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Abstract

The atomic density of amorphous Si Ge, _, alloys (0 < x < 1), has been measured. The amorphous alloys were made by
high-ion-energy implantation into monocrystalline Si,Ge, _, layers, deposited epitaxially on silicon substrates. During the
bombardments, a steel contact mask was used to create alternating lines of amorphous and crystalline material. The ratio
between the densities of crystalline and amorphous alloys was measured with 0.1-0.2% accuracy using surface profilometry
and Rutherford backscattering spectrometry in conjunction with channelling. Amorphous pure elements and alloys are less
dense by 1.5-2.1% than the crystalline pure elements and alloys. By comparing both the amorphous and crystalline densities
with Vegard’s law, it is found that this law underestimates the a-Si,Ge,_, densities by the same amount as those of

c-51,Ge, _,.

1. Introduction

Many basic properties of amorphous Si,Ge,_,
alloys are not known despite mounting technological
and scientific interest. For example, the atomic den-
sities of crystalline Si,Ge, _, alloys are well known
[1], but some confusion exists regarding those of the
amorphous alloys. The density of pure amorphous
silicon, prepared by ion implantation, has recently
been measured accurately [2] and it was found to be
1.8 £0.1% less than that of crystalline Si. Since
both silicon and germanium are fourfold-coordinated
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covalently bonded solids and since they are com-
pletely miscible, it may be expected that the density
difference between the amorphous and crystalline
phases of Ge and Si,Ge,_, alloys shows a similar
behaviour. Early measurements of the density of
deposited amorphous Ge [3] indicated a density 1%
greater than crystalline Ge.

The work presented here is aimed at measuring
the atomic density of a variety of amorphous
Si,Ge,_, alloys, prepared by ion implantation of
molecular beam epitaxy (MBE) deposited monocrys-
talline films. Ion implantation was used for amor-
phization because it is known to yield void-free
layers [4]. The density difference was measured us-
ing the same technique as previously used on pure Si
[2], yielding similar precision.
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2. Experimental procedures

2.1. Outline of experiment

The methodology of the experiment is very sim-
ple and allows the ratio of the densities of the
crystalline (8,) and amorphous (8,) alloys to be
determined with high precision as illustrated in Fig.
1. First, a layer of monocrystalline Si Ge,_, is
deposited on a flat silicon substrate. Next, several
lines on the surface (defined by a metal contact
mask) are exposed to an MeV ion beam, which
renders these areas amorphous. A density change
upon amorphization will lead to swelling or depres-
sion of the surface, which can easily be measured by
surface profilometry. In Fig. 1, this is indicated as
the step height, %, at the boundary between im-
planted and non-implanted regions. Since the
Si,Ge, ., alloy is monocrystalline, the depth of the
interface between the amorphous layer and the un-
derlying crystalline alloy can be determined by ion
channelling. This depth is expressed as the areal
density of the amorphous region in atom/cm?. Di-
viding by the crystalline density, we determined the
parameter d (see Fig. 1) which is the distance be-
tween the crystalline /amorphous interface and the

Jon bombardment

Amorphous region

SiGe epitaxial layer

Silicon substrate

Fig. 1. Sketch of the sample after implantation, indicating: 4 is the
original thickness of the amorphized Si,Ge,_, before implanta-
tion; % is the step height.

non-implanted surface. The ratio of the crystalline
and amorphous densities is then calculated from

8,/6,=1+h/d. (1)

The error in d is mostly due to the error in the
stopping power, which is estimated to be 10%. How-
ever, the error on the ratio between the crystalline
and amorphous densities is not very sensitive to that
in d and was estimated to be around 0.1%.

A few small corrections may be required. First,
each alloy is grown epitaxially on a monocrystalline
substrate. If the alloy is not completely relaxed, its
density will deviate slightly from the normal value,
and this has to be taken into account. Second, during
the ion bombardment, small amounts of material are
added (implantation) and removed (sputtering). The
following section describes in detail the sample
preparation, measurement techniques and correction
procedures.

2.2. Sample preparation

2.2.1. Deposition

The crystalline samples consisted of 2.8-3.3 pwm
thick Si Ge,_, layers with a Si concentration, x,
ranging from O to 1, deposited epitaxially on silicon
substrates. In addition, pure Si and Ge samples were
investigated. All epitaxial layers were grown by
molecular beam epitaxy (MBE) in a VG Semicon
V80 system [5]. Growth was performed on lightly
doped 100 mm (100) Si Czochralski wafers at a
temperature of 500 + 50°C and growth rate of =0.5
nm/s. The substrate preparation consisted of a 50
min treatment in a UV-ozone photo-reactor to re-
move surface hydrocarbons prior to loading in the
growth chamber. The surface oxide was then re-
moved in vacuum by a 600 s heat treatement at
900°C under a small Si flux (0.01 nm/s).

