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

Characterisation of the EL2
and E2 defects in n-GaAs

6.1 Introduction

One of the advantages of a digital DLTS system @remnalogue system is that the digital DLTS

system allows the observation of capacitance teatsiwith time constants varying over several arder

of magnitude. In order to test the DLTS systemyat decided to measure the emission of a defect ove
the widest possible temperature range. Both the ELAs-grown material, and the radiation-induced

E2 defect in GaAs were measured over a wide temyperaange. The results were compared to
measurements obtained from an LIA-based DLTS system

For the EL2 defect, the results obtained usingtaliddLTS corresponded well with those obtained
previously using an analogue system. The experahegsults were also close to previously published
results. This was also true for the E2 at highewpieratures. However, below approximately 40 K, the
emission rate of the E2 no longer decreased witltedsing temperature, but remained constant at
roughly 1 x 10° s*. Further experiments indicated that the emissiate rof this temperature-
independent peak was not affected by the eledglid &ffect.

These unexpected observations had not previousin beported in the literature, and a number of
experiments were performed to ensure that the whussults were not due to an artefact in the
measuring system. After some experimentation, # feand that the observed emission was caused by
blackbody radiation from the outer shroud of thgostat that reached the sample through a holeein th
radiation shield.
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6.2 The EL2 and E2 defect levels in n-GaAs

The EL2 defect is probably the most extensiveldistl defect in GaAs. It is always present in as-
grown GaAs in concentrations typically varying frdé'® to 10" cmi™. Despite the large amount of
research done on the EL2, the atomistic origirhefdefect level is not yet fully understood. Howeve
it seems that it involves an arsenic anti-site defdss;) (Martin, 1986; Pons, 1985). The DLTS
signature of the EL2 level in GaAs is reportedha literature a&; = 0.825 eV andj,, = 1.2 x 10
cnt. (See Kaminska, 1999 for a detailed review.)

The E2 is one of a number of electron traps in Gadaced by particle irradiation, and has been well
characterised. It is a reasonably shallow energgl l&ith E; = 0.140 eV below the conduction band,
with an apparent capture cross-sectionogf = 1 x 10™ cnf. Structurally, the E2, as well as the
shallower E1, are thought to be caused by two ehsrgtes of close arsenic vacancy—interstitialspair
(Pons, 1985). Both the E1 and E2 defect levels dieddrenhanced emission that can be described by
the phonon-assisted tunnelling model (Goodman, 1994

A quick calculation shows that, under low elecfiédd conditions, the E2 level's emission rate ddou
vary from 10 s to 10* s™ in the temperature range 40 to 90 K. Since thigotrature range is easily
accessible by the cryostats in the Physics Depaittritee E2 seemed to be the ideal defect to utasto
the capabilities of the DLTS system. The EL2 wasselm because it is a well-known defect, however,
the maximum temperature restriction of the cryo$itaited the emission rate range that could be
measured.

6.3 Experimental

In this study, 1 x 18 cn Si-doped n-GaAs grown by OMVPE on ahsubstrate was used. Ohmic
contacts were fabricated on the back surface ofsémple and 0.2m Au Schottky contacts were
deposited by resistive evaporation, as describedkegtion 5.2. The sample was irradiated, through th
Schottky contacts, by 5.4 Me¥-particles from an Am-241 source at a fluence of 10" cni for 8
hours. According to a TRIM simulation, thesearticles penetrate through the gold layer to@ttdef

26 um into the GaAs. Under a reverse bias of 1 V, acatpAu Schottky diode orl0"® cni®-doped
GaAs has a depletion region width of about | The electrically active defects produced bydhe
particles during their travel though the GaAs sHotlierefore be easily detectable by DLTS under
various biasing conditions. A schematic represantaif the sample is shown in Figure 6.1.

DLTS spectra of the samples were measured in anOAS system as well as in the digital DLTS
system. In the case of the analogue system, Lldufacies ranging from 1 Hz to 1 kHz were used,
while, for the digital system, measurements weréopmed at temperatures ranging from 270 to 380 K
for the EL2 and 20 to 90 K for the E2 defect. (Doenaterials used in the construction of the iatesf

the EL2 could not be measured at temperatures38@&K). In both cases, the scans were recorded at a
reverse bias of 1 V and a filling pulse height ¢f ¥.
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The field dependence of the emission from the H2alewvas studied using the digital system by
applying a reverse bias of 4 V and increasing ithiedg pulse from 0.2 V to 3.4 Vin 0.2 V steps.

sample irradiated by radionuclide
after deposition of Schottky contact

Au Schottky contact

1x 10" cm” Si-doped n-GaAs (OMVPE)

n" GaAs substrate

ohmic contact

Figure 6.1 Schematic representation of the sample used irsthdy.

6.4 Results and discussion

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

systems. As seen in the graph, the digital system eapable of measuring the defect over a much
wider range of emission rates. Over this wide ramgedeviations from the linear relationship were

observed. It can therefore be concluded that t@atlisystem could measure long time constants
accurately.

In the region where both systems could be used;dhespondence between the results was good. The
DLTS signature obtained by the digital systdfn= 0.833 eV ands,, = 2.4 x 10" cnf) corresponded
reasonably well with the DLTS signature obtainedh®yanalogue systerf(= 0.785 eV andr,, = 4.5

x 10 cnf). Furthermore, the signature measured by theatligitstem was closer to the literature
average mentioned in Section 6B € 0.825 eV andj,, = 1.2 x 10*cn¥), than that obtained by the
analogue system.

The difference in the results between the anal@ekdigital system seem to be due to a systematic
deviation rather than due to random errors. Thet prabable cause for this systematic deviatiohas t
the analogue system used an (uncalibrated) themwptedo measure the temperature, while the
temperature in the digital system was measureddayilarated PT-100 sensor.

The results obtained by the digital DLTS systentli@r E2 level are shown in Figure 6.3. The emission
rate from the E2 decreased as the temperature @@esaded from 90 K to 40 K. However, when the
temperature was decreased below 40 K, the emisaterfrom the E2 remained constant. In order to
distinguish the peak showing a constant emissitenfram 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 Eie2 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 sampleiff¢rent temperatures. The bias
conditions were: V= -1 and \, = 1.2V. The broadening in the peaks is due todleetric field
dependence of the emission rate, which becomesprmreunced at low temperatures.
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In the temperature range below 40 K, a peak dukddE1l was also visible. No unusual behaviour of
the E1 was observed. The broadening in the peaksthfthe E1 and the E2 was due to electric field
enhanced emission. Note that the E2' peak didhmt siny signs of broadening.

It might be argued that, since the electric figdthains approximately the same for all temperatuhes,
amount of broadening should also remain constaoiveier, in the lower temperature region, direct
emission over the barrier becomes less importashttaa phonon-assisted tunnelling mechanism makes
a significant contribution to carrier emission. &rphonon-assisted tunnelling is very sensitivehéo
electric field, it follows that, at lower tempereds, the varying electric field in the region prodsy
DLTS causes significant broadening of the DLTS geak

Figure 6.4 shows the dependence of the emissierfni@n the E2 on the temperature. At above 50 K,
the log of the emission rate is approximately Imhedependent on 1/T, though at lower temperatures,
the emission rate becomes practically independahieaemperature.

T (K)
10075 60 50 40 35 30 25 20
104 E ! ! !

103
102
10t
10°
10
102
103

10+
10

. . -1
Emission rate e, (s™)

1000/T (K1

Figure 6.4 Temperature dependence of the emission rate d2Hevel. ¥/, = -1V andV,= 1.2V, in
1 x 10" cn® doped n-GaAs.)

An Arrhenius plot of the data is shown in Figurb.@dere the data is compared to data obtained by an
LIA based system in a previous study (Goodman, 1984the region above 50 K, the results agreed
quite well, however, at 50 K a slight deviatiorvisible. Below 40 K the data was no longer desdribe
by Arrhenius’ law, and therefore the temperatuneetielence of the emission rate from the defect could
no longer be described by thermal emission accgritirShockley-Read-Hall statistics.
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Figure 6.5 Arrhenius plot of E2, obtained from the scans shamwrFigure 6.3. The dashed line
indicates results from Goodman (1994).

Figure 6.6 shows digital DLTS spectra recorded egva&rse bias of 4 V and filling pulse amplitudes
ranging from 0.2 V to 3.4 V incremented in 0.2 ¥p&. As the filling pulse amplitude was increased,
defects closer to the surface were filled. Thedeatie experienced a stronger field and therefodeaha
higher emission rate. Therefore, the DLTS peaksadeoed to the left as the filling pulse was
increased. Note that, in contrast to the E1, thepB2k did not show any distortion due to the elect
field until the filling pulse amplitude exceeded.2
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Figure 6.6 Isothermal DLTS spectra of the E1 and E2 recordeg8DaK under a reverse bias of 4 V and
filling pulse amplitudes ranging from 0.2 V to ¥4
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In order to investigate the emission under a vayygiectric field, successive spectra in Figurevéete
subtracted. The result of this subtraction is shawiFigure 6.7, where the field dependence of the
emission rate can be seen more clearly. Here itbeaseen that the emission from the E2' remained
independent of the electric field up to a field 468 kV/cm after which the emission rate became
strongly field dependent.
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Figure 6.7 Spectra obtained by subtracting successive scafgire 6.6. The average electric field
experienced by the defects is also shown.

