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This paper describes a model for interpreting experimental transmission ion channeling results for
dechanneling by 60° misfit dislocations in epitaxial Si,;_,Ge,/Si material in terms of rotated lattice
planes of the Si,_,Ge, epilayer with respect to the silicon substrate. A Monte Carlo channeling simula-

- tion program is used to model the trajectories of the incident MeV protons through the epilayer and the
thinned Si substrate in order to calculate the average transmitted proton energy as a function of the
sample-tilt angle about the beam axis and the effective rotation angle of the epilayer. The conditions un-
der which the 60° dislocations can be resolved from the surrounding perfect crystal and also resolved
from adjacent 60° dislocations causing a slightly different amount of lattice plane rotation are discussed
using this model. Good agreement is demonstrated with experimental results showing the variation in
transmitted proton energy across a group of five 60° dislocations for different sample-tilt angles.

I. INTRODUCTION

There is current interest in growing epitaxial strained
layer systems of lattice mismatched semiconductors, such
as Si; _, Ge, /Si, in order to alter the energy band gap and
hence the electronic properties of the material.! If there
is too much strain present in a growing lattice-
mismatched epitaxial layer, it is relieved by the formation
of misfit dislocations? which degrade the electronic prop-
erties of the material. When MeV ions are aligned with a
crystal axis or plane, their trajectories are sensitive to any
disruption of the perfect lattice, and this effect can be
used to characterize the crystalline properties of the ma-
terial.> There has been considerable effort in measuring
both the amount of strain present in epitaxial lattice-
mismatched semiconductor layers using channeled MeV
ions*"® and also characterizing the interaction of MeV
ions with different types of dislocations®>*#~1% in order to
determine their depth distribution and concentration.

This paper characterizes the dechanneling effects of 60°
misfit dislocations on the trajectories of MeV protons
transmitted through epitaxial Si,_, Ge,/Si materials. In
order to distinguish between dechanneling from disloca-
tions and strain-induced dechanneling, only channeling
along the surface-normal growth direction is considered,
so that strain-induced dechanneling is not present. The
main dechanneling mechanism of 60° dislocations is first
discussed, and then it is described how this can be simu-
lated using a Monte Carlo method based on rotated
planes of the epilayer with respect to the substrate.
These simulated results for MeV protons dechanneling
from 60° dislocations are then compared with experimen-
tal results measured with a nuclear microprobe, showing
the variation in the transmitted proton energy across spa-
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tially resolved bunches of 60° dislocations in

Si,_,Ge,/Si.
II. DECHANNELING
A. Previous work on dechanneling from dislocations

Ions which are incident along a major crystal axis or
plane have a channeled trajectory, resulting in a lower
rate of energy loss and a lower nuclear encounter proba-
bility than ions which are incident along a nonchanneled
trajectory. This is because the ions are steered into re-
gions of lower electron density between the channel walls.
The critical angle ¥, is the maximum angle for which
channeling will take place when an ion is incident in the
center of a channel.’ At larger angles between the in-
cident beam and the channel walls, the average rate of en-
ergy loss increases since the channeling planes cannot
provide the repulsive force necessary to steer the ions
back into the channel. The variation of the measured
backscattered ion yield as a function of tilt angle about a
channeling direction is characterized using a different
definition. The measured angular half-width of the chan-
neling dip is denoted as 1, ,. The different between 1,
and ¥, ,, is usually less than 20%.3

The plane rotation associated with dislocations can re-
sult in initially well-channeled ions being dechanneled.
For 90° dislocations and 0° dislocations, the plane rota-
tion is large at the dislocation core and decreases away
from it, such that the dechanneling effect decreases away
from the core. These types of dislocations have been
characterized by a dechanneling factor o. This was
defined as the diameter of a region around the dislocation
line in which dechanneling occurs, and it is inversely pro-
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portional to the channeling critical angle.>!® MeV « par-
ticles typically have a dechanneling factor in silicon of
o =3 nm in axial alignment (¢, ~0.8°) and 0 =20 nm in
planar alignment (1, ~0.2°). The measured rise in the
backscattered ion yield with depth in channeled align-
ment has been used to deduce the depth distribution of
dislocations present.»*%° A little work has been carried
out!! on characterizing the dechanneling effect of 60°
dislocations, but they have mainly been treated as result-
ing in a similar dechanneling effect as 90° dislocations.

