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6 

Characterisation of the EL2 

and E2 defects in n-GaAs 

6.1 Introduction 

One of the advantages of a digital DLTS system over an analogue system is that the digital DLTS 

system allows the observation of capacitance transients with time constants varying over several orders 

of magnitude. In order to test the DLTS system, it was decided to measure the emission of a defect over 

the widest possible temperature range. Both the EL2, in as-grown material, and the radiation-induced 

E2 defect in GaAs were measured over a wide temperature range. The results were compared to 

measurements obtained from an LIA-based DLTS system. 

For the EL2 defect, the results obtained using digital DLTS corresponded well with those obtained 

previously using an analogue system. The experimental results were also close to previously published 

results. This was also true for the E2 at higher temperatures. However, below approximately 40 K, the 

emission rate of the E2 no longer decreased with decreasing temperature, but remained constant at 

roughly 1 × 10–3 s–1. Further experiments indicated that the emission rate of this temperature-

independent peak was not affected by the electric field effect. 

These unexpected observations had not previously been reported in the literature, and a number of 

experiments were performed to ensure that the unusual results were not due to an artefact in the 

measuring system. After some experimentation, it was found that the observed emission was caused by 

blackbody radiation from the outer shroud of the cryostat that reached the sample through a hole in the 

radiation shield. 
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6.2 The EL2 and E2 defect levels in n-GaAs 

The EL2 defect is probably the most extensively studied defect in GaAs. It is always present in as-

grown GaAs in concentrations typically varying from 1015 to 1017 cm–3. Despite the large amount of 

research done on the EL2, the atomistic origin of the defect level is not yet fully understood. However, 

it seems that it involves an arsenic anti-site defect (AsGa) (Martin, 1986; Pons, 1985). The DLTS 

signature of the EL2 level in GaAs is reported in the literature as Et = 0.825 eV and σna = 1.2 × 10–13 

cm2. (See Kaminska, 1999 for a detailed review.) 

The E2 is one of a number of electron traps in GaAs induced by particle irradiation, and has been well 

characterised. It is a reasonably shallow energy level with Et = 0.140 eV below the conduction band, 

with an apparent capture cross-section of σna = 1 × 10–13 cm2. Structurally, the E2, as well as the 

shallower E1, are thought to be caused by two charge states of close arsenic vacancy–interstitial pairs 

(Pons, 1985). Both the E1 and E2 defect levels show field-enhanced emission that can be described by 

the phonon-assisted tunnelling model (Goodman, 1994). 

A quick calculation shows that, under low electric field conditions, the E2 level’s emission rate should 

vary from 103 s–1 to 10–4 s–1 in the temperature range 40 to 90 K. Since this temperature range is easily 

accessible by the cryostats in the Physics Department, the E2 seemed to be the ideal defect to use to test 

the capabilities of the DLTS system. The EL2 was chosen because it is a well-known defect, however, 

the maximum temperature restriction of the cryostat limited the emission rate range that could be 

measured. 

6.3 Experimental 

In this study, 1 × 1016 cm–3 Si-doped n-GaAs grown by OMVPE on an n+ substrate was used. Ohmic 

contacts were fabricated on the back surface of the sample and 0.2 µm Au Schottky contacts were 

deposited by resistive evaporation, as described in Section 5.2. The sample was irradiated, through the 

Schottky contacts, by 5.4 MeV α-particles from an Am-241 source at a fluence of 1 × 1011 cm–2 for 8 

hours. According to a TRIM simulation, these α-particles penetrate through the gold layer to a depth of 

26 µm into the GaAs. Under a reverse bias of 1 V, a typical Au Schottky diode on 16 310  cm− -doped 

GaAs has a depletion region width of about 0.5 µm. The electrically active defects produced by the α-

particles during their travel though the GaAs should therefore be easily detectable by DLTS under 

various biasing conditions. A schematic representation of the sample is shown in Figure 6.1. 

DLTS spectra of the samples were measured in an LIA DLTS system as well as in the digital DLTS 

system. In the case of the analogue system, LIA frequencies ranging from 1 Hz to 1 kHz were used, 

while, for the digital system, measurements were performed at temperatures ranging from 270 to 380 K 

for the EL2 and 20 to 90 K for the E2 defect. (Due to materials used in the construction of the interface, 

the EL2 could not be measured at temperatures over 380 K). In both cases, the scans were recorded at a 

reverse bias of 1 V and a filling pulse height of 1.2 V. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  MMeeyyeerr,,  WW  EE    ((22000077))  



 41

The field dependence of the emission from the E2 defect was studied using the digital system by 

applying a reverse bias of 4 V and increasing the filling pulse from 0.2 V to 3.4 V in 0.2 V steps.  

 

Au Schottky contact

1 × 10  cm  Si-doped n-GaAs (OMVPE)
16 –3

n  GaAs substrate
+

ohmic contact

sample irradiated by radionuclide
after deposition of Schottky contact

 

Figure 6.1 Schematic representation of the sample used in this study. 

