUity tha t the obtained double 

exponential transient and the energy level spHtting are coincidental and without 

physical meaning. Take the da ta taken under 0.35 (GPa) in [111] direction as an 

exaniple. Figure 6.7 shows a typical experimental transient and its fittings to 

equations (6.1) and (6.2). The difference between fitting equation (6.1) and fitting 
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Figure 6.7: Examples of experimental transient and its fittings to equations (6.1) 
and (6.2), with the experimental data taken under 0.35 (GPa) in [111] direction. 
The difference among the three transients is very small as they are shown on top of 
each other. Note, there is 1000 data points per transient with 1 (7715) time interval 
between two points. 
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equation (6.2) can hardly be seen by the eyes as all three transients are on top of 

each other , Ulustrating both fit very weU to the experimental data . 

However, Figure 6.8 shows the corresponding x^ obtained from fitting 

equations (6.1) and (6.2). It shows x^ from fitting equation (6.2) is smaUer than 

tha t from fitting equation (6.1), indicating that equation (6.2) represents the 

experimental da ta bet ter than equation (6.1) and there is indeed an energy level 

spHtting. Further , Figure 6.9 shows the difference between the fitted capacitance 

Cfit and experimental capacitance Cexp as a function of time of one transient. The 

fitted capacitance are obtained by fitting the experimental da ta to the single 

exponential m.odel and double exponential model. From the difference between the 

experimental capacitance and the single exponential fitted capacitance, it is clear 

tha t under [110] stress there should be more than one exponential component in 

the experimental capacitance transient. The double exponential model, on the 

other hand, gives a much bet ter fit. Note also, though, when fitting the fuU 

transient to the double exponential model, the restrictions of the spHtting defect 

density ratios of a trigonal center are imposed, tha t does not guarantee to produce 

the energy spHtting pa t te rn matching tha t of a trigonal center if the defect center 

does not actually possess trigonal symmetry. The same procedure is also appHed 

when fitting the C2v or C2 model without obtaining consistent results. Therefore, 

the consistency of the energy spHtting pa t te rn with the corresponding defect 

density populations and the weak anisotropic character of the center put the 
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Figure 6.9: Difference between the fitted capacitance Cfit and experimental ca
pacitance Cexp as a function of time of one transient. The fitted capacitance are 
obtained by fitting the experimental data to the single exponential model and double 
exponential model. 
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earHer results, which show Tj symmetry and agree with the isolated Asca model, 

m serious doubt. This conclusion is in conffict with other results, particularly that 

of PL uniaxial stress experiment which showed EL2 has Td symmetry. WhUe we 

do not intent to assess the vaHdity of other results, the behavior of our data does 

raise the possibiHty that a more careful data analysis or an experimental technique 

with finer resolution may reveal different results. With more careful data analysis 

and keeping in mind that EL2 may have very weak C3 symmetry, the same PL 

uniaxial stress data may reveal different results. 

6.3 Conclusions 

We have used the numerical fitting of capacitance transients, instead of the 

standard rate-window DLTS, to investigate the symmetry of the EL2 center under 

uniaxial stress. Our results indicate that EL2 has Ca^ symmetry supporting the 

AsGa — Asi model for EL2. The bonding between the arsenic antisite and arsenic 

interstitial is probably very weak; and thus, as shown here, it would be very easy 

to conclude that EL2 is the isolated arsenic antisite. The lack of fine resolution of 

experimental data analyses and, possibly, of experimental techniques may have to 

be considered more seriously. In Hght of the difficulty of successfuUy applying high 

uniaxial stress to GaAs due to the nature of the crystal, experiments capable of 

providing the microstructural information directly, such as ODENDOR, ODMR, 

etc., may give more reHable information about this defect. Our results bring the 

DLTS data into agreement with these experiments. 
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