It has been previously demonstrated how bunches of
60° misfit dislocations in epitaxial Si, 3sGeg 15/Si (Refs. 12
and 13) and single 60° misfit dislocations in Si; ¢sGey o5/Si
(Ref. 14) could be resolved in transmission channeling im-
ages using the Oxford nuclear microprobe!® with a 2—3-
MeV proton beam focused to a spot size of about 200 nm.
For this method the Si,_,Ge,/Si crystal sample was
thinned from the rear to about 20 um and the average
transmitted energy of MeV protons was measured as a
function of focused beam position within the scanned
area, with the substrate [001] axis aligned with the in-
cident beam. Channeled ions lose energy at a lower rate
than nonchanneled ions.'®!” The measured transmitted
proton energy at dislocations was therefore lower than
that from the surrounding perfect crystal with the sample
in channeled alignment because the 60° dislocations
dechanneled some of the ions, which subsequently trav-
eled through the substrate with a high rate of energy loss.
MeV protons, which have a narrower critical angle than
MeV a particles, were used for this work. Their dechan-
neling factor is larger, and so protons farther away from
the dislocation core are dechanneled, resulting in a more
detectable signal. The use of MeV protons also enables
thicker samples to be used because of their longer range.
Transmission ion channeling has the advantage over
transmission electron microscopy (TEM) in that it can
analyze samples that are tens of micrometers in thick-
ness. This significantly reduces sample preparation time
compared with TEM and enables large areas of the sam-
ple to be analyzed. X-ray topography can be applied to
bulk samples, but has a poorer spatial resolution than
transmission ion channeling, which thus falls somewhere
between these two established techniques in its capabili-
ties.

Previous work has only characterized the dechanneling
effects of dislocations when the incident ions are aligned
with a planar or axial channel. The effect of tilting the
sample slightly away from alignment was not previously
considered since the measured channeling information
would be integrated over a large number of dislocations
with different magnitudes and signs of the rotation angle.
The use of a nuclear microprobe enables dislocations to
be spatially resolved, and so the effects of tilting the sam-
ple on channeling at the dislocations can be distinguished
from the effects in the surrounding crystal. This advance
in the experimental capability of ion channeling to spa-
tially resolve dislocations enables the calculated variation
of dechanneling across bunches of 60° dislocations to be
compared here with experimental results on two
Si;_,Ge,/Si materials, where the surface-normal direc-
tion is the [001] axis.
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B. Dechanneling effects of 60° dislocations

For all four possible 60° dislocation geometries, the
Burgers vector can be resolved into components which
are either edge or screw in character. For example, a
dislocation with a Burgers vector of (a /2) [101] can be
resolved into components (a /4)[110], (a /4)[110], and
(a/2)[001], where a is the lattice parameter of silicon,
equal to 0.543 nm. If this dislocation has a line direction
along [110], the (@ /4)[110] corresponds to a screw com-
ponent, (a /4)[110] corresponds to an edge component,
and (a /2)[001] corresponds to an edge component with
a Burgers vector perpendicular to the interface. Only the
(a /4)[110] component relieves lattice mismatch. If only
the (a /2)[001] component, which is the largest, is con-
sidered, the adjacent [110] dislocations in a bunch
comprise a low-angle boundary, as shown in Fig. 1.!2
The (001) planes in the epilayer close to the interface are
on average rotated through an angle & about the [110]
axis, and as a result, the (110) planes close to the interface
are rotated by approximately the same amount. If adja-
cent 60° dislocations have edge components (a /2)[001]
of the same sign, then the (110) planes are all rotated in
the same sense and can be thought of as a dislocation
bunch. For some bunches the (110) planes near to the in-
terface are rotated in the sense shown in Fig. 1, while for
other bunches the planes are rotated in the opposite sense
with respect to the [001] substrate. The approximate an-
gle through which the planes are rotated can be calculat-
ed from 8=b/l, where b=a/2 is the length of the
(a /2)[001] component of the Burgers vector and [ is the
average dislocation spacing. This consideration of the
dechanneling effect of 60° dislocations in terms of the
(@ /2)[001] component was previously used to qualita-
tively explain the observed changes in contrast in
transmission ion channeling images'>!® at different
sample-tilt angles with respect to the substrate [001] axis.
Monte Carlo channeling simulations described here were
not then available, and so this paper is an advance on this
previous experimental work by considering under what
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FIG. 1. (110) cross-sectional diagram showing how a series
of edge dislocations along [110] with their Burgers vector
(a /2)[001] all in the same sense form a low-angle boundary ro-
tating the (110) planes in the epilayer through an angle 5.
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tilt angle conditions the 60° dislocations can be resolved
from the surrounding perfect crystal and also from adja-
cent bunches of 60° dislocations. It is also shown how
plane rotation angles associates with 60° dislocations can
be determined.