The previous results strongly suggest that there avsther mechanism according to which the E2
could emit carriers. This mechanism should be irddpnt of temperature and electric field.

The radiation shield used in this study had a 10 mote in the top, for use in optical studies. When
another radiation shield, without such a hole, used, the E2' peak disappeared and was repladed wit
an E2 peak behaving as expected. The outer shfdhe oryostat was solid metal, so no ambient light
could reach the sample. It is therefore thoughtttaobserved emission of the E2 at low tempeeatur
is due to blackbody radiation from the cryostabsidr

A further investigation was done in which the tdptlee shroud was removed and replaced with an
aluminium cap that was thermally insulated from &t of the shroud. The bottom surface of the cap
was sprayed with a carbon spray in order to appraté a blackbody radiator and a temperature sensor
was attached to the cap. A 20-watt resistor watethan top of the cap to serve as a heater. Inthys
using a second temperature controller, the temperalf the cap could be varied without affecting th
rest of the set-up. It was found that the positibrihe peak due to the E2 shifted depending on the
temperature of the cap, as shown in Figure 6.8e Nlaat only the position of the E2 peak shifts,
therefore it is unlikely that the observed effectlue to a change in the temperature of the sample.

45



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

c?o 20 i ML IELLRLLL LR BELLLLLLL BLELLLLLL LR BELELALLL BELELLLLLL B """_
—i B ]
X - shroud at 375 K .
o 15 ———- shroud at 330 K . ]
~ \

9 1 :
c L i
2 - -
» 05 .
0 I ]
= [ ]
5‘ OO FEERETIT AR ETTT EEETRTTIT AR ETTTT AT ERTTIT SETTR Tt MECEERTTIT MECETRTTITT EECE AT

104 10° 102 10t 10° 10' 102 10% 10% 10°
Emission time constant (s)
Figure 6.8 Isothermal DLTS spectrum of the E1 and E2 levetended with the sample at 33 K and

the cap of the radiation shield at different tengiares, showing the shift in the position of thakpe
due to the E2.

6.5 Conclusions

The results obtained indicate that the digital DISyStem described can successfully measure defects
with emission time constants ranging fronT® more than 10s. The results obtained agreed well
with results obtained previously using an LIA-bagdd’S system, as well as with values published in
the literature.

For very long time constants, deviations from thehanius plot were observed, however, further
investigations indicate that these deviations aeetd blackbody radiation from the cryostat shroud.

6.6 Publications

Some of the results of this study were presentettheatConference on Photo-responsive Materials,
Kariega Game Reserve, South Africa 25 — 29 Febr@éfi4 and published in Phys. Stat. Sol. (c)
(Meyer, 2004):

1. Meyer WE and Auret FD 2004 Effect of thermaliasidn on electron emission from the E2 defect
in n-GaAsPhys. Stat. So(c) 1 2333
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In this paper we describe the behaviour of the E2 defect in GaAs as measured by a digital DLTS system at
temperatures much lower than those at which the defect is normally observed in analogue DLTS systems.
We found that, at temperatures below approximately 40 K, the emission rate of the E2 defect became es-
sentially temperature independent. We show that this behaviour is due to a competing mechanism, involv-
ing thermal radiation from the outer shroud of the cryostat, emptying the E2.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The E2 defect level is one of the prominent electrically active radiation-induced defect levels in n-GaAs
[1]. It can be observed by means of deep level transient spectroscopy (DLTS) [2] after irradiating n-
GaAs with electrons, protons, a-particles and implantation with heavy nuclei [1, 3]. Under low-field
conditions, the E2 has an energy level Ey and capture cross-section gy, (collectively known asthe de-
fect’s DLTS signature) of Ec—0.14 eV and 1 x 10™ cm? respectively in lowly doped material [1{. Emis-
sion from the E2 level is significantly enhanced by the electric field in the space charge region. This
field-dependent emission is well described by the phonon assisted tunnelling model [4] with a Huang-
Rhys factor, S, of 4.5 [5]. ; NE
In this paper we present the results obtained when we investigated the emission from the E2 defect
level at low temperatures (< 50 K) using a digital DLTS system, which is capable of measuring emission
rates much lower than can be detected by traditional analogue systems. N
)

2 Experimental

For this study we used <100> oriented GaAs epilayers grown by organo-metallic vapour phase epitaxy
(OMVPE). The layers were grown on an n* substrate and had a free carrier concentration of 1 x 10 cm>
as determined by capagitance-voltage measurements. Ohmic contacts were fabricated on the back surface
of the substrates and gold Schottky contacts, 0.7 mm in diameter and 0.2 pm thick, were evaporated
resistively on the epilayer. The samples were irradiated through the evaporated contacts by 5.4 MeV a-
particles from an Am-241 radionuclide.

Emission from the E2 was observed by means of a digital isothermal DLTS system in which the ca-
pacitance was measured using a Boonton 7200 capacitance meter. The capacitance signal was digitised
by means of an HP3458A Multimeter. An HP33120A Arbitrary Waveform Generator provided the re-
quired reverse bias and filling pulses. The output of the HP33120A was found to be particularly stable
with time, and did not suffer from baseline skew observed in some pulse generators. The use of an arbi-

" Corresponding author: e-mail: wmeyer@postino.up.ac.za

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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trary waveform generator also allowed for the shaping of the filling pulse to minimise overshoot caused
by the filters in the capacitance meter.

Initial measurements were performed without the inner shroud of the cryostat fitted. Hereafter, an
inner shroud with its top removed was used. The top of the inner shroud was replaced with an aluminium
disk that had a temperature sensor and a heater attached. The disk was isolated from the rest of the inner
shroud by means of polystyrene foam. In order to provide a good blackbody radiator, the lower surface
of the disk was painted with black colloidal graphite paint.

3 Results and discussion

Figure 1 shows the DLTS spectrum obtained at six different temperatures, without the inner shroud fit-
ted. The curves recorded above 40 K clearly show that the emission rate from the E2 level decreased as
the temperature was lowered. However, as the temperature was decreased to below 40 K, the emission
rate of the E2 remained constant despite the temperature being lowered further (see the curves recorded
at 20 and 30 K). In contrast to the behaviour of the E2 level, emission from the E1 level continued to
decrease as the temperature was lowered.

The broadening of the E1 peak is due to field-enhanced emission, which generally becomes more
pronounced at lower temperatures. At higher temperatures, the E2 peak is also broadened. However, at
temperatures below 40 K, this broadening disappeared. The disappearance of the field-effect broadening
of the peak indicates that the emission rate of the defect is not significantly influenced by the electric
field.

Figure 2 shows an Arrhenius plot of the data obtained, and compares it to data measured previously in
an LIA-based DLTS system. At higher temperatures (above 40 K), the results obtained compare well to
those obtained in other studies, however, at low temperatures significant deviations were observed.

In order to ensure that these observations were not due to an artefact in the DLTS system, measure-
ments were performed on the EL2 in the same sample over a similar emission rate range. No similar
deviations were found.

From these results, we deduce that, besides the usual thermally stimulated emission mechanism, there
is another mechanism that can empty the E2. This mechanism is slow (e, ~ 107 s7') and is essentially
independent of temperature. At higher temperatures, the thermal emission process is much faster than the
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temperature independent mechanism, and the effects of the temperature independent mechanism are not
observed. However, if the sample is cooled to below 40 K, the thermal emission process becomes slower
than the temperature independent process. This causes the peak due to the thermal emission process to be
replaced by one due to the temperature independent process.

We can also deduce that the temperature independent process is not significantly affected by Zhe elec-
tric field in the depletion region, since the E2' peak does not show field-effect broadening.

