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Abstract: Positron Annihilation techniques have been used to investigate two important defects 
that occur naturally in semi-insulating (SI) Gallium arsenide. The growth and assessment of SI 
GaAs and the application of PA to defect analysis of this important material are reported. 

I. INTRODUCTION 

The increasing use of GaAs for High Speed Digital and Monolithic Microwave Integrated Circuits is due 
mostly to the ready availability of semi-insulating (SI) GaAs. The SI behaviour of GaAs substrates is 
of primary importance because components fabricated on their surfaces experience virtually no parasitic 
shunt capacitances to the substrate. Other advantages cited for GaAs in high speed devices are based 
on the low effective mass and high mobility of conduction electrons in GaAs. In reality, these are of 
lesser importance because under the high electric fields under which most GaAs devices work electrons 
are converted to higher effective mass particles via the transferred electron effect and their saturated 
velocities are no greater than what can be obtained in silicon under the same circumstances [I]. 

It is possible to make SI GaAs by simply growing undoped material from the melt in circumstances 
where the predominant impurities are acceptors. Most SI GaAs is produced by the Liquid Encapsulated 
Czochralski (LEC) method where the crystal is pulled from a melt of Ga and As through a liquid 
encapsulant; the latter acting as a barrier to the evaporation of arsenic vapour from the melt. LEC GaAs 
is notorious for containing a large number of dislocations, most of which are polygonised into dislocation 
cell walls of linear dimension around 200pm. It is accepted that the majority of dislocations are 
introduced soon after growth and are produced by the cooling process which is by radiation and 
convection of heat from the crystal surface into the ambient. The former is uncontrolled as the radiation 
takes place into a cool chamber; the latter is controllable to an extent by varying the pressure of the 
ambient gas within the puller. Both these mechanisms result in a large radial temperature gradient within 
the crystal. Unfortunately, GaAs is a poor thermal conductor with a low critically resolved sheer stress 
(CRSS) at high temperatures. The contraction of the outside of the crystal as it cools onto the rest of 
the crystal produces considerable plastic deformation via slip, and it is the production of slip dislocations 
that results in the very high dislocation densities of lo4 to lo5 cm-2 which are typically observed and, 
indeed, predicted by theory [2 ] .  The polygonisation of the dislocations must take place at temperatures 
close to the melting point as this requires, in addition to glide, considerable dislocation climb. 

Newer methods for growing this material include the Vertical Gradient Freeze (VGF) and Vertical 
Bridgman (VB) techniques where the melt is solidified within a mould and where it is possible to control 
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the heat flow and the growth more accurately. Because of the reduced thermal stresses the dislocation 
density is markedly lower, often around lo2 to lo3 ~ m - ~ .  However, even in these cases, dislocations 
are found to have polygonised into cells whose linear dimensions can exceed several millimetres [3]. 
The relevance of dislocations to point defects is that the distributions of the latter are controlled by the 
dislocations and it is this aspect that results in the non-uniformities that have been the bane of GaAs users 
for many years. 

A reflection X-ray topograph showing typical dislocation arrays in a commercial GaAs substrate is shown 
in figure 1. The dislocation arrays form cells which dominate towards the crystal axis and lineage 
features which have been shown to be low angle tilt grain boundaries. Additional slip is also seen in 
figure 1, apparently as a result of plastic deformation at rather lower temperatures where dislocation 
climb and subsequent polygonisation is not possible. 

Figure 1. Reflection X-ray topograph of a commercial GaAs substrate of 50mm diameter revealing 
dislocation arrays. Cell structure is seen towards the centre of the wafer whilst the linear features 
towards the periphery are lineage (see text). The fine features close to the periphery are due to slip. 

In all of these techniques, it is found that the predominant impurity is carbon. In the LEC technique, 
carbon is introduced in two ways; firstly, it is thought to be a contaminant in the Ga and As feedstock 
and is introduced into the melt directly. Secondly, it has been proved that carbon is introduced into the 
melt via the gas phase, apparently through the liquid encapsulant after a reaction between various oxygen 
containing components in the high pressure ambient gas and the heater assembly surrounding the 
crucible. It has been demonstrated that the carrier gas is carbon monoxide and various workers have 
demonstrated the controlled introduction of carbon by varying the CO vapour pressure 141. The melt 



is held in a crucible of pyrolytic boron nitride @BN) which is believed to be inert. Similar crucibles are 
used in the VGF and VB techniques and the introduction of carbon into the GaAs is probably due to 
direct doping or introduced via the Ga and As elements. 