III. SIMULATION OF DECHANNELING
FROM 60° DISLOCATIONS

To perform a rigorous calculation of the dechanneling
effect of 60° misfit dislocations present at the interface be-
tween the substrate and epilayer, the resultant displace-
ments of all the atoms both above and below the interface
should be calculated and then the trajectory of the in-
cident protons simulated through this system. However,
the resultant displacements of the atoms in the substrate
are difficult to accurately characterize and this procedure
would also obscure the more general conclusions about
the dechanneling mechanism of 60° dislocations. The
simplifying assumption is made here that dechanneling
mainly arises from the extra half planes of the
(a/2)[001] component inserted at the interface, which
causes plane rotation of the overlying epilayer through an
angle 8 with respect to the [001] substrate. It is assumed
that the plane rotation is a maximum at the core of the
bunches of dislocations, and it relaxes with increasing la-
teral distance away from the core toward alignment with
the planes of the substrate, so that the plane rotation an-
gles varies in magnitude across the bunch, but the sign is
the same in any one bunch.

In the Monte Carlo computer simulations, the regions
on both sides of the boundary were assumed to be an
ideal, undistorted Si crystal. The orientation of the top
layer with respect to the bulk is given by a rotation §
about the [110] axis, lying in the boundary plane, as
shown in Figs. 1 and 2. For each combination of § and
the tilt angle 0 of the sample as a whole with respect to
the proton beam, a total of 3600 ion trajectories were
simulated, and the average energy after transmission
through the bylayer was determined. An adapted version
of the program FLUX3 was used,'®!® which utilizes a

3MeV protons

1 um epilayer

19um substrate

detector

FIG. 2. Schematic of the geometry used to simulate the
effects of 60° dislocations. The 1-um-thick [001] epilayer is ro-
tated by an angle & with respect to the 19-um-thick [001] sub-
strate. The average transmitted proton energy was measured as
a function of tilt angle of the beam from the substrate [001] axis
in the (170) planes.
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binary collision approach in which small-angle approxi-
mations have been eliminated.”” The energy loss and mul-
tiple scattering due to interactions with electrons is divid-
ed into contributions from inner-shell and valence elec-
trons. The latter is simply approximated by a constant
rate of energy loss dE /dz. The inner-shell electrons con-
tribute an impact-parameter-dependent energy loss
AE(b;) at each collision. The dependence of the
transmitted energy on the channeling conditions, which
is vital to the current analysis, is therefore due to his con-
tribution. The function AE(b;) was calculated with the
model of Dettmann and Robinson?! as previously de-
scribed.'®

The system used in these simulations was a 1-um-thick
Si epilayer on a 19-um Si substrate. These layer
thicknesses are very close to those used in the experi-
ments to be described in Sec. IV. The influence of the
fraction of Ge on the epilayer was ignored. Since the
critical angle for both planar and axial channeling scales
with V' Z,, the error in the critical angles thus intro-
duced is 3% and 9%, respectively, for the two SiGe com-
positions of 5% and 15% Ge to be described in Sec. IV.
These small differences do not affect the general trends of
the dechanneling effects of the 60° dislocations.

For all the simulated results in this section and the ex-
perimental results in Sec. IV, the bilayer sample is tilted
away from the substrate [001] axis, in the (110) planes,
such that channeling in the (110) planes only is altered.
The channeling results are thus a combination of axial-
to-planar channeling. The statistical noise level on the
simulated results was 1 keV for each value of the simulat-
ed average proton energy at each tilt angle and rotation
angle.

A. Simulated results

Figure 3 shows the average transmitted proton energy
as a function of tilt angle of the beam from the substrate
[001] axis in the (110) planes for different positive rota-
tion angles of the epilayer. Symmetry considerations
show that the effect of a layer rotated by —3& at a tilt an-
gle —0 is the same as a positive rotation angle +8 at +0
and also that a tilt about the (110) planes produces a
similar effect as about the (110) planes described here. A
high transmitted energy corresponds to many ions being
well channeled through the crystal and so losing energy
at a low average rate, whereas a low transmitted energy
corresponds to many ions being poorly channeled
through the crystal and so losing energy at a high average
rate. The case where §=0.0° corresponds to a perfect
crystal, and the resultant transmitted energy varies
symmetrically about the maximum which occurs at
6=0.0°, i.e., substrate [001] axial alignment. The tilt an-
gles at which the average transmitted proton energy is
lowest correspond to a blocking alignment,?? where the
protons are incident at an angle which is just large
enough such that those entering near the center of the
channels formed by the (110) planes can surmount the po-
tential barrier of the planes bounding the channel. These
protons then have lost almost all of their transverse
kinetic energy when they reach the planes and therefore
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FIG. 3. Simulated values of the average energy of 3-MeV
protons transmitted through a 1-um Si layer and a 19-um-thick
substrate, as a function of tilt angle of the beam from the sub-
strate [001] axis, in the (110) planes. The 1-um-thick epilayer is
at fixed rotation angle & with respect to the substrate. Each
curve is offset vertically by an additional 20 keV after the lowest
curve for clarity.

travel a relatively long time close to the planes, resulting
in a higher than average rate of energy loss. In the nu-
clear interaction probability as a function of incident an-
gle, this effect shows up as a “‘shoulder” in the yield.