After some experimentation, it was found that the temperature independent peak of the E2 defect
disappeared when an inner shroud was fitted to the cryostat. Since there were no windows on the oute#'
shroud of the cryostat, there was no light that could be shielded off by the inner shroud. The only radia-
tion in the cryostat that might be blocked by the inner shroud is thermal radiation fromthe outer shroud.
These results suggest that thermal radiation from the outer shroud is responsible for the temperature
independent mechanism. ;

In order to investigate the possible effect of thermal radiation in more detail, a few measurements

were performed with the top of the inner shroud heated to different temperatures. In this way it would be
possible to investigate the effect of varying intensity thermal radiation on the sample. The results ob-
tained in such a measurement are shown in Fig. 3, which shows some isothermal DLTS scans obtained at
a measurement temperature of 33 K. In these scans, both the E1 and the E2 defects are observed. The
position of the E1 does not change significantly, indicating that the sample temperature remained con-
stant during the measurement. However, the position of the E2 level moves depending on the tempera-
ture of the top of the inner shroud. We therefore deduce that the E2' peak we observed, was due to ther-
mal radiation from the outer shroud of the cryostat.
According to Wien’s law, the peak emission of a black body radiator at 350 K is about 8 pm. This wave-
length corresponds to a photon energy of 0.15 eV, which is approximately equal to the energy of the E2
below the conduction band (0.14 eV). Therefore, it seems plausible that the observed emission from the
E2 may be due to these photons. It also explains why this phenomenon was not observed with the EL2
defect, which lies much deeper below the conduction band at 0.8 eV. From the above we expect that this
phenomenon should be observed with other shallow defects where direct transitions are allowed.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Conclusion

We have shown that, under certain conditions, a temperature independent mechanism operates in addi-
tion to the usual thermal emission from the E2. At low temperatures, this temperature independent
mechanism dominates over the thermal emission process, consequently only a single, temperature inde-
pendent peak is observed. We have shown that this process is due to thermal radiation from the outer
shroud of the cryostat, and expect the phenomenon to be observed in other shallow defects.

Acknowledgements The financial assistance of the NRF is gratefully acknowledged.
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Field dependence of the
thermally activated
emission rate

7.1 Introduction

In Section 2.2.3 a number of mechanisms accordinghich an applied electric field can enhance the
emission of trapped carriers from a defect wereusised. It was mentioned that it is possible to
determine a number of properties of a defect from field dependency of its emission rate. For
instance, the extent to which a defect displays Poele-Frenkel effect is an indication of the
approximate range of the defect’s potential. Thisrimation can then be used to estimate the charge
state of the defect and to determine whether tliectiéss an acceptor or a donor. At higher electric
fields, many defects exhibit field-dependent emissenhancement that corresponds well with the
phonon-assisted tunnelling model. In this caseyeefitting routines can be used to determine the
coupling constant between the lattice and the detlee Huang-Rhys factor.

From a device viewpoint, it is also important toolnthe field-dependent emission properties of a
defect. Since the application of an electric fieldy change the carrier emission rate of a defect by
more than an order of magnitude, the electric field device may have significant impact on the way
in which defects influence device performance.
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The digital isothermal DLTS technique is ideallytsd to the determination of the field dependenice o
the emission rate. The main advantage of this igaknover the LIA-based technique is that all
measurements are performed at the same tempetatigréherefore not necessary to use interpolation
to estimate the emission rate of a defect at angteenperature. Furthermore, since the temperature
remains constant, isothermal DLTS allows the tertpee to be determined more accurately than with
scanned temperature DLTS.

7.2 Publications

The digital DLTS system described in this thesiswaed to determine the field dependence of a
number of defects in different materials. The ressoff these studies are reported in the following
publications, copies of which are included afteis tbhapter. In all cases the isothermal DLTS
measurements, the modelling and the curve fitting performed by the present author.
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We report on the enhanced emission kinetics of an as-grown defect in MBE grown n-GaN.
This defect which is positioned 0.247 + 0.005 eV below the conduction band and has an
apparent capture cross-section of 3 x 107> cm?, Tt exhibits an emission rate which depends on
the electric field strength in the space-charge region. The emission rate increases from 6 s at
a field of 1 x 10”7 Vm™ within the space-charge region to 10 s when the electric field
strength within this region is 5 x 107 V m™, This field dependence could not be explained by
the Poole-Frenkel enhanced emission from a coulombic well, indicating that this defect is not
a donor. This result does not support previously published results regarding the nature of this
defect.

1 Introduction

An electric field can have a pronounced effect on emission from defects in
semiconductors [1]. The negative aspect usually associated with electric field
enhanced emission is that it results in inaccurate activation energy measurements
and since the electric field increases with the doping density, this effect is especially
pronounced in semiconductors with a carrier density above 10" cm . However,
electric field assisted emission from deep level defects often assists in providing a
better insight into several aspects of the defects being characterized. Firstly, if the
Poole-Frenkel model for emission from a Coulomb potential can describe the
enhanced emission data well, then it implies that the defect is a donor in n-type
material, or an acceptor in p-type material. For example, the characteristic Poole-
Frenkel field enhancement has been instrumental in identifying the inverted order of
acceptor and donor levels of monatomic hydrogen in Si [2]. Secondly, it has been
shown that the enhanced emission from some defects, including the well-known
EL2 and some radiation-induced defects in GaAs, can be described by phonon-
assisted tunneling. By fitting the experimental data to this model, the Huang-Rhys
factor of the defect can be extracted from which one finds an indication of the
lattice relaxation associated with carrier capture and emission.

In this paper, we investigate the electric field dependence of the emission rate
of a defect in n-GaN grown by means of reactive molecular beam epitaxy (RMBE).
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2 Experimental

For this study, 2 um thick GaN epitaxial layers were grown on a 250 A AIN buffer
layer on sapphire by reactive molecular beam epitaxy (RMBE). The samples were
cleaned in boiling aqua regia and degreased. Hereafter the oxide layer was removed
using a 50% HCI solution for 10 seconds. Composite Ti/Al/Ni/Au (150 A/2200 A/
400 A/500 A) ohmic contacts were deposited, followed by a 5 minute annealing at
500 °C in an inert atmosphere. Schottky contacts, 0.5 mm in diameter, were formed
by resistively depositing 3000-A gold through a mask. The carrier density of the
material was determined by CV measurements as 2 x 10'7 cm™.

Defect characterization was performed by means of a lock-in amplifier-based
(LIA) deep level transient spectroscopy (DLTS) system. The DLTS signatures
(energy level, Er, and the apparent capture cross-section, o,,) were determined at a
quiescent reverse bias (V;) of 1.0 V and a filling pulse (V}) if 0.5 V. Isothermal
DLTS, with a constant reverse bias and an incrementing filling pulse was used to
determine the field dependence of the emission rate of the EM1. The results were
analyzed according to the method of Zohta et al [3].

3 Results and discussion

The DLTS spectrum of the material shown in Figure 1 shows one dominant defect
level, the EM1, which had an E; and ¢,, of 0.247 eV and 3 x 107" em? respectively.
The EM1 is presumably the same as the E; defect observed in RMBE grown GaN
by Fang et al [4] with an Et and G, equal to 0.21 eV and 1.26 x 107", We ascribe
the higher activation energy obtained by us to the lower electric field used in our
measurements. Fang et al. speculated that, based on comparison between their data
and that obtained for electron irradiated GaN, that E, is related to N-vacancies in
GaN. Look et al. [5] have used Hall effect measurements to show that the N-
vacancy in GaN is a donor-type defect.

In an attempt to determine the nature of the main defect observed in our study,
the field dependence of the EM1 emission rate was determined. The results of these
measurements are shown in Figure 2. In order to establish the potential associated
with this defect the experimental data was modelled making use of various simple
defect potential models. Since one-dimensional calculations grossly overestimate
the field enhancement, we considered Poole-Frenkel enhancement from three-
dimensional potentials only [6].

As shown in Figure 2, the data could not be explained by Poole-Frenkel
enhancement from a coulombic well [7]. This dependence would imply that there is
a coulombic attraction between the carrier and the defect, indicating that it is a
donor in n-type material [8]. This is a strong indication that the defect is an
acceptor.
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Figure 1. DLTS spectra of the as-grown sample. Figure 2. The experimental and modeled emission
The spectrum was recorded at 46 Hz with V; = Kkinetics of the EM1 defect as a function of electric
10Vand V,=12V. field strength in the space charge region.

A much better fit was obtained for a spherically symmetric square well [7]
(depth 0.26 eV and radius 7 =2 A) and a gaussian well [9] (depth 0.26 eV and
characteristic width of 2+ 0.5 A). The difference between the field enhanced
emission due to the gaussian well and that due to the square well was not large
enough to allow a distinction to be made. However in both cases the dimensions of
the well are of the order of a lattice parameter, therefore we conclude that the defect
is a point defect. The slightly higher value of Ey determined from the modeling as
compared to the experimental value is an indication that the defect energy
determination was influenced by the high electric field in the highly doped material.

As mentioned previously, Fang et al. found a defect, the E;, which we believe
to be the same as the EM1 we observed. They suggest that the E; is related to the N-
vacancy which is a donor-type defect. However, our results indicate that the EM1
defect is an acceptor. Therefore we have to assume that, either the EMI we
measured is not the same as the E,, or the E, is not a donor and therefore not a N-
vacancy.

