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The electron emission rate dependence on the electric field for two levels in proton bombarded n-type GaAs,
E1 and E2, was measured at different temperatures. E1 shows an emission enhancement completely described
by the phonon-assisted tunneling model. The behavior observed for E2 is described by the sum of a Poole-
Frenkel part and a phonon-assisted tunneling contribution. These data support a + /0 /− charge state model for
VAs in GaAs, and the potential contribution of this defect to the implant isolation process is discussed.
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I. INTRODUCTION

III-V compound semiconductors are currently employed
in the fabrication of optoelectronic devices and high-
frequency integrated circuits �ICs�. Concerning III-V and
more specifically GaAs processing technology, ion implanta-
tion plays a key role, presenting two major applications:
semiconductor doping and electrical isolation.1,2 In the latter
application, also called implant isolation, irradiation with ap-
propriate ion doses is used to convert a conductive layer into
a highly resistive one3 or to improve the isolation between
neighbor devices in ICs. In order to achieve higher depths at
energies provided by industrial implanters, light ions such as
protons are often employed for implant isolation. Proton ir-
radiation has been successfully used to isolate GaAs field
effect transistors, high electron mobility transistors, and het-
erojunction bipolar transistors.4 Waveguiding regions in op-
toelectronic devices were also fabricated using proton
bombardment.5

The resistivity increase in the implant isolation process is
attributed to the introduction of deep level defects, which can
act both as compensating centers, reducing the total free-
carrier concentration, or/and as scattering centers, reducing
carrier mobility.1,2 Understanding the defects introduced by
the implantation and, in particular, characterizing deep levels
associated with them are key points to achieve a proper de-
scription and optimization for this process step. Information
concerning the charge state transition for each deep level is
especially important6 to predict if the corresponding defect
can act as a compensating center and if it is a Coulombic or
neutral scattering center, for example.

Concerning the particular case of GaAs, the deep levels
introduced by proton bombardment has been previously
studied by deep level transient spectroscopy �DLTS�.7,8 In
n-type material, contributions similar to those obtained by
electron irradiation were found. The two major peaks in the
spectrum were identified8 as E1 and E2. These levels are
believed to be associated to As vacancies9 and are good can-
didates to play an important role in the isolation process not
only because of their high introduction rate8 but also because
of their characteristic annealing step at �500 K,10 which
was observed for the isolation process.11,12 Two different
models were proposed to describe E1 and E2 charge state

transitions,9,13 but more data are still needed in order to con-
firm or reject any of them. In this paper, we have studied E1
and E2 emission rate behavior as a function of the electric
field in an attempt to obtain further information on the charge
state transition associated with each of these levels.

II. EXPERIMENTAL PROCEDURE

The GaAs samples are n /n+ with a 3-�m-thick Si-doped
�n=3�1016 cm−3, measured by C-V� epitaxial layer grown
by metal-organic chemical vapor deposition on a n+ GaAs
substrate at the reactor of the Escola Politécnica da Univer-
sidade de São Paulo, Brazil. The implantation step was car-
ried out at room temperature using 600 keV protons. This
energy value was chosen in order to place the defect distri-
bution peak in the n+ substrate, leaving a uniform defect
distribution in the epitaxial layer. The proton dose employed
was 1�1011 cm−2 and, during irradiation, the samples were
tilted 15° from the beam axis to minimize channeling effects.
After implantation, 0.8-mm-diameter circular top Schottky
contacts were created by Al deposition using resistive evapo-
ration and a mechanical mask. Back Ohmic contacts were
created by manual application of an InGa alloy. I-V measure-
ments �not shown� confirmed the Schottky diode formation.

DLTS measurements were carried out using a computer
controlled system with a 1 MHz Boonton capacitance meter
and a temperature controlled helium cryostat. The depen-
dence of the emission rate on the electric field was investi-
gated employing a double pulse technique, like in the double
correlation DLTS,14 but keeping a constant temperature. A
capacitance transient is first recorded using a reverse voltage
Vr and a pulse voltage Vp1, see Fig. 1�a�. This transient cor-
responds to the emission from traps spatially localized be-
tween the depths xd-� and x1-�, where xd and x1 are the
depletion depths corresponding to Vr and Vp1, respectively,
and �=�2LD