Double-axis diffraction measurements ((400)
rocking curves; +,— geometry) of the Si/Si Ge, _,
heterostructure were recorded on a Phillips MRD
instrument (Cu Ka radiation) equipped with a four-
crystal Bartels monochromator (resolution 12 arcsec)
and a two-crystal Bonse—Hart analyzer (resolution
12 arcsec). The rocking curves for the different
samples are displayed in Fig. 2. They exhibit a sharp
Bragg peak due to the diffraction from the substrate
crystal and a broad peak due to the epitaxial layer.
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Fig. 2. (400) double-axis rocking curves for the different

Si,Ge,_,/Si heteroepitaxial layers: (a) Sig;5Geq0s, (B
Sig.65Gey.350 (€) SigspGegs0 and (d) SigasGeq s

The composition of the various Si Ge,_, alloys was
determined from the angular position of the epitaxial
layer peak in the rocking curves, assuming that the
layer is fully relaxed (see Table 1).

We have performed Rutherford backscattering
spectrometry (RBS) of 3.0 MeV He to verify the
composition and thickness, and the results are plotted
in Fig. 3. Concentrations estimated by RBS are listed
in Table 1. Comparing the values for x measured by
X-ray diffraction and RBS, it is seen that all values
agree except those for Sijg5Gey ;5. This implies that
all other layers are fully relaxed. Indeed, the rocking
curve for SiygsGeq s (curve (a) in Fig. 2) shows a
relatively sharp peak instead of a broad bump, indi-

Table 1
Composition of the 8i Cr, _, alloy determined by XRD and RBS;
the values of the thickness measured by RBS are also listed

Composition, x Thickness
XRD RBS (em)
0.75 0.85 2.9

0.65 0.66 2.8

0.50 0.48 2.8

0.25 0.24 33
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Fig. 3. Random RBS spectra for amorphous Si,Ge, _ , alloys.

cating the absence of dislocations. It may be noted
that the only epitaxial layer that has not fully relaxed
is the one with the lattice parameter closest to that of
the Si substrate.

The fully relaxed layers have the same density as
bulk Si Ge,_, alloys of the same composition, but
this is not true for the strained layer Si, 3sGe, ;5. The
in-plane compressive strain leads to an expansion in
the vertical direction, but not enough to compensate
fully for the compression. Therefore, a small correc-
tion must be applied to the crystalline density, and
the bulk volume is

(a+80) x (adi(1~P)*/2P), (2)

where a is the lattice parameter, P is the Poisson
ratio (0.278 for Si) and 8! is the difference between
the lattice parameter of strained and unstrained bulk.
The correction to the crystalline density of the non-
relaxed SiggsGeg ;5 alloy is given by the difference
between the volume of the strained and unstrained
bulk; it is 0.67%.

2.2.2. Implantation

The preparation of amorphous alloys and pure
elements was performed by MeV ion implantation
using a 6 MV Van De Graaff tandem accelerator.
We have used *Si®* and *Ge?* ions to different
doses and energies from 2 to 2.75 MeV (see Table
2). During the implantations, a raster scan was used
to achieve laterally homogeneous implantations over
a 1X1 cm? aperture. The beam current on target
never exceeded 100 nA, corresponding to a total
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Table 2
Implantation parameters

Sample Energy Dose
(MeV) (atom/cm?)

Si 2 5%107 si*

SipssGegis 2 5% 10" 8i?%, 5X 10" Ge?*
Sig oGy 34 2 5% 10'° 8i?*

Sig45Gey 5o 2 6X 10 8i2*

Sig24Geq 76 275 4% 10'6 8i2*

Ge 2.5 6X10%° Ge?*

power on target of the order of 0.1 W, to avoid
heating effects. Two identical samples were clamped
to a copper block which was tilted by 7° to ensure
that no channelling occurred during bombardment. A
steel mask was clamped to one of the samples, in
order to produce alternating amorphous/crystalline
Si,Ge, ., regions. The copper block was held at
liquid nitrogen temperature, and the pressure during
bombardment was typically less than 107% Torr. In
one case, a mixed silicon and germanium implanta-
tion was used to avoid stoichiometry change of the
alloy. For the other alloys, only silicon bombard-
ments were performed, which led to a change in
stoichiometry of less than 1%. Under the implanta-
tion conditions described above, the material will
amorphize. In fact, the dose used (see Table 2)
exceeds the threshold for amorphization by about a
factor of five. Visual inspection and Raman spec-
troscopy (not shown) confirmed amorphization of
the samples.

