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Nonequilibrium phenomena in the channeling of 1.8-MeV He* in (2—6)-ML-thick (ML, mono-
layer) pseudomorphic films of Ge on Si(100) capped with 148 ML of crystalline Si are investigated
by use of Monte Carlo techniques. The large asymmetry in the channeling angular scans is related
to the strain in the ultrathin film and can be used as a sensitive measure of that strain. The two lat-
tice parameters of interest, at the Si/Ge interface and of the strained Ge film, are extracted by com-
paring experimental results with simulations. The relevant features in the angular scans on which
this determination is based are very sharp functions of angle, typically of 0.25° full width at half
maximum. Possible systematic errors arising from this, as well as the influence of other experimen-
tal parameters such as beam divergence and the thickness of the Si cap, are assessed.

I. INTRODUCTION

The channeling of energetic particles (typically He'
with energies in the MeV range) has become a useful tool
for the determination of structure and properties of ma-
terials and in particular of thin films.! Typically analysis
is characterized by the assumption of statistical equilibri-
um,? leading to an analytical expression for the flux dis-
tribution of the channeled particles. This provides infor-
mation on the crystalline perfection via the minimum
yield and on the lattice location of impurities via angular
scans and flux-peaking effects.

Statistical equilibrium is attained after the incident
particles have traveled a distance of the order of a mean
free path A, typically ~1000 A.? For depths smaller
than A the assumption of statistical equilibrium is no
longer valid, leading, for example, to oscillations in the
backscattered yield as a function of depth.> Other mani-
festations include the asymmetry in {110) angular scans
performed in a {110} plane of III-V compounds,* and
planar dechanneling in strained-layer superlattices.” Re-
cent advances® in molecular-beam epitaxy have made it
possible to grow structures where the absence of statisti-
cal equilibrium is particularly striking. For example, an-
gular scans of pseudomorphic, strained-layer heterostruc-
tures consisting of between 2 and 6 monolayers (ML) of
Ge on a Si(100) substrate, capped with ~150 ML of Si,
show a dramatic asymmetry in the angular scans of the
ultrathin Ge layers.” A theoretical understanding of the
physical properties of these highly strained structures re-
quires knowledge of the structural parameters. In this
paper we will investigate, using a Monte Carlo approach,
how the nonequilibrium nature of channeling in these
structures can be used to determine structural parame-
ters. We will show that the asymmetry in the angular
scans is a direct consequence of the strain in the ultrathin
films and that it can be used as a sensitive measure of that
strain. We will then explore the limits of that approach
and the influence of experimental parameters, such as
beam divergence and the thickness of the Si cap.

II. MONTE CARLO SIMULATION
OF CHANNELING

The methods for the simulation of channeling phenom-
ena by Monte Carlo methods have been described by Ro-
binson and Oen,® Morgan and van Vliet,” and Barrett.'®
The basic idea is to simulate an actual experiment by
starting projectiles outside a crystal represented by an ar-
ray of coordinates, and by calculating their trajectories
while they penetrate the target. Each collision is treated
classically in the binary collision approximation;”
scattering angles are evaluated using suitable approxima-
tions to the scattering integral.!’> The Moliere approxi-
mation to the Thomas-Fermi potential is employed as po-
tential.!> Energy losses of the projectiles, due to inelastic
or elastic collisions with nuclei or electrons, are neglect-
ed. Following trajectories of projectiles through the
simulated crystal results in the flux distribution of the
channeled particles as a function of depth. The experi-
mentally accessible value of the backscattering yield from
a particular atom is proportional to the nuclear en-
counter probability for that atom, which, in turn, is pro-
portional to the overlap of the flux distribution with the
probability function describing the position of that atom.
Thermal motion of an atom is approximated by a Gauss-
ian probability distribution centered around its lattice
site. Root-mean-square (rms) vibrational amplitudes of
0.0787 A for Si and 0.0870 A for Ge were used.'* Corre-
lations between the vibrating atoms of the target have
been shown to exist in theoretical treatments'® and tend
to decrease the nuclear encounter probabilities.!®!”
Correlations decrease rapidly with distance;'®!® therefore
only correlations between next-nearest neighbors along
(110) rows of atoms were incorporated. Correlation
coefficients of 0.240 and 0.258 for Si and Ge, respectively,
were calculated from a Debye model.!® The influence of
correlations on the flux distributions and asymmetry pa-
rameters discussed below is only small. No attempt was
made to change vibrational amplitudes or correlation
coefficients due to the strain in the structure. All simu-
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lated angular scans were taken around an off-normal
(110) axis in a {100} plane.