�Ef −Et /kT.15 After this, a second transient is
recorded using the same Vr and a pulse voltage Vp2��Vp2�
� �Vp1��, Fig. 1�b�, corresponding to the emission from levels
in the region between xd-� and x2-�, where x2 is the deple-
tion depth at a bias voltage Vp2. These two transients are then
subtracted giving the contribution related to traps filled in the
first case but not in the second one, Fig. 1�c�. For values of
�Vp2−Vp1� small enough, the emission occurs at an approxi-
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mately constant electric field. The rate can be extracted by a
fitting procedure on the subtracted transient. In order to
sweep the electric-field value, one can change the values of
Vr, Vp1, and Vp2. Instead of keeping Vr fixed and change Vp1
and Vp2, we preferred to keep both Vp1 and Vp2 fixed and
vary Vr. By doing this, the spatial region actually being mea-
sured is kept the same. To guarantee a good signal-to-noise
ratio, every transient was accumulated several hundred
times.

III. MODELS FOR ELECTRON EMISSION RATE
DEPENDENCE ON THE ELECTRIC FIELD

The electric-field influence on the electron emission rate
from a deep level, en, can bring relevant information about
the potential-well structure around the defect.16 Three
mechanisms are believed17,18 to be responsible for this influ-
ence: direct tunneling,19 Poole-Frenkel effect,20 and phonon-
assisted tunneling.21–24 The first one is predominant at very
high electric fields �F�107 V /cm, a value much higher than
the ones observed in this work�.17 In the Poole-Frenkel
mechanism, the emission rate enhancement due to the elec-
tric field is attributed to a reduction of �Et in trap ionization
energy Et.

20 This reduction is stronger for long-range poten-
tials and weaker for short-range ones. Considering a Cou-
lombic potential, �Et is dependent on the charge of the de-
fect, being null for a neutral center. For a one-dimensional
Coulombic well,17,18

�Et = q� ZqF

��r�0
, �1�

and

en = en0e�Et/kBT, �2�

where q is the electron charge, �r is the semiconductor rela-
tive dielectric constant, en0 is the deep level emission rate at

null electric field, and Z is the empty defect charge. A linear
�F�1/2� ln�en� plot is usually employed as a signature for the
Poole-Frenkel effect in a Coulombic well.25

In the case of phonon-assisted tunneling, the trapped elec-
tron can absorb phonons and tunnel through the barrier at a
higher energy, reducing both the barrier height and width and
increasing the tunneling probability. Different models were
used to describe this process. Here we will consider two of
them: the one proposed by Pons and Makram-Ebeid21 and
the one presented by Karpus and Perel.23,24

According to the description of Pons and Makram-Ebeid,
the total ionization rate is given by

en = en0 + ef ,

FIG. 1. Measurement scheme used to obtain
information on the electron emission rate en-
hancement in an electric field. Column �a� pre-
sents a reverse bias pulse from Vr to Vp1, the
corresponding capacitance transient and the traps
filled during this pulse. Column �b� corresponds
to the case of a pulse from Vr to Vp2 and column
�c� presents the results obtained for the subtrac-
tion �a�– �b�.

FIG. 2. DLTS spectrum of proton implanted n-type GaAs show-
ing the peaks E1 and E2 �data obtained with a 50 s−1 rate window�.
The inset shows the Arrhenius plot for these two levels comparing
them with previous proton implanted results �full lines� and electron
irradiated results �dotted lines�.
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ef = �
p

�p	��p� , �3�

where ef is the phonon-assisted tunneling ionization rate, �p
is the occupation probability of a quasi level with an energy
p
� higher than the trap energy, 
� is the phonon energy,
and 	��p� is the tunneling ionization rate at the quasi level.

	��� was calculated by Korol19 considering a delta func-
tion potential well,

	��� = �
�

qK
e−K,

K =
4�2m�

3
F
�3/2, �4�

where � is usually used as a fitting parameter, � is the barrier
height, and m� is the electron effective mass.

The occupation probability �p is given by21

�p = �1 − e−
�/kBT��
n=0




e−n
�/kBTJp
2�2�S�n + 1/2�� , �5�

where Jp is a Bessel function of the first kind, T is the tem-
perature, and S is the Huang-Rhys factor.26

The phonon-assisted tunneling theory presented by Kar-
pus and Perel is based on the description of Abakumov et
al.27 to multiphonon capture and/or emission process in deep
levels. They considered the introduction of the electric field
on this description, yielding an analytical solution for the
electron emission rate in the form

en = en0eF2/Fc
2
, �6�

where the critical electric field, Fc, is given by

Fc =�2m�


q2�2
3 , �7�

and �2 is the temperature dependent tunneling time.24 We
will employ these models in order to describe the electron
emission enhancement with the electric field for two levels in
proton bombarded n-type GaAs.