4 Summary

We have determined the electronic properties of an as-grown defect in RMBE
grown GaN which is positioned 0.247 eV below the conduction band with an
apparent capture cross-section of 3 x 107" cm”. Modeling of the emission kinetics
in field strengths ranging from 1 x 10° to 4 x 10° V/cm has shown that the defect
potential can not be described by a one- or a three-dimensional coulombic well.
However, a square well with a depth of 0.26 eV and a radius of 7+ 1 A and a
gaussian well of depth 0.26 eV and characteristic width 2.0 + 1 A both describe the
enhanced emission very well. Hence we conclude from the physical dimensions of
the modelled potential wells and the fact that EM1 does not exhibit the proportional
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dependence on F* characteristic of a coulombic well that EM1 is a point defect
which has acceptor like character.
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We have used deep level transient spectroscopy (DLTS) to characterise a deep level defect,
the ER3, in unintentionatly doped OMVPE grown GaN exposed to high energy (5.4 MeV)
He-ions. The ER3 defect was introduced at a rate of 3270 + 50 em™ and, under low electric
field conditions, it has an energy level of 0.196 + 0.004 eV below the conduction band and an
apparent capture cross-section of 3.5 £ 1 x 107" cm?. We found that the emission rate of the
defect depends on the electric field strength in the space-charge region. This field dependence
of the emission rate could be modelled according to the Poole Frenkel distortion of a square
well with a radius of 20 + 2 A or a Gaussian well with a characteristic width of 6.0+ 1 A,
Hence, we conclude that the ER3 is a point defect which appears to have acceptor like
character.

1 Introduction

Gallium nitride, a direct wide bandgap semiconductor, has attracted considerable
attention because of its applications in blue, green and ultraviolet light emitting
diodes, detectors, and blue lasers. Because of its low thermal generation rates and
high breakdown fields, an inherent property of wide bandgap semiconductors, it
also has applications in the field of high temperature and power electronics [1]. The
fabrication of electronic devices requires the definition of the device active area,
which, for epitaxially based processes, is typically accomplished by mesa etching or
implant isolation. It was found that He implantation-induced damage produced high
resistivity GaN at a fluence that is compatible with photoresist masking techniques
[2]. He-ion irradiation has the advantage over electron irradiation in its ability to
isolate selected areas for device definition and is also suitable for carrier lifetime
tailoring [3].

In this paper, we present the introduction rate and electrical properties of a deep
level defect introduced by 5.4 MeV He-ions in n-GaN.
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2 Experimental

For this study, 5um thick GaN epitaxial layers were grown on a 250 A buffer layer
on sapphire by metal-organic vapour phase epitaxy (MOVPE) and exposed to 5.4
MeV He-ions from an **'Am radio-nuclide source. The samples were cleaned in
boiling aqua regia and degreased [4]. Hereafter the oxide layer was removed using a
50% HCI solution for 10 seconds [5]. Composite Ti/AI/Ni/Au (150 A/2200 A/
400 A/500 A) ohmic contacts [6] were deposited, followed by a 5 minute annealing
at 500 °C in an inert atmosphere. Schottky contacts, 0.5 mm in diameter, were
formed by resistively depositing 3000 A of gold through a mask.

Defect characterisation was performed by means of a lock-in-amplifier-based
(LIA) deep level transient spectroscopy (DLTS) system. The DLTS signatures
(energy level, Ey, and the apparent capture cross-section, o,,) were determined at a
quiescent reverse bias (V) of 1.0 V and a filling pulse (V) of 0.5 V. Isothermal
DLTS, with a constant reverse bias and an incrementing filling pulse was used to
determine the field dependence of the emission rate of ER3. The results were
analyzed according to the method of Zohta et al [7].

3 Results and discussion

The DLTS spectrum of the as-grown material [Figure 1 curve (a)] contained two
defect levels. The E02 had an E; and o, of 027 eV and 8.85 x 107" cm?
respectively while the EO5 had an E7 and o, of 0.607 eV and 1 x 107" cm?
respectively. The E02 and EOS defects are presumably the same as the E1 and E2
levels detected previously [8] in as-grown hydride vapour-phase epitaxially grown
material.

After irradiation with He-ions, the DLTS spectrum [curve (b)] shows an
additional defect, ER3, introduced at a rate of 3270 = 200 cm™ and positioned
0.196 + 0.004 eV below the conduction band with an apparent capture cross-section
of 3.5 x 107"® cm?. The electronic properties of the ER3 are similar to a defect found
by Fang et al [9] in electron irradiated GaN, for which £; and o, were 0.18 eV
and 2.5 x 107" ¢cm? respectively. The small discrepancy in the activation energy of
the defects can be accounted for by field enhanced emission from the defect
reported by Fang et al as their “signature” was determined under higher field
conditions.

The field dependence of the emission from the defect is shown in Figure 2. In
order to establish the potential associated with this defect the experimental data was
modelled making use of various simple defect potential models. Since one-
dimensional calculations grossly overestimate the field enhancement [10], we
considered Poole-Frenkel enhancement from three dimensional potentials only.

As shown in Figure 2, the data could not be explained by Poole-Frenkel
enhancement from a coulombic well [11]. This dependence would imply that there
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Figure 1. DLTS spectra of the unirradiated n-GaN  Figure 2. The experimental and modeled emission
[curve (a)] and the material exposed to 5.4 MeV  kinetics of defect ER3 as a function of electric field

He-ions [curve(b)]. The inset depicts the strength in the space charge region.
concentration of the He-ion induced defect ER3 a

function of the incident He-ion fluence.

is a coulombic attraction between the carrier and the defect, indicating that it is a
donor in n-type material [12]. We therefore assume that the defect is an acceptor.
Further evidence for the acceptor nature of the ER3 are direct capture cross-section
measurements which indicate a very low capture cross-section of 1 x 10'7 cm™,

A much better fit was obtained for a spherically symmetric square well [11]
(depth 0.196 eV and radius 20 + 2 A), while the best fit was obtained assuming a
gaussian well [13] (depth 0.206 eV and characteristic width of 6.0 + 1 A). The
difference between the field enhanced emission due to the gaussian well and that
due to the square well was not large enough to allow a distinction to be made.
However in both cases the dimensions of the well are of the order of a lattice
parameter, therefore we conclude that the defect is a point defect.

We believe that the ER3 is the same defect as E previously observed by Fang et
al. [9] who speculated that the defect may be related to the N-vacancy. However,
Look et al. [14] have shown that the N-vacancy is a donor. This contradiction
warrants further investigation.

4 Summary

We have determined the electronic properties of a defect introduced at a rate of
3270+ 200 cm™ by 5.4 MeV He-ions in n-GaN grown by OMVPE and is
positioned 0.196 + 0.004 eV below the conduction band. A defect with similar
electronic properties and a considerably lower introduction rate has been observed
after electron irradiation [9]. Modeling of the emission kinetics in field strengths
ranging from 4.9 x 10* to 3 x 10° V/cm has shown that the defect potential is not a
one- or a three-dimensional coulombic well. However, a square well with a depth of
0.196 eV and a radius of 202 A and a gaussian well of depth 0.206 eV and
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characteristic width 6.0+ 1 A both describe the enhanced emission very well.
Hence we conclude from the physical dimensions of the modelled potential wells
and the fact that ER3 does not exhibit the proportional dependence on F*, that ER3
is a point defect which has acceptor-like character.
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A deep level defect ER3, introduced in n-GaN by high energy (5.4 MeV) He ions, was
characterized by deep level transient spectroscopy (DLTS). This defect, 0.196%0.004 eV below the

conduction band, with an apparent capture cross-section of 3.5+ 1x 107 cm

2, is introduced

uniformly in the region profiled by DLTS at a rate of 3270200 cm . The emission rate of this
defect depends on the electric field strength in the space-charge region. This emission rate is
modeled according to the Poole—Frenkel distortion of a square well with a radius of 20+2 A or
alternatively, a Gaussian well with a characteristic width of 6.0% 1 A. Hence, we conclude that ER3
is a point defect which has a field dependence not explained by the classical Poole—Frenkel
enhancement. © 1999 American Institute of Physics. [S0003-6951(99)02906-X]

Gallium nitride, a direct wide band gap semiconductor,
has attracted considerable attention because of its applica-
tions in blue, green, and ultraviolet light emitting diodes,
detectors, and blue lasers.! Because of its low thermal gen-
eration rates and high breakdown fields, an inherent property
of wide band gap semiconductors, it also has applications in
the field of high temperature and power electronics.”> The
fabrication of electronic devices requires the definition of the
device active area. For epitaxially based processes, active
area definition is typically accomplished by using mesa etch-
ing or implant isolation. Both H and He implantation damage
has been used in GaN-based microelectronic processes.>* It
was found that He implantation-induced damage produced
high resistivity GaN at a fluence that is compatible with pho-
toresist masking techniques.’ He-ion irradiation has the ad-
vantage over electron irradiation in its ability to isolate se-
lected areas for device definition and also in carrier lifetime
tailoring.’ Deep level transient spectroscopy® (DLTS) is
commonly used to study the electrical properties of deep
levels within the space charge region of a Schottky barrier
diode (SBD). It is generally assumed that the emission of
carriers from deep levels is a purely thermal process. How-
ever, this may not always be the case and inaccurate defect
characteristics may be calculated if one assumes only ther-
mal emission. On the other hand, accurate measurements of
the field enhancement of emission rates can lead to a model
of the localized defect potential of the deep center thus pro-
viding vital insight into the nature of the defect states in the
semiconductor.’

