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The nature and spatial distribution of deep levels arising from defects in device-quality, Si-
implanted, and lamp-annealed liquid encapsulated Czochralski GaAs have been investigated.
The best activation and mobility values are obtained for annealing times and temperatures of 3-5 s
and 900-950 °C, respectively. Further improvements are obtained for a two-step annealing in
which a second step at 840-850 °C for 1540 s follows the main annea! step. From Hall
measurements, average layer mobilities of 4000 cm?/V s and activation of 55-65% are obtained
for a Si* dose of 6.5 10'> cm~2 at 100 keV. Electrically active deep-level traps were studied by
sensitive deep-fevel transient spectroscopy (DLTS) and optical DLTS techniques. A dominant
0.57-eV electron trap, which is also present in furnace-annealed GaAs, originates from
implantation damage and is possibly related to Vs, . Additional electron traps with activation
energies of 0.35 and 0.40 ¢V are present only in lamp-annealed GaAs. Commonly observed hole
traps have activation energies of 0.27-1.1 eV. The origins of these centers are discussed. Trap
densities in single-step lamp-annealed samples are extremely low in comparison with furnace-
annealed samples. Typical values of N;/n are 10>~107*. Concentrations are even lower in
samples undergoing two-step annealing. The spatial variation of trap density seems to be
principally determined by the variation of defect density in the substrate. It is apparent that high-
quality implanted and annealed GaAs can be obtained by the two-step lamp annealing procedure.

|. INTRODUCTION

Rapid thermal annealing (RTA) has emerged as a viable
technique for dopant activation in ion-implanted semicon-
ductors."? Unlike the more conventional furnace annealing
method, in which the sample is heated (usually with a cap) at
temperatures of 800-850 °C for ~20 min, during RTA the
sample undergoes a pulsed temperature cycling at ~900°C
for 3-8 s. The annealing technique, with variations regard-
ing the heat source, is now being extensively used in the fab-
rication of GaAs metal-semiconductor field-effect transis-
tors (MESFET)** and more recently in the fabrication of
GaAs-Al, Ga, _, As modulation-doped field-effect transis-
tors (MODFET).>® It has also been extended to other III-V
semiconductors.

The recrystallization process is completed in the initial
milliseconds of rapid thermal annealing and the remainder
of the annealing time is utilized in improving the quality of
the dislocation band underneath the recrystallized layer. It
should be stressed that the structural quality of this region
can be extremely important for device behavior, since unan-
nealed defects in the interface region can lead to a large den-
sity of traps and to poor electrical characteristics. The nature
and spatial distribution of electrically active defects in the
active layer of lamp-annealed samples have not been studied
in detail. We report here the results of a systematic study of
traps present in Si-implanted and lamp-annealed GaAs. In
particular, we have studied their spatial density variation in
radial directions of GaAs wafers and have correlated these
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distributions with spatial profiles of bulk GaAs defects, elec-
tron mobility, and photoluminescence intensity. It is evident
from this study that some of the dominant traps are damage
related. By adopting a two-step annealing procedure in
which an additional anneal is done at a lower temperature
for a longer duration before or after the main pulse, consider-
able improvements are seen in activation, trap density, and
photoluminescence intensity.

. EXPERIMENT
A. Implantation and annealing

Polished wafers of 100-oriented undoped LEC GaAs
were implanted with 2°Si* . Usually 5-10 um of the pol-
ished surface was etched before direct implantation. For the
samples reported here the implant dose and energy are
6.5x 10" cm 2 and 100 keV, respectively.

The implanted samples were annealed in a Heatpulse
210T Halogen lamp annealing station under flowing ultra-
pure nitrogen. Optimum annealing parameters were estab-
lished after several initial experiments. The duration and
temperatures of the anneals are in the ranges of 3-5 s and
900--950 °C, respectively. For the two-step annealing, an ad-
ditional anneal at 850 °C for 1540 s is done. This either
preceeds or succeeds the main anneal pulse. Some anneals
were also done at 850 °C for 3045 s. A GaAs proximity cap
was used during annealing.

