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Abstract. Amorphous Ge-Si solid solutions are an interesting class of materials from the fundamental as
well as the technological point of view. Self-diffusion of the constituents is an important process because of
the inherent metastability. While self-diffusion was already examined in crystalline GexSiix (0 < x <1) this
is not the case for the amorphous counterparts. This work reports on Ge self-diffusivities obtained from in-
situ neutron reflectometry measurements during isothermal annealing of ion-beam sputter-deposited
amorphous Geo.sSio.2 films. The diffusivities are modified peculiarly fast with annealing time by a maximum
factor of two due to structural relaxation. The diffusivities in the relaxed state are lower (higher) than in
amorphous germanium (silicon). They follow the Arrhenius law and show an activation energy of (2.06 £
0.1) eV, which equals that of amorphous germanium, but differs from that of amorphous silicon. Thus, it is
concluded that the diffusion mechanism of Ge in amorphous GeosSio.2 and Ge are similar, despite of the

presence of dispersed 20 at.% of Si.

1 Introduction

Ge-Si alloys are considered to improve state-of-the-
art electronic devices which are still based on silicon,
and to add new possibilities of performance such as
optics to integrated circuits [1]. The difference in
bonding distance in germanium and silicon lattices
causes strain and modifies the electronic band structure
with increasing electron and hole mobility [1].
Miniaturization in electronic integrated circuits is still
an ongoing demand [1]. Miniaturization is correlated to
material confinement with development of quantum
well states in the occupied and non-occupied electronic
band structures [2]. In particular, Ge-Si nanostructures
are considered to provide a new scientific field
regarding materials properties [1]. Ge-Si spintronics and
efficient light emission even with indirect band-gap
materials [1] beneficial for opto-electronic integrated
circuits are examples. Amorphous nanoscaled Ge-Si is
of particular interest for solar cells whose optical band
gaps matching the whole solar radiation spectrum [3-5].
This work contributes to the scientific examination of
Ge-Si nanostructures by the measurement of self-
diffusion in thin amorphous Ge-Si films with an

* Corresponding author: erwin.hueger@tu-clausthal.de

innovative in-situ diffusion measurement methodology
based on neutrons [6].

Self-diffusion is the thermally activated migration of
atoms in solids [7,8]. It is a basic transport process,
important for precipitation, grain growth, oxidation,
joining processes and plastic deformation [7,8] as well
as for the functionality of fuel cells and batteries [9-12].

Atomic diffusion was in the past routinely
investigated by radiotracer diffusion studies [7,8,13]
with the disadvantage of using radioactive tracers and
doing depth profiling with mechanical sectioning and
limited depth resolution [13]. A further disadvantage of
the radiotracer method is the lack of measuring diffusion
in-situ, i.e. during the heat treatment without cooling
down the sample. This is also the case for using stable
tracer isotopes and depth profiling with secondary ion
mass spectrometry (SIMS) [14-27].

In-situ measurement of diffusivities has the
advantage of a significant reduction of the experimental
time, a reduction of error limits due to lack of
heating/cooling steps, and an identification of time-
dependent processes [6]. In order to carry out such
measurements, non-destructive methodologies are
necessary.
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Neutron reflectometry (NR) [6,25,28-52] is such a
non-destructive methodology, where the neutrons do not
interact with electrons and possess therefore a high
penetration depth in almost all materials. For example,
the neutron beam transmission through a 1 cm thick
silicon wafer, Al metal, or sapphire is 99.5 %, 99.1 %,
or 97.4 %, respectively [53]. This ability of neutrons
allows neutron beam investigations during device
operation. A typical example is the monitoring of atomic
diffusion in-situ or in-operando [6,40,42-44] and in real
time [6,40,42-44,46-52] during furnace operation
(sample heating).

