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We have investigated the influence of the growth parameters during molecular beam epitaxy on the realizibility of diamond
crystal structure Ge /a-Sn alloys and superlattices on Ge(001) substrates. The segregation behaviour of Sn during Ge overgrowth
has been studied. We find that for growth temperatures higher than 300°C the incorporation rates are less than 0.005 ML~'. The
low-energy electron diffraction data of a series of Ge,¢Sn, | films deposited at substrate temperatures in the range of 185 to 275°C
indicate a transition to amorphous growth for thicknesses beyond 20 A. Single-crystal Ge,Sn,, superlattices with «-Sn layer
thicknesses m of 1 and 2 monolayers and periodicities n+ m between 10 and 22 monolayers have been fabricated by an
unconventional molecular beam epitaxy technique which involves large substrate temperature modulations during growth.
Structural characterization of the samples by means of transmission electron microscopy, Raman spectroscopy and X-ray
diffraction exhibits distinct superlattice effects. The downward shift of the fundamental energy gap of the superlattices with
increasing Sn content, as extracted from absorption measurents with a Fourier transform spectrometer, is in excellent agreement
with theoretical values obtained from pseudopotential band structure calculations. The films were found to be stable against phase
transition up to temperatures of 430-465°C, depending on the average Sn content.

1. Introduction achieve this goal concentrates on the synthesis of
short-period Si/Ge superlattices (SLs). As pre-

One of the most fascinating ideas in modern dicted by Gnutzmann and Clausecker [1] in 1974,
semiconductor physics represents the realization these structures should possess a quasidirect
of a direct energy-gap material based on group band-gap which originates from artificially break-
IV elements. Stimulated by the development of ing the cubic symmetry of the constituent ele-
growth techniques such as molecular beam epi- ments and folding back the lowest conduction
taxy (MBE) during the past few years which allow band state into the I" point. Although there exists
precise control of layer thicknesses on an atomic experimental evidence for new optical transitions
scale most of the experimental work in order to obtained from electroreflectance [2] and photolu-
e minescence measurements [3] which support this
i Present address: Room 1C-417, AT&T Bell Laboratories, concept the optigal OSCillatOI_‘ strengths of Su(fh
600 Mountain Avenue, Murray Hill, New Jersey 07974, SLs with appropriate layer thicknesses and strain
USA. situations are expected to be very small compared
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Fig. 1. Linear interpolation of the energy differences I°; — I',

and L, — I'y between the bulk band structures of « —Sn and

Ge. The arrangement of the relevant bands for a series of
hypothetical Ge; _ . Sn, alloys is also indicated.

to intrinsically direct energy-gap semiconductors
like GaAs (see, for example, refs. [4—6]).

1.1. Band structure of Ge,_ .Sn, alloys

On the other hand as visualized in fig. 1 by a
simple linear interpolation between the bulk band
structures of a-Sn and Ge, alloying of Ge with Sn
should yield a material with a fundamental direct
energy-gap for Sn contents in the range of about
20% to 70%. This is a consequence of the un-
usual band ordering at k= (0, 0, 0) of the dia-
mond structure semimetallic «-Sn phase (grey
tin) as was established by Groves and Paul [7] in
1963. In «-Sn, the large interaction between the
overlapping I'7 and I'y bands which form the
direct gap in Ge leads to an inversion of the
curvature of these bands in comparison to the
other group IV semiconductors. In this way, the
“light hole” Iy band transforms into a conduc-
tion band, whereas the I'; states which are lo-
cated about 0.3 eV below the valence band edge
become a filled valence band. Because the I’y
conduction band has to be degenerate with the
heavy hole band of the same symmetry at the I’
point, a-Sn is sometimes referred to as a symme-
try induced zero-gap semiconductor.

Although the assumption that the energetic
positions at the critical points of the band struc-
ture vary linearly with composition lacks justifica-
tion, the three band-gap types ‘“semimetallic, di-

rect and indirect” which appear in fig. 1 are also
expected from ab initio pseudopotential [8] and
tight-binding calculations in the virtual crystal
approximation (VCA) [9]. However, the “direct
gap windows” predicted by these authors (0.2 < x
<0.6 and 0.26 <x <0.74, respectively) differ
slightly from that indicated in fig. 1.

The possibility of obtaining a semiconductor
with a direct band-gap adjustable from = 0.5 ¢V
to zero by growth of Ge,_,Sn, alloys with an
appropriate Sn content x offers the potential for
the fabrication of long-wavelength detectors and
light emitting devices which have so far predomi-
nantly been made of 111 /V and I1 /VI compound
semiconductors. Furthermore, as already pointed
out by Goodman [10] in 1982, such structures
should show very high carrier mobilities due to
the absence of polar scattering. In addition, the
large difference in the electron mobilities at the
Brillouin zone centre and at the L-point [k = (1,
1, 1)] as sketched in fig. 1 should be favourable
for observing the Gunn effect associated with an
electron transfer from the high-mobility region in
k-space to the low-mobility region [8]. Especially
interesting would be the situation when the [
minimum just touches the I'y valence band (x =
0.7) since in this case both bands would show
infinitely small effective masses due to their in-
finitely high curvature at k = (0, 0, 0) [8,10].