In this letter, we present the introduction rate, electrical
properties, and the dependence of the emission rate on elec-
tric field strength of a deep level defect introduced by 5.4
MeV He ions in n-GaN.

YEJectronic mail: sgoodman@nsnpert.up.ac.za

0003-6951/99/74(6)/809/3/$15.00
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For this study, GaN epitaxial layers 5 um thick grown at
1080°C on a 250 A GaN buffer layer on sapphire by metal-
organic vapor phase epitaxy (MOVPE) were exposed to 5.4
MeV He ions from a >*' Am radio-nuclide source. The nomi-
nally undoped GaN epitaxial layer had a free carrier concen-
tration of approximately 2.2+0.2X 106 cm ™3, After boiling
the samples in aqua-regia for ten minutes the samples were
degreased.® Prior to ohmic contact fabrication the oxide layer
was removed from the sample surface using a HCI:H,O (1:1)
solution for 10 s.? The composite ohmic contact layer'® was
Ti/AUNi/Au (150 A/2200 A/400 A/500 A). The contact fab-
rication was followed by a five minute anneal at 500 °C in an
inert gas atmosphere. Gold (Au) SBDs, 0.5 mm in diameter
and 3000-A-thick were resistively deposited, these diodes
had a reverse leakage current of the order of 107'0A at 1 V
and ideality factors between 1.05 and 1.10. The samples
were exposed to 5.4 MeV He ions by placing them on an
2Am foil. The activity of the radionuclide being 192
uCicm™2 and the dose rate was 7.1X 10 ecm™2s™!. A two-
phase lock-in-amplifier-based (LIA) deep level transient
spectroscopy (DLTS) system was used for the defect charac-
terization. All DLTS ‘‘signatures’ (activation energy, E;
and apparent capture cross-section, o,,) were determined us-
ing a quiescent reverse bias (V,) of 1.0 V and a filling pulse
(V,) of 0.5 V. DLTS depth profiling was performed by re-
cording spectra at fixed quiescent reverse bias (V,) but in-
crementing the forward bias (V,,) in small steps from one
scan to the next. The approach of Zohta er al.'! was then
used to obtain the defect concentration as a function of depth
below the interface. In order to simplify the determination of
the emission kinetics of ER3 at different electrical field
strengths in the space-charge region, isothermal DLTS was
used.

Prior to He-ion irradiation, the MOVPE grown material
contained two defects, E02 and EO5 as illustrated in curve

© 1999 American Institute of Physics



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

810 Appl. Phys. Lett., Vol. 74, No. 6, 8 February 1999
6 L T T T T ML
Tl T T T
& 6.0 [Introd. rate (ER3) = 3270 £ 200 cm”,
§
5Fe 4
> ]
g \ z
L ¢ ]
-é 8 20 -
) ©
= 3_50 1 ! [P IR EO5 i
c 0 4 8 12 16 20 l
'Ug)) He-ion fluence (x 10" em?)
@ oar ERS pop -
)
a |
1F (b} B
../\f/i\uo’”.
0 (a)l 1 1 1 1 L L
50 100 150 200 250 300 350

Temperature (K)

FIG. 1. DLTS spectra of the unirradiated #-GaN [curve (a)] and the material
exposed to 5.4 MeV He ions [curve (b)]. The inset depicts the concentration
of the He-ion induced defect ER3 as function of the incident He-ion fluence.

(a) of Fig. 1. Defect E02, which is positioned 0.27 eV below
the conduction band (E,—0.27 eV) with an apparent capture
cross-section of 8.5x 10™ >cm?, is believed to be the same
as defect, E1'" with a DLTS signature of 0.264=0.01eV
and 1.6X10 " cm™? detected in as-grown hydride vapor-
phase epitaxially grown material. A defect, E,, has been
detected in unirradiated MOVPE grown n-GaN, with an
activation energy of 0.18 eV."? Defect E05, which has an
activation energy of 0.607 eV with an apparent capture
cross-section of 1 X107 '#cm? is presumably the same as de-
fect E2'? detected in as-grown hydride vapor-phase epitaxi-
ally grown material with an activation energy of 0.580
+0.017eV with an apparent capture cross section of 2.9
X 10" S em?

After exposing n-GaN to 5.4 MeV He ions an additional
defect, ER3 [curve (b), Fig. 1] was observed, this defect has
a “low field” (7.6X10* V/iem) DLTS “‘signature’ of E,
—0.196+0.004 and o, 3.5+ 1 X 10~ 1 cm?. There has been
very few detailed investigations on the influence of particle
irradiation on the electrical and optical properties of n-type
GaN. Fang et al.,"* irradiated n-GaN with 1 MeV electrons
to a dose of 5x 10" and o,,1 X 10" cm™2. A defect labeled
E, for which the apparent parameters £ and o, are 0.18 eV
and 2.5%X 10~ 13 cm?, respectively, was introduced at a rate of
0.2 cm™ L Tt was speculated, taking into account the possi-
bility of a temperature dependent capture cross-section, that
this defect could possibly be the nitrogen vacancy (Vy, E.
—0.07eV). The electronic properties of this defect and ER3
are similar. The small discrepancy in their activation energy
could be accounted for by slight field enhanced emission of
the defect reported by Fang er al.'* as their defect ‘‘signa-
ture’” was determined under higher electric field conditions.

In Fig. 2 the experimentally measured emission rate of
ER3 as a function of the square root of the electric field in
the space charge region is shown. In order to establish the
potential associated with this defect the experimental data
was modeled making use of various simple defect potential
models. It must be noted, that the one-dimensional calcula-
tion grossly overestimated the field enhancement, as is well
known." Therefore, we firstly, consider the three-
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FIG. 2. The experimental and modeled emission kinetics of defect ER3 as a
function of electric field strength in the space charge region.

dimensional Poole—Frenkel description of electric field as-
sisted thermal emission from a Coulombic well. According
to this model,'® the emission rate can be described by

B KT\’ 1
= | 2] 1+ 2l
(1)

where e(0) is the emission rate at zero electric field, k is
Boltzmann’s constant, 7 is the absolute temperature, and
—

(776)

\ I

BF

X (BNFIKT)
kT ¢

q3 \ 12

B @)

It is evident from Fig. 2 that this particular potential does not
suitably explain the experimentally measured emission en-
hancement. It must be noted that the characteristic depen-
dence of the emission rate (e) on electric field (F) in the case
of the one-dimensional Poole—Frenkel effect for a Coulom-
bic well, namely that loge is proportional to F'?, is fre-
quently used by experimentalists to distinguish between do-
nor and acceptor defects. The linearity of this dependence is
characteristic of a charge leaving a center of opposite sign. In
n-type material this would imply a donor type defect,
whereas, in p-type material this would imply an acceptor
type defect.” It must be noted that the determination of the
electronic type should be approached with caution as was
expressed in the paper by Buchwald e al.,'” who reported on
the revised Poole—Frenkel effect for EL2 in GaAs.

Second, the Gaussian well was considered as a possible
potential description for ER3. The enhanced emission rate in
this case is'®

) Voexp(—rafa®)\ kT
e(F)—Zﬂ'e(O)+[exp(T 7Fr
[qFr
X | exp qkTO)fl +1f, 3)

where r( is the top of the distorted well where SE/Sr=0.
The resulting equation is nonlinear in rq, F, a, and Vg, and
has, therefore, been solved iteratively for each set of these
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FIG. 3. The reduction in potential for a Gaussian and a square well, when
the electric field strength in the space charge region is 2.5X 10° V/em.

values before calculating e(F) using Eq. (3). A good fit is
obtained when a characteristic width of 6.0=1 A and a po-
tential of 0.206 eV is used.

Third, the spherically symmetric square well potential of
radius b was investigated. The variation of emission rate
[e(f)] with electric field of a square well of radius b is'®

e(F)y=e(0){(kT/2qFb)[exp(qgFbIkTY— 17+ 1/2}. (4)

Using a potential equal to the experimentally determined ac-
tivation energy, namely, 0.196 eV and a well with a radius of
20+24, a good fit is obtained between the experimentally
measured emission rates and the modeled points.