Self-diffusion investigations on amorphous Ge-Si
alloys where not published until now. This is mainly due
to the metastable [54] or even unstable [55] state of the
amorphous structure, as predicted for amorphous silicon
[54,55]. There, diffusivity has to be determined on short
lengths scales in order not to average over different
transient metastable states and to avoid unwanted
crystallization. NR experiments are capable to measure
small diffusion lengths down to 1 nm [6,28,31,38] and,
hence, in transient states [31]. This study reports on in-
situ  self-diffusion investigations on amorphous
GeosSio films. The second section gives a review on
recent literature results on germanium, silicon, and Ge-
Si alloys. The third section describes the experimental
procedure. The fourth section presents and discuss the
experimentally derived in-situ NR results. A
comparison to published results obtained for pure
amorphous germanium and silicon will be given. The
results are summarized in the fifth section.

2 Literature survey on self-diffusion in
Ge, Si and Ge-Si alloys

Ge-Si is a completely miscible system [1]. Thus, Ge-
Si compounds with any Ge content can be produced [1].
There is a lack of reports on self-diffusion in amorphous
Ge,Si.. However, this is not the case for crystalline
Ge,Siry, where self-diffusion was examined by a few
research groups [13,23-25,38]. In general, the Si and Ge
self-diffusivities are similar due to the valence
isoelectronicity of the two species, and they decrease
with increasing Si content. Figure 1 gives an overview.
The activation energy of self-diffusion of dependence
on the Ge content in Ge,Si; with x between 0 and 1 is
plotted. Results were reported for Ge,Si;., single crystals
in form of epitaxial films as obtained by Zangenberg et
al. [23] (green circles), and more recently by Kube et al.
[24] (red dots and blue squares), as well as for
polycrystalline Ge,Si;.. [13] (black filled triangles).

Ge'[Kube2010]
Si [Kube2010] T
Ge [Zangenberg]
E Ge [McVay]

Si [Stdkamp] |
] Ge [Huger2008]
theoretical

5.0

*qO0Oe)

45}

40t o)

35

KN T T I T T U I T I T LTI T T T T Y T T TYP P :' ......... a‘v-

0.0 0.2 04 0.6 0.8 1.0
x in Ge,Siy,

Activation energy for self-diffusion (eV)

Fig. 1. Activation energy of self-diffusion in crystalline
GexSii1x. The references by Stidkamp et al. [26] and Hiiger et
al. [38] provides values for Si self-diffusion for x = 0 (pure
silicon) and for Ge self-diffusion for x = 1 (pure germanium)
which are marked with a blue star and an orange star,
respectively. The red dots and the blue squares mark the results
by Kube et al. [24] for Ge and Si self-diffusion in epitaxial
films. The green circles mark the results on Ge self-diffusion
obtained by Zangernberg et al. [23], also on epitaxial films.
The black filled triangles are for Ge self-diffusion in
polycrystalline GexSiix obtained by McVay et al. [13]. The
expected diffusivity behaviour according to equation (1) is
marked with a red continuous line.

The activation energy of Ge self-diffusion is similar
to that of Si self-diffusion for the same Ge content
(results of Kube et al. [24]). The self-diffusivity
examined in crystalline pure germanium can be
accurately described over nine orders of magnitude by a
single Arrhenius straight line [38]. A diffusion
mechanism taking place by single-vacancies is
postulated with an activation energy of (3.13 £ 0.03) eV
for temperatures between 429 °C and 904 °C.
Calculations [56] predict that the vacancy formation
energy in crystalline germanium is positive and lower
than in crystalline silicon. Consequently, vacancies in
germanium are more prevalent than in silicon [56].
Thus, the situation for self-diffusion in crystalline pure
silicon is more complicate [25,26], where contributions
of self-interstitials and vacancies have to be considered.
Self-diffusivities over ten orders of magnitude were
determined from experiments [25]. An activation energy
of self-diffusion of 4.73 eV is reported [26]. Hence, the
examination of self-diffusion in Ge,Si;., alloys is of
interest also from the view point of fundamental
diffusion science. It has to be clarified if a germanium-
like diffusion mechanism or a silicon-like diffusion
mechanism is operating predominantly in GexSi,.x.