SI behaviour results from the compensation of (carbon) acceptor impurities by a native deep donor known 
as EL2 [5]. EL2 exists in a neutral state EL2" and a singly positively ionised state,  EL^+. EL2 is the 
deepest of several native deep donors whose ionisation energies extend from just below the conduction 
band to EL2 which is very close to mid-bandgap. In SI material, the Fermi energy is controlled by the 
partial ionisation of EL2 centres and it follows that all donors more shallow than EL2 are fully ionised. 
The rather fortuitous pinning of the Fermi energy at EL2 in nearly all GaAs grown from the melt results 
from the wide range of concentrations of shallow donors, shallow acceptors, donors less deep than EL2 
and EL2 defects, respectively. Thus, the aggregate concentrations of shallow donors are less than 1014 
cm3, shallow acceptors, most of which are carbon, from 1014 to 1 0 ~ ~ c m - ~ ,  EL2 from 1 to 2 x 1016 cm- 

and other deep donors less shallow than EL2 in the range of 1014 cm-3 [6]. 

2. EL2 CENTRES AND DISLOCATIONS 

EL2 centres have optical as well as electrical properties, probably the most important of which is the 
absorption of sub-bandgap light which occurs in a wide band extending from about 1.5pm, increasing 
nearly monotonically towards the bandedge [7]. It is possible to employ this absorption to map changes 
in EL2 concentration across substrates [8]. Figure 2 shows a typical EL2 absorption map where it is 
observed that dark regions, corresponding to higher concentrations of EL2, are distributed in a way 
similar to that of dislocations. Indeed, an excellent correlation between high concentrations of EL2 and 
dislocations in virtually all as-grown SI GaAs has been found [9]. This demonstrates the close affinity 
between point defects and dislocations which, in this case, seems to support the idea of high 
concentration of point defects diffusing towards dislocations and producing Cotterell atmospheres. 

Several years ago it was noted that if SI GaAs 
ingots were annealed before wafering, their 
electrical properties were improved in many ways. 
Not only was the resistivity across individual 
wafers rendered more uniform by this treatment, 
but Hall mobilities were substantially increased 
[lo]. Many of these improvements were due to a 
redistribution in the concentrations of EL2 defects 
which rendered them nearly uniform. The 
measurement of EL2 concentrations in order to 

~i~~~~ 2. EL2 absorption images taken (a) near the determine the success of ingot annealing has led to 

centre and (b) towards the periphery of a 50- this technique being accepted as one of the prime 

diameter wafer showing high EL2 concentrations indicators GaAs substrate quality- 
associated with cell structure and lineage 
respectively. The EL2 defect is unusual in two major respects. 

EL2 defects are, or contain, the arsenic antisite, 
AsGa, a defect which is rather unexpected in as 

much as it corresponds to an arsenic richness of two atoms per defect. In other words, one gallium atom 
is missing and one extra arsenic atom has been introduced into each defect. EL2 defects appear to be 
stable at temperatures up to 1000°C. The second attribute of EL2 centres, which was thought to be 
unique amongst point defects in GaAs, is their rather bizarre behaviour when they are irradiated at low 
temperatures with sub-bandgap light. Thus, after such an irradiation all electrical and optical properties 
are rendered inoperative and, for all intents and purposes, the EL2 centres are destroyed. This property 
is often re%rred to as photoquenching or bleaching, the EL2 centres being excited to an inert metastable 
state, EL2 [I 11. Because residual acceptors are no longer compensated, the GaAs becomes p-type. 
All properties are recovered if the samples are subsequently heated to temperatures above 140K. 
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Alth2ugh photoquenching of EL2 has been investigated by many workers, the atomic configuration of 
EL2 is not amenable to most experimental techniques because of its inertness. Several theoreticians 
have postulated that the mode of photoquenching is the jump of the arsenic atom from its Ga lattice site 
along a (111) ligand towards a nearest neighbour As atom, leaving a Ga vacancy and producing a 
metastable defect that is in effect a [Asint-VGa] complex [12]. It has been one of the successes of the 
Positron Annihilation method that it has been able to detect the vacancy component of this complex [13]. 