It would appear that the square well and the Gaussian
well with their particular physical dimensions discussed both
provide an adequate description of defect ER3 detected after
high energy He-ion irradiation. In an attempt to understand
how both potentials describe the experimental results, a com-
parison of the distortion of these potentials at a reasonably
high (2.5X10° V/cm) electric field strength was investi-
gated. Figure 3 schematically represents the distortion of a
square and a Gaussian well. It is clear from this figure that
using either a Gaussian or a square well with the specified
physical attributes can adequately describe the enhanced
emission kinetics of ER3. The fact that the field enhanced
emission from ER3 can not be adequately described by a
Coulombic well indicates that ER3 is not a donor type defect
but an acceptor type defect. The existence of another accep-
tor type defect not expected to exist in large numbers in
as-grown material, namely, N was experimentally shown by
Look er al.”

In summary, we have determined the electronic proper-
ties of a defect introduced at a rate of 3270*+200cm™' by
5.4 MeV He ions in n-GaN grown by organometallic vapor
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phase epitaxy (OMVPE). This defect which is positioned
0.196x£0.004 eV below the conduction band is introduced
uniformly in the region probed by DLTS. A defect with simi-
lar electronic properties and a considerably lower introduc-
tion rate has been observed after electron irradiation.'> Mod-
eling of the emission kinetics in field strengths ranging from
49X 10* to 3 X 10° V/cm has shown that the defect potential
is not a one- or a three-dimensional Coulombic well. How-
ever, a square well with a depth of 0.196 ¢V and a radius of
202 A and a Gaussian well of depth 0.206 eV and charac-
teristic width 6.0+ 1 A both describe the enhanced emission
very well. Hence we conclude from the physical dimensions
of the modeled potential wells and the fact that ER3 does not
exhibit the proportional dependence on F'? that is classically
used to determine the electronic type of the defect.
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Abstract. The isochronal annealing and electric-field-enhanced emission properties of three
defects (EHe203, EHe584 and EHe211), observed in low-energy He-ion bombarded n-Si,
were studied using deep level transient spectroscopy. EHe203 (E¢ — 0.20 eV) and EHe584
(Ec — 0.58 eV) were thermally stable up to ~400 °C after which their removal was
accompanied by the introduction of a secondary defect EHe211 (Ec — 0.21 eV). EHe211 was
thermally stable at 650 °C. The emission rate of EHe203 was significant for electric fields

above 4 x 10* V. em™!

, and was enhanced by over 3 orders of magnitude for a corresponding

three-fold increase in electric field. The emission rate of EHe211 was only weakly field
dependent over the electric field range studied, while that of EHe584 remained constant for
electric fields between 3 x 10* and 9 x 10* V cm~!. EHe584 has been proposed to be an
acceptor-type defect. It was found that square wells of radii 57 A and 40 A described the
potentials induced by EHe203 and EHe211, respectively, reasonably well. Alternatively,
Gaussian potential wells with o = 20 Aand Vo = 0.30 eV (EHe203) and o« = 12 A and

Vo = 0.35 eV (EHe211) could be used to fit our experimental data.

1. Introduction

Low-energy (0.2-2000 keV) noble gas ions (NGIs)
are widely used during several microelectronics device
fabrication steps, including ion beam etching, reactive ion
etching and sputter deposition for metallization.  The
energetic ions create damage in the exposed semiconductor
lattice through momentum transfer. This damage alters
the electrical, optical and structural properties of the
semiconductor and of devices fabricated thereon. For
instance, the introduction of donor-type defects close to
the crystal surface alters the barrier properties of Schottky
barrier diodes fabricated on low-energy NGI-bombarded Si
[1,2]. Photoluminescence studies have shown that energy
shifts in the no-phonon peak of the intrinsic 7; defect (or
W, 1.018 eV) occurred after bombarding Si with low-energy
NGlIs [3-5]. Those mass-dependent systematic line shifts
were attributed to the incorporation of NGIs into the intrinsic
defect, constituting a family of deep optical defects. Several
conflicting models have been proposed for the structure of
these NGl-related defects [6-8]. Using ab initio molecular
dynamics modelling, Estreicher ez al [9, 10] have recently
proposed that the 1018 meV line was due to the neutral
divacancy and that the shifted I; peaks were due to the
incorporation of NGIs into the neutral divacancies. Despite

0268-1242/99/010041+07$19.50 © 1999 IOP Publishing Ltd
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these numerous studies, data concerning the electrical and
annealing properties of deep level defects in low-energy NGI-
bombarded Si are scarce.

Deep level transient spectroscopy (DLTS) [11] is
commonly used to study the electrical properties of deep
levels within the depletion region of a diode. It is commonly
assumed that the emission of carriers from deep levels is
a purely thermal process and that the internal electric field
has no influence on the results. This is, however, not true
and one is always cautioned against inaccurate findings from
emission rate data if its dependence on electric field is not
taken into account [11, 12]. The sensitivity of the emission
rate to an applied electric field can be used to probe the range
of a defect potential. Hence, an accurate measurement of
the electric-field-enhanced emission rate from a deep level
can provide valuable insight into the structure of processing-
induced defects in semiconductor materials [13-15]. The
successful assignment of a particular potential to a defect
can be used as an input for further computer modelling of the
defect structure [16].

Several studies to investigate the enhanced emission
properties from defect levels in Si have made use of various
defect potential models including, among others, the Poole—
Frenkel coulombic well [17,18], square well [18] and
phonon assisted tunnelling [19,20]. The one-dimensional
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Poole-Frenkel coulombic well, which relies on the linear
dependence of the logarithm of the emission rate (In(e)) on
the square root of electric field (F'/?), has been the most
widely used model since it enables one to distinguish whether
a defect is an acceptor or donor [17]. This model has been
used to describe the emission of electrons from the oxygen-
related thermal donors [21] and chalcogen double donors [22]
in silicon. A refinement on the one-dimensional model is the
three-dimensional (3D) Poole-Frenkel coulombic potential
well [18]. Walker and Sah [23] have used the spherical square
well defect potential to study the electric-field-enhanced
emission rate from deep levels observed in 1 MeV electron-
irradiated silicon. The Gaussian well potential, which is less
rigid than the square well model, has been used to study the
vacancy-phosphorus-induced potential in InGaP [24].

In this paper we present results concerning the effect
on an electric field on electron emission from three defects
(EHe203, EHe584 and EHe211) observed in low-energy He-
ion-bombarded n-Si. We show that the emission rates from
EHe203 and EHe211 were enhanced by an externally applied
electric field and that the effect was more pronounced for
EHe203. The annealing properties of the defects are also
reported. Furthermore, we demonstrate that the secondary
defect EHe211 was introduced at the expense of EHe203 and
EHe584 by annealing above ~400 °C.

2. Experimental procedure

Epitaxial Si, doped to 5 x 10 P c¢cm™3, grown on an
n*-substrate by chemical vapour deposition, was used
to investigate the annealing behaviour and electric-field-
enhanced emission from EHe203, EHe584 and EHe211. The
epitaxial side of the samples were bombarded with 1 keV He
ions to a dose of 1 x 10'> cm~? at room temperature. After
chemical cleaning, Pd Schottky contacts 100 nm thick and
0.77 mm in diameter were deposited through a metal contact
mask on the bombarded samples by resistive evaporation.
Ohmic contacts (In-Ga eutectic mixture) were made on the
n*-side of the samples prior to electrical measurements.

Zero-bias (ZB) isochronal annealing was performed
under Ar flow for 20 min periods from 100 to 650°C
in steps of 50°C. DLTS spectra were recorded after each
annealing cycle to monitor the defect annealing properties
and the introduction of secondary defects. Difference DLTS
(DDLTS) [25] was used to study the emission properties of
the electron traps under externally applied electric fields.
DDLTS yielded information about the defects located in
a narrow spatial region, and was realized by subtracting
DLTS spectra recorded at filling pulse amplitudes V, and
V, +6V, (using a fixed quiescent bias V,). The electric field
dependence of the emission rates of EHe203 and EHe584
was measured on a sample annealed at 450°C. By using
V., = 5V and changing V, from 0.5 to 5 V, the electric
field could be varied between 5 x 10% and 1.5 x 10° V.em™!.
For EHe211, the electric field was varied between 2.5 x 10*
and 4.5 x 10* Vem~! by using V, =2 Vand 0.5 V < V, <
2.3 V. Because of the lower quiescent bias required to probe
EHe211, we have used forward bias conditions to extend the
electric field range. A sample annealed at 550 °C was used
to measure the emission properties of EHe211.
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Figure 1. Curves a, b, ¢ and d show the DLTS spectra of 1 keV
He-ion-bombarded epitaxially grown n-Si (5 x 10" cm™?) after
ZB isochronal annealing at 350, 450, 500 and 650°C. The
annealing was done under Ar flow for 20 min periods and in steps
of 50°C. EHe203 and EHe584 have a similar annealing behaviour.
The high-temperature broad peak in curve d could be due to the
degraded Schottky barrier diode or the presence of extended
defects which introduced a continuous band of defects in the
bandgap.