1.2. Problems in Ge, _ Sn, crystal growth

It is well known that bulk tin undergoes a
phase transition from the diamond structure «
phase to the metallic body centred B phase when
a temperature of 13.2°C is exceeded [11]. How-
ever, Ewald [12] reported already in 1954 on a
distinct increase of this transition temperature of
single-crystalline «-Sn samples containing 0.75
wt% Ge to values above 60°C. A further increasc
to 70°C was observed when it was possible to
prepare epitaxial «-Sn films on the closely lattice
matched InSb and CdTe substrates by MBE
nearly 30 years later [13]. The highest transition
temperatures of epitaxially stabilized «-Sn which
have been achieved so far with these substrate
materials are about 130°C [14,15]. Analogously,
the stability of Ge,_ Sn, alloys should be criti-
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cally dependent on their epitaxial registry on a
diamond structure substrate material.

Most of the growth of such substrate-stabilized
alloys has been attempted on [001] oriented CdTe,
InSb and Ge. A recent overview of these efforts
has been given by Fitzgerald et al. [16]. Although
relatively thick Sn-rich alloys (x> 0.9) pseudo-
morphic to the two former substrate materials
with excellent crystallinity have been reported
[17], the use of Ge as substrate is preferred from
the technological point of view. Since the lateral
lattice constant of Ge can be also obtained by
growth of thick fully relaxed Si, _,Ge, layers con-
tinuously graded from x =0 to 1 on Si(001) sub-
strates [18,19], this would offer in principle the
potential for the integration of Ge/a-Sn het-
erostructures with the highly developed Si tech-
nology.

One of the major problems in the fabrication
of single-crystal Ge /a-Sn heterostructures, how-
ever, is the large difference in the intrinsic lattice
constants of Ge (a = 5.658 A) and a-Sn (a = 6.489
A). This results in a misfit f, defined by (a, —
a;)/ala, and a; denote the bulk lattice con-
stants of substrate and film material) of —12.8%
for pseudomorphic growth of a a — Sn layer on
Ge substrate. In comparison, a Ge film pseudo-
morphic to a Si substrate has to be laterally
compressed by only —4%. Assuming Vegard’s
law, which means that the relaxed lattice constant
of Ge,_,Sn, can be calculated by linear interpo-
lation between the lattice constants of a-Sn and
Ge, a lattice mismatch of about —3% is obtained
for an alloy with only 20% Sn content pseudo-
morphic to Ge. Taking this value into account,
the maximum critical thickness for coherent
growth of such structures (x > 0.2) according to
the equilibrium theory after Frank and Van der
Merwe [20] and Matthews and Blakeslee [21] is
expected to be less than 25 A (see appendix).
Provided that the onset of relaxation is retarded,
as in the case of strained Si/Ge heterostructures,
metastable unrelaxed Ge,,Sn,, films on Ge
should not exist for thicknesses above about 30 A
[22]. This is confirmed by Gossmann [23], who has
studied the growth morphology of such layers on
Ge(001) by in situ reflection high-energy electron
diffraction (RHEED) and finds that two-dimen-

sional growth only occurs for film thicknesses less
than 5-30 A for 1> x> 0.2.

Unfortunately, two further difficulties have to
be overcome before high-quality Ge,_,Sn, alloys
with the desired properties, i.e. a tunable band-
gap between 0.7 eV and zero, can be synthesized.
Firstly, in contrast to the Si/Ge system, which is
completely miscible, the solid solubility of Sn in
Ge is limited to about 1%. Secondly, Sn has a
pronounced tendency to segregate on the surface
of the growing Ge,_,Sn, film even at substrate
temperatures as low as T, = 150°C [24]. These
problems emphasize the necessity to realize
growth conditions for Ge,_,Sn,/Ge(001) struc-
tures far away from thermodynamic equilibrium
which are not practically achievable with conven-
tional MBE systems. It is therefore not surprising
that, to our knowledge, experimental evidence of
a material with and fundamental energy gap be-
low that of Ge has only be reported for Ge /a-Sn
heterostructures which have been prepared by a
novel growth technique [25-27].

In this paper we report on the limitations in
structural design of Ge/a-Sn heterostructures
which can be prepared by MBE on Ge(001) sub-
strates. We concentrate on short-period Ge /a-Sn
SLs and compare the optical properties of these
structures with theoretical predictions obtained
from band-structure calculations. The paper is
organized in the following way: in section 2 the
experimental details of the growth apperatus, as
well as of the characterization intstruments are
outlined; section 3 first describes the incorpora-
tion behaviour of Sn during Ge growth, which
turns out to play a crucial role with regard to the
realizibility of alloys and SLs based on these two
elements (subsections 3.2 and 3.3) and then dis-
cusses the optical properties and the structural
stability of the latter structures; section 4 contains
conclusions and prospects in view of future re-
quirements which could enlarge the range of
achievable Ge /a-Sn heterostructures.