FIG. 3. Influence of the levels E1 and E2 on the Fermi-level position calculated using a simple charge neutrality model �Ref. 6�
considering two proposed charge models �Refs. 9 and 13�. The concentration of E1 and E2 used in the calculation was 1�1016 cm−3. Cases
�a� and �b� correspond to n-type GaAs with doping level at Ec−0.006 eV and a concentration of 1�1016 cm−3. The Fermi level calculated
without E1 and E2 is Ef0=Ev+1.306 eV and the corresponding free-electron concentration is n0=9.9�1015 cm−3. Cases �b� and �c�
consider p-type GaAs with doping level at Ev+0.02 eV and using the same concentration value �1�1016 cm−3�. For these cases, Ef0

=Ev+0.194 eV and p0=9.99�1015 cm−3. In �a�, using the model 0 /− /−−, the introduction of E1 and E2 reduces the free-electron
concentration to n=4.6�1015 cm−3 �Ef =Ev+1.287 eV�. In �b�, model + /0 /−, n is increased to 1.2�1016 cm−3 �Ef =Ev+1.311 eV�. Case
�c�, considering 0 /− /−−, presents no modification in the free hole concentration �p= p0�, but case �d�, using + /0 /−, reduces p to a value
��8�106 cm−3 ,Ef =Ev+0.7344 eV� close to the intrinsic one, corresponding to a very strong compensation.
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IV. RESULTS and DISCUSSION

Figure 2 presents the measured DLTS spectrum. The re-
verse voltage, pulse voltage, and pulse width values used
were, respectively, −4.5 V, −4 V, and 0.1 ms. Two major
peaks, E1 and E2, are observed at low temperatures together
with other less pronounced contributions. The obtained ap-
parent energies and cross sections, calculated from
Arrhenius-plot linear fittings, are Ena=0.035 eV and �na=3
�10−16 cm2 for E1 and Ena=0.14 eV and �na=4
�10−13 cm2 for E2. These values are in good agreement
with previous work on proton bombarded GaAs �Ref. 8� and
also with electron irradiated data.28,29 These levels are be-
lieved to be related to the same defect, VAs.

9 Two charge
state transition schemes were tentatively associated with
them: 0 /− /−− �Ref. 9� �E2⇒0 /− and E1⇒− /−−� and
+ /0 /− �Ref. 13� �E2⇒ + /0 and E1⇒0 /−�. Using the appar-
ent energies and these transitions in a simple charge neutral-
ity calculation based on Fermi statistics �see Ref. 6�, one can
realize that, in the first scheme, this defect is only able to act
as a not too efficient compensating center in n-type GaAs,
while, in the second scheme, it will act as a very good com-
pensating center in p-type GaAs—see Fig. 3. The proper
determination of the charge state transitions for these levels
is then a key point to understand the possible contributions
of this defect in the implant isolation process.

For the case of E1, measurements were performed at three
different temperatures: 25, 27.5, and 30 K. The plot of the
logarithm of this emission rate as a function of the square
root of the electric field, Fig. 4�a�, was not able to produce
straight-line results, indicating that this enhancement is not
well described by a Coulombic barrier Poole-Frenkel process
alone. As also illustrated in Fig. 5, this model fails to repro-
duce the low-field region of the curve. However, it is in this
region that the Poole-Frenkel enhancement is stronger and
believed to be predominant,25 which suggests the absence of
this mechanism in the description of the electric-field depen-
dent emission rate for E1. This suggestion is confirmed by

the data in Fig. 4�b�, where the logarithm of the emission rate
is plotted as a function of the square of the electric field. The
straight lines obtained reveal that the enhancement process
can be completely describe by a plot in the form of Eq. �6�,
pointing to the phonon-assisted tunneling process as being
responsible for the variation of the electron emission rate
with the electric field for E1 in all measured electric fields
and temperatures. Figure 5 compares the experimental data
with two different fitting lines: the full line �better fitted�
corresponds to the Karpus and Perel phonon-assisted tunnel-
ing model and the dotted line corresponds to the Poole-
Frenkel model.

FIG. 4. Tentative description of E1 measured data with two
models: �a� Poole-Frenkel and �b� Karpus and Perel phonon-
assisted tunneling. The straight lines point out a positive identifica-
tion for the case of the phonon-assisted tunneling model.