It is known?? that the location of shoulders on an axial
channel is determined by the shoulders of the planar
channels passing through them, rather than by any sim-
ple features of the rows themselves. Therefore in the fol-
lowing we relate the features of the transmitted energy
versus tilt angle and rotation angle to the critical angle
for planar channeling, ¥, =0.14°, for 3-MeV protons.

There are essentially three regimes with differing mag-
nitudes of the rotation angle of the epilayer which de-
scribe the shape of the resultant transmitted proton ener-
gy curve. For a small rotation 6§ <, /2 (i.e., §=0.05° in
Fig. 3), the resultant transmitted proton energy curve
maintains the same symmetrical shape as for §=0.0°, but
is displaced along the horizontal axis away from substrate
alignment by an amount 6=§. For a large rotation,
6>2¢y, (ie., 6=0.3°,0.4° in Fig. 3), there are two
separate peaks in the transmitted proton energy curve.
The large peak centered at 6=0.0° is due to ions passing
through the rotated epilayer with a nonchanneled rate of
energy loss, but remaining reasonably collimated through
this layer, and then channeling in the aligned substrate.
The smaller peak centered at =58 occurs when the sam-
ple is tilted such that the protons are channeled through
the rotated epilayer, but pass through the misaligned sub-
strate with a nonchanneled rate of energy loss. Inter-
mediate tilt angles between these two peaks correspond
to the incident ions being misaligned with both the epi-
layer and substrate and so do not channel well in either.
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For an intermediate rotation angle ¢¥,/2<8<2¢y, (e,
6=0.10°,0.15°0.20° in Fig. 3), there is a more complex
distribution of transmitted proton energy as a function of
tilt angle as a result of the superposition of the separate
effects of channeling in the substrate and channeling in
the epilayer. As & increases from 0.10°, the single
transmitted energy peak splits into two separate peaks.
At §=0.10° the maximum transmitted proton energy still
occurs at a tilt angle of 6=358, whereas for a larger rota-
tion angle it occurs at a tilt angle of 6 closer to 0.0°. It is
predicted from these curves for the transmitted proton
energy in Fig. 3 that for a small plane rotation angle of
6 <0.7¢y,. the maximum transmitted energy occurs at
6=34, and so if the tilt angle for the maximum transmit-
ted energy is measured at the dislocations, then the plane
rotation angle across the 60° dislocations can be found.
This is experimentally investigated in Sec. IV A.

Dislocations are visible in experimental transmission
ion channeling images because the average transmitted
proton energy at them is different compared with the sur-
rounding perfect crystal. Their image “contrast” makes
them appear as bright or dark regions in a grey scale im-
age, showing the variation of the average transmitted
proton energy.'>”!* Figure 4(a) shows the calculated
dislocation contrast as a function of tilt angle of the beam
from the substrate [001] axis in the (110) planes for the
same positive rotation angles shown in Fig. 3. These
curves were constructed by substracting the average
transmitted proton energy for a particular rotation angle
away from the transmitted energy for §=0.0° at the same
tilt angle. A positive contrast value corresponds to the
average transmitted proton energy being higher away
from the dislocation at that tilt angle, and conversely a
negative value corresponds to the average proton energy
being greater at the dislocation for that tilt angle. For
each rotation angle 8, there is an interval of 6 values
where the contrast is positive as well as an interval of
negative contrast. It is predicted from Fig. 4(a) that a
bunch of 60° dislocations will appear as a region with
positive contrast at some tilt angle and negative contrast
at some different tilt angle. The strongest contrast does
not occur at exact planar or axial alignment, as has been
previously thought, and this is also experimentally inves-
tigated in Sec. IV A.

Figure 4(b) shows curves for the maximum positive and
negative dislocation contrast as a function of positive ro-
tation angle, based on Fig. 4(a). The maximum positive
and negative dislocation contrast occurs for
0.7¢. <6< 1.4y, [i.e., between §=0.1° and 0.2° in Fig.
4(b)]. This is an important point as it shows, first, that
care is needed to correctly interpret the observed image
contrast. Second, it shows that for a given rotation angle
of the 60° dislocations in a bunch, the beam type and en-
ergy can be tailored to give the strongest dislocation con-
trast, as changing these parameters changes the critical
angle.