2. Experimental techniques

All of the samples for this study were de-
posited on [001] oriented Ge substrates (50 (2
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cm) using a custom-built MBE system equipped
with in situ low-energy electron diffraction
(LEED) and Auger electron spectroscopy (AES)
surface analysis instruments. Prior to the Ge/a-
Sn heterostructure growth, a Ge buffer layer with
a thickness of about 200 A has been deposited
following a special temperature profile, which
i(pvolves coverage of the substrate with about 10
A at T, = 200°C and subsequent ramping up the
substrate temperature to 450°C. This procedure
is necessary, due to the volatility of the oxides
formed by Ge which prevents in contrast to Si
[28] sufficient protection of the Ge surface by a
passivating chemical oxide layer. However, it al-
lows to cover residual carbon contamination on
the order of a few percent of an atomic mono-
layer (ML) of the starting surface which are still
present after chemical precleaning and in situ
oxide removal by thermal desorption at 7, = 720°C
for 10 min. In addition, thc Ge buffer provides
the clean and planar surface required for defect-
free, epitaxial growth of the subsequent layers
[29]. Ge and Sn were both evaporated from con-
ventional Knudscn-type effusion cells using py-
rolytic boron nitride (PBN) crucibles. Typical
temperatures of 1140 and 880°C for the Ge and
Sn ovens, respectively, lead to growth rates of
about 5 A/min at a background pressure in the
upper 107!" mbar (base pressure <3 x 10!
mbar) range. The growth rates were calibrated
with a quartz crystal microbalance. The substrate
holder is in thermal contact with a cooling tank
through which liquid nitrogen is passed. In com-
bination with a tantalum heater which is directly
located behind the substrate, this allows rapid
temperature variations. The substrate tempera-
ture during growth was controlled via a thermo-
couple which was previously calibrated with ei-
ther a pyrometer (450 < T, < 900°C) or by press-
ing another thermocouple onto the sample sur-
face.

Cross-sectional transmission e¢lectron mi-
croscopy (TEM) specimens were prepared in
{110) orientation. Bright field, lattice imaging,
and selected area electron diffraction (SAD) were
performed in a JEOL 200CX microscope
equipped with a high-resolution side entry go-
niometer offering a point-to-point resolution of

about 2.8 A. Raman spectroscopical measure-
ments were carried out in 001(110,/110)001
backscattering geometry at 77 K using the 568.2
nm line of a Kr* laser and a conventional Raman
set-up with triple grating spectrometer equipped
with a photo-diode multichannel detector. X-ray
spectra were measured using Cu Ko radiation
and a double crystal diffractometer. The infrared
absorption measurements were performed on a
BOMEM DA3.02 Fourier transform infrared
(FTIR) spectrometer equipped with a LN,-cooled
InSb photodetector and a continuous-flow cryo-
stat.

3. Results and discussion
3.1. Sn segregation

In order to investigate the segregation be-
haviour of Sn on Ge(001) during MBE at low
substrate temperatures, the following experiment
was performed. A Sn adlayer of 3.12x 10"
atoms/cm? which corresponds to 0.5 ML was
deposited at 7,=270°C and the intensity [, of
the Sn(430 e¢V) Auger line was recorded. This
layer was then overgrown by 100 ML of pure Ge
at a constant substrate temperature which was
varied from room temperature to 460°C. Simul-
taniously the Sn AES intensity was monitored in
intervals ranging from 5 to 20 ML. It should be
mentioned at this point that re-evaporation of Sn
can be neglected within the whole range of T,
used in this study, since no change of the Sn AES
intensity could be observed, even when a growth
interruption of several hours at 7T, = 460°C was
introduced before Ge deposition took place. Fig.
2 shows the Sn Auger intensity normalized to the
initial intensity /, as a function of the Ge cover-
age for selected substrate temperatures. The bro-
ken line which coincides very well with the exper-
imental values for room temperature deposition
and also for growth at 77°C reflects the expected
Sn AES intensity decrease for an ideal het-
erostructure, i.e. for an atomically abrupt inter-
face between the Sn and Ge layer without Sn
segregation. In order to determine the amount of
Sn which segregates on the Ge surface from
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Fig. 2. Auger intensity of a 0.5 ML thick Sn layer (430 eV line)

on Ge(001) as a function of Ge coverage for different sub-

strate temperatures 7, normalized to its initial value. The

lines represent the calculated intensity decay for various in-
corporation rates k.

Auger data, we assume that for a given substrate
temperature, a constant rate k of the Sn atoms
within the adlayer incorporate into the growing
Ge film. An analogous model has been previously
applied by Iyer et al. for studying dopant incorpo-
ration in Si [30] and recently by Wilhelm et al.,
who investigated the segregation behaviour of Sb
during Ge epitaxy [31]. The solid lines in fig. 2
correspond to the calculated Sn AES intensities.
Best agreement with the measured values was
obtained for the incorporation rates k indicated
in fig. 2. The strong decrease of the incorporation
rate with increasing substrate temperature dem-
onstrates the pronounced tendency of Sn to seg-
regate on the Ge surface. Even at a temperature
as low as 179°C, only about 6% of the Sn atoms
are incorporated into each growing Ge mono-
layer.