As an example, Figure 3 shows that the VGa-like vacancy concentration produced by photoquenching 
is linearly related to the EL2 concentration [14]. 

However, one property which 

0 
0 1 2 3 4 

TOTAL EL2 CONCENTRATION ( 1 0 ' ~  cme3) 

appears not to be explained by EL2 
centres is that of photo- and 
cathodo-luminescence (PL and CL, 
respectively). Luminescence is a 
well known assessment technique 
where light emitted from the 
semiconductor on excitation by 
above bandgap light (PL) or by 
irradiation with high energy 
electrons (CL) is analysed. These 
techniques require no contacts to be 
put on the sample and, if they can 
be performed at room temperature, 
are non-destructive. At best, 
luminescence measurements are 
semi-quantitative and this limits 
their application. The intensity of 
PL or CL is very poor and non- 
uni form fo r  bulk GaAs 
demonstrating that most minority 
carriers that are produced, 
recombine in a variable, non- 

Figure 3. The linear relationship between the trapping rates at Ga- radiative manner [151. Many 
vacancies after photoquenching of EL2 centres determined by ~o rke r s  have purported to show 
Positron m i l a t i o n  and the concentrations of EL2 centres that the relative magnitude of the 
measured previously by optical absorption measurements. luminescence, especially that 

arising at near-bandgap energies, 
correlates with concentrations of 

EL2 centres. This is probably incorrect and the interpretation of this PL data in particular has, for many 
years, been rather confused. PL intensity is actually controlled by another point defect, the "Reverse 
Contrast" defect [16] and this is amenable to investigation by Positron Annihilation. 

At this stage, we note that observations in non-uniformity of luminescence are not simply of academic 
interest because luminescence intensity in SI GaAs represents minority carrier recombination time. In 
many microwave and digital devices, the predominant device is the MESFET, a device that works by 
modulating the conductivity of a channel and whose operation is that of a majority carrier device. It 
would appear therefore that the lifetime of minority carriers is not relevant to its performance. However, 
there is a major problem which occurs when MESFETs are placed close together in an integrated circuit. 
This is an interference, known as side-gating, which occurs between adjacent devices, and where rapid 
switching of one device can cause parasitic switching in an adjacent device - a phenomenon which clearly 
renders the total circuit inoperable. It is believed that the mechanism for side-gating is the introduction 
of carriers into the substrate from the switching device that diffuse to a neighbouring device and cause 



modulation of the channel conductivity. Carriers introduced into a semi insulating substrate are minority 
carriers and they will diffuse further if their lifetime is longer. Because luminescence measures the 
lifetime, it follows that high luminescence efficiency is indicative of material that will result in bad side- 
gating, and that non-uniform luminescence efficiency will result in non-uniform side-gating characteristics 
~ 7 1 .  

It is shown below that the defects that dominate luminescence efficiency are non-uniform even after an 
ingot anneal, that they can be measured by a quantitative optical absorption technique known as Reverse 
Contrast absorption imaging and that these defects are amenable to analysis by Positron Annihilation 
techniques. 

3. REVERSE CONTRAST DEFECTS 

Reverse Contrast (RC) absorption was first observed by Skolnick et a1 [16] in an investigation of EL2 
images. They probed the absorption image of samples cooled below 10K as a function of incident light 
energy and observed, quite unexpectedly, that the absorption image experienced a total change in contrast 
if the incident light was of photon energy within a few tens of millivolts below Eg. RC images are 
shown in figure 4 where the reversal of contrast is apparent. The image disappears if the sample is 
warmed above 120K. It is difficult to explain the reasons for these images as it is normally accepted that 
virtually all impurities and defects aggregate towards dislocations and if any of these were causing 
absorption, then greater absorption would be found near, and not away from, the dislocations. We note 
that no electrical activity can be observed that would map according to these images. 