For crystalline Ge,Si;« alloys, the reported
activation energy decreases with increasing Ge content
x (Figure 1). As a simple approximation, the activation
energy vs Ge content should obey to the Vegard’s law
[24]:

EA()C) = (I-X)EASi +XEAGC . (1)



This behaviour was clearly not observed in all the
literature studies (Figure 1). The results of Kube et al.
[24] show an enhancement and that of the other authors
a reduction of the activation energies in comparison to
the behaviour predicted by equation (1) (see the red
continuous line in Figure 1). For example, the single-
crystalline Ge,Si;., epitaxial films with the relative high
Ge composition of x = 0.7 gives [24] an activation
energy of self-diffusion of 4.05 eV which is still more
close to that of pure silicon (4.73 eV) than to that of pure
germanium (3.13 eV). This indicates a diffusion
behaviour similar to crystalline silicon. This is not the
case for the activation energy of Ge self-diffusion in
polycrystalline Ge,Si;.. (Figure 1) [13], which reaches
that of pure Ge already for x = 0.3 and remains constant
for higher Ge contents (Figure 1). All activation
energies reported by McVay lie below the straight line
corresponding to equation (1), which was attributed to
self-diffusion via grain boundaries in the polycrystalline
Ge,Si,., structure. The results of Zangenberg et al. [23]
are older compared to that of Kube et al. [24] but are
also on epitaxial Ge,Sis films. Their results are more
similar to that of McVay et al. [13].

Investigations on self-diffusion in amorphous
Ge,Siy were not reported until now. However, reports
exist for the edge systems pure amorphous germanium
[6,40] and silicon [39,27]. Recent computer calculations
[54,55,57] suggest, that although the local order of
amorphous silicon is close to that of crystalline silicon,
the energetics of defect formation [54,55] and the
diffusion mechanism [57] strongly differ. The formation
energy of point defects such as vacancies, self-
interstitial and dangling bonds is negative [54,55]. This
means that defect production is spontaneous and does
not need thermal energy in the case of the amorphous
state which is contrary to the situation in the crystalline
state. The self-diffusion mechanism in amorphous
silicon is predicted by calculations also to be different
from that in crystalline material in a way that well-
defined elemental jump lengths do not exist in the
amorphous network [57]. The self-diffusion proceeds by
atomic bond rearrangement [57]. Experimentally, the
self-diffusivities in amorphous silicon were found
[27,39] to be many orders of magnitude higher than in
crystalline silicon [25]. It was suggested from
experimental data that self-diffusion in amorphous
silicon films is mediated by local bond rearrangement
leading to an activation energy of (2.70 £ 0.10) eV [27]
for samples amorphisized by ion implantation or,
alternatively by the migration of extended point defects
leading to an activation energy of (4.4 + 0.3) eV for
samples produced by sputter deposition [39].

The energetics of defects and the diffusion
mechanism in amorphous germanium is expected to be
roughly similar to that in amorphous silicon. For
amorphous germanium (sputter deposition), NR
experiments found that the self-diffusivities are many
orders of magnitude larger than in crystalline
germanium [6,40] due to a lower activation energy of
(2.11 £ 0.12) eV instead of (3.13 + 0.03) eV. This
indicates different diffusion mechanisms in crystalline
and  amorphous  modifications. = Local  bond
rearrangement is also suggested here as diffusion

mechanism [6]. Within this work, the Ge self-diffusion
in amorphous GeogSip> films is investigated and the
results are compared with literature.

