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The channeling effect technigue has been applied to investi-
gate dechanneling by stacking defects in heteroepitaxially grown
silicon. Ion backscattering was performed on 0.9 ym Si layers
grown on sapphire as a function of beam energy (1,1 to 2,5 MeV He+),
projectile ion (He+, D+) and crystal direction (<100>,<111>,<112>,
<113>), Transmission electron microscopy analysis reavealed the
presence of a high density of stacking faults and twin lamellae.

A model based on the new interior surfaces preéented by such
stacking defects is used to calculate the dechanneling cross sec-
tion, and the disorder profiles are obtained from the experimgntalﬁ
dechanneled fractions in terms of displaced rows per unit Volume.
Direct backscattering of channeled particles from the defects is
neglected since the dechanneling cross section per row is about
one order of ﬁ;gnitude larger than that per displaced atom., The
resulting defect depth distributions are independent of beam
energy and projectile ion, and give improved quantitative agreement
with previous studies. The application of channeling to stacking-
15

defect measurements requires a minimum density of ~ 10 displaced

rows/cmz.
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INTRODUCT ION

Thé channeling technique, in combination with iQn back-
scattering, has been widely used to investigate damage in ion
implanted semiconductors. The power 6f this technique resides
mainly in the ability to determine the depth distribution of
damage. In a guantitative analysis one must determine or
assume the type of damage present ;n order to utilize the
appropriate dechanneling cross section. Often the nature of
the damage can be determined by other techniques, such as
electron microscopy. A simple type of disorder in terms of
the dechanneling calculation is that of small isolated regioﬁs
of amoxphous mate:iaiu This is closely approximated by heavy
ion implantation in the semiconductors Si and Ge as revealed
by other structure sensitive 'techniques,l

Care has to be taken in order to use a correct dechénneling
cross section in the extension of the channeling technique to
the analysis of other defects like those induced by ion
implantation in metals or growth processes in heteroepitaxial
layers. For example, detailed measurements by ion channeling
and transmisSﬁuu electron microscopy (TEM) have been carried

out recently to characterize implanted ag.%73

Dislocations

were the dominant type of defect present and the incident ion
type and energy dependences of the dechanneling_gross section
were used for a quantitative evaluation of the damage. From

these studies -an improved understanding of the guantitative

"analysis and the sensitivity limitations of the channeling



technique clearly emerge. Detailed considerations have also
been given in the channeling analysis of implanted Au.4

For additional understanding of the channeling technique
as a probe of defects, we consider improvements upoﬁ aAprevious
analysis (5) of Si thin'crystals grown heterocepitaxially on
sapphire and spinel. TEM and etch pits Have shown that these
heteroepitaxial Si layers contain a large number of stacking )
defects including stacking faults and twin lamellae whose den-
sities decrease from the interface to the film surface. fhe pre-~
sent measurements and analysis of heteroepitaxial Si layers
have been carried out with the aim of detailing the dependence
of the dechanneling, end then of the extracted defect profile,

on experimental parameters such as crystallographic direction,

atomic number and energy of the analyzing beam.

Results and Discussion

Single crystal Si layers grown epitaxially.on capphire
were obtained from KCA and Union Carbide, with the majority of
the measurements being made on layers 0.9 um thick. TEM measure-
ments on these samples showed high densities of stacking faults
and twin lamellae consistent with previous studies. Figures la
and 1lb show representative micrographs of stacking faults in
bright field and twin lamellae in dark field, respectively. The
average thickness of the twin lamellae are determined to be
~ 20 R corresponding to = 4 atoms per <1ll1> row based on the
streaking of the (11l) twin diffraction spots for (110) matrix

diffraction.




The influence of stacking féults on dechanneling can be
visualized with the aid of Fig. 2. The stacking sequence of
%lllz planes in a perfect diamond-type lattice is Aa Bb Cc Aa Bb
Cc. An intrinsic fault, characterized by the missing plane Aa,
‘changes the sequence to that shown in the lower left part of
Fig. 2. Particles impinging along a direction parallel or normal
to the fault plane, for both planar and axial channeling are not
distrubed by the fault. BAlong other directions particles enter
a perfect lattice (full circles) and traversingAthe fault plane
will still move in a perfect crystal (open circieé) shifted with
reséect to that already traversed, as illustrated in Fig. 2 for
the <100>,<110> and <lil> directions, Twin lamellae also occur,
on {lll} planes and the twinned material gives rise to a new set
of rows in this case consisting of ~ 4 atoms each. In addition,
after passing through both boundaries of a twin lamella, there
are equal probabilities that the stacking sequence will have zero,
one or two planes missing and this is equivalent to no fault, |
an intrinsic fault or an extrinsic fault, respectively,<’For'the
thin twin lamellae of these studies the contribution from the
volume of the twins plus the 2/3's contribution after passing
through the twin boundaries will on the averéée be essentially
equivalent to that for a étacking fault within the accuracies of
the present analysis. Thus both of these types of stacking
defects introduce new crystal surfaces to the channeled ions.

