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We present in this letter an investigation of compositional intermixing in AlAs/GaAs
superlattices induced by 2 MeV oxygen ion implantation. The results are compared with
implantation at 500 keV. In addition to Al intermixing in the direct lattice damage region by
nuclear collision spikes, as is normally present in low-energy ion implantation, Al
interdiffusion has also been found to take place in the subsurface region where MeV ion
induced electronic spike damage dominates and a uniform strain field builds up due to defect
generation and diffusion. Uniform compositional intermixing of the superlattices results after
subseguent thermal annealing when Al interdiffusion is stimulated through recovery of the
implantation-induced lattice strain field, the reconstruction and the redistribution of lattice

defects, and annealing of lattice damage.

Ion implantation induced compositional disordering or
intermixing in [II-V compound semiconductor superlattice
(SL) structures has attracted increasing interest because of
its potential for microfabrication of unigue optical and elec-
tronic devices.® In contrast with dopant diffusion induced
SL intermixing,®’ ion implantatior offers the versatility to
have the disordering at a required depth with the desired
electrical activation, spatiai selectability, and high reproduc-
ibility. In the GaAs/AlAs system, it has been demonstrated
that compositional disordering can be realized through ion
implantation either with the electrically active implants,
such as Zn and 5i, - with electrically inactive implants, such
as Kr, B, and F,'* or with lattice constituents, like Ga, Al,
and As."*® Oxygen is another promising species for the
GaAs/AlAs systems; for example, oxygen ion implantation
can induce semi-insulating effects in GaAs®® and
AlGaAs.'® Recently, Bryan ef al.'' have reported that, in
addition to high-resistivity generation, oxygen icn implanta-
tion can simultaneously induce compositional disordering in
AlAs/GaAs SLs as well, In fact, oxygen ion implantation
has been employed in the fabrication of single guantum well
semiconductor laser devices,'”"* where high efficiency per-
formance depends on the implantation-induced electrical
isolation effect for injection current contrel, and composi-
tional disordering at the boundaries of the active region
(that 1s, the guantum well) for lateral optical confinement.

Commonly, low-energy ion implantation (LEIM) in
the few hundred keV range has been utilized for the disor-
dering process, in which the mechanism is mainly due to
implantation-induced lattice damage or inward deep diffu-
sion of impurities introduced in by implantation. High-ener-
gy ion implantation (HEIM) in the few MeV range extends
the ion-solid interaction into a new regime and provides
many additional advantages,'*'” such as deep implantation,
minimized surface structural damage, and electronic ioniza-
tion correlated secondary effects. We present in this letter an
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investigation of compositional intermixing in AlAs/GaAs
superlattices through MeV oxygen ton implantation at low
temperature (LT} and subsequently annealing at high tem-
perature (HT). This is compared with LEIM at 500 keV.
The results show that, in addition to Al intermixing in the
direct ballistic lattice damage region, as is normally present
in LEIM, uniform compositional disordering has also taken
place in the subsurface region where MeV ion induced elec-
tronic damage predominates and a uniform strain field
builds up due to defect production, diffusion, and relaxation.

The samples used in this study were I-um-thick SLs
grown by molecular beam epitaxy (MBE) on a Cr-doped
semi-insulating GaAs substrate. The SLs are composed of 25
periods of AlAs(150 A)/GaAs(250 A) layers. Implanta-
tion was done at the Caltech Tandem Accelerator Laborato-
ry with oxygen ions at energies of 2 MeV or 500 keV for a
dose of 1 X 10" ions/cm?. The target holder was maintained
at LT with LN, cooling {100 K ). Subsequent annealing was
carried out at 650 °C for 30 min on a graphite hot plate in the
proximity-covering format with a GaAs crystal in an am-
bient Ar gas flow. The oxygen distribution, the degree of Al
interdifusion, and layer intermixing were examined with sec-
ondary-ion mass spectrometry (SIMS) at the Bellcore Lab-
oratory. Cesium ions at 8 keV were employed as the primary
ions for oxygen profiling, and 15 keV oxygen ions for Al
profiling.