3 Experimental procedure

The amorphous GeogSip2 samples in form of thin
films were prepared by reactive ion-beam co-sputter
deposition. Segmented targets were used to tailor the
requested  composition.  Figure 2ab  presents
photographs of the segmented targets. The thin films are
produced in form of isotope [*GeosSipo2 (14 nm) /
"Ge gSip2 (14 nm)] x 10 multilayers (MLs). The base
of the method is given in references [6,28-30,38]. The
natural isotope abundance of germanium, termed "™Ge,
consists of °Ge (20.5%), "’Ge (27.4%), "*Ge (7.8%),
"Ge (36.5%), and "°Ge (7.8%). The germanium target
termed "*Ge possesses a 95% 73Ge isotope enrichment.
For sputter target production, 1 mm thick polycrystalline
"iGe and *Ge disks with 20 mm diameters (MaTeck
GmbH, Jilich, Germany) were bonded on a copper
target holder. On top of the Ge disks, a quadrant of a 1
mm thick polycrystalline Si disk of 20 mm diameter
(MaTeck GmbH, Jiilich, Germany) was bonded as it is
visualized in Figure 2a,b, to produce segmented targets.
There is a three times larger Ge surface than silicon
surface.

The depositions were performed using a sputter
coater (IBC 681, Gatan, USA), equipped with two
Penning sources. Ar" ion beams (5 kV, 180 pA) were
used for film deposition. The targets were used
successively without breaking the vacuum with a base
pressure below 5 x 107 mbar. During deposition, the
specimen is rotated (30 rotations per minute) and rocked
(rock angle: 30° and rock speed: 15° per second) to
ensure well dispersed Ge and Si atoms in the deposited
film. (100) oriented, polished, nominally undoped
silicon wafers (CrysTec GmbH, Berlin, Germany) were
used as substrates for the MLs. For Raman spectroscopy
and for energy dispersive X-ray spectroscopy (EDX)
examination, the films were deposited on (0001)
oriented, polished, saphire wafers (CrysTec GmbH,
Berlin, Germany) and on flat Cu foils, respectively. The
substrates were cleaned with isopropanol beforehand.
The as-deposited multilayers have an overall thickness
of 280 nm. Additional annealing was not applied to the
deposited amorphous layers in the sputter chamber
before removal and handling in air. According to
literature, the self-heating of the sample during ion-
beam sputter experiments is generally low (below 80
°C) due to the low impact energy (tens of eV) of ions
which are deposited [6]. The native oxide layer of the
substrates was not removed.

The multilayers were examined exclusively with
non-destructive  measurement techniques. X-ray
reflectometry (XRR) and grazing incidence X-ray
diffraction (GI-XRD) was done ex-situ with a Bruker
D8 DISCOVER (Germany) diffractometer (Cukg,
40 keV, 40 mA). The GI-XRD measurements were
performed with 1° incident angle. Raman scattering was
performed also ex-situ on a Bruker SENTERRA Raman
microscope with a laser of 532 nm wavelength. For



more information and references on Raman scattering,
the reader is referred to a recent work [58]. EDX was
performed ex-situ with a High-Resolution Scanning
Electron Microscope (SEM, EVO 15, Zeiss). Except in-
situ NR measurements, all other measurements were
performed at room temperature.
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Fig. 2. a,b) top view (a) and side view (b) photographs of the
segmented "*GeSi (left) sputter target and 73GeSi (right) target
to produce isotope ML. c,d) XRR data (circles) and
corresponding simulations (Parratt32) for films deposited
from the 73GeSi or ™'GeSi target.

NR was performed in-situ, meaning during
isothermal heating of the ML sample inside a rapid
thermal annealing oven (RTA AO500 MBE
Komponenten, Germany) in argon gas. The NR
examination was performed on the reflectometer
AMOR at SINQ, Paul Scherrer Institut, Switzerland [42,
59]. The focusing Selene guide implemented there
reduces the counting time considerably for small
scattering vectors and specular measurements, only.
Reflectometry simulations were performed using the
Parratt32 software package [60].

The layer deposition rate was determined with the
help of XRR measurements (Figure 2c¢ and 2d).
Thicknesses of (60 £1) nm and (58 +1) nm are obtained
for as-deposited "*Ge,Si and "Ge,Si films (each 16
minutes of deposition time). Hence, the deposition rate
from the 3Ge,Si and "*Ge,Si target was (3.75 = 0.06)
nm and (3.62 = 0.06) nm per minute, respectively, in
good agreement.