Free carrier compensation occurs in ion-beam-bom-
barded n-Si as a result of either the introduction of acceptor-
type defects or dopant passivation in the form of dopant—
defect pairs.  This bombardment-induced lowering in
dopant levels results in a corresponding decrease in the
effective electric field experienced by deep traps. We have,
therefore, computed the effective electric field in our samples
using experimentally determined free carrier concentrations
from variable-temperature capacitance—voltage (CV-T)
measurement.

3. Results

3.1. Isochronal annealing behaviour

Figure 1 shows the DLTS spectra of 1 keV He-ion-bombarded
n-Si after ZB isochronal annealing at 350, 450, 500 and
650°C (curves a, b, c and d, respectively). It is evident
from this figure that the annealing behaviours of EHe203
and EHe584 were similar. The high-temperature broad peak
observed in figure 1, curve d, could be due to either the
degraded metal-semiconductor interface at 650°C or the
presence of extended defects which introduced a continuous
band of defects in the bandgap [26]. The variations in
the peak DLTS intensities at a depth of 0.5 pum below the
Pd-n-Si interface of EHe203 and EHe211 are illustrated in
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Figure 2. Variation in the peak DLTS intensities at a depth of

0.5 pm below the Pd-n-Si interface of EHe203 (open circles) and
EHe211 (open triangles). The fading EHe203 signal peak above
550°C was masked by the intense EHe211 peak and could not,
therefore, be measured. It is clear that the removal of EHe203 was
accompanied by the introduction of EHe211.

figure 2. The DLTS peak of EHe203 became weak above
550°C and was masked by the dominant EHe211 signal
peak. Figures 1 and 2 clearly demonstrated that the ZB
isochronal annealing of EHe203 and EHe584 above 400°C
resulted in the simultaneous introduction of EHe211, which
was thermally stable at 650 °C.

3.2. Dependence of emission rates on electric field

The emission rate of EHe584 showed virtually no electric
field dependence. We observed a variation of 5% (within
experimental error) in its value after changing the electric
field from 3 x 10* to 9 x 10* V cm~!. The variations in
the emission rates of EHe203 and EHe211 as a function of
applied electric field are shown in figures 3(a) and 3(b),
respectively. The depth profiles of EHe203 and EHe211
(not shown) were determined using the method of Zohta
and Watanabe [27]. Since the spatial distribution of EHe211
was shallower than that of EHe203, a smaller quiescent bias
(V, = 2V compared with 5 V for EHe203) was used to
study the electric field dependence of the emission property
of EHe211. Figure 3(a) revealed that the emission rate of
EHe203 was significantly enhanced by an electric field, while
that of EHe211 showed a weak electric field dependence
(figure 3(b)) over the electric field ranges covered in this
study.

The low-field defect energy and apparent capture cross-
section (E;, 0,) of the defects, commonly referred to as
their DLTS ‘signature’, were extracted from the conventional
DLTS Arrhenius plots [28] for the lowest electric fields. For
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Figure 3. Variations in the emission rates of (a) EHe203 and (b)
EHe211 as a function of externally applied electric field. The
insets show linear plots of In(e) versus F'/? for both defects, but
the slopes did not yield the theoretical value of 8 for a singly
charged defect. The emission rate data for EHe203 and EHe211
were measured at 85 and 100 K, respectively.

EHe203 and EHe211 the ‘signatures’ were 0.20 = 0.03 eV,
(7.2 £ 0.5) x 1071 ¢m? and 0.21 £ 0.03 eV, (3.2 x
0.5) x 1071 cm?, respectively. The low-field ‘signature’
of EHe584 was 0.58 £0.03 eV and (1.0£0.5) x 1075 cm?.
We have recently shown that the formation of EHe203
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was independent of the presence of O, whereas EHe584
was introduced only in our O-containing samples. We
have also proposed that the three electron traps investigated
here were due to higher-order vacancy clusters [28-30].
The experimental data shown in figures 3(a) and 3(b)
were simulated by employing the simple Poole—Frenkel
coulombic, square and Gaussian defect potential models.
The theoretical principles concerning the effects of an electric
field on carrier emission from deep defect levels having
potential wells of Coulomb, square and Gaussian forms have
been described in [15] and will not be further discussed.

3.3. Coulombic potential well

According to the one-dimensional Poole—Frenkel formalism
for a singly charged defect, a plot of In[e(F)] versus F/?
should yield a straight line with slope B/kT [15,17]. The
plots of In[e(F)] versus F'/> for EHe203 and EHe211 are
depicted in the insets of figures 3(a) and 3(b), respectively.
Although the experimental data could in both cases be closely
fitted using linear regressions, the slopes of the linear fits did
notyield the theoretical value of 8 for a singly charged defect.
Figure 3(a) yielded experimental values * equal to 0.738
and 1.59 for the low- and high-field conditions, respectively,
while figure 3(b) showed that a value of 8* = 0.298 could
be extracted. It followed that neither EHe203 nor EHe211
behaved according to the one-dimensional Poole-Frenkel
formalism for a singly charged defect.

In order to simulate the expected field-dependent
emission properties of EHe203 and EHe2l1 for one-
dimensional Poole-Frenkel coulombic wells (figures 4 and 5,
respectively), we have equated the zero-field emission rates
(e(0)) of the traps to thermal emission rates (e(th)). The
thermal emission rates, e(th), of EHe203 and EHe211 were
calculated from their low-field ‘signatures’ using

e(th) = vy0,Nc exp(—E,/kT) (¢))
where vy, is the electron thermal velocity and N¢ is the
effective density of states in the conduction band. From
curve a in figure 4 it is observed that the experimental data
for EHe203 were a few orders of magnitude lower than
the simulated data. In this case, the discrepancy between
the experimental and simulated results could be reduced by
using o, ~ 107'8 cm? (curve b in figure 4), and changes
in E, did not have a significant effect (curve c in figure 4).
Similarly, curves a, b and ¢ of figure 5 further showed that
the electric-field-enhanced emission rate from EHe211 could
not be approximated by the one-dimensional Poole-Frenkel
coulombic potential model. For any combination of E, and
0,, the increase in emission rate with increasing electric field
was higher than the corresponding experimental increments.

A more comprehensive description of the electric-
field-enhanced emission property from a singly charged
particle (defect) can be described by the 3D coulombic well
formalism [15,18]. The field-assisted emission rates for
3D coulombic wells are illustrated by curves d and e in
figures 4 and 5 for EHe203 and EHe211, respectively, Curve
f in figure 4 corresponds to the simulation of the emission
property for a double donor and is further discussed below.
These curves showed that the electric-field-assisted emission
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Figure 4. Experimental emission rate data (symbols) for EHe203
at a temperature of 85 K. Curves a—c (dotted lines) and d—f (full
lines) are the modelled emission rates according to the
Poole—Frenkel effect for one-dimensional and 3D coulombic
potential wells, respectively. For the modelling we have used a
low-field capture cross-section of 7.2 x 107'% cm? (except for
curve ¢) and the following values of E,: curves a and c,

E, =020eV;curveb, E;, =0.22eV; curve d, E; = 0.19 ¢V,
curve e, £, = 0.21 eV. Curve f is the emission rate data for a
double donor for E, = 0.224 eV. A value of 5, = | x 107'¢ ¢cm?

was used to model curve c¢. Curve ¢ can be made to match curve b
in the low-field region by using o, = 5 x 10~'7 cm?.

obtained for 3D coulombic wells were weaker than for the
one-dimensional Poole—Frenkel effect, but nevertheless did
not fit the experimental data. We have thus concluded
that neither EHe203 nor EHe211 had pure coulombic wells
associated with them.

3.4. Square and Gaussian wells

In contrast to the Coulombic well, a spherically symmetric
square well potential (radius b) gives rise to a more rapid
variation of emission rate with electric field [15,18]. The
depth of the square well was assigned by assuming that the
measured thermal activation energy of the trapped electron
(n-Si) was the ground-bound-state energy in the well [23].
A potential well which may be geometrically more realistic
than the square well is the Gaussian well (depth of Vp and a
characteristic width «) [15, 24].

Curve bin figure 6 (dotted line) showed that a square well
with b = 57 A gave a reasonable fit to the experimental data
for EHe203. The somewhat large value of b suggested that
EHe203 was most probably not a point-like defect. The effect
of varying the dimension of the square well is demonstrated
by curves a and c. When fitting the Gaussian potential model
to the experimental data of EHe203, values of 20 A and
0.30 eV for o and Vj (E;, = 0.197 eV), respectively (full
line in figure 6) gave an identical fit to the square well model
with b = 57 A.