The SIMS profiles of >’ Al in an unimplanted sample and
of '*G implants in the implanted samiples are shown in Fig. 1.
The oscillation of the Al signal with a peak-to-valley ratio of
about 4.5 in the Al profiles represents a regular AlAs/GaAs
superlattice structure. After being annealed at 650 °C for 30
min, the Al profile in an unimplanted sample (its SIMS pre-
file is not plotted kere) showed essentially no difference, ex-
cept for oxidation at the top surface due to uncapped anneal-
ing. Oxygen profiles have a distorted Gaussian distribution,
indicating a depth range of about 0.65 m with a full width at
half maximum (FWHM) of 0.3 gm for 500 keV ions and
1.85 gm and 0.5 um for 2 MeV ions. Theirregular oscillation
of the oxygen depth profiles within the SL region is probably
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FIG. 1. SIMS profiles of (a) >’ Al in the as-grown AlAs/GaAs superlattices,
and (b) of %O in 500 keV and (c) 2 MeV oxygen ion implanted (at doses
of 1% 10' ton/em?) AlAs/GaAs superlattice.

due to the matrix effect in the SIMS measurement.

The Al SIMS profiles of implanted samples are moni-
tored both before and after subsequent HT annealing. In the
as-implanted samples, slight Al interdiffusion was observed
inboth the LEIM and HEEM cases. Presented in Fig. 2isone
profile from a HEIM sample (solid curve), where the Al
profile from an vnimplanted sample is plotted as a dashed
curve for comparison. It is found that the reguiar Al oscilla-
tion remains, but peak-to-vailey ratic drops to 4. It behaves
very much the same way in the LEIM samples (the profile is
not piotted here). The weak change in Al oscillation sug-
gests that Al interdiffusion at this stage is mainly due to
nuclear knock-on-induced lattice displacement (or nuclear
bailistic damage) during implantation. However, extensive
Al interdiffusion has been activated by HT annealing. The
corresponding SEMS Al profiles are illustrated in Fig. 3. Sig-
nificant differences exist between these two samples, al-
though the complete disordering did not take place under
the conditions emploved. In the LEIM sample [see Fig.
3(a}], the amplitude of Al oscillation has dramatically de-
creased with the peak-to-valley ratio down to 1.4, which in-
dicates that substantial intermixing has taken place in the
AlAs/GaAs SL layers due to implantation and annealing. In
most of the surface region, this intermixing is very uniform;
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FIG. 2. SIMS depth profile of Al in an as-implanted AlAs/GaAs super-

lattice sample that was implanted with 2 MeV oxygen ions at a dose of

1% 10' ions/cm’. The Al profile of the unimplanted sample is plotted as a
dotted line for comparison.
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however, in a few layers near the end of the SLs, the peak
value of the Al oscillation has decreased further. This region
corresponds to the region where the implanted oxygen ions
are deposited (compare to the oxygen depth profile shown in
Fig. 1). This decrease implies significant lattice damage- and
impurity-related Al inward diffusion due to the existence of
implanted oxygen in this region. In the HEIM sample [see
Fig. 3(b)], the peak-to-valley ratic of Al oscillation de-
creases to 1.6, slightly higher than that in the LEIM sample.
However, the amplitude remains very uniform over the
whole SL region, except for the anomalous distortion of a
few layers at the top surface, which is due to the presence of
surface oxygen introduced during the uncapped annealing
process.

In summary, the results presented above have clearly
shown that compositional intermixing in AlAs/GaAs su-
perlattices can be realized by MeV oxygen ion implantation
with subsequent HT annealing. This intermixing spreads
evniformly throughout the entire subsurface region. Though
completed disordering was not observed in either LEIM or
HEIM, the results clearly indicate that a dose of 1x 10'°
ions/cm’” is enough to induce substantial interdiffusion of Al
in AlAs/Gahs SLs, which was not realized in the experi-
ments by Bryan ef al.'' In order to achieve complete disor-
dering, annealing for a longer time or at higher temperature
seems to be reguired, since a processing dependence may
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FIG. 3. SIMS depih profile of Al in an oxygen ion implanted and
subsequently high-temperature-annealed AlAs/GaA superlattices, (a) 500
keV and (b) 2 MeV. The Al profile of the unimplanted sample is plotted asa
dotted line for comparison.
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exist, as previously demonstrated by Schwarz et af.'® Gur
experimental evidence has alse convinced us that Al diffu-
sion in the high-energy oxygen ion implanted sample is con-
trolled by a different mechanism than in LEIM. It is suggest-
ed that electronic distortion induced by MeV ions in the
subsurface region enhances defect diffusion during implan-
tation, which in turn induces a strong uniform lattice strain
field in the implanted subsurface region. During the subse-
quent HT treatment, Al interdiffusion is activated by strain
relaxation, defect redistribution, and damage annealing.