The tilt angles under which two adjacent bunches of
60° dislocations with slightly differing rotation angles can
be individually resolved are now considered. Figure 5(a)
shows the average transmitted proton energy as a func-
tion of rotation angle for fixed positive and negative tilt
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angles away from the substrate [001] axis in the (110)
planes. Consider two adjacent bunches of dislocations
with rotation angles §=+0.10° and +0.05°, which are
shown by the vertically running dashed lines in Fig. 5(a)
at different tilt angles. At large negative and positive tilt
angles 6> 1.4y, [i.e., 6> 10.2° in Fig. 5(a)], there is no
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FIG. 4. (a) Simulated contrast from a 60° dislocation where
the planes are rotated by a fixed angle 8. The contrast is shown
as a function of tilt angle 6 away from the substrate [001] axis
about the (110) planes, with the beam still channeled in the
(110) planes, relative to a perfect crystal (i.e., §=0.0°). Positive
and negative values mean that the average energy is, respective-
ly, lower and higher at the dislocation than the perfect crystal.
Each curve is offset vertically by an additional 10 keV after the
lowest curve. (b) Maximum positive and negative dislocation
contrast for 3-MeV protons as a function of rotation angle 8.
These values were chosen from the maxima and minima of the
humps and dips in (a) for any tilt angle.

difference in the average transmitted proton energy from
these two values of rotation angle, and so they cannot be
individually resolved. For smaller tilt angles, there is a
significant difference in the transmitted proton energy for
these two values of rotation angle, and so they can be
resolved. For a positive tilt angle, those protons
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FIG. 5. (a) Simulated average transmitted proton energy for
a fixed tilt angle 0 of the beam from the substrate [001] axis in
the (110) planes, as a function of rotation angle & of the epi-
layer. Each curve is offset vertically by an additional 20 keV
after the lowest curve. Vertically running dashed lines are
shown at §=0.0°0.05°0.10° in order to indicate the relative
values of transmitted energy for different tilt angles at these ro-
tation angles. (b) Relative contrast between two adjacent
bunches of 60° dislocations with rotation angles differing by
0.05° as a function of tilt angle of the beam from the substrate
[001] axis, in the (110) planes. The actual values of the rotation
angles used are shown by each curve, which are offset vertically
after the lowest curve for clarity.
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transmitted through the bunch rotated through §=0.10°
have a lower transmitted energy than those transmitted
through the bunch rotated through §=0.05° and higher
transmitted energy at a negative tilt angle. It is predicted
from Fig. 5(a) that two adjacent bunches of 60° disloca-
tions with planes rotated by slightly differing amounts
can only be resolved from each other for a narrow range
of tilt angles, which is experimentally investigated in Sec.
IVB.

This consideration is important in interpreting the ob-
served contrast in transmission ion channeled images. It
is further highlighted in Fig. 5(b), which shows the
difference in transmitted proton energy (i.e., relative con-
trast) as a function of tilt angle of the beam from the sub-
strate [001] axis in the (110) planes for two 60° disloca-
tion bunches producing two rotation angles which differ
by 0.05°% the actual values are shown in Fig. 5(b). While
a tilt angle of 6= —0.05° maximizes the positive contrast
between bunches of dislocations with §=0.05° and 0.0°,
there is essentially no contrast between bunches of dislo-
cations with §=0.15° and 0.10° at this tilt angle. Con-
versely, where the positive contrast between the two
bunches of dislocations with §=0.15° and 0. 10° is a max-
imum at a tilt angle of 8=0. 10°, the contrast is now nega-
tive from the two bunches of dislocations with §=0.05°
and 0.0°. As a general conclusion from Fig. 5(b), the
larger the average rotation angle of two bunches of dislo-
cations with slightly differing plane rotation angles, a
larger tilt angle away from the substrate [001] axis is re-
quired to obtain the maximum contrast between them.

IV. COMPARISON
WITH EXPERIMENTAL RESULTS

The predictions made using the simulated results in
Sec. III for the average energy of protons transmitted
through the rotated planes around 60° dislocations and
the thinned substrate are now tested using our previously
reported experimental results for two epitaxial
Si,_,Ge,/Si materials. Full details of the experimental
procedure are given in Refs. 12 and 13 and are not re-
peated here. The first material is Sij ¢sGeg ¢s/Si, which
has a low dislocation density and is used to confirm that
rotated planes due to the insertion of the (a /2)[001] edge
component of 60° dislocations are the major dechanneling
mechanism and to show quantitative agreement on the
magnitude of the change in transmitted proton energy
across a spatially resolved group of five 60° misfit disloca-
tions. The second material is Si, 3sGe, 15/Si, which has a
higher 60° dislocation density and is used to investigate
the prediction that adjacent bunches of 60° dislocations
with planes rotated through slightly different amounts
can only be resolved at specific tilt angles. For both ma-
terials the silicon substrate was mechanically thinned to
20 pum and then polished to remove any scratches larger
than 1 um, and a highly collimated MeV proton beam
was focused to a spot size of 200 nm on sample surface
for analysis.