During implantation material was added by im-
plantation, and material was removed by sputtering.

To estimate how much was removed {rom the pure
elements, we used the sputtering theory of Sigmund
[6]. For the Si Ge, _, alloys, we used an approxima-
tive model which estimates Ygq,, the total sputtered
yield of Si and Ge removed per ion during the
bombardments,

Ysige = ¥Vsi + (1 = x) Yo, (3)
Here,
Yo = 0'042a18n(E)/USi (4)

is the partial sputtered yield of silicon of the Si Ge, _
alloy during Si?* implantation, and

YGe =0.042 O12Sn(E)/UGe (5)

is the partial sputtered yield of germanium of the
Si Ge, _, alloy during Si** implantation. The values
of the constants are ¢; =0.25, @, =0.48, U; =7.83
eV, and Ug, =7.63 eV [6]. S(E) is the nuclear
energy loss of MeV silicon in the Si Ge, .., alloy,
estimated by Bragg’s rule {7]. The amount of sput-
tered material was 10% of the material added during
implantation. All values are listed in Table 3.

The ratio of amorphous and crystalline densities
can then be calculated using the corrected formula

(D:

8/8,=1+(h—a+s)/(d—a+s), (6)
where a is the material added (implantation) and s
the material removed (sputtering).

2.3. Analysis techniques

A Dektak 3030ST instrument was used to carry
out the surface profilometry. Typically, three lateral

Table 3
Amorphous and crystalline densities of pure silicon, germanium and Si,Ge,_, alloys; also listed are 4 and d parameters and their
deviations. ’
Sample d h Material Materjal Crystalline 6,/ 6, Amorphous
(10° nm) (nm) added (nm) sputtered (nm) density * density

8 (g/cm?) 8, (g/cm®)
Si 24 +£02 40+2 1 0.1 2.327 1.0164 4+ 0.0010 2,289
SigssGeg.is 22 £02 5042 2 0.1 2.861° 1.021 +£0.002 2.802
Sige6Gey.2a 22 +£02 57+4 12 0.5 3.457 1.020 £0.002 3.389
Sig4sGeqg sy 22 +0.19 46 + 4 13 0.6 4,009 1.015 +0.0010 3.947
Sig24Gey 76 2.63+02 53+3 9 0.1 4,694 1.0168 £ 0.0017 4.617
Ge 1.78 £ 0.18 28+2 14 1 5.326 1.0155 £ 0.0019 5,244

® Ref. {1].
" The corrected density value of the strained layer using Eq. (5).
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Fig. 4. Treated and non-treated Dektak profiles of Sijg5Geq s
alloy.

scans of 4 mm covering three periods of alternating
amorphous /crystalline Si Ge, _, regions were real-
ized at low speed (0.1 mm/s). The traces present a
large curvature, which is a result of the stress in-
duced by the implantation added to the initial curva-
ture of the sample. The profiles were treated mathe-
matically by subtracting a polynomial function to
compensate for the curvature of the sample.

Ton channelling of 3.0 MeV “He™ ions, backscat-
tered over 157.5° was utilized to determine the posi-
tion of the amorphous /crystalline interface. The areal
density of the amorphous zone was calculated using
the stopping power of the Si,Ge, _., alloys, deduced
from Bragg’s rule [8]. For Ge, the Ziegler stopping
power [9] was used, and for Si the stopping power
given by Santry and Werner [10,11]. The parameter
d was then obtained by dividing the measured areal
density by the atomic density of the crystalline
Si,Ge, ., alloy.

3. Results

Fig. 4 shows the surface profile of the masked
region of the Sijg;Ge, s alloy, and a scan of the
crystalline region of the same sample. The curvature
of the implanted region is due to the initial curvature
of the sample and stress induced by the implantation.
Note that the curvature of the samples are the same
before and after bombardment. Elevated regions cor-
respond to amorphous zornes. The average step height,

deduced from the treated profile, is determined from
12 steps; it was found to be (50 + 2) nm. The error
on the step height is the variance in the 12 measure-
ments. Because the amorphous alloys are laterally
confined by the adjacent unimplanted regions, essen-
tially all density change is accommodated by viscous
flow. Therefore no correction for lateral expansion is
required and 4 reflects the expansion.

