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The Dynamics of Thermal Annealing in Arsenic-Ion-Implanted GaAs

Wen-Chung CHEN, Gong-Ru LIN and C.-S. CHANG
Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu, Taiwan 300, Republic of China

(Received November 27, 1995; accepted for publication January 22, 1996)

The effect of thermal annealing on the surfaces of arsenic-ion-implanted GaAs has been investigated by transmis-
sion electron microscopy, deep level transient spectroscopy and temperature-dependent resistance measurements.
For the annealed films of arsenic-ion-implanted GaAs arsenic precipitates and a band of deep-level defects with
the activation energy of around 0.6 €V near the surface are observed. The mean size and concentration of As
precipitates in samples implanted at a dosage of 10'® cm™2 are about 2-3 nm and 7 x 10'® cm™2, respectively.
The cross section of the deep level defects near the surface is calculated to be 7 x 107** cm?. The carrier-
transport mechanisms of both as-implanted GaAs and post-annealed GaAs are shown dominantly to be hopping
type conduction and active type conduction, respectively.
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In the past few years, arsenic-rich GaAs layers de-
posited by molecular beam epitaxy at low-temperature
(LT-MBE) have attracted much attention because of
their many desirable features, such as high resistivity
for buffer layers and shorter carrier lifetime for photo-
conductor.? The material is electrically conductive at
room temperature but exhibits highly resistive charac-
teristic after thermal annealing.? The LT-MBE GaAs
film is also known to contain a large amount of arsenic
antisite defects (Asg,) which result from the excess of
arsenic-related complexes incorporated in the epitaxial
layer during the growth.® The carrier-transport mecha-
nism of as-grown LT-MBE GaAs at temperatures below
300 K is dominated by hopping conduction. The origin is
the presence of a large amount of an EL2-like deep-level
defects in this material. The high resistivity of the an-
nealed LT-MBE GaAs is accompanied with precipitation
of arsenic atoms during annealing. Either the model of
defect compensation,? or the model of arsenic Schottky
barrier,” has been proposed to explain the high resistiv-
ity.

In comparison to the LT-MBE GaAs layers, rela-
tively less attention has been paid to the arsenic-ion-
implanted (Ast-implanted) GaAs which also contains
an arsenic-rich layer.5') The annealed As*-implanted
GaAs layers have been found to be highly resistive
and suitable for electrical isolation. And arsenic pre-
cipitates has also been observed in the post-annealed
implanted sample by using transmission electron mi-
croscopy (TEM).®) Recently, we have investigated car-
rier transport at the metal/semiconductor junction of
the AsT-implanted GaAs substrate. The major mech-
anism is the hopping conduction at temperature below
360 K.*V In this work, we studied the thermal annealing
effect on the electrical characteristics of As*-implanted
GaAs by using measurements of TEM, deep level tran-
sient spectroscopy (DLTS) and temperature-dependent
resistance.

In our experiment, arsenic ions were implanted into
the substrates (100) of the liquid encapsulated Czochral-
ski grown semi-insulating (S.I.) GaAs with the implant-
ing energy and dosage of 200 keV and 10® atom-cm™2,
respectively. Some of the As*-implanted GaAs were

annealed at the temperature (7,) 600°C for 30 min-
utes. Since the hopping conduction prevails in the as-
implanted films, the films is conductive which may cause
the large leakage current between the junction of metals
and semiconductors.'? Thus a Schottky diode fabricated
on the as-implanted film is not suitable for the measure-
ments of DLTS. In order to measure the defects near the
surface of the implanted samples, the metal-insulator-
semiconductor (MIS) diodes were made on the implanted
GaAs samples with SizN, of 130 nm thickness as insula-
tor and with gold as Schottky contact. For temperature-
dependent resistance measurements, two Ohmic contacts
with gap of 35 micron were deposited on the implanted
GaAs samples. In the measurements of DLTS the offset
of reverse bias and the pulse of forward bias are —0.5 V
and 4+0.5 V, respectively.