In addition to these AES investigations on the
segregation behaviour of Sn, LEED was applied
to judge the crystalline quality of the films. In the
temperature window of about 310 to 400°C, we
obtain sharp diffraction spots after 100 ML Ge
overgrowth. Similar to previous studies of the
growth morphology during Ge homoepitaxy [32],
a distinct broadening of the LEED spots related
to an enhancement of the surface roughness can
be detected with increasing Ge coverage at sub-
strate temperatures below 310°C. An increase of

the substrate temperature to values above 400°C,
however, is accompanied by the occurrence of
additional spots in the LEED pattern characteris-
tic for island formation and facetting. In contrast
to the samples grown at 7, <400°C, the surface
of these samples is no longer mirror-like. Optical
inspection under a microscope exhibits the for-
mation of small droplets which may be due to Sn
precipitation and subsequent phase transforma-
tion.

3.2. Ge,_ ,Sn, alloys

The usual method of growing an alloy layer by
means of MBE is to adjust the appropriate flux
rates in order to achieve the desired composition
and then to allow both materials to arrive on the
sample surface simultaneously. Provided that the
simple model of a constant Sn incorporation rate
from an adlayer also holds for growth of
Ge, _,Sn, alloys, initially only a fraction k of the
nominal Sn concentration x is incorporated in
the layers and a surface reservoir builds up. Since
this model assumes that the driving force for
incorporation increases as more and more Sn
accumulates on the surface, the Sn content of the
alloy layer finally approaches its nominal value.
The equilibrium adlayer thickness in monolayers
at which the Sn incorporation rate equals its
arrival rate is given by x /k. The resulting concen-
tration profile for a 350 ML thick alloy with
x=0.1 and an incorporation rate of about 0.06
ML ™!, which corresponds to a substrate tempera-
ture of about 180°C (see fig. 2), is depicted in fig.
3. The nominal Sn concentration of 10% is
reached at an alloy layer thickness of about 60
ML. The amount of Sn which rides on the surface
at this coverage is approximately 1.7 ML. As
deposition continues this Sn adlayer thickness
remains constant and Sn concentrations of 1.0
and 0.7 are obtained in the topmost (350th ML)
and subsurface monolayer (349th ML), respec-
tively (fig. 3). In the inset of this figure the
expected decay of the Auger intensity ratio I (47
eV)/I.(430 eV) of such a structure (solid line) is
compared with that of an alloy with a constant Sn
content of 10% throughout the whole layer
(dashed line).
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It is obvious that high-quality Ge, _, Sn  crystal
growth can only be expected for an adlayer thick-
ness which is less than the critical thickness of
pure a-Sn on Ge(001). The latter has been deter-
mined to be of the order of 3-4 ML. At this
thickness the intensity of the LEED reflections
from «a-Sn layers deposited at different substrate
temperatures (20 < T, < 130°C) drastically de-
creases.

In combination with the results given in the
previous subsection, these considerations empha-
size the necessity to lower the substrate tempera-
ture to values well below 310°C in order to meet
the condition x/k <4 ML for alloy compositions
exceeding the solid solubility limit (x = 0.01). For
this reason the substrate temperatures for deposi-
tion of a series of Ge,,Sn,, films of T, = 185,
225 and 275°C have been chosen. The Auger
intensity ratios I, /lg, recorded during growth
of the sample at 7, = 185°C have been included
in the inset of fig. 3. These data exemplary
demonstrate that the concentration profile which
one would expect for this substrate temperature
from the growth model has been indeed achieved.
Fig. 4 shows the LEED intensity profiles which
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Fig. 3. Calculated distribution of Sn within a nominal
GeyoSnyg, alloy layer of 350 ML thickness. The underlying
growth model assumes a constant incorporation rate of 0.06
ML ™! from a Sn surface adlayer whose equilibrium thickness
after growth of about 60 ML is close to 1.7 ML. The inset
shows the intensity ratio of the Ge(47 €V) to the Sn(430 eV)
Auger line normalized to their bulk intensities as a function of
coverage for the calculated concentration profile (solid line)
and the nominal structure (dashed line). The experimental
data points have been obtained during deposition of a corre-
sponding structure at 7, = 185°C.
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Fig. 4. LEED intensity profiles (£, = 44 eV) recorded during
deposition of Geg4Sny,; alloy layers. The substrate tempera-
tures 7 are indicated.

were recorded during growth of the first mono-
layers of these structures. With increasing alloy
thickness, a continuous decrease of the spot in-
tensities is observable, indicating a transition to
amorphous growth. A comparison of the intensity
profiles of the three samples after growth of 11
ML clearly shows that this loss of crystalline
order is further accelerated when reducing the
substrate temperature from 275 to 185°C. Suc-
cessful synthesis of Ge,_,Sn, films can therefore
be excluded for even lower substrate tempera-
tures.

From these results we conclude that the re-
quirements on the growth parameters for single-
crystal alloy layers with x > 0.1 on Ge(001) sub-
strates are not compatible with conventional
MBE. Further investigations should therefore
concentrate on the effect of structural modifica-
tions, e.g. modulated layer sequences as well as
on growth methods which support depostition far
away from thermodynamic equilibrium.