III. CHANNELING IN ULTRATHIN
HETEROSTRUCTURES: RESULTS

The structural parameters of interest for pseu-
domorphic strained-layer films are the lattice constants
perpendicular to the interface between the Si overlayer
and the outermost layer of Ge, a,, and within the Ge lay-
er itself, a,. Knowledge of a, and a, allows a calculation
of the strain field and thus theoretical investigation of the
novel electronic and optical properties expected of highly
strained structures. Since the structure is pseudomorph-
ic, i.e., the in-plane lattice constants are the same
throughout the whole structure and equal to the Si bulk
lattice constant, ag=5.4307 A, a first reasonable esti-
mate would be to set a,=v(ag, —as;)+ag,=5.828 A,
where ag, =5.6575 A is the lattice constant of bulk Ge,
and v=20 /(1—o0), with 0=0.273 the Poisson ratio for
Ge. We chose a; =5.658~=(ag;+a,)/2. The Monte Car-
lo simulation then results in an angular scan as shown in
Fig. 1. Corresponding to the prev1ously published experi-
ments’ a 1.8-MeV beam of He* projectiles incident along
a (110) axis was assumed and the scan was carried out in
a {100} plane. The Si cap thickness was taken as 148
ML. [Here and in the following we define 1 ML as the
number of sites on a Si(100) surface, 6.78X 10
atoms/cm?®.] While the Si backscattered yield (triangles),
normalized to the random value, from the cap is sym-
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FIG. 1. Simulated angular scan for a structure consisting of 6
ML of Ge and 148 ML of Si grown pseudomorphically on a
Si(100) substrate (inset). 1.8-MeV He™ projectiles were assumed
to be incident around a {110) channeling direction. The scan
took place in a {100} plane. The normalized yield from the Si
cap as well as from the Ge interlayer is shown. The relevant pa-
rameters are described in the text.
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metric, the yield from the strained Ge interlayer (squares)
shows a striking asymmetry similar to the one observed
experimentally.’

The reason for this asymmetry is immediately obvious
when we consider the flux distribution of particles leaving
the cap and entering the thin Ge slab. Figure 2 shows the
particle flux distribution at the first Si/Ge interface for
several different incident angles. The primary beam and
the surface [001] normal always lie in the (100) plane.
The view in Fig. 2 is into the crystal along the [011]
channeling direction. Each dot represents the position of
a projectile right at the interface, projected onto the
(011) plane. The four crosses represent the equilibrium
positions of the four strings visible in the shown area of
the crystal projected on the (011) plane. The smearing of
each string due to thermal motion is shown schematically
by the circles centered on a cross, with the radius of each
circle equaling the rms displacement for a Si atom. Also
shown are the positions of the Ge atoms in a 6-ML-thick
layer with respect to a string axis for a, =5.658 A and
a,=5.828 A represented by their corresponding rms-
displacement circles. In all the panels of Fig. 2 the prob-
ability of finding a projectile in a particular area § 4 is
directly proportional to the areal density of the dots
times 8 A. For incidence of the primary beam along the
[01T1] channeling direction (0=45.00°) the channeling
effect is very obvious: The flux is pushed away from the
strings and correspondingly the Si backscattered yield is
very low (Fig. 1, triangles). Since the distance to the mid-
dle of the channels, where the flux peaks under these con-
ditions, is much larger than the distance that the Ge
atoms protrude into the channel, the Ge yield is also low
(Fig. 1, squares). For 6=45.50° [Fig. 2(b)] and 6=44.50°
[Fig. 2(c)] the high-flux regions shift away from the
center of the channels, peaking much closer to the
strings. The Si backscattered yield increases significantly
(Fig. 1), but is still symmetric in angle with respect to the
channel axis because the flux distribution has the same
kind of symmetry. Note that the Si strings overlap with
the flux distribution only due to the thermal motion.
However, the displacements of the Ge atoms not only
lead to a direct overlap with the flux at 6=45.50°, giving
rise to the corresponding large peak in yield at that angle,
but also lead to less overlap at 6=44.50° with the corre-
sponding lowering of the shoulder for that angle. For an-
gles even further away from the channeling direction
[Fig. 2(d), 6=43.00°] the bridgelike structures in the flux
distribution break up and the regime of planar channel-
ing is entered. Due to the orientation of the scan plane
the overlap between flux and Ge atoms is small, no
matter what their displacements, and the Ge yield drops
to low values.