It has been shown in our previous work on MeV ion
implantation into I1I-V compound semiconductors'’™'” that
lattice damage and disordering in high-energy ion impianta-
tion is produced by two distinct processes in different re-
gions: nuclear spike damage around the end of range {EOR)
of the ions, and electronic spike damage along most of the
ion’s path in the surface region. These two processes are
closely correlated with the energy loss of an incident ion
along its path. The intense energy transfer from ions to lat-
tice atoms due to ion-nucleus collsion cascades (nuclear
spike) causes substantial lattice atomic displacement and
massive production of vacancy-interstitial pairs, resulting in
direct structural damage to lattices, as well as the crystalline-
to-amorphous structural phase transition. This is the domi-
nant process present in the most cases of LEIM. It appears at
the EOR of MeV ions in HEIM, where the incident ions have
already lost most of their kinetic energy by interactions with
electrons along their paths and slow down into the keV re-
gion. But the effect is less pronounced than that by LEIM
due to ion energy straggling, which produces a spread in the
distribution of implants. A high critical dose for a completed
phase transition may be required in this case. The SL compo-
sitional disordering taking place under this process is mainly
due to ion-induced ballistic intermixing through atomic dis-
placement or due to fast diffusion of active impurities. A
strong dependence upon the implantation condition and the
geometry is limited to the spatial range around the EOR of
the ions or to where diffusing impurities can reach.'® The
electronic spike is produced through ion-eleciron interac-
tions in the form of electronic ionization and excitation. It
spreads along most of the ion’s track where electronic energy
loss predominates and causes the production of electron-
hole pairs, leading to the distortion of the electronic configu-
ration of the lattice. While some electron-hole pairs disap-
pear through quick recombination, an internal electric field
may be built up by separation of electrons and boles due to
the migration of ionized “‘free” electrons. For instance, a
surface potential may be built up when the ionized electrons
accumulate on the surface, leaving the unfilied holes at-
tached to lattice atoms in the subsurface region. This poten-
tial, in turn, greatly enhances the migration and diffusion of
the lattice defects and the displaced atoms. Finally, this pro-
cess results in a strong lattice strain field buildup in the sub-
surface region due to distribution of point defects'”'® (about
0.5% t0 1.0% in 2 MeV oxygen ion implanted GaAs, which
varies with the implantation conditions, such as the ion dose
and substrate temperature). During the subseguent HT an-
nealing process, a large amount of energy is released due to
the recovery of the implanted-induced lattice strain field
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through relaxation or distortion. Implantation-induced de-
fects also redistribute themselves, either by recombination or
by developing into extended defects, such as dislocation
loops, twins, and stacking faulis.'® All these changes will
strongly stimulate diffusion of the residual atoms like Al and
Ga under the stoichiometric gradient. The final result of SL
compositicnal disordering is a product of the processes of
defect generation and diffusion enhanced by electronic
spikes and during implantation and atomic interdiffusion
stimulated through strain refaxation and defect reconstruc-
tion during annealing. This may explain why the subsequent
HT processing is a necessary step to obtain substantial Al
interdiffusion. LT implantation can be of help in this process
since the “freezing-in”’ effect induced by LT gives better con-
finement of lattice damage and defects as well as implants.'®
At LT, there is a tendency to minimize both the possibility of
defect recombination and in sizy dynamic annealing, and
thereby, in turn, to preserve lattice damage and buildup of
lattice strain in the implanted region, which enhance the
diffusion process during annealing.
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