3.3. Ge / a-Sn superlattices

The idea to fabricate Ge/a-Sn superlattices
instead of alloy layers is to overcome the problem
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of Sn segregation at typical substrate tempera-
tures for crystalline Ge growth by adjusting dif-
ferent growth parameters for the two material
species. Since high-quality Ge deposition de-
mands substrate temperatures on the order of
300°C, and substantial Sn incorporation occurs
only below 100°C, it is essential to modulate T
over a wide range within one superlattice period.

3.3.1. Structural characterization

In order to optimize the substrate temperature
profile during growth of superlattices based on
Ge and Sn, a set of samples each consisting of an
alternating sequence of 2 ML Sn and 20 ML Ge
(GeySn,) has been prepared. Fig. 5 compares
the Iy, /I;. AES intensity ratios recorded within
the first period of such structures deposited at
different substrate temperatures. Whereas the in-
crease of I, /I, during growth of the Sn layer is
almost identical for the three samples, the AES
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Fig. 5. Ratio of the AES intensities of the Sn(430 eV) and the
Ge(47 eV) line as a function of coverage in the first, and after
completion of the 12th, period of Ge,,Sn, SLs grown at
different temperatures. The first indicated substrate tempera-
tures correspond to Sn growth, the second temperatures which
were changed from the lower to the higher value to Ge
growth. Best fit to experimental data is obtained for the given
Sn concentration profiles. The increase of the I, /I, signal
due to annealing of an amorphous Ge,,Sn, SL (T, = —26°C)
for 10 min at S00°C is indicated by the filled circle.
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Fig. 6. Variation of 7, during growth of a Ge,,Sn, SL. The
hatched regions mark the times when either the Ge or the Sn
shutter was open.

ratios for different substrate temperature profiles
diverge with increasing Ge coverage. It is impor-
tant to note that Sn growth took place at the first
temperature value indicated in fig. 5, whereas T,
was kept almost constant at the lower value of
the given temperature interval for the first § ML
of Ge deposition. Subsequently, the substrate
temperature was increased to the higher value. A
typical temperature profile is shown in fig. 6 for
the case of T, = 95/50-230°C. As a reference for
the AES analysis, we have also deposited an
equivalent structure at a constant temperature of
—26°C where diffusion and segregation effects
are negligible. Comparison of the AES signals
with those measured during growth of the refer-
ence sample reveals that independent of the tem-
perature for Sn deposition (—26 < 7, < 150°C),
sharp Ge /Sn interfaces are obtained. In contrast,
segregation plays a crucial role when Ge over-
growth takes place as can be seen from the Sn
concentration profiles depicted in the bottom part
of fig. 5. The latter have been calculated by
employing the Sn incorporation model already
discussed in subsection 3.1 with the exception
that the incorporation rate k was allowed to
decrease with increasing Ge coverage in order to
take the rise of T, into account. For the superlat-
tice structures deposited in the substrate temper-
ature intervals of ~10 < T, < 150°C and 50 < 7,
< 230°C, best fit to experimental data is obtained
for a Sn content of 3% and 10%, respectively, in
the topmost layer, which corresponds to at least
95% incorporation within one superlattice pe-
riod. As the substrate temperatures are further
increased to 150 <7, < 365°C, a Sn adlayer of
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more than half a monolayer remains on the sur-
face after completion of the first period. Exami-
nation of the Auger data of this sample shows
that the I, /I, ratio for a coverage of 22 ML
exceeds that recorded at 18 ML. In this case, the
strong increase of the substrate temperature at
the end of the period leads obviously to a transfer
of Sn from deeper layers onto the surface, since
there has been no Sn deposition in between these
measurements. From a comparison of the Auger
data of the three samples after completion of the
first and the 12th period (marked by an arrow in
fig. 5), we furthermore conclude that for the SLs
deposited at maximum substrate temperatures of
150 and 230°C, no appreciable Sn transfer occurs
beyond one period. However, for the sample
grown at the highest temperatures (150 < 7, <
365°C), an accumulation of more than 1 ML is
observable after 12 periods.

Analogous to the characterization of the alloy
layers described in the previous subsection, in
addition to the AES measurements LEED analy-
sis was performed during deposition of the SLs in
order to obtain information on the crystallinity of
the films. Fig. 7 shows the evolution of diffracted
electron intensity (E, = 182 eV) from the sur-
faces of the three samples with increasing super-
lattice period. Although a maximum substrate
temperature of 150°C is too high to inhibit Sn
segregation, the distinct decrease of the LEED
intensity already after the second superlattice pe-
riod clearly demonstrates that this low tempera-
ture is not sufficient to preserve crystalline
growth. In contrast, for the SL grown at the next
highest temperature interval (50 < T, < 230°C),
the initial LEED intensities are maintained after
the 12th and also after the 20th period (not
shown). However, a further increase of 7, to a
maximum value of 365°C is accompanied by sur-
face roughening, as can been seen from the
broadening and the decay in intensity of the
corresponding LEED spots in fig. 7. It is remark-
able that a substantial decrease of the LEED
intensities only occurs at the beginning of the
second period of this sample whereas all profiles
recorded during subsequent growth are almost
identical. This gives strong indication that the
critical thickness for pseudomorphic Sn growth