4 Results and discussion

4.1 Sample characterization

EDX investigations found a relative amount of 80
at.% germanium and 20 at.% silicon (i.e., GeosSio2) in
films deposited from the 3Ge,Si and also the "'Ge,Si

target, indicating no or only minor chemical contrast
within a bilayer

Figure 3 presents the measured GI-XRD data of the
isotope GeosSip2 ML (curves (a-c)) in comparison to
that of isotope modulated pure Ge MLs (curves (d-f)).
Both as-deposited materials are X-ray amorphous. The
GI-XRD data show a lack of long-range order but the
existence of local order (curves (a,d)). The heat
treatment of the pure Ge ML at 418 °C for three hours
and at 425 °C for one hour results in crystalline
germanium (curves (e,f)). This is not the case for the
amorphous GeosSio» ML (curves (b,c)) for even higher
temperatures and longer annealing times. The XRD
investigations clearly show that the presence of silicon
inhibits the crystallization of the amorphous GeggSio.»
ML compared to Ge ML. Thus, the diffusion
experiments performed in this work were done on X-ray
amorphous Geo gSig layers.
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Fig. 3. GI-XRD data of the GeosSio isotope ML (curves
marked with (a-c)) compared to that of a pure Ge isotope ML
film (curves marked with (d-f)). (a,d) As-deposited films. (b,c)
After in-situ NR measurements of GeosSio2 isotope MLs
during isothermal annealing at 415 °C for 14 hours (curve (b)),
and at 436 °C for 7 hours (curve (c)). (e,f) After in-situ NR
measurements of pure Ge isotope MLs during isothermal
annealing at 418 °C for 3 hours (curve (e)), and at 425 °C for
1 hour (curve (f)).

Figure 4 presents the Raman scattering
measurements of the amorphous GeosSio» film (Figure
4b) in comparison to that of amorphous pure Ge film
(Figure 4a) and additionally, an amorphous Si-rich
Geo.25S10.75 film (Figure 4c). The amorphous Geo25Si0.75



film was obtained by using three instead of one
quadrants of Si pieces for the sputter-target (see Figure
2a,b). The dashed vertical lines show the wave number
position of Raman bands for amorphous germanium and
amorphous silicon as found in literature [61-63]. Ge-Si
local bonds produces Raman lines between the pure
substances [61-63]. In the GeosSip. film (Figure 4b),
there are no Si-Si bonds. The Si atoms are well dispersed
into the amorphous germanium matrix. This slightly
shifts the Raman emission of amorphous germanium to
higher wave numbers (Figure 4b), as expected. In the
case of the higher silicon content of the amorphous
Geo25Sig.7s film (Figure 4c), there exist also Raman
scattered intensity at the position of pure amorphous
silicon. This means that for the Geg25Sig7s film there
exist Si atoms with only Si nearest neighbour atoms.
Raman intensity is enhanced also between the peaks of
the pure amorphous films without producing distinct
peaks (Figure 4c). This means that the amorphous
Geo25Sig.75 film possess an atomic environment with Si
and Ge atoms as nearest neighbour atoms. In overall
terms, the EDX, GI-XRD, and Raman measurements
revealed that Ge self-diffusion examined in this work on
GeosSio» takes place inside an amorphous matrix with
well dispersed Si atoms inside a Ge network.
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Fig. 4. Raman spectra of amorphous Ge (a), Geo.sSio.2 (b) and
Geo.25Si0.75 (C) films sputter-deposited on sapphire substrate.