B. Spatial uniformity

It has been our experience that low-temperature photo-
luminescence is a reasonably good index of the quality of the
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material. We therefore measured the luminescence spectrum
of lamp-annealed samples at 6 K and compared them with
similar samples obtained from furnace-annealed GaAs. The
luminescence was analyzed with a 1-m scanning spectrom-
eter. The integrated PL intensity of the bound exciton and
carbon-related transitions, which are the dominant features
in the edge luminescence of ion-implanted GaAs, are com-
parable to or larger than those in similar furnace-annealed
(850 °C, 20 min) samples.

Radial uniformity across 2-in.-diam implanted and
lamp-annealed wafers were studied by low-temperature
photoluminescence and Hall measurements. The spatial var-
iations of mobility and activation in single- and two-step an-
nealed samples are shown in Fig. 1. The activation values are
calculated from the measured sheet-electron concentrations.
Mobilities and activations are consistently higher for two-
step annealing in which the low-temperature step follows the
high-temperature main anneal step. The values of these pa-
rameters, obtained in our laboratories for samples implanted
with 6.5X 102 Si* at 100 keV are among the highest re-
ported and are comparable to the best furnace annealing
data. In addition, the variation in mobility over a 2-in. wafer
is within 5-10%. Mobility and activation profiles measured
in our laboratory in a typical furnace-annealed sample are
also shown in Fig. 1 for comparison. It should be mentioned
that samples lamp-annealed at 850 °C only for periods of 15—
40 s had poor mobility and PL intensity.

Figure 2 shows typical variations of integrated edge
photoluminescence intensity over 2-in. wafers. Comparison
is made between single- and two-step RTA and conventional
furnace annealing. The improvement in the case of two-step
annealing is evident. We generally find that the photolu-
minescence intensity variation closely follows the activation
profile.
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FIG. 1. Spatial profiles of Hall mobility and activation in furnace- and
lamp-annealed Si-implanted GaAs.
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FIG. 2. Spatial variation of integrated photoluminescence intensity in fur-
nace- and lamp-annealed GaAs.

C. ldentification of ceep-ievel defects

Measurements are made on Au Schottky barrier diodes
deposited by vacuum evaporation on the implanted layers.
The ohmic contact is made on the same surface by alloying
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FIG. 3. Typical DLTS and ODLTS data obtained from measurements on

Si-implanted and furnace annealed (850 °C, 20 min) GaAs.
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TABLE 1. Characteristics of electron and hole traps observed in Si-implanted and furnace-annealed GaAs.

Activation Capture

Trap Trap energy *

cross section®

type label AE; (eV) a, (em™? Possible origin
Electron H 0.57 1.4x10718 Implantation damage
traps 1 0.82 20%10°1 EL2, related to
Ga vacancy

A 0.21 1.3x10°1 Lattice damage

B 0.27 7.0%10~12 A

C 0.25 6.0x10~ 15 POSSlbly related
Hole D 0.47 9.6% 10~ 10 to Ga vacancies
traps E 0.43 5.0x10718 Cu impurity

F 0.65 1.9%x10~ "7 Implantation damage

G 0.72 2.4Xx10712 Native defects

I 1.10 1.1x107® Implantation damages

* Denotes average value over all samples measured.
b Determined from the emission rate prefactor.

Au-Ge/Ni. The device geometry is such that the contact-to-
diode distance is small and it reduces series resistance effects.
Deep level transient spectroscopy (DLTS) and optical DLTS
{ODLTS) measurements were made to identify electron and
hole traps which arise from defects in the material. Electron
traps were studied by majority-carrier pulse filling in the
DLTS scheme and hole traps were filled by pulsed intrinsic
light excitation.

In order to form a basis for comparison, measurements
were done on implanted samples activated by furnace an-
nealing. Output from DLTS and ODLTS measurements on
these samples are shown in Fig. 3. The positive- and nega-
tive-going peaks and shoulder indicate thermal emission
from electron and hole traps, respectively. The data of Fig. 3
represent the commonly observed deep-level traps in Si-im-
planted and furnace annealed GaAs. We have recently made
a detailed study of the origin of these centers,” from which
we could conclude that some of these centers are process
related. Others arise from existing substrate defects or dam-
age created during implantation. The characteristics of these
dominant traps are listed in Table I. The notable feature is
that the density of most dominant traps are reasonably high,
with N,./n ranging from 107" to 1.0. The data obtained
from DLTS and ODLTS measurements on single-step lamp-
annealed samples are shown in Fig. 4. Electron traps K and L
are new centers and they are occasionally observed in lamp-
annealed samples only. Figure 5 depicts the Arrhenius plots
of electron traps in lamp-annealed samples.