GexSn,  50-,230°C 150 -»

l 365°C
6
20 ML Ge
-10 -
150 C 12"‘ penod
2 ML Sn

)

c

=)

a]

o A 20 ML Ge J\\
2 period

> \ ’\ o

2 JL 2ML Sn —/\

s

R

o

o 20 ML Ge

L

o]

I penod
j\ 2 ML Sn jk
j J l “ Ge buffer
v/ I

(20) (200 ‘H) (02) (02)

Fig. 7. LEED intensity profiles (£, = 182 eV) recorded during
deposition of Ge,;Sn, SLs. The indicated temperature inter-
vals correspond to the variations of 7, within the Ge layers of

the different samples.

on Ge has already been exceeded when deposit-
ing the Sn layer of the second period. This may
be understood when we consider the enlargement
of the thickness of this layer to about 2.6 ML, due
to Sn segregation out of the first superlattice
period. The concept of adjusting different growth
conditions for Ge and Sn to achieve composi-
tional modulations while crystallinity is main-
tained seems, however, to work also for this sam-
ple. The LEED intensity profiles shown in fig. 8
which have been recorded within the first super-
lattice period reveal that although coverage of Sn
with Ge at low substrate temperatures results in a
loss of crystalline order, the initial crystal quality
can be almost completely regained by ramping up
T.. A related technique called solid phase epitaxy
has already been used to successfully fabricate Sb
5-doping layers in Si MBE [33]. In this case the
doping material which shows a very similar segre-
gation behaviour is covered by an amorphous Si
layer deposited at room temperature. Sharp dop-
ing profiles are then achieved by recrystallization
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of the amorphous layer at a substrate tempera-
ture of 700°C. In order to verify the applicability
of this method also to Ge /a-Sn heterostructures,
we performed the following experiment. After
covering the amorphous Ge,,Sn, SL (7, =
—-26°C), which served as a reference for AES
analysis by a 20 ML thick Ge cap layer at room
temperature, the substrate temperature was in-
creased in steps of about 100°C, while the LEED
pattern was observed simultaniously. The time
between subsequent annealing steps was 10 min.
At T, =500°C weak LEED spots appear which
become more intense in the course of the anneal-
ing interval. However, very similar to the LEED
patterns which have been obtained when carrying
out the Sn segregation experiments (subsection
3.1), at T, > 400°C additional spots characteristic
of island formation and facetting are observed.
The formation of extended white areas which are
irregularily distributed over the sample surface
can again be explained by Sn segregation and
clustering. The Ge diamond crystal lattice is obvi-
ously no longer able to stabilize these clusters
and a recrystallization into the metalic B-phase
takes place. This is further confirmed by the

Ge20 Sn2
Tg -
y 20 ML Ge J\ 365°C
i=
3
5 16 ML Ge A 305°C
—
o
= | 2MLGe J\ 236°C
> o
= 4 ML Ge J\ 150 oC
S 2MLGe -~_ 150°C
€
a 2ML Sn 150°C
L
LJ
-
Ge buffer
1

(02)
Fig. 8. Evolution of the (02) LEED intensity (E, =182 eV)

within the first period of a Ge,,Sn, SL structure deposited at
150 < T, < 365°C.

occurrence of a strong I /I;. AES signal, as
indicated in fig. 5, which corresponds to a homo-
geneous Sn coverage of about 2 ML. From these
results it is evident that solid phase epitaxy is not
capable of producing single-crystal superlattices
based on Ge and Sn.

In order to investigate the structural uniform-
ity of the layers, which has been achieved by the
described substrate modulation technique, cross-
sectional TEM was performed on the two most
promising superlattice samples, i.e. the structures
which have been grown in the temperature inter-
vals of 50 < T, < 230°C and 150 < T, < 365°C, re-
spectively. Fig. 9 — bright field images in {110]
projection with the (004) reflection strongly ex-
cited — compares these SLs. For the Ge,,Sn,
superlattice deposited at the lower substrate tem-
peratures, clearly distinguishable dark and bright
lines, which correspond roughly to the Sn and Ge
layers, can be observed throughout the whole
structure with an overall thickness of 20 periods
(Fig. 9a). In contrast, the layering of the 12-period
SL shown in fig. 9b, which was grown at 150 < T,
< 365°C, is very wavy and planar growth occurs
only within the first period. Additional informa-
tion on the lattice construction as well as on the
concentration profiles within the SLs was ob-
tained by means of high-resolution TEM. In the
lattice image of the 20-period structure (50 < 7,
< 230°C) depicted in fig. 10, the Sn-rich regions
appear as dark bands. Since the electron beam is
exactly [110] oriented, cither the dark or bright
dots correspond to atom pairs with the projection
of their axes pointing in the [001] direction [34].
Thus, 11 dots should appear in growth direction
for the 22 atomic monolayer periodicity which is
indeed observed as indicated. Although the inter-
faces are smeared out — particularly in the growth
direction as expected from AES analysis — the
lattice construction is nearly perfect and no ap-
preciable crystal defect could be detected over
the whole area transparent to the electron beam
(=50 pwm). This directly demonstrates the pseu-
domorphic nature of growth. In the SAD pattern
of the sample shown in fig. 11, sharp superlattice
spots appear due to the artificial periodicity along
the growth direction. Since the area selected by
the SAD aperture includes also Ge substrate
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regions this diffraction pattern is a superposition
of diffraction spots originating from the Ge sub-
strate and the Ge,,Sn, SL. Besides the superlat-
tice periodicity, therefore, both the lateral lattice
constant and the average lattice constant in
growth direction of the SL can be determined
with an accuracy of about 0.5% relative to the
substrate [29,35]. We note here that since the SL
is lattice matched to the Ge substrate there is no
deviation between the rows of superlattice spots
and Ge bulk spots in the lateral direction.