4.2 Ge self-diffusion experiments

The Figures 5a, 6a, and 7a present three-dimensional
colour maps of the in-situ measured NR data on
["*GeosSio.2 (14 nm) / "'Geg Sip (14 nm)] x 10 MLs in
the Rq,* representation, during isothermal annealing at
397 °C, 415 °C and 436 °C, respectively. The total
reflection edges are located around q, = 0.013 A-!, and
the Bragg peaks due to the Ge isotope modulation are
located around q, = 0.027 A"l. There is a Bragg peak
decrease during the heat treatment. Figure 5b, 6b, and
7b plot the integrated area of the Bragg peak (termed
Bragg peak intensity) of dependence on the annealing
time. The integrated area is obtained by Gauss-fits to the
Bragg peak. The integrated area decreases due to Ge
isotope interdiffusion. Details on such experiments can
be found in [6].
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Fig. 5. In-situ measured neutron data during isothermal
annealing at 397 °C of an amorphous Geo.sSio.2 isotope ML. a)
Three dimensional color map of (Rg:4,gz). b) Bragg peak
intensity versus annealing time. The fit was performed with
equation (6) with the following result Di = (4.0 + 3.5) x10-%
m?s?, Dr= (2.2 £ 1) x102 m%, and T = (1.6 £ 0.3) h.
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Fig. 6. In-situ measured neutron data during isothermal
annealing at 415 °C of an amorphous GeosSio.2 isotope ML. a)
Three dimensional color map of (Rg:4,gz). b) Bragg peak
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annealing at 436 °C of an amorphous Geo.sSio.2 isotope ML. a)
Three dimensional color map of (Rgz4,gz). b) Bragg peak
intensity versus annealing time. The fit was performed with
equation (6) with the following result Di = (5.5 + 2) x10%? m?s*
1 Dr=(1.3+£0.2) x102 m%1, andt= (1.5 1) h.

In general, Ge self-diffusivities can be determined from

the Bragg peak decrease according to the simple
equation

Daverage = a2t 5 2)
assuming that the diffusivity, Dayerage, 1S constant during
the heat treatment. /o and 7 is the Bragg peak intensity
before annealing and at the time ¢ of the annealing
process, respectively. The bilayer thickness is given by
r. In case of the diffusivity changes during the annealing
process, equations (3-5) have to be used instead of
equation (2) [6,29]. The equations determine the
average diffusivity, Dayerage, OVer the time interval z. This
analysis is more appropriate for amorphous films, where
the annealing process may change defects densities, e.g.,
frozen defects produced by the sputter-deposition

process [6]. For that case, the average diffusivity for a
given time interval ¢, is given by

1 ot ,
Daverage(t) =7 fo D(t")-dt' (3)

where D(#) represents the instantaneous diffusivity at
time ¢ which can be described as

t
D(t) = Dg + (D; — Dg) - exp (— %) 4)
where Dgr, Di, and 7, are the diffusivity in the relaxed
state and in the initial (t = 0) state, respectively (see

references [6,29]). Integration of equation (3) (see
references [6,29]) leads to the following expression

Daverage(t) = Dg + (D; = Dg) (5) (1 -

exp (~1)) ©



Combining relation (2) and (5) the following expression
for the Bragg peak intensity decrease is obtained

2
i—exp{—siz-[DR+(Di—DR)-r-(1—

() 0

Equation (6) was used to fit the Bragg peak decrease
in Figure 4b, 5b, and 6b, with Dgr, Di, and 7 as fit
variables. The obtained annealing time dependence of
the instantaneous diffusivities is plotted in Figure 8. For
isothermal annealing at 397 °C (Figure 8a), the
diffusivity decreases by a factor of 2. This is a low
decrease in instantaneous diffusivity compared to other
reports on amorphous samples [6,29]. For example, the
diffusivity in amorphous pure Ge films decreases by
almost one order of magnitude (Figure 8b). Moreover,
quite surprising, the diffusivity relaxation is almost non-
existent for isothermal annealing at 415 °C (Figure 8c),
and even reversed (i.e., diffusivity increases during the
relaxation process) for annealing at 436 °C (Figure 8d).
Noticeably, the determined instantaneous diffusivities at

t = 0, are almost independent of the annealing
temperature.
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Fig. 8. Madification of the instantaneous Ge self-diffusivity in
amorphous Geo.sSio2 (a,c,d) and amorphous Ge (b) films as
obtained by in-situ NR measurements during isothermal
annealing at (a) 398 °C, (b) 400 °C, (c) 415 °C, and (c) 436 °C.