As a first approximation the dechanneling due to a stacking

fault can be related to the minimum yield for a beam entering
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a crystal parallel to a  low index axis or plane. In this

description the dechanneling probability per row is given by

.xo . | .
row ~ Nd ' (1)

where Xo is the surface yield of a perfect crystal of atomic
density N and 4 is the spacing along the row.

In contrast, the dechanneling by a displaced atom can be
estimated'on the basis of the Rutherford cross section, giving:7

2
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where Z, and 22 are the atomic numbers of projectile and target

1
atoms, respectively, E the beam energy and W% the experimental
critical angle for channeling. As a simple estimate, for

2.0 MeV He impinging along the <100> axis in Si at room tempera-
ture the dechanneling cross section due to a stécking'fault,

. This

g is about one order of magnitude larget than Oatom

row’
larger value of the dechanneling cross section allows us to
neglect the direct contribution to the aligned yield in compéri-
son with the dechanneling one.

In addition, the two dechaﬂneling égd;é éections differ in
their. dependence on experiumental parameters. We have observed
the dependence of the dechanneling on the beam energy, the
atomic number of the analyzing projectile and the crystallographic
direction. The latter is alsoc related to the structure of

defects and to their distribution on the four equivalent ill”

planes.




Experimental‘énergy spectralfor an He' beam of several
energies impinging along the <100> axis'of a ~ 0.9 ym thick Si
-layer grown on sapphiré are shown in Fig., 3. The aligned yields
for all the beam enérgies are comparable near the surface to
those of a perfect crystal and they increase, approaching a maxi-
mum at the interface with the substrate. The corresponding
dechanneled fractions, i.e., the ratio of aligned-to-random
yields, are shown in Fig. 4. The energy-~to-depth conversion has
been made assuming bulk denéity for randoﬁ spéctra and assuming
a constant ratio for the aligned energy loss given by the experi-
mental aligned-to-random energy~width ratio. The dechanneled
fractions show a small energy dependence and they increase with
decreasing beam energy. For comparison the dechanneled fractions
for a <100> Si crystal are also shown in Fig., 4. A small energy
dependence is evident for the Si crystal, in agreement with pre-
vious investigations of dechanneling ih'perfect crystals,8 R

For comparison with the energy dependence of dechanngling
due to displaced atoms or sméll amorphous zones, a Si crystal
has been implanted with 300 keV Nt and analyzed with He' peams
at different.energies,‘ The corresponding dechanneled fractions
are shown in Fig. 5 and a much more pronounced energy depen—‘
dence results just after the damaged region, with the dechanneling
increasing with decreasing béam energy. These results point
but, without detailed data analysis, that the energy dependence
of the dechanneled fraction for the heteroepitaxial Si layers

is negligible, in agreement with that pfedicted by o In:

row’




fact O ow defined 'in Eq. 1 is given by
Orow ~ Tr(2ul * aTF) r (3)
or by
o_ = 18.8u’ | (4)
row 7L !

where u is the rms unidimensional vibration amplitude and Arp
the Thomae—Fermi screening distance. Egs. 3 and 4 are obtained
from the continuum approximation9 and from an empirical fit,
respectively.lo
The same epitaxial layers have been analyzed .along dif-
ferent crystallographic dlrectlons and the resulting dechanneled
fractions are shown in Fig. 6. Neglecting the direct back-
scattering from the extra plaaes, in accordance with our
estimates, the random component of the beam coincides with the

aligned yield and is given by:
Xp(2) = X, (2) + (1 = x,(2)) Play) (5)

where'xv(z) is the dechanneled fraction in the virginAcrystai
measured at tﬁé depth z and P(qD) represents the probability.
that a beam of 1nten51ty (L - XD(z)), having 1nJL1ally a

§- functlon dlstrlbutlon is decbanneled after traverSLng a
number an of dlsplaCed rows/cmz, The value P(qD) can be

estimated following the BQSgh7 approach and it is given by

Z

P(qD) = 1 -exp '"Urow[Nrow (z) dz ' (6.)
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Z B
’ = z) h mber of
where dp - g.NIOW(z;dz and Nrow(z) represents the numbe

displaced rows/cmB. From Egs. 5 and 6 we obtain

1 - XD(Z) '
= exp [—Grow . -qD(Z)] . (7)
1 - xv(Z)
1 - XD(Z)