A more accurate method to measure the pe-
riod length of short-period superlattices is X-ray
diffraction. From the 6#-26 satellite spacing (fig.
12), we extract a superlattice period of 31.85 +
0.05 A for Ge,;Sn,, which is consistent with the
value obtained from SAD analysis. This is in
excellent agreement with the theoretical value of
31.89 A for the structure calculated under the
assumption of tetragonal deformation of the
strained Sn layers expressed by macroscopic elas-
ticity theory (see appendix).

= 150/150-365 °C

Fig. 9. Cross-sectional TEM bright field images (g = (004)) of Ge,,Sn, SLs with an overall thickness of (a) 20 and (b) 12 periods.
The electron beam has been aligned close to the [110]} direction parallel to the interfaces. The indicated substrate temperatures
correspond to Sn and Ge deposition, respectively (see fig. 5).
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Fig. 10. High-resolution lattice image of the Ge,,Sn, SL
which has been deposited at 50 < 7, < 230°C taken along the
[110] axis.

Ge substrate B

Fig. 11. SAD pattern of the 20-period Ge,,Sn, SL shown in

figs. 9a and 10 in the [110] pole. Superlattice induced satellites

(labelled SLS) in the vicinity of the Ge(004) reflection are

marked by arrows. Note the splitting between higher order SL

and Ge substrate reflections and the coincidence of superlat-
tice and substrate spot rows in lateral direction.

intensity (arb. units)

diffraction angle 20

Fig. 12. X-ray diffraction from the 20-period Ge,,Sn, SL

shown in figs. 9a and 10 in the vicinity of the Ge(004)

reflection. The arrows mark the positions of the §L satellites
for the expected period length of 31.89 A.

Although substrate temperature modulation
assisted MBE is clearly not able to produce
Ge /a-Sn SLs with atomically abrupt interfaces as
in the case of heterostructures based on Si and
Ge [32,35], these results confirm that by careful
choice of the growth parameters the application
of this technique leads to single-crystal films with
Sn contents far in excess of those achievable by
Ge,_,Sn, alloy growth using conventional MBE.
However, since successful growth has only been
demonstrated for one specific superlattice type
(Ge,Sn,), further limitations in structural design
of Ge,Sn,, SLs, i.c. the maximum achievable Sn
layer thickness m and the minimum period length
n + m, have to be expected. For this purpose two
sets of superlattice samples with (i) a fixed period
length of n + m =22 ML and different SD layer
thicknesses and with (i) periodicities of n + m =
22, 16, 12 and 10 ML and and constant Sn layer
thickness of m = 1 ML have been prepared.

Fig. 13 compares the LEED patterns recorded
after growth of the second period of the samples
containing 1, 2 and 3 ML Sn within one 22 ML
superlattice period. Although almost identical
substrate temperature modulations have been
performed during deposition of the the three
structures, a dramatic decrease of the spot inten-
sities accompanied by a strong increase in back-
ground intensity can be observed as the Sn layer
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thickness exceeds 2 ML. Since this effect occurs
also for SLs with doubled period length (n + m =
44 ML) we conclude that the critical thickness for
two-dimensional growth of epitaxially stabilized
a-Sn on Ge(001) is 2 ML. Larger Sn layer thick-
nesses lead obviously to increased surface rough-
ness which then supports the transition to amor-
phous Ge growth. No substantial improvement of
the crystal quality can be detected by LEED
when reducing the Sn layer thickness to 1 ML
(fig. 13). However, the appearance of
Pendelldsung fringes in the high-resolution X-ray
diffraction spectrum of the Ge,,Sn, SL shown in
fig. 14a, which can be reproduced by a simulation
which takes dynamical diffraction effects into ac-
count (fig. 14b), demonstrated the high crystalline

o2

G

Fig. 13. LEED patterns (E, = 42 and 182 eV) recorded after
deposition of the second period of Ge,,_,Sn, SLs: (a)
Ge,;Sny; (b) Ge,ySny; () Gey,Sny.
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Fig. 14. High-resolution X-ray diffraction from the (400) re-

flection of a 20-period Ge,;Sn; SL (a) and corresponding

simulation (b). The periodicity of Pendellosung fringes is
indicated.

perfection of this sample. Results on a detailed
characterization of the Ge/a-Sn SLs with this
technique using both symmetric and asymmetric
reflection geometry will be presented elsewhere
[36].