The obtained diffusivities in relaxed amorphous
Geo.sSio2 are plotted in Figure 9 as red filled triangles in
Arrhenius representation. They obey the Arrhenius law
with an activation energy of (2.06 = 0.10) eV. For
comparison, the diffusivities of relaxed amorphous Ge
films are plotted as black-filled circles (with an
activation energy of (2.11 + 0.12) eV). The dotted blue
line shows the Si self-diffusivities calculated from the
reported activation energy of Si self-diffusion in
amorphous pure silicon of (2.7 £ 0.11) eV as determined
by Kirschbaum et al. [27]. The amorphous silicon was
produced by Si ion-implantation and self-diffusion was
investigated ex-situ after annealing the samples between
460 °C and 600 °C and cooling to room temperature
afterwards. We assume that Si and Ge diffusion in
amorphous GeygSios is similar as also shown in Figure
1.
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Fig. 9. Arrhenius plot of Ge self-diffusivities in relaxed
amorphous GeosSio2 films obtained during isothermal
annealing and in-situ NR experiments (red triangles). Also
shown are Si self-diffusivities in amorphous silicon (dotted
blue line, Kirschbaum et al. [27], ion-implantation) and Ge
self-diffusivities in amorphous relaxed germanium (black
dots, [6], sputter deposition). Note that for sputtered
amorphous silicon a higher activation energy of (4.4 £ 0.3)
eV is found for temperatures above 500 °C [39].

The Ge self-diffusivities of amorphous Geo 3Sio are
lower than of that of amorphous Ge by a factor of about
five, while the activation energy is the same within error
limits. The latter aspect indicates that the Ge self-
diffusion mechanism is similar in both materials, in spite
of the existence of Si-Ge bonds. The existence of Si
atoms in the amorphous Ge network decreases the Ge
self-diffusivities as also found for crystalline
counterparts. The fact that the activation energy remains
unchanged is similar to the results found for the
crystalline system by Zangenberg et al. [23] and McVay
etal. [13].

5 Conclusion

Literature shows that self-diffusion in crystalline silicon
and crystalline germanium proceeds by different
mechanisms. In crystalline germanium, literature
reports self-diffusion to be mediated by single-
vacancies. In contrast, self-diffusion in crystalline
silicon is more complex, with contributions of self-
interstitials and  vacancies, but is governed
predominantly by self-interstitials at high temperatures.
Thus, the mixture (i.e. alloying) between germanium
and silicon may cause peculiar self-diffusion. Literature
also reports on self-diffusion in crystalline GeSii-x, but
not in the amorphous counterparts, which is presented
here for the case of amorphous Geo 3Sio.».

The investigation of Ge self-diffusion in GeosSio.
was performed by in-situ NR measurements during
isothermal heating. All Ge self-diffusivities obtained for
amorphous Geo gSip.> are smaller than that of amorphous
germanium, but higher than that of amorphous silicon.
The experiments revealed that the Ge self-diffusivities

show a peculiar fast modification as a function of
annealing time due to structural relaxation. The self-
diffusivities in relaxed GeoSio obey to the Arrhenius
law, and have an activation energy of (2.06 + 0.10) eV
which is similar to that in relaxed amorphous
germanium of (2.11 £ 0.12) eV, and different to that in
amorphous silicon of (2.7 £ 0.1) [27] or (4.4 £ 0.3) [39]
eV. This indicates that the Si content of 20 at.% does not
change the diffusion mechanism in amorphous GegsSio.»
compared to pure Ge.

This work is based upon experiments performed at the Swiss
spallation neutron source SINQ, Paul Scherrer Institut (PSI),
Villigen, Switzerland. The research project has been supported
by the German Research Foundation under the contract
Schm1569/28-2.
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