The absorption spectrum of RC defects shows a 
near featureless absorption band extending from 
E to about E - 65 meV, and can best be seen 

g 
uslng light of i30 nm wavelength [18]. Previous 
work indicated that a similar response had been 
observed in photoconductivity measurements of 
cooled (77K) GaAs samples, and that this also 
indicated that this effect could be photoquenched 
at low temperatures by illumination with a strong 
sub-bandgap light beam [19]. Total recovery 

~i~~~ 4. R~~~~~~ contrast images taken at a occurred on heating above a critical temperature, 
wavelength of 830 nm and a sample temperature of an effect similar to that exhibited by the EL2 
80K of the same sample as in figure 2. defect. Indeed, RC absorption images can be 

bleached in the same way and the recovery 
temperature is identical [20]. Further experiments 

proved that RC defects cannot be associated with the EL2 defect in either of its two charge states, EL2" 
and  EL^' [21] 

Surprisingly, RC images are very similar to PL and CL images [22] and this is the relevance of 
discussing these images. In figure 5, an RC absorption image at a sample temperature of 80K, is 
compared to a low temperature (10K) cathodoluminescence image of the same area of the same sample. 
The extremely close correspondence between these images is remarkable, especially when the difference 
in sampling depth is taken into account. Bright regions in the RC image represent little absorption and 
therefore a low concentration of absorbing defects; similar regions in the CL image represent high 
luminescence and therefore a lower concentration of parallel recombination paths. We have speculated, 
therefore, that the RC image is due to absorption by those defects that act as the dominant non-radiative 
recombination centre in SI LEC GaAs [23]. Also, it was demonstrated that RC absorption is greater and 
PL intensity is lower in samples grown from a Ga-rich melt, allowing us to suggest that the RC defect 
represents As-deficiency whereas the EL2 defect, known to involve AsG,, represents As-richness [24]. 
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The photoquenching 
of the RC absorption 
i m a g e ,  w h i c h  
renders it brighter, 
has a parallel in 
l u m i n e s c e n c e  
efficiency; in other 
words, PL or CL 
intensity is increased 
if RC defects are 
previously rendered 
inopera t ive  by 
photoquenching . It 
should be noted that 
no  c o r r e l a t i o n  
between PL intensity 
or the change in PL 
i n t e n s i t y  o n  

Figure 5. RC absorption image (left) and a CL image (right) of the same section photoquenching and 
of sample. The CL image was obtained using the total near-bandedge EL2 concentrationis 
luminescence. found [25]. 

The identification of 
the deep acceptors that result in the persistent photoconductivity with RC defects was examined in a 
sample of extremely lightly Te-doped n-type material by a photo-Hall Effect experiment [26]. The depth 
of the acceptor level in the forbidden gap is not certain, but it should be below the Fermi Energy in n- 
type GaAs and should, therefore, be ionised and act as a compensating centre. Therefore, we expect 
that photo-quenching of RC centres should result in a persistent increase in free electron concentration. 
Figure 6 is a plot of the photo-quenchable carrier concentration (left hand side) and the derived acceptor 
concentration (right hand side) as functions of the absorption coefficient at 830 nm. A satisfactory linear 
relationship exists between these quantities from which the o tical cross-section of RC defects at a 
wavelength of 830 nm is found to be approximately 7~10-~~crn'. There is no photo-quenchable change 
in carrier concentration that relates to EL2 concentrations in any of these samples. 

RC abs. bleached (cm-'1 

We conclude that RC defects are acceptors whose 
concentrations are of the order of in 
most melt-grown GaAs. 

3. ATOMIC NATURE OF RC DEFECTS 

From comparison with theory, it had been 
suggested that the RC defect is associated with the 
As-vacancy [20] because the calculated ionisation 
energy of the As-vacancy is approximately Eg-50 
meV [27,28], in close agreement with the RC 
absorption threshold energy. 

Figure 6. Photoquenchable carrier concentration 
(left hand scale) and the derived acceptor 
concentration (right hand scale) plotted against the 
RC absorption coefficient. 