The above discussion of the flux distribution suggest
that most of the information about the structure at the
interface is carried in the asymmetry of the Ge angular
scan. We consequently define an asymmetry parameter
Y=Y /Yo%, with Y224 the maximum of the
backscattered yield for angles larger than 45.00° and
Y955 the maximum in the yield for angles smaller than
45.00°. We investigate the feasibility and limits of that
approach in the following. Figure 3(a) shows ¥ as a func-
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FIG. 2. Flux distributions for the case described in Fig. 1 at the interface between Si cap and Ge interlayer for different angles be-
tween the sample normal and the primary beam. Each dot represents the penetration point at that interface of a particle trajectory,
projected onto the (011) plane. The areal density of dots in a particular area § 4 multiplied by 8 4 is directly proportional to the
probability of finding a projectile in that area. The view is along the [011] channel; crystallographic directions are indicated together
with a scale marker at the bottom. The crosses in each figure represent the projections of the relevant Si atomic strings. The radius
of each circle centered on a string axis represents the root-mean-square (rms) displacement experienced by the Si atoms in the string.
Also shown are the positions of the Ge atoms in layers 1-6 of the Ge interlayer with respect to a string, based on a, =5.658 A and
a,=5.828 A and represented by their corresponding rms-displacement circles. Each panel shows a particular incident angle: (a)
45.000°; (b) 45.50°% (c) 44.50°; (d) 43.00°.
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tion of @, and a, for 6 ML of Ge capped with 148 ML of
Si. Figure 3(b) is an analogous plot for a 2-ML-thick Ge
layer. The shaded areas in each figure are the experimen-
tally determined asymmetries including their estimated
error bands.” It is obvious that in each case several com-
binations of a; and a, give satisfactory agreement with
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FIG. 3. Asymmetry parameter ¥ for a structure consisting of
(a) 6 ML and (b) 2 ML of Ge on Si(100) substrate capped with
148 ML of Si (inset), as a function of the structural parameters
a, and a,. The shaded areas in each figure are the experimen-
tally determined asymmetries and their estimated error bands.”
The solid lines have been drawn to guide the eye.
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the experimental data. Indeed, one expects the asym-
metry to depend on a combination of a, and a, since
only the total distance x{” of a Ge atom from a string
matters. Here n=1,2,... denotes the Ge layer number,

counting from the first Ge/Si interface. Then,

(n) — 1

x|V =— +(n —1)a, —nag] . 1
1 2 [a,+(n Ja, —nas;] (1
Nevertheless, it is possible to exclude a significant num-
ber of possible values for a; and a,. If we make the fur-
ther assumption that a;, and a, are the same in both 6-
and 2-ML structures, the choice can be further narrowed
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FIG. 4. Asymmetry parameter y for a structure consisting of
(a) 6 ML and (b) 2 ML of Ge on Si(100) as a function of cap
thickness. Values of a,=5.658 A and a,=5.828 A were used.
The error bars have been estimated by determining the asym-
metry at a given cap thickness several times, each time using a
statistically independent Monte Carlo simulation.
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down to a;~5.43 A and 5.73 <a, <5.83. The value for
a, agrees very well with the expectation based on the
theory of elasticity and a value of o =0.273 for the Pois-
son ratio of Ge. The value for a,, proportional to the
Si—Ge bond length at the first Si/Ge interface, is indis-
tinguishable from the Si bulk lattice constant, and lower
than what one might have expected.