A. Siy ¢5Geg os/Si sample

This material consisted of a blank [001] Si substrate
over which a 1.8-um-thick Si; ¢sGeg o5 layer was deposit-

2747

ed by molecular beam epitaxy. This layer thickness is
below the critical thickness at which dislocations were
expected to be generated to relieve the strain, but there
were a few dislocations present in localized regions,?* and
they run out along the [110] and [110] directions to form
a “cross”.?* The number of dislocations present in each of
the cross arms decreased with increasing distance away
from the center, and the number of dislocations present
was determined by independent methods as described in
Ref. 13. Since the epilayer thickness was 1.8 um, a small
discrepancy between the measured and simulated values
was expected here as the simulated results described in
Sec. III assume an epilayer thickness of 1 um.

Experimental transmission-ion-channeled images were
measured from this material with 3-MeV protons.!* The
beam was channeled in the substrate [001] axis, and the
sample was tilted in 0. 10° steps with respect to the (110)
planes with the beam still channeled in the (170) planes.
The measured value of ,,, is 0.12°+£0.01°, compared
with the channeling critical angle of ¢, =0.14°. Figure
6(a) shows measured line scans in histogram form for the
average transmitted proton energy as a function of dis-
tance across a bunch of five 60° dislocations of this cross
for different tilt angles. The variation of the average
transmitted proton energy is plotted relative to the level
measured from the surrounding perfect crystal, which is
shown as O keV for each tilt angle. At a large negative
tilt angle, the protons have a higher transmitted energy at
the dislocations than the surrounding perfect crystal. At
a tilt angle of between 6= —0.13° and —0.03°, the con-
trast changes sign such that the average transmitted pro-
ton energy is lower at the dislocations than the surround-
ing perfect crystal. With increasing positive tilt angle,
the difference in the transmitted energy at the dislocation
compared with the surrounding perfect crystal gradually
decreases until at 6= +0.27° the dislocations cannot be
resolved from the surrounding crystal.

These measured line scans for the average transmitted
proton energy were used to construct a single line scan
showing the tilt angle at which the maximum transmitted
proton energy occurred across this same area,?® as shown
in Fig. 6(b). The measured tilt angle across this area for
maximum transmitted proton energy increases toward
the middle of the bunch of five dislocations in the same
sense on both sides up to a maximum of 6= —0.031°. It
was predicted from Fig. 3 that for a small rotation angle
of 8 <0.71, the tilt angle at which the transmitted proton
energy was a maximum occurred at the rotation angle of
the epilayer. Since in Fig. 6(b) the value of the tilt angle
across the dislocations bunch for maximum transmitted
energy is at most ~0.2%,, it is considered to be a direct
measure of the spatial variation of the rotation angle
across this group of five 60° dislocations.

If this interpretation is correct, then the curve given in
Fig. 6(b) determines, with the help of the simulated re-
sults described in Sec. III, the average transmitted proton
energy for any tilt angle for all positions along the line
scan. Figure 6(a) shows these predicted curves as the
solid lines superposed on the experimental results, where
they are also plotted relative to the transmitted energy
for a perfect crystal at that tilt angle. At a tilt angle of
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FIG. 6. (a) Experimental and simulated line scans extracted from across a region of five 60° dislocations. The curves show the
average transmitted proton energy above the background level, shown as 0 keV, from the surrounding perfect crystal as a function of
tilt angle of the beam from the substrate [001] axis in the (110) planes. The experimental data are represented by a histogram plot
and the simulated data are shown as solid lines. Each curve is offset vertically for clarity. (b) Tilt angles 6 for the maximum average
transmitted proton energy across the five dislocations. This tilt angle is considered to be a measure of the spatial variation of the ro-
tation angle across this region. (c) Maximum measured contrast from the group of five 60° dislocations as a function of tilt angle,
shown as the data points. The maximum simulated contrast is also shown as the solid line, based on a rotation angle of —0.031°.

6= —0.33°, the simulated and experimental results show tilt angle at which maximum positive and negative con-
no difference in transmitted energy. At 6=—0.23° and trast occurs and also in the variation of the contrast as a
—0.13°% there is increasingly higher transmitted proton  function of tilt angle. This confirms that the curves
energy at the dislocations due to protons channeling  shown in Fig. 4 correctly predict that the strongest con-

better here than in the perfect crystal. By 6=—0.03° trast does not occur at perfect channeling alignment and
the opposite occurs in both the simulated and experimen-  that they give a good prediction of the variation of the
tal results. Since the simulated results are in good agree-  contrast as a function of tilt angle. The magnitude of the
ment with the measured change of transmitted proton en-  positive contrast shown in Fig. 6(c) is 11 keV, compared
ergy as a function of tilt angle shown in Fig. 6(a), we con-  with a simulated value of 8 keV. This discrepancy is

clude, first, that the major dechanneling mechanism from probably due to the difference in the epilayer thickness of
60° dislocations is the resultant rotation of the epilayer 1.8 pm in the measured results compared with the simu-
due to the (a /2)[001] component and, second, that these  lated results which used a value of 1 um.