However, Positron annihilation 

5x1 o9 measurements have now been used 
to characterize As-vacancies. - .- According to recent, optically- 

Ern induced positron annihilation 
4x10' measurements, an As-vacancy type 

% r defect ionises to its negative charge 
4- 

f state under illumination of photons 

3 3x1 o9 with energies greater than 1.42 eV 
and this can only be observed at 2 sample temperatures in the range of 

p 20-150 K, consistent with RC 
3 2 x 1 0 ~  observations 1291. 
C3 

it 
a Indeed, there is excellent agreement 
< 
jX 1 ~ 1 0 ~  

between concentrations of the 
negative As-vacancy produced by 
photoexcitation near E and RC 
absorption coefficient t ~ i ~ u r e  7) 

0 1291. It follows that RC absorption 
0 2 4 6 lo l2 l4 is probably the ionisation of the As- 

RC INFRARED ABSORPTION (cm-') vacancy to its negatively charged 
state. 

Figure 7. Trapping rate at photo-ionised arsenic vacancies plotted 
against the RC absorption coefficient at a wavelength of 830 nm. 

4. APPENDIX: OTHER DEFECTS 

EL2 and RC defects are spatially non-uniform resulting in inhomogeneities in substrate parameters. 
These non-uniformities are a result of the presence of dislocations introduced on growth and these affect 
other defects in bulk SI GaAs. 

There are three other defect types that occur in this material and are of possible significance to devices; 
native point defects other than EL2 and RC, dislocations and second phases. 

4.1. Point Defects 

A multitude of levels, mostly donors whose ionisation energies are less than EL2, have been reported 
using deep level measurements such as DLTS [30]. The authors are not aware of whether any of these 
results in modifications to device performance. Only two such levels have come under detailed scrutiny, 
EL0 which has an ionisation level close to EL2 and can cause confusion in the interpretation of DLTS 
data [31], and EL3, which has interesting properties and which may involve an oxygen atom 1321. 

4.2. Electrical effects of Dislocations 

Much work in silicon has demonstrated that dislocations cause a significant degradation in device 
performance and it is also been proven that dislocations cause the rapid catastrophic failure from lasers 
fabricated on GaAs. In the latter case, the rapid degradation is thought to result from an interaction 
between the dislocations and the very strong injection of carriers. As a result, dislocations are found to 
climb and when their "volume" reaches that of the active area of the laser, the device fails 1331. On the 
other hand, SI GaAs is used mostly for majority carrier devies under circumstances where injection is 
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relatively limited. Early reports that dislocations 
affect the threshold voltage of MESFETs were 
shown to be incorrect as it was the atmospheres of 
point defects around the dislocations, rather than 
the dislocations themselves, that were causing the 
device degradation. A previous view that 
dislocations were important in reducing the 
minority carrier lifetime have also been shown to 
be incorrect. It can be deduced, with the 
information available at present, that dislocations 
are not important of themselves in device 
properties. 

4.3. Second Phases 

SI GaAs contains microprecipitates spatially 
associated with dislocations and which have been 
shown by several groups to consist of hexagonal 
arsenic [34]. Such precipitates can be revealed by 
TEM, by light scatt~rin~tomography or simply by 
etching the surface, see figure 8 [35]. Recently, 
it has been shown that such precipitates can affect 
MESFET performance and many researchers have 
been using specialised heat treatments of both the 
ingots and wafers in order to arneloriate their 
effects [36]. The efficacy of these heat treatments 

Figure 8. The upper image from light scattering in the production of MESFETs and other devices 
tomography shows the distribution of arsenic with more properties has been 
precipitates. The lower image is an optical demonstrated, but this material is still rather 
micrograph of the Same section of sample after it experimental and most commercial GaAs retains 
has been etched to reveal dislocations. the precipitates. Because of the scarcity of 

experimental data on devices fabricated from this 
new material, there remains uncertainty as to whether precipitates are as important as these groups 
suggest and whether it is therefore necessary to perform these rather complicated heat treatments. There 
have also been reports that texture of epitaxial layers on SI GaAs results from growth changes at these 
precipitates [37]. Once again, it would be expected that a reduction in precipitate size or number would 
be advantageous. 

There has been a single report of microvoids within dislocation cells [38], the importance of which is 
quite uncertain but would apparently be amenable to positron annihilation investigation if this were 
thought necessary. 

5. CONCLUSIONS 

Distributions of two important point defects in SI GaAs are controlled by dislocations. One of them is 
the AsG, (EL2) defect whilst the other is the VA, defect. Positron annihilation techniques have been 
very useful in the identification of both of these. 
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