6.4 Results and discussion 

Figure 6.2 compares the Arrhenius plots for the EL2 defect level as obtained by the two different 

systems. As seen in the graph, the digital system was capable of measuring the defect over a much 

wider range of emission rates. Over this wide range, no deviations from the linear relationship were 

observed. It can therefore be concluded that the digital system could measure long time constants 

accurately. 

In the region where both systems could be used, the correspondence between the results was good. The 

DLTS signature obtained by the digital system (Et = 0.833 eV and σna = 2.4 × 10–13 cm2) corresponded 

reasonably well with the DLTS signature obtained by the analogue system (Et = 0.785 eV and σna = 4.5 

× 10–14 cm2). Furthermore, the signature measured by the digital system was closer to the literature 

average mentioned in Section 6.2 (Et = 0.825 eV and σna = 1.2 × 10–13 cm2), than that obtained by the 

analogue system.  

The difference in the results between the analogue and digital system seem to be due to a systematic 

deviation rather than due to random errors. The most probable cause for this systematic deviation is that 

the analogue system used an (uncalibrated) thermocouple to measure the temperature, while the 

temperature in the digital system was measured by a calibrated PT-100 sensor. 

The results obtained by the digital DLTS system for the E2 level are shown in Figure 6.3. The emission 

rate from the E2 decreased as the temperature was decreased from 90 K to 40 K. However, when the 

temperature was decreased below 40 K, the emission rate from the E2 remained constant. In order to 

distinguish the peak showing a constant emission rate from the “normal” E2, the constant emission rate 

peak will be called E2'. 
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Figure 6.2 Comparison of the Arrhenius plots obtained for the EL2 defect level as measured by the 

analogue as well as the digital DLTS system. 
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Figure 6.3 Isothermal DLTS scans obtained from the sample at different temperatures. The bias 

conditions were: Vr = –1 and Vp = 1.2V. The broadening in the peaks is due to the electric field 

dependence of the emission rate, which becomes more pronounced at low temperatures. 
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In the temperature range below 40 K, a peak due to the E1 was also visible. No unusual behaviour of 

the E1 was observed. The broadening in the peaks of both the E1 and the E2 was due to electric field 

enhanced emission. Note that the E2' peak did not show any signs of broadening. 

It might be argued that, since the electric field remains approximately the same for all temperatures, the 

amount of broadening should also remain constant. However, in the lower temperature region, direct 

emission over the barrier becomes less important and the phonon-assisted tunnelling mechanism makes 

a significant contribution to carrier emission. Since phonon-assisted tunnelling is very sensitive to the 

electric field, it follows that, at lower temperatures, the varying electric field in the region probed by 

DLTS causes significant broadening of the DLTS peaks. 

Figure 6.4 shows the dependence of the emission rate from the E2 on the temperature. At above 50 K, 

the log of the emission rate is approximately linearly dependent on 1/T, though at lower temperatures, 

the emission rate becomes practically independent of the temperature. 

1000/T (K–1)

10 20 30 40 50

E
m

is
si

on
 r

at
e 

e n
 (

s-1
)

10-4

10-3

10-2

10-1

100

101

102

103

104

T (K)

2025303540506075100

 

Figure 6.4 Temperature dependence of the emission rate of the E2 level. (Vr = –1 V and Vp = 1.2 V, in 

1 × 1016 cm–3 doped n-GaAs.) 

An Arrhenius plot of the data is shown in Figure 6.5. Here the data is compared to data obtained by an 

LIA based system in a previous study (Goodman, 1994). In the region above 50 K, the results agreed 

quite well, however, at 50 K a slight deviation is visible. Below 40 K the data was no longer described 

by Arrhenius’ law, and therefore the temperature dependence of the emission rate from the defect could 

no longer be described by thermal emission according to Shockley-Read-Hall statistics. 
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Figure 6.5 Arrhenius plot of E2, obtained from the scans shown in Figure 6.3. The dashed line 

indicates results from Goodman (1994). 

Figure 6.6 shows digital DLTS spectra recorded at a reverse bias of 4 V and filling pulse amplitudes 

ranging from 0.2 V to 3.4 V incremented in 0.2 V steps. As the filling pulse amplitude was increased, 

defects closer to the surface were filled. These defects experienced a stronger field and therefore had a 

higher emission rate. Therefore, the DLTS peaks broadened to the left as the filling pulse was 

increased. Note that, in contrast to the E1, the E2' peak did not show any distortion due to the electric 

field until the filling pulse amplitude exceeded 2 V. 
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Figure 6.6 Isothermal DLTS spectra of the E1 and E2 recorded at 30 K under a reverse bias of 4 V and 

filling pulse amplitudes ranging from 0.2 V to 3.4 V. 
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In order to investigate the emission under a varying electric field, successive spectra in Figure 6.6 were 

subtracted. The result of this subtraction is shown in Figure 6.7, where the field dependence of the 

emission rate can be seen more clearly. Here it can be seen that the emission from the E2' remained 

independent of the electric field up to a field of 46 kV/cm after which the emission rate became 

strongly field dependent. 
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Figure 6.7 Spectra obtained by subtracting successive scans in Figure 6.6. The average electric field 

experienced by the defects is also shown. 