simulations are able to give good predictions of the varia- From Fig. 6 a plane rotation angle of 8= —0.031° re-
tion of the observed transmission channeled image con- sults in a maximum difference of 11 keV to the average
trast from 60° dislocations. transmitted proton energy, above the experimental noise

There is a small discrepancy between the behavior of level of =1 keV. According to this, the minimum plane
the experimental simulated line scans at the left-hand side  rotation which is just resolvable from the noise level is
for a tilt angle 6= —0.03° where the experimental about 0.003° under presently attainable experimental con-
transmitted proton energy is higher than the surrounding  ditions. This is better than previously reported sensitivi-
material, and this does not appear in the simulated curve.  ty limits for dechanneling due to inclined planes in strain
This may be due to the additional (a /4)[110] component  measurements using ion channeling, which are in the
of the 60° dislocations which was not incorporated into  range of 0.01°-0.03°* The difference arises mainly

the dechanneling model described in Sec. III. This con-  through the use of MeV protons for this transmission
stitutes the limiting factor in considering the dechannel-  work, which have a narrower critical angle than MeV «
ing effect from 60° dislocations to be due solely to in-  particles (the ions commonly used for strain measure-
clined planes due to the (a /2)[001] component. ments as they enable depth-resolved information to be

Figure 6(c) shows the maximum measured contrast obtained).
from the group of five 60° dislocations as a function of tilt

angle, based on the line scans shown in Fig. 6(a). The B. Sig 55Geq. 15/Si sample
maximum simulated contrast is also shown, based on a
rotation angle of §= —0.031° of the epilayer with respect A Sij 3sGeg 15/Si sample which had a higher disloca-

to the substrate. There is good agreement between the  tion density than the sample considered above was used
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to investigate the predictions made using Fig. 5 that adja-
cent bunches of 60° dislocations with slightly differing ro-
tation angles 8 could only be resolved at certain tilt an-
gles. The [001] substrate had been patterned to produce
3-um-high raised mesas of varying lateral sizes, and a 1-
pm-thick Siy gsGej ;5 layer was deposited by molecular
beam epitaxy. Transmission electron microscopy results
showed that the 60° dislocations present occurred in
bunches,'? in which the average dislocation spacing
varied from 50 to 300 nm. The edge component of these
60° dislocations has a Burgers vector » =0.27 nm, and so
for /=50 nm (bunched dislocations), §=0.31°, while for
/=300 nm (widely spaced dislocations), §=0.05°. On
tilting from [001] axial channeling to (110) planar chan-
neling, the measured value of ¢, ,, was 0.21°1£0.02° (Ref.
12) compared with the channeling critical angle for 2-
MeV protons of ¥,=0.17°. It was assumed that the
behavior of the simulated curves for 2-MeV protons
would be the same as for 3-MeV protons except that the
magnitude of both 8 and 6 in Figs. 3—5 must be scaled by
the ratio of the critical angles, i.e., by (0.17/0.14)~1.2.
This discussion does not consider the small difference in
the magnitude of the contrast for 2-MeV protons com-
pared with 3-MeV protons due to their higher rate of en-
ergy loss since we are considering here the tilt angles at
which the contrast changes and not the magnitude of the
contrast.

Figure 7 shows two 40X40 um? transmission-ion-
channeled images of the same region of the 20-um-thick
Sij gsGep, 15/Si sample at tilt angles of (a) 6=—0.2° and
(b) 6=+40.2° away from the substrate [001] axis in the
(170) planes. Dark regions represent a low average
transmitted proton energy and light regions represent a
high average transmitted proton energy. The four dark
square regions are 10X 10 um? mesas, which are not dis-
cussed here, and zones of dislocations can be seen be-
tween the mesas as alternating bright and dark regions of
contrast. Figure 8 shows a schematic of the rotated
planes within different zones of 60° dislocations in this
material, which was used to explain the observed con-
trast.!> Different bunches of dislocations, labeled (b),
present within each of these zones have slightly different
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FIG. 7. Tweo 40X40 um? transmission-ion-
channeled images of a region containing four
10X 10 um? mesas (Ref. 12). The sample was
tilted about the vertical axis, away from the:
substrate [001] axis with the beam channeled
in the (110) planes to (a) #=—0.2° and (b)
6= +0.2°. Dark regions mean lower transmit-
ted proton energy, equivalent to positive con-
trast, and bright regions mean higher transmit-
ted proton energy, equivalent to negative con-
trast.

rotation angles, but are of the same sign. Consider the
variation of contrast from bunches of dislocations within
zone Z, in Fig. 7, which is about 4 um wide. There is
uniformly dark contrast from this zone at 6= —0.2° (i.e.,
a tilt angle of approximately —,_), whereas at 6=+0.2°
(i.e., a tilt angle of approximately +1.) there is mainly
bright contrast from this region except for a narrow faint
1-um-wide dark band, which is arrowed and cannot be
seen at 6= —0.2°.