Fig. 5 shows the aligned (solid circles) and non-
aligned (open circles) backscattering spectra for the
SijgsGeg 15 sample. The surface channels for Si and
Ge are indicated in the figure. The discontinuity in
the yield of backscattered particles around channel
250 corresponds to the interface between the
Sig gsGeq 15 layer and the Si substrate. The channeled
spectrum (taken in the (100) direction) coincides
almost completely with the random one. However, a
decreased yield in the channelled spectrum can be
observed in the channel range 220--320. The transi-
tion region between reduced and non-reduced chan-
nelled yield, indicated with an arrow, identifies the
position of the interface separating the amorphized
Siyg5Geg 5 alloy and the underlying undamaged c-
Sij¢sGeg 5. The position of this interface is consis-
tent with an amorphous Sij ¢sGe, 5 areal density of
(1.09 + 0.10) X 10* atom/cm?. This would corre-
spond to an equivalent c-Si,¢sGe, 5 thickness (d in
Fig. 1) of (2.2 + 0.2) pm. The error is mainly due to

Approximate depth (um)
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Fig. 5. Channelled and random RBS spectra for amorphous
SigesGeq s alloy: full circles: {100) channelled; open circles:
random spectrum. The depth scale is based on a surface approxi-
mation calculation, and for backscattering from Ge only.
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Fig. 6. Differencé between measured density and density predicted
by Vegard’s law for both crystalline and amorphous Si Ge,_,
alloys. The density according to Vegard’s law has been calculated
separately for the amorphous (full circles) and crystalline (open
circles) alloys. Inset: measured a-Si Ge, _, densities (points) and
density according to Vegard’s law (dashed line).

the uncertainty in the stopping power, but also con-
tains contributions from energy straggling, counting
statistics and detector resolution. Using theses values
for # and d, and with the appropriate corrections, the
ratio §,/8, is found to be (1.021 +0.002). The
results for all the alloys are listed in Table 3.

4. Discussions-

It has been argued that, unlike crystalline alloys,
amorphous alloys can accommodate differences in
atomic size of constituent elements. Mdssbauer spec-
troscopy of local structure in Fe-based alloys sup-
ported this suggestion [12]. Such an effect would
imply the existence of a density difference between
amorphous and crystalline alloys that depends on
stoichiometry. In order to evaluate our results in this
context, we have compared our density measure-
ments and literature values for c¢-Si,Ge,_, alloys
with the values predicted by Vegard’s law [1]. Fig. 6
shows the deviation between the measured density
(points) relative to Vegard’s law (dashed line). It
should be noted that Vegard’s law has been evalu-
ated separately for crystalline and amorphous alloys;
shown in the figure is the difference between the

measured density and that predicted by the corre-
sponding Vegard curve. We have observed that both
crystalline and amorphous densities show positive
deviations from Vegard’s law. We can also see that
both amorphous and crystalline Si Ge, _, alloys are
less dense than predicted by Vegard’s law. The
magnitude of the difference appears to be the same
within the errors for the amorphous and the crys-
talline alloys.

For the crystalline alloys, it has been suggested
[13] that the deviations from Vegard’s law are due to
the difference in compressibility of Si and Ge (1.000
X 10" em?/dyn for Si, 1.333 X 10'2 ¢cm?/dyn for
Ge), i.e. the partial inability of the crystalline alloy
to accommodate atomic size differences. The present
observation of similar deviations from Vegard’s law
in a-Si Ge, _, alloys shows that, for this system, the
amorphous alloys do not accommodate atomic size
differences with more ease than the crystalline al-
loys. The present result is markedly different from
the earlier observation [12] that atomic size differ-
ences can be more easily accommodated in amor-
phous metal alloys than in their crystalline counter-
parts. It may be noted that in our case the system is a
semiconductor alloy whose behaviour is apparently
dominated by the stiffness and directionality of the
covalent bond. Calculations of the elastic properties
of a continuous random network model, based on the
Keating potential, showed that the bulk modulus of
a-Ge is 3% less than that of c-Ge [14]. A similar
calculation showed that a-Si is softer than c-Si [14].
If the softening upon amorphization would be the
same in Si and Ge, the deviation from Vegard’s law
would be the same for the amorphous and crystalline
alloys.

5. Conclusions

Both amorphous alloys and pure elements are less
dense than crystalline alloys and pure elements. Dif-
ferences range from 1.5% for Siy4Geqs, to 2.1%
for SijgsGeyys. It was found that Vegard's law
underestimates both the amorphous and the crys-
talline Si Ge,_, density by the same amount which
indicates that amorphization-induced softening is
similar in Si and Ge and Si Ge,_, alloys.
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