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High energy (1 MeV), ion irradiation of GeSi/Si strained layers at elevated
temperatures can cause strain relaxation. In this study, the effect of subsequent thermal
annealing was investigated. Three distinct annealing stages were identified and
correlated with the evolution of the defect microstructure. In the temperature range
from 350 to 600 °C, a gradual recovery of strain is observed. This is believed to result
from the annealing of small defect clusters and the growth of voids. The voids are
visible at annealing temperatures in excess of 600 °C, consistent with an excess
vacancy concentration in the irradiated alloy layer. The 600 to 750 °C range is marked
by pronounced maximal recovery of strain, and is correlated with the dissolution of
faulted loops in the substrate. At temperatures in the range 750-1000 °C, strain
relaxation is observed and is correlated with the growth of intrinsic dislocations within
the alloy layer. These dislocations nucleate at the alloy-substrate interface and grow
within the alloy layer, towards the surface.

INTRODUCTION

In recent years, attention has focused on
the effect of ion-irradiation on strain levels in
GeSi/Si strained layer heterostructures. Both
room temperature1-4 and elevated
temperature5*8 ion irradiation have been
shown to modify strain levels in GeSi. Room
temperature irradiation results in increased
strain with fluence as does low energy
elevated temperature irradiation; both results
are well-modelled by assuming that the strain
distribution reflects the ion damage profile3-4.
However, the behaviour of strained layers
during high energy elevated temperature
irradiation is more complicated. During
elevated temperature irradiation, relaxation
of perpendicular lattice strain (£j_) will result
if the irradiating ion projected range (Rp)
exceeds the depth of the substrate-epilayer
interface4-8. Observation of extended defect
complexes in the vicinity of the strained
substrate-epilayer interface at elevated
temperature5"7 suggests the interface causes
preferential agglomeration of point defects,
and that these defects result in the formation
of strain-relieving extended defect complexes
at, and/or near the interface. However, a

comprehensive picture of the mechanism and
of the evolution of the defect microstructure
during subsequent thermal annealing is as yet
unavailable. The purpose of this study is to
shed some light on these processes.

Experimental

Strained GexSii-x layers of thickness 145
± 3 nm were grown on Si (001) substrates
using molecular beam epitaxy (MBE). Layers
had a Ge content of x = 0.072 ± 0.003, and
were grown at temperatures in the range 550
- 750 °C. Layers were capped with 5 nm
(nominal) of Si to prevent oxidation. The
equilibrium critical thickness9 for this
composition range was calculated to be ~56
nm, suggesting that both layers are
metastable as grown. Samples were irradiated
at 253 °C with 1 MeV 28Si+ ions (Rp ~ 1.3
(im). Ion fluences were in the range 6xlO15 to
lxlO17 Si+/cm2, while the ion flux was in the
range 1.0 - 5.8 \iAJcm2. Samples were tilted
7° with respect to the surface normal during
irradiation to minimise channelling effects,
and the base pressure in the implant chamber
was always < 5xl0"7 Torr during irradiation.
Subsequent isochronal annealing, at



temperatures in the range 400-1000 °C, was
performed in a quartz-tube furnace with a
flowing Ar ambient. As-irradiated and
annealed samples were analysed by
Rutherford backscattering spectroscopy and
channelling (RBS-C) (2 MeV He+, es=106°),
double crystal x-ray diffraction (DCXRD)
(40 kV CuKoc x-rays, using the (004)
reflection in the 0-29 scattering geometry)
and by transmission electron microscopy
(TEM) (using a Philips EM430 operating at
300 kV and a Philips CM 12 operating at 120
kV). Plan-view TEM (PV-TEM) specimens
were prepared using standard chemical
etching techniques while cross-sectional (X-
TEM) specimens were prepared by
mechanical thinning and ion milling (using 4
kVAr).

RESULTS AND DISCUSSION

It has previously been shown7 that the
irradiation conditions employed in this study
cause strain relief: the perpendicular lattice
strain decreases with increasing ion fluence.
Where strain relief is significant, (A£JL>10%),
a direct backscattering peak is evident in
RBS-C spectra at a depth that corresponds
approximately to the alloy-substrate
interface. The defects giving rise to this peak
are also evident in X-TEM images, while
little other damage is immediately obvious
within the alloy layer. Closer examination of
the alloy layer itself reveals a population of
small faulted loops, concentrated about the
centre of the alloy and, under some
tilt/diffraction conditions, a small population
of linear defect structures is also visible
within the alloy layer. High resolution TEM
(HR-TEM) reveals that the linear defects lie
on {113} habit planes and exhibit behaviour
which is consistent with that of the {113}
rod-like defects (RLDs). Faulted loops are
also visible in the underlying substrate. These
are noticeably larger than defects in the alloy
layer and differ from those in interface
region, enabling ready discrimination during
analysis of plan-view specimens.

PV-TEM micrographs show that the
defects at the interface are irregular in shape
and loop-like in character; some appear as
isolated defects while others clearly interact.
Detailed analysis shows that the defects have
some segments with a/2<110> Burgers
vectors, inclined to the interface plane, while
segments resulting from interactions are of

edge character, having Burgers vectors of
b=a/2<110> lying in the interface plane.
Loops with a/2<110> Burgers vectors can
effect strain relief; however without
knowledge of the extrinsic/intrinsic nature of
the defects, or knowledge of their precise
location with respect to the alloy-substrate
interface, it can only be speculated that they
are responsible for the observed relaxation
effect. The small size of the defects, and the
high density of defects in the region, make
this determination a non-trivial task.
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Figure 1: Perpendicular strain as a function of
annealing temperature for samples irradiated with 1.0
MeV 28Si+ at 253°C. Fluence is indicated in units of
1016 Si/cm2.