In the LEED patterns of the second sample
set which consists of 20-period SLs with period
lengths ranging from 22 to 10 ML intense diffrac-
tion spots are observable for all structures
throughout the whole superlattice growth. How-
ever, as the superlattice periodicity is reduced,
spot broadening, in particular for the Ge,,Sn,
and GeySn; SLs, occurs after completion of the
20th period. For these two structures the maxi-
mum substrate temperatures which were reached
at the end of the Ge layers had to be increased to
265 and 300°C, respectively, in order to preserve
crystalline growth. However, even for these high
substrate temperatures where segregation in-
duced interfacial intermixing is enhanced and for
a Sn layer thickness of only 1 ML, the individual
superlattice layers are planar and can be clearly
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distinguished in TEM cross-sections, as demon-
strated in fig. 15 for the shortest-period structure.

Additional information on composition and
period length of the Ge,Sn, SLs can be also
extracted from the Raman scattering data shown
in fig. 16. The peak at 304 cm~' which can be
attributed to the Ge longitudinal phonon of the
unperturbed Ge layers, is the prominent feature
in all spectra. So-called folded Ilongitudinal

Ge substrate

acoustical (ILA) phonons [37], which appear in the
frequency range below 150 cm™! confirm the
artificial superperiodicity of our structures. These
are caused by backfolding of the acoustic phonon
branch due to the superlattice induced reduction
of the Brillouin zone. Therefore, the energetic
positions of the LA modes depend critically on
the superlattice period. In the inset of fig. 16, the
wave numbers of the first (| m| = 1) and second

Fig. 15. TEM cross-sections of a 20-period GeySn,; SL: (a) bright field image with the (004) reflection strongly excited and (b)
high-resolution lattice image in [110] projection. Inset: SAD pattern of the superlattice taken in the [110] zone axis.
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Fig. 16. Raman spectra of four Ge,Sn, SLs with an overall
thickness of 200 periods. The inset compares the calculated
energies of the folded acoustic modes (lines) with the experi-
mentally determined energies (filled circles).

({m| =2) order LA phonons, calculated within
an elastic continuum model [37] which assumes
an averaged sound velocity, are plotted versus the

Ge layer thickness. Comparison with the experi-
mentally determined phonon energies reveals ex-
cellent agreement for the |m| =1 and reason-
able agreement with the | m | = 2 modes for which
the assumed linear dispersion of the acoustic
phonon branch is not justified.

Due to the significant intermixing of the Sn
and Ge layers also Sn—Sn, Sn—-Ge and Ge-Ge
vibrations in Ge,_ Sn, alloy regions should be
observable. The peak at about 180 ecm ™!, which is
clearly different from second order Raman scat-
tering in Ge [38], can be attributed to Sn-Sn
vibrations. This mode is shifted downwards com-
pared to the «-Sn optical phonon which is ¢x-
pected at 200 cm ™! [39]. In the Raman spectra of
the Ge, Sn, Ge sSn, and Ge,,Sn, SLs, and weak
structure can also be observed at about 230 cm ™!,
which is believed to originate from Sn-Ge vibra-
tions. Accordingly, the low-energy shoulder of the
Ge optical phonon peak can be explained by
Ge-Ge vibrations in the Ge,_,Sn, alloy regions.
The downward shift of the Sn—-Sn Raman fre-
quencies is in contradiction to recent experiments
by Menéndez et al. [40], who studied relaxed
Ge,_,Sn, alloy layers (0.92 <x < 0.98) grown on
CdTe(001). Our findings agree, however, with the
behaviour in Si, _ Ge, alloys where also a soften-
ing of the optical modes is observed. An unam-
biguous interpretation of the peaks at 180 and
230 cm ™! is not presently available, since disor-

Fig. 17. Cross-sectional TEM bright-field image (g =(004)) of the sample containing four 20-period Ge ;Sn; SLs. The oscillatory
contrast is due to interference of the electron waves transmitted through the wedge shaped TEM specimen (thickness fringes).
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der activated modes originating in the Ge layers
are also present in this energy region. A detailed
Raman study employing polarization dependent
measurements at different incident wavelengths
is under way.

The additional broad structure at about 75
cm ™! observed in the spectra of the Ge;Sn, and
GeySn, SLs is propably caused by violation of
wave vector conservation due to lattice disorder
which gives rise to LA phonon scattering with
large wave vectors. This confirms the LEED re-
sults which indicated already the onset of loss of
crystalline order during growth of these struc-
tures. In contrast to the maximum achievable Sn
layer thickness of Ge/a-Sn SLs pseudomorphic
to Ge(001), it is, however, not possible to accu-
rately determine the lower limit for the period
length since the crystal quality of the structures
degrades gradually as the periodicity is reduced.

3.3.2. Band structure and optical properties

In order to obtain information on the funda-
mental band gap of the Ge/a-Sn heterostruc-
tures by infrared optical absorption measure-
ments, samples with four superlattice sequences,