As in Sec. IV A, by combining a series of transmitted
proton energy images of this same area measured at
slightly different tilt angles, the rotation angle of the
bunches of 60° dislocations within this zone was found to
vary between +0.02° at the 1-um-wide band to +0.06° in
the surrounding region within this zone.?> The change of
contrast in zone Z, at the different tilt angles can now be
explained using Fig. 5(a). Consider two bunches of dislo-
cations in Fig. 5(a) with §=0.05° and 0.0°, which gives a
guide to the situation considered in Fig. 7 for rotation an-
gles of +0.06° and +0.02° for 2-MeV protons. At a tilt
angle of 6=—1_ in Fig. 5(a), there is no difference in
transmitted proton energy from these two bunches of
dislocations with §=0.0°,0.05°, and so the two disloca-
tion bunches with §=0.02°0.06° cannot be resolved in
Fig. 7(a). At a tilt of 6=+, in Fig. 5(a), there is
significant difference in transmitted proton energy from

SiGe layer

Si substrate

FIG. 8. Schematic showing the rotated planes in the bunches
labeled (b) of 60° dislocations which are responsible for the ob-
served contrast in Fig. 7. The dislocation bunches within zones
Z, and Z; are bent in the opposite sense compared with zones
Z, and zones Z,, and so the sign of the plane rotation angle 6 is
opposite.
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the two bunches of dislocations with §=0.0°0.05°, and
so the two bunches with §=0.02°,0.06° can be resolved in
Fig. 7(b). The bunch rotated through §=0.0° gives a
lower transmitted proton energy than the bunch rotated
through 8=0.05° at 6= +1,, according to Fig. 5(a), and
so the bunch rotated through §=0.02° consequently ap-
pears darker in Fig. 7(b) compared with the surrounding
bunches rotated through §=0.06°. It is concluded from
this that the simulated results for the average transmitted
proton energy correctly predict the tilt angles at which
60° dislocation bunches can and cannot be individually
resolved from surrounding bunches.

V. CONCLUSIONS

A model for dechanneling from 60° dislocations due to
the (a /2)[001] component has been described. A Monte
Carlo channeling program has been used to simulate the
average transmitted energy of 3-MeV protons through a
rotated epilayer and a thin substrate and the conditions
under which 60° dislocations can be resolved from the
surrounding perfect crystal and also from adjacent 60°
dislocation bunches with planes rotated by slightly
differing amounts. Two Si;_ ,Ge,/Si materials have been
used to experimentally investigate these simulated results,
and good agreement was shown across a spatially
resolved bunch of five 60° misfit dislocations and also
from bunches of dislocations rotated through slightly
differing amounts.

The position dependence of the electronic stopping was
modeled in this work by the Dettmann-Robinson?!
theory, applied to the core electrons. More sophisticated
models have been recently developed for the core-
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electron effects.2®27 Also, recent experiments and calcu-
lations indicate that the effect of the spatial variation of
the valence-electron density may not be neglected.?® The
results of the present analysis might change somewhat if
more accurate models were used for the energy loss due
to core electrons as well as valence electrons and we in-
tend to study such effects. However, the trajectory of an
ion depends only slightly on the energy loss model used.
In other words, the fraction of channeled trajectories at
various tilt angles 6 and rotation angles 8 of the epilayer
will not change significantly. Thus the general features of
Fig. 4 are unlikely to be affected, although the values of
the average energies and the amplitude of the structures
may vary.

There are two main limitations of using this model to
measure variations in the average transmitted proton en-
ergy through epitaxial layers due to dechanneling from
rotated planes due to the (a /2)[001] component. First,
the effect of the (a /4)[110] component on dechanneling
has not been incorporated and there was some evidence
in Fig. 6(a) that this effect may be significant. Second, the
variation of the rotation angle of the planes through the
thickness of the epitaxial layer at a fixed lateral distance
away from the dislocation bunch has not been considered
here. These two factors will be investigated in order to
further improve this model.
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FIG. 7. Two 40X40 um?* transmission-ion-
channeled images of a region containing four
10X 10 um?® mesas (Ref. 12). The sample was
tilted about the vertical axis, away from the
substrate [001] axis with the beam channeled
in the (110) planes to (a) 8=—0.2° and (b)
0= +0.2°. Dark regions mean lower transmit-
ted proton energy, equivalent to positive con-
trast, and bright regions mean higher transmit-
ted proton energy, equivalent to negative con-
trast.