Figure 1 shows the effect of subsequent
annealing on the £j. of an as-grown and ion-
irradiated layers. Samples were annealed at
temperatures between 350 and 1000 °C.
Although the as-grown material is largely
unaffected by thermal treatment to 1000 °C,
the behaviour of the ion-irradiated layers is
quite complicated. It is best described in 3
stages: 1) a gradual 8x recovery stage, for
temperatures up to 600 °C; 2) a pronounced
recovery stage from 600 to 750 °C, over
which maximal recovery of as-grown ex
levels is observed; and 3) a final relaxation
stage between 750 and 1000 °C, where the
irradiated layers are seen to relax to varying
degrees. To gain insight into the strain
behaviour during these stages, the material
was examined by TEM. Figure 2 shows PV-
and X-TEM micrographs of samples
irradiated to 3xl016 Si /cm2 and annealed to
these various stages.

X-TEM analysis of irradiated samples
annealed at 450 and 600 °C shown in figure
2a, revealed a microstructure similar to the



as-irradiated samples, although in this case,
under similar imaging conditions, the fault
contrast of the substrate loops is not as
obvious. In contrast, the microstructure of
irradiated samples annealed to 750 °C, shown
in figure 2b, differs significantly. The faulted
loops previously visible on the substrate side
of the alloy-substrate interface have
disappeared, and the loop-like defects seen
previously in the vicinity of the alloy-
substrate interface have begun to grow and
expand towards the epilayer-cap interface;
and while {113} RLDs are still visible, a
through-focus HRTEM micrograph set
reveals small voids (-4 nm in diameter)
distributed through the alloy layer and in the
substrate. Voids are not unexpected as Monte
Carlo simulation10 predicts a vacancy excess
from the surface to a depth of -1.2 Jim, and
void formation is energetically favoured over
vacancy loop formation11. X-TEM analysis
of the irradiated material annealed to 900 °C
(figure 2c) reveals that the interface defects
now extend from the region of the alloy-
substrate interface to the alloy-cap interface;
they do not extend into the Si cap material.
Faceted voids (5-6 nm in diameter) are
present from the surface down to a depth of ~
30 nm, with a lower density of larger voids
(also faceted but 9-10 nm in diameter)
appearing in the substrate material below the
alloy-substrate interface; the material in the
immediate vicinity of the loop-like defects
appears void-deficient.

Detailed PV-TEM analysis (see figure
2d) of the alloy layer microstructure shows
that the loop-like defects are no longer
irregular in shape but consist of straight
perfect dislocation segments which lie in the
alloy-substrate and alloy-cap interfaces, and
dissociated partial dislocation segments that
join un-dissociated segments. The defects are
found to have {111} habit planes and
Burgers vectors of a/2<110> type (mixed
character) or {100} habit planes (normal to
the alloy-substrate interface) and a/2<110>
Burgers vectors (edge character). Both types
of loop-like defects were determined12 to be
intrinsic in nature (ie-of vacancy-type; their
intrinsic nature suggests that those formed
during ion irradiation are also vacancy-type.

It appears then that the strain behaviour
in the first annealing stage (up to 600 °C) is
related to the annealing of small defect
clusters in the irradiated structure and/or the
growth of voids, which on average, do not

Figure 2: Weak-beam dark-field TEM micrographs of
samples irradiated to 3xlO16 Si/cm2 at 253 °C after
annealing: a) at 450 and 600 °C, b) at 450, 600 and
750 °C, and at 450, 600, 750, and 900 °C in c) and d).
Figs a-c) are X-TEM images and d) is imaged in plan-
view. Diffraction vectors are displayed in the figures
and arrows indicate the surface and epilayer-substrate
interface.

contribute significantly to the change in £j..
The pronounced recovery of as-grown strain
within the layer during stage 2 (600-750 °C)
has been correlated with the disappearance of
the faulted loops below the alloy-substrate
interface and the growth of voids in the
irradiated material. As these loops are likely
to be extrinsic in nature, their presence near
the alloy-substrate interface would result in
local swelling of the lattice, and the
disappearance of such defects would be seen
as a recovery of ex. In stage 3, the alloy
layers relax, and it appears that this results
from the growth of interface loops with a
possible contribution from the dissolution of
{113} RLDs in the substrate close to the
alloy-substrate interface. The extension of
edge segments and edge components of the
intrinsic loops in the interface plane during



annealing could in principle be responsible
for the relaxation, while the reduced void
density in the vicinity of these loops suggests
that their presence promotes the extension of
the loops towards the surface. It seems likely
that the observed relaxation is a result of the
presence of both voids and loops; detailed
discussion and a proposed mechanism will be
published elsewhere13.

CONCLUSIONS

In conclusion, irradiation of the strained
alloy layers at 253 °C with 1 MeV 28Si+ ions
(Rp - 1 . 3 |xm) results in relaxation of Ex, as
observed by DCXRD. The relaxation
behaviour appears to result from a complex
interplay between defects in the alloy layer,
in the vicinity of the alloy-substrate interface,
and the substrate material itself. Three
distinct strain-modifying annealing stages
have been identified and correlated with
defect evolution of the ion-irradiated
structure: 1) gradual strain recovery for
temperatures up to 600 °C, believed to be
correlated with annealing of small defect
clusters and growth of voids; 2) pronounced
strain recovery for temperatures between 600
and 750 °C which coincides with the
dissolution of faulted loops below the alloy-
substrate interface; and 3) relaxation of strain
for temperatures exceeding 750 °C, which is
correlated with the growth of intrinsic
dislocation structures within the alloy layer.
The intrinsic loops have interfacial segments
in the alloy-substrate and alloy-cap interfaces
with a/2<110> Burgers vectors, which are
joined together by dissociated partial
dislocations.
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