IV. DISCUSSION

In contemplating this result it is important to keep the
possible error sources in mind. The simulations make the
assumption of a perfect structure, i.e., sharp interfaces,
laminar layers, no steps, and no defects of any kind. Sim-
ple terraces of sufficient size (>100 A) would not
influence the channeling experiment, nor has any evi-
dence for island growth been found by electron micros-
copy;® the defect level is below that observable by chan-
neling.® However, the assumption of sharp interfaces
might not be entirely justified. Recent Raman experi-
ments?® indicate the possibility of intermixing on the one
monolayer scale. Since a; basically measures the lattice
constant at the interface between Si and Ge, it would be
very sensitive to this small amount of grading, leading to
a possible reduction in its value from that for a sharp in-
terface. The simulations also assume that the thickness
of the crystalline part of the Si cap is precisely known.
This is an important parameter, as illustrated in Fig. 4,
where the asymmetry is plotted as a function of Si over-
layer thickness for a 6-ML Ge layer (a) and for a 2-ML
layer (b), and with a,=5.658 A and a,=5.828 A.
Significant changes occur in y for relatively small
changes in cap thickness. While the amount of Si depos-
ited on the Ge interlayer is nominally known to about
1%,*! the channeling experiment is done after transfer of
the sample through air. The growth of the natural oxide,
which will invariably occur, will decrease the thickness of
the crystalline cap in an uncontrolled way. For a nomi-
nal cap thickness of 148 ML, a reduction in thickness of
the crystalline part of the cap by 3.4%, corresponding to
a native oxide of =20 A, would reduce the asymmetry by
0.75 and would lead to an overestimation of @; when the
simulations are compared with the experimental data.
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The simulations also do not take into account the finite
spread of the incident beam in the experiment (the beam
divergence is =~0.06°). Including this spread would
smear out the sharp peaks in the calculated angular
scans, again leading to a lowering of the simulated asym-
metry value. Finally, the flux peaking effect is a very
sharp function of the incident angle. The full width at
half maximum of the peak at angles larger than 45° can
become as small as 0.25° requiring a spacing of the data
points of at most 0.25°/2. The spacing of points in the
experiment described in Ref. 7 is 0.2° and might be
insufficient to completely resolve a peak.

V. SUMMARY

In conclusion, we have investigated nonequilibrium
phenomena in the channeling of 1.8-MeV He' in ul-
trathin, (2—6)-ML-thick Ge films on Si(100) substrates,
capped with a thin crystalline film of Si. Using Monte
Carlo techniques we find that the experimentally ob-
served large asymmetry in the angular scans is directly
related to the strain in the Ge films and can be used as a
sensitive measure of that strain. Other film parameters,
such as possible changes of vibrational amplitudes due to
strain, the structural perfection of the interface, or possi-
ble grading and/or alloying at the interface, all modify
the displacements of the atoms from strings and the flux
distribution of the incident projectiles. They can, in prin-
ciple, be included in the structure search. However, in
order to extend the search in this fashion, the parameters
of the channeling experiment itself, such as the thickness
of the crystalline cap, the beam divergence, and the angu-
lar spacing of the data points, have to be well controlled
and judiciously chosen. The asymmetry is sensitive to
these parameters and the features in the angular scans are
extremely sharp functions of angle. This limits any fur-
ther analysis of the Si/Ge/Si system at present by the an-
gular resolution of the available experimental data.
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