In the Fig. 1, the signal of DLTS at temperature
around 380 K can only be observed for samples at
T, = 600°C. The intensity of this signal from DLTS is
proportional to the concentration of deep centers.!” The
activation energy (E,) and cross section (o) for sample
annealed at 600°C are 0.6 eV and 7x 10~'* cm? as calcu-
lated by the Arrehnius plot, which is shown in the inset
of Fig. 1.'3'9) In Comparison with DLTS results from
the earlier work of Look et al. on LT-MBE GaAs films,
traps at the levels of 0.54 €V, 0.55 eV and 0.56 eV were
found.'? Besides, Xie et al. have demonstrated that in
LT-MBE GaAs an electron trap at 0.58 eV below the
conduction band as a dominant level which is related
to the formation of arsemic precipitates.'” In boron-
implanted GaAs, a complex defect with its F, = 0.55 eV
was also observed by implantating proces.’® The EL3
in vapor-phase-epitaxial GaAs with E, = 0.575 eV has
been found to exist in arsenic-rich growth processes, it
may be related to either the Ga vacancy or As insters-
tial.'¥ In our work, the deep level around 0.6 eV near the
surface in the annealed implanted GaAs films may indi-
cate the existence of arsenic-rich or precipitate related
defects.

Figure 2 shows the temperature-dependent resistance
on the films. The samples were As*-implanted S.I. GaAs
and annealed at 600°C for 30 min. The carrier-transport
mechanisms of as-implanted GaAs and annealed sample
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Fig. 1. The DLTS for As*t-implanted samples. (a): the
as-implanted GaAs, (b): the sample annealed at T, = 600°C
for 30 minutes. The inset shows the Arrehnius plot for sample
at Ty, = 600°C. The rate window is 69315 s~ 1. -
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Fig. 2. The temperature-dependent resistance measured on the
Ast-implanted S.I. GaAs. (circle: as-implanted film; trian-
gle-down: sample at T, = 600°C for 30 minutes; solid line the
curve-fitting of the linear region for the above curves).

are dominated by hopping conduction and active con-
duction, respectively. The behavior of conduction fol-
lows the formula, Ryopping = Ro exp(B/T*/*) for hopping
conduction and Rycive = Rao exp(E./kT) for active con-
duction, respectively.?®®) The transport mechanism at
temperature above 360 K for the as-implanted GaAs is
dominated by active conduction, while at temperature
below 360 K the hopping conduction dominates. After
annealing at 600°C, only the thermally active conduc-
tion can be observed in the film. We can estimate the
activation energy, F,, for both the as-implanted and an-
nealed sample to be about 0.6 eV. The E, measured
by DLTS and temperature-dependent resistance may be
the same defect level generated in annealed samples. The
disappearance of hopping-conduction phenomenon may
indicate that the resistance of the film annealed at 600°C
increases.
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Fig. 3. The cross section micrographs of TEM. (a): as-implanted
film; (b): sample at T, = 600°C for 30 minutes.

Figure 3(a) shows the TEM image of the amorphous
structure of as-implanted GaAs with film thickness of
about 140 nm. As the films annealed at 600°C, a lot of
As precipitates are accompanied with dislocation defects
shown in Fig. 3(b), and the concentration of precipitates
is about 7 x 10*® cm™. And the mean size is about
2-3 nm. The observation of structures and As precipi-
tates in films at T, = 600°C has been reported.*? In
addition, to compare with the concentration of As clus-
ters in the LT-MBE GaAs, at T, = 600°C it is reported
5 x 10" ecm~3.'® This value is close to the observed re-
sults in AsT-implanted GaAs film at T, = 600°C. The As
precipitates were previously reported to be 3 m symmet-
rical thombohedral As (metallic).’®) In our experiments
from the observations of TEM, DLTS and temperature-
dependent resistance measurements we suggest that the
near-surface deep level of E. — 0.60 eV is responsible for
the formations of As precipitates.

In summary, the measurement of temperature-
dependent resistance and DLT'S on Ast-implanted GaAs
suggest the existance of the deep level defects near the
surface with an activation energy around 0.6 eV. After
thermal annealing at 600°C, As precipitates with size
of 2-3 nm is observed by TEM analysis. The carrier-
transport mechanism is dominated by active conduction
with the similar activation energy in the as-implanted
GaAs measured above 360 K. The hopping-conduction
mechanism for the implanted GaAs film diminishes af-
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ter annealing at 600°C. Furthermore, the authors are
interested in the result that the concentration of As pre-
cipitates may depend on the As ion implantation dosage.
And the work has been carried out.

We are grateful for the support of National Nanoscale
Device Laboratory and for the helpful discussion of pro-
fessor Ci-Ling Pan about the content. The work is sup-
ported by National Science Council of R.O.C. under
Grants of NSC85-2215-E009-064.
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