FIG. 5. Comparison of the measured data �points� with different
fittings �lines� for E1. The full line corresponds to a fitting using the
Karpus and Perel model for the phonon-assisted tunneling. The fit-
ting parameters used were en0=2.88 s−1 and Fc=19671.9 V /cm.
The dotted line corresponds to a Poole Frenkel fitting with Z=1 and
en0=1E-6 s−1.

FIG. 6. Tentative description of E2 measured data with two
models: �a� Poole-Frenkel and �b� Karpus and Perel phonon-
assisted tunneling. The straight lines are not obtained in the figures,
revealing that none of these models can describe experimental data
alone.
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For the case of E2, the evolution of the electron emission
rate with the electric field was measured at five different
temperatures: 55, 60, 65, 70, and 75 K. Figure 6�a� presents
the behavior of the logarithmic emission rate as a function of
the square root of the electric field. It was not possible to fit
data in all five temperatures with linear plots, indicating that
the enhancement is not exclusively due to a Poole-Frenkel
process. Plotting the same data as a function of the square of
the electric field, it is not possible to fit the data at all tem-
peratures with straight lines, revealing that all the enhance-
ment also cannot be explained in terms of Eq. �6�, represent-
ing the Karpus and Perel phonon-assisted tunneling
formulation. In fact, as illustrated in Fig. 7, none of the mod-
els considered here could reproduce all experimental data by
itself. However, as also depicted in this figure, the Poole-
Frenkel effect describes well the low-field part of experimen-
tal points, while the Pons and Makram-Ebeid phonon-
assisted tunneling model describes the high-field region. In
order to properly reproduce the measured points, these two
contributions were considered. We suggest a mixed model in
which en is considered as the sum of the Poole-Frenkel con-
tribution, Eq. �2�, and the phonon-assisted tunneling ioniza-
tion rate given by Pons and Makram-Ebeid,21 Eq. �3�, lead-
ing to a total description in the form of

en = en0e�Et/kBT + �
p

�p	��p� . �8�

Figure 8 illustrates the obtained curves. The values used
for the parameters in the tunneling term were 
�=10 meV
�corresponding to the peak of density of state for the T.A.
mode in GaAs �Ref. 21��, S=0.8 and �=1.5

�10−6 eV−1 s−1. The zero-field-emission rate was also used
as a fitting parameter.

V. CONCLUSIONS

Both levels E1 and E2 suffered a strong enhancement in
their electron emission rates as a function of the increasing
electric field. The behavior observed for E1 could be com-
pletely described by the phonon-assisted tunneling theory of
Karpus and Perel without the participation of the Poole-
Frenkel process, indicating the absence of a long-range at-
tractive Coulombic tail in the potential imposed to the
trapped electron. This is the case, for example, for a deltalike
potential zero charged center. On the other hand, the en field
enhancement measured for E2 could only be described by a
combination of Poole-Frenkel and phonon-assisted tunneling
processes. The inclusion of the Poole-Frenkel part is a sig-
nature for the presence of a Coulombic tail in a positively
charged center.

Considering the previous association between proton
bombarded and electron irradiated levels E1/E2 and the
models suggested for these levels, data presented here are in
very good agreement with the + /0 /− scheme and rejects the
0 /− /−− one, where, for example, the emission enhancement
of E2 should be characteristic of a zero charged potential
center, without any Coulombic tail Poole-Frenkel-type con-
tribution. Within the scope of the models proposed for E1
and E2, these charge state transitions �+ /0 for E2 and 0 /−
for E1� place VAs as an important component of the implant
isolation scenario.

ACKNOWLEDGMENTS

This work was partially supported by Conselho Nacional
de Desenvolvimento Científico e Tecnológico �CNPq� and by
Fundação de Amparo à Pesquisa do Estado do Rio Grande
do Sul �FAPERGS�.

FIG. 7. Comparison of the measured data �points� with different
fittings �lines�. The dotted line corresponds to a fitting using the
Karpus and Perel model for the phonon-assisted tunneling. The fit-
ting parameters used were en0=1 s−1 and Fc=29 000 V /cm. The
full line corresponds to a Poole-Frenkel fitting with en0=0.01 s−1

and the dashed line represents the phonon-assisted tunneling theory
described by Pons with Et=0.14 eV, 
�=0.01 eV, S=0.8, and �
=2E-6 eV−1 s−1.

FIG. 8. E2 enhanced emission data fitting using the sum of a
Poole-Frenkel term and a phonon-assisted tunneling one. Good fit-
ting results are obtained using parameters values: Z=1, S=0.8, �
=1.5�10−6 eV−1 s−1, and 
�=0.01 eV.
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