Concentration profiles of some commonly observed
traps across a 2-in. single-step lJamp-annealed wafer is shown
in Fig. 6. It appears that some traps tend to follow the sub-
strate defect profile® while for the others such a trend is not
evident. Itis also very clear that trap densities are drastically
reduced. The concentration of observed traps are even lower
in the two-step lamp annealed samples, which prevented ac-
curate measurements.

lIl. DISCUSSION

The mobility and activation values obtained in the
course of this study are comparable to the best values of these
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parameters reported by others.>® The activation efficiency
calculated from Hall data is slightly erroneous because of the
depletion layer formation due to surface state pinning of the
Fermi level.'® It has also been observed'' that Hall measure-
ments yield a smaller activation efficiency than C-V profil-
ing. The corrections for the surface depletion effect increases
the activation efficiency in our lamp-annealed samples to
85-95%.

The commonly observed electron trap H is also ob-
served in furnace-annealed GaAs. We have earlier related’
this electron trap, having an activation energy of 0.57 €V, to
implantation induced damage. Our present data in Fig. 6
shows that the concentration of this center follows the dislo-
cation defect profile in the substrate. It is therefore thought
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FIG. 4. DLTS and ODLTS data obtained from measurements on Si-im-
planted and lamp-annealed GaAs. The implant dose and energy are
6.5 10" cm ~? and 100 keV, respectively. Single-step annealing was done
at 900 °C for 5 s.
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FIG. 5. Arrhenius plots of traps de-
tected in single-step lamp-annealed
GaAs. Trap H is a dominant center in
both furnace- and lamp-annealed
GaAs.
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that implantation damage at or around substrate disloca-
tions enhances the formation of electrically active defects
after annealing. This segregation of imperfections around
dislocations has been observed before.'*'* It has been re-
cently concluded by us’ that the possible origins of the 0.72-
and 1.1-eV hole traps are native defects and implant da-
mages, respectively. The spatial distribution of the density of
these traps, as seen in Fig. 6, probably reflects the segrega-
tion effects mentioned above. The 0.43-eV hole trap has
characteristics which closely resemble those of Cu impuri-
ties in GaAs. Electron traps K and L have not been observed
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FIG. 6. Spatial variation of the density of commonly observed traps in Si-
implanted and lamp-annealed GaAs.
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by us in furnace-annealed GaAs and without further evi-
dence their origin cannot be ascertained. It is possible that
they are created by the thermal impulse during RTA. Some
of the commonly observed hole traps present in furnace-an-
nealed GaAs are also present in lamp-annealed samples, but
their concentrations are much lower.

The important revelation from this study is that trap
densities are lower in lamp-annealed samples, compared to
that in equivalent furnace annealed samples. In two-step an-
nealed samples, trap densities are even lower. The improve-
ment probably results from the reduction of defects in the
dislocation band just beneath the active layer. Preliminary
Raman spectroscopy measurements seem to indicate this. A
more detailed study is in progress. It should be mentioned
that reduced trap densities will minimize backgating effects
and noise in GaAs MESFETs.

Another point which should be mentioned is the role of
the substrate defects and damage defects on the final unifor-
mity. We have observed that certain processing steps, such
as etching prior to implantation to remove polishing and
sawing damage, can greatly reduce the concentration of
some of these traps and improve their uniformity.

IV. CONCLUSIONS

The nature and distribution of deep levels arising from
defects and impurities in Si-implanted and halogen lamp-
annealed GaAs have been investigated. Trap densities are
lower in these samples, compared to that in similar furnace
annealed samples, by about two orders of magnitude, though
some new centers are identified. Densities are further re-
duced by using a two-step annealing procedure in which an
additional anneal at 840-850 °C for 15-40 s is done after the
main anneal step. Mobilities, activations, and uniformities,
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with values among the best reported for Si-implanted GaAs,
are obtained after such two-step lamp annealing.
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