T—:—i;T;T-values a;é plotted on a semilog

scale in Fig. 7a for different energies of the analyzing He'

The experimental

beam and in 7b for several channeling directions. The resulting
integral defect profile in Fig. 7a is energy independent, thus

confirming that o is energy independent too, in agreement

ow
with our model. In addition, analysis of 1.0 MeV deuterium
spectra for the <100> axis gives results which nearly coincide
with that obtained using a helium analysis beam. For the dif-
ferent crystal directions in Fig. 7b a difference of about
10~-20% is seen, but this is too small to conclude a épatial
order in the arrangement of the stacking defects. Thus, theg

are considered to be randomly distributed on the four available

{lll% planes.

. 1 - x,(2) ,
The fast~decrease of the Tm:~§5727-values near the interface

with the substrate is related to the large number of defects
present in this region. In the same plot several straight
lines are drawn corresponding to different uniform distribu-
tions of displaced rows. The numbers are obtained using the
empirical fit vaiue (Egq. 4) for the dechanneling cross section.

‘The lines intersect the experimental values at different depths,



and for each of these the integrated number of Nrow traversed
by the énalyzing beam is equal to the Nrow label of the corre-
sponding line multiplied by the intersection depth.

| The defect depth profiles obtained by the present method
and by the standard approach6 for damage analysis are compared
in Fig. 8, The upper curve was obtained by the standard
approach using the dechanneling créss secﬁion for Rutherford
scattering from single atoms (Eq. 5) and including direct back-
scattering. The slopes of the‘profiles are almost equal and
the two profiles differ by about one order of magnitude. This
difference between the two profiles is due to the difference in
the dechanneling cross section for displaced atoms and rows,
respectively. Note that the upper curve gives the profile in
terms of displaced atoms per cm3 while the lower one pro&ides
the displaced rows per'cm3. This improved.dechanneling analysis
is in,agréement with previous quantitative studies of hetero-
epitéxial Si which ga&e densities of scattering centers by'thé
standard analysis a factor of 10-70 over the number of displaced
rows as determined by etch line counting and layer removal
techniqueso6 h
From the present work we conclude tﬁat a stacking defect

density corresponding to ~ lOlS displaced rows/cm2 L. A

-

- e M

P ivtmi oL e Tt 1s required for detection by single-
alignment channeling. This corresponds to approximately one

atomic plane (= 2.5 x lols/cm2 for <100> Si) and would give rise

O
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~10~

‘to an ihéreasé in the channeling yield of ~ 3%. In‘contrast,
this lower limit for channeling analysis represents an approxi;
mafe upper limit for quantitative TEM analysis, since an
effective areal coverage greater than one monolayer will result

in appreciable defect image overlap.
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FIGURE CAPTIONS

TEM micrographs of Si grown on sapphire showing
(a) stacking faults and (b) dark field image of

twin lamellae with a (114) matrix and corresponding

(110) twin diffraction pattern shown in the inset.
Schematic illustration of the stacking sequence in
the presence of a fault in the Si lattice where
along the <100>,<111> and <110> directions two>per~
fect lattices (s) and (0) are seen shifted with
respect to each other. ‘
Random and»;lOO> energy spectra of 1.13, 2,0 and
2.5 MeV He+ ions scattered at 165° from a ~ 0.9 um
ﬁhick Si crystal grown on sapphire.

Ratio of aligned to random yield as a function of

the depth for data of Fig. 3 and for a bulk <100>

Si crystal.

Ratio aligned to random yield vs. depth for a Si
<111> crystal damaged with 200 keV NT ions and
analyzed with 1.0, 1.5 and 2.5 MeV He'.

Ratio of aligned to random yield for the indicated
axes vs. depth of 2.0 MeV He' ions for bulk <100>
i and for a ~ 0.9 um thick Si crystal grown on
gapphire.

Integral distfibutions of displaced rows vs. depth
in the epitaxial Si crystal a) for different He'

heam energies and b) for the 2.0 MeV He beam along



Fig. 8
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several crystal directions. Straight lines corre-
spond to uniform distributions of displaced rows
for the densities indicated.

Comparison between the differential defect profiles‘
obtained by the present apﬁroach and the "standard"
one using the Rutherford cross section. The scale

3

is in atom/cm™ for the standard approach and in

rows/cm3 for the present treatment.
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