The previous results strongly suggest that there was another mechanism according to which the E2 

could emit carriers. This mechanism should be independent of temperature and electric field. 

The radiation shield used in this study had a 10 mm hole in the top, for use in optical studies. When 

another radiation shield, without such a hole, was used, the E2' peak disappeared and was replaced with 

an E2 peak behaving as expected. The outer shroud of the cryostat was solid metal, so no ambient light 

could reach the sample. It is therefore thought that the observed emission of the E2 at low temperatures 

is due to blackbody radiation from the cryostat shroud. 

A further investigation was done in which the top of the shroud was removed and replaced with an 

aluminium cap that was thermally insulated from the rest of the shroud. The bottom surface of the cap 

was sprayed with a carbon spray in order to approximate a blackbody radiator and a temperature sensor 

was attached to the cap. A 20-watt resistor was bolted on top of the cap to serve as a heater. In this way, 

using a second temperature controller, the temperature of the cap could be varied without affecting the 

rest of the set-up. It was found that the position of the peak due to the E2 shifted depending on the 

temperature of the cap, as shown in Figure 6.8. Note that only the position of the E2 peak shifts, 

therefore it is unlikely that the observed effect is due to a change in the temperature of the sample. 
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Figure 6.8 Isothermal DLTS spectrum of the E1 and E2 levels recorded with the sample at 33 K and 

the cap of the radiation shield at different temperatures, showing the shift in the position of the peak 

due to the E2. 

6.5 Conclusions 

The results obtained indicate that the digital DLTS system described can successfully measure defects 

with emission time constants ranging from 10–4 to more than 103 s. The results obtained agreed well 

with results obtained previously using an LIA-based DLTS system, as well as with values published in 

the literature. 

For very long time constants, deviations from the Arrhenius plot were observed, however, further 

investigations indicate that these deviations are due to blackbody radiation from the cryostat shroud. 

6.6 Publications 

Some of the results of this study were presented at the Conference on Photo-responsive Materials, 

Kariega Game Reserve, South Africa 25 – 29 February 2004 and published in Phys. Stat. Sol. (c) 

(Meyer, 2004): 

1. Meyer WE and Auret FD 2004 Effect of thermal radiation on electron emission from the E2 defect 

in n-GaAs Phys. Stat. Sol. (c) 1 2333 
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7 

Field dependence of the 

thermally activated 

emission rate 

7.1 Introduction 

In Section 2.2.3 a number of mechanisms according to which an applied electric field can enhance the 

emission of trapped carriers from a defect were discussed. It was mentioned that it is possible to 

determine a number of properties of a defect from the field dependency of its emission rate. For 

instance, the extent to which a defect displays the Poole-Frenkel effect is an indication of the 

approximate range of the defect’s potential. This information can then be used to estimate the charge 

state of the defect and to determine whether the defect is an acceptor or a donor. At higher electric 

fields, many defects exhibit field-dependent emission enhancement that corresponds well with the 

phonon-assisted tunnelling model. In this case, curve-fitting routines can be used to determine the 

coupling constant between the lattice and the defect, the Huang-Rhys factor. 

From a device viewpoint, it is also important to know the field-dependent emission properties of a 

defect. Since the application of an electric field may change the carrier emission rate of a defect by 

more than an order of magnitude, the electric field in a device may have significant impact on the way 

in which defects influence device performance. 
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The digital isothermal DLTS technique is ideally suited to the determination of the field dependence of 

the emission rate. The main advantage of this technique over the LIA-based technique is that all 

measurements are performed at the same temperature. It is therefore not necessary to use interpolation 

to estimate the emission rate of a defect at a given temperature. Furthermore, since the temperature 

remains constant, isothermal DLTS allows the temperature to be determined more accurately than with 

scanned temperature DLTS. 

7.2 Publications 

The digital DLTS system described in this thesis was used to determine the field dependence of a 

number of defects in different materials. The results of these studies are reported in the following 

publications, copies of which are included after this chapter. In all cases the isothermal DLTS 

measurements, the modelling and the curve fitting was performed by the present author. 

1. Auret FD, Goodman SA and Meyer WE 1998 Field enhanced emission kinetics of an as-grown 

defect in RMBE grown n-GaN. Proc. 24th Int. Conf. Phys. Semicond. ed D Gershoni (Singapore: 

World Scientific) 

2. Goodman SA, Auret FD, Meyer WE, Koschnick FK, Spaeth J-M, Beaumont B and Gibart P 1998 

Deep level defects introduced in n-GaN by 5.4 MeV He-ions Proc. 24th Int. Conf. Phys. Semicond. 

ed D Gershoni (Singapore: World Scientific) 

3. Goodman SA, Auret FD, Koschnick FK, Spaeth J-M, Beaumont B and Gibart P 1999 Field-

enhanced emission rate and electronic properties of a defect introduced in n-GaN by 5.4 MeV He-

ion irradiation Appl. Phys. Lett. 74 809 

4. Deenapanray PNK, Meyer WE and Auret FD 1999 Electric-field-enhanced emission and annealing 

behaviour of electron traps introduced in n-Si by low-energy He-ion bombardment Semicond. Sci. 

Technol. 14 41 
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