For EHe211 (figure 7), a value of b = 40 Afora square
well of depth 0.35 eV gave areasonable fit to the experimental
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Figure 5. Experimental emission rate data (symbols) for EHe211
at a temperature of 100 K. Curves a—c (dotted lines) and d—f (full
lines) are the modelled emission rates according to the
Poole—Frenkel effect for one-dimensional and 3D coulombic
potential wells, respectively. For the modelling we have used a
low-field capture cross-section of 3.2 x 1071® cm? (except for
curves ¢ and f) and the following values of £;: curves a and c,
E, =023¢V;curve b, E, = 0.235eV; curve d, E, = 0.215 eV;
curve e, E, = 0.22 ¢V; curve (), E, = 0.21 eV. The effect of
varying the capture cross-section is shown by curves ¢ and f for
which we have used o, = 1.4 x 1076 cm?.

data (curve b). The size of this potential well suggested that
EHe211 was also not a point-like defect. The influence of
changing the radius of the square well is illustrated by curves
a and c. Similarly to EHe203, the experimental data for
EHe211 could also be quite well fitted using the Gaussian
well model. In this case, the dimensions of the Gaussian
well were @ = 12 A and Vy = 0.35 eV (E, = 0.198 V), as
shown by the full line in figure 7.

4, Discussion

The isochronal annealing behaviours of EHe203 and EHe584
were similar. Their concentrations as reflected by their peak
DLTS intensities decreased after annealing above 400 °C.
In this temperature range, the introduction of a secondary
defect EHe211 was observed, and we have concluded that it
was introduced, at least partially, at the expense of EHe203
and EHe584. This conclusion could be further supported
by our isochronal annealing studies of 5.4 MeV «a-particle-
and Si-implanted epitaxially grown n-Si [28-30]. In those
studies we had proposed that EHe203 was a vacancy cluster
larger than the divacancy (V,, x > 2) and EHe584 was a
complex vacancy cluster involving O atoms (V,0,, y > 2).
The annealing behaviour of EHe211 together with its high-
temperature stability prompted us to believe that it was most
probably a vacancy cluster larger than those responsible for
EHe203 and EHe584. Annealing above 400 °C would cause
the dissociation of EHe203 and EHe584 into smaller vacancy
aggregates which would then diffuse and recombine to form
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Figure 6. Modelled curves for a square well with three different
dimensions for EHe203 (dotted lines). A value of £, = 0.185 eV
was used for curves a—c while the values of b were 60, 57 and
55A, respectively. The open circles represent the experimental
data for EHe203 at 85 K. The curve drawn with a full line
(overlaps with curve b) demonstrates that the experimental
emission rate could also be simulated using the Gaussian potential
model for a = 20 A, Vo =0.30eVand E, = 0.197 eV.
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Figure 7. Modelled curves for a square well with three different
dimensions for EHe211 (dotted lines). A value of E, = 0.197 eV
and o, = 3.2 x 107'6 cm? was used for curves a—¢ while the
values of b were 45, 40 and 35 A, respectively. The open circles
represent the experimental emission rate for EHe211 at 100 K. The
curve drawn as a full line (overlaps with curve b) demonstrates
that the experimental emission rate could also be simulated using
the Gaussian potential model foro = 12 A, Vo =0.35¢eV and

E, =0.198 ¢V.

the more thermally stable EHe211. It was recently shown
that the reaction V,,_ + V — V,, was exothermic at least up
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to n = 7 and that, except for the ring hexavacancy (Vg), V,
had several deep levels in the bandgap [10, 31].

The emission rate of EHeS84 remained constant for
electric fields in the range 3 x 10°-9 x 10* V.cm~!, On
the other hand, EHe203 showed significant electric-field-
enhanced emission, whereby increasing the field threefold
increased its emission rate by approximately 3 orders of
magnitude. The emission rate of EHe211 was weakly field
dependent between 2.5 x 10* and 4.5 x 10* Vem ™',

The models that were explored to explain the emission
enhancement of EHe203 and EHe211 were based on
the Poole—Frenkel effect. Phonon-assisted tunnelling is
characterized by the onset of a field-enhanced emission above
a critical electric field (F,). Since our experimental data did
not show such a feature, it was clear that they could not be
explained by pure phonon-assisted tunnelling.

The Poole-Frenkel effect has been widely used in the
past to determine unambiguously whether a defect was of
donor or acceptor type. It has, however, been demonstrated
by Buchwald and Johnson [31] that short-range perturbations
to the long-range coulombic tail, such as an energy barrier
to carrier capture, could dramatically decrease the effect
of externally applied electric fields on coulombic centres.
Therefore, a null effect for the Poole—Frenkel effect did
not unambiguously determine the defect type. In this
study, because the emission property of EHe584 was electric
field independent, and did not follow the Poole—Frenkel
formalism, this defect was proposed to be acceptor type.

The potentials associated with EHe203 and EHe211
could not be explained using the coulombic potential model
for a singly charged well (figure 3). Figures 4 and 5
revealed that large discrepancies (more pronounced for a
one-dimensional well) existed between our experimental and
simulated results when using the coulombic potential model.
It is pointed out to the reader that the experimental value g*
can be used as an indication of the charge state of a defect. For
example, a value of B* = /28 meant that the defect being
investigated was a double donor (n-type semiconductor) [33].
Curve f in figure 4 revealed that EHe203 showed a field-
enhanced emission property which was quite adequately
described by the 3D Poole-Frenkel formalism for a double
donor using E;, = 0.224 eV.

The potential wells induced by EHe203 and EHe211
were reasonably well explained using the square potential
well formalism (figures 6 and 7, respectively). The radii
of these wells (b = 57 A for EHe203 and b = 40 A for
EHe211) revealed that the two defects had medium- to long-
range potentials associated with them. Since the range of
potentials for point-like defects usually extends only a few
atomic spacings (b < 10 A) [23], the experimental fit using
the square potential well was in good agreement with our
previous proposition that EHe203 and EHe211 were complex
vacancy clusters [28-30]. Based on the above discussion, it
can obviously be argued that the dimensions of the potential
well associated with EHe211 ought to be larger than those of
EHe203. We point out that the square well formalism does
not account for defect charge states larger than unity [18].
Hence, we have speculated that the larger potential range
of EHe203 was due to its higher charge state compared to
EHe211.
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The Gaussian potential well model also fitted the
experimental data (figures 6 and 7) quite closely. However,
the wells had small characteristic widths (@ = 20 A and
12 A) and depths Vo > E; (Vo = 0.30 eV and 0.35 eV)
had to be used for modelling the field-assisted emission
data. On the one hand, it might be tempting to conclude
that these characteristic widths should correspond to those
associated with point-like defect potential wells, which
would be contradictory to the above explanations. On the
other hand, it can be argued that, although the wells had
small characteristics widths, they also had relatively larger
depths Vj (i.e. the electrons were not in the ground-bound-
state of the Gaussian wells). One is, therefore, cautioned
that since the Gaussian potential well has two moments
(o, Vp) compared with one for the square potential well (&), a
correlation between the dimensions of the Gaussian wells and
the proposed physical structure of EHe203 and EHe211 was
not straightforward. Furthermore, figures 6 and 7 revealed
that, if the electrons were assumed to be in the ground-
bound-state of the Gaussian potential wells (E, = V;), then
the values of E, required to model our experimental results
adequately would have been larger than the measured low-
field thermal activation energies of EHe203 and EHe584.
However, similarly to what was observed using the square
well model, our simulations showed that the width of the
Gaussian potential well associated with EHe211 was smaller
than that of EHe203.

5. Conclusions

In this paper we presented results concerning the isochronal
annealing behaviour and electric-field-enhanced emission
properties of three electron traps (EHe203, EHe584 and
EHe211) introduced in 1 keV He-ion-bombarded epitaxially
grown n-Si. EHe203 and EHe584 were found to behave
similarly under ZB annealing. The removal of EHe203 and
EHe584 by annealing above 400 °C was accompanied by the
introduction of the secondary defect EHe211, which was
thermally stable at 650°C. The emission rate of EHe584
was independent of electric field and we have proposed that
the defect was acceptor type. The emission rate of EHe203
was, on the other hand, significantly enhanced by an electric
field. It showed an emission enhancement of approximately 3
orders of magnitude for a corresponding threefold increase in
electric field. EHe211 showed only a weak field dependence.
The potential wells associated with EHe203 and EHe211
could not be explained using the Poole—Frenkel coulombic
potential model for a singly charged defect. However, the
emission property of EHe203 followed that of a double-donor
coulombic centre reasonably well.

The field-assisted emissions of EHe203 and EHe584
were described using the square well model with b =
57 A and 40 A, respectively. The size of the wells
showed that the two defects had medium- to long-range
potentials typical of non-point-like defects. This confirmed
our previous propositions that EHe203 and EHe211 were
complex vacancy clusters. The shorter potential range of
EHe211 has been attributed to its smaller charge state.
Gaussian potential wells with small characteristic widths but
large depths (Vy > E;) could also be used to explain the
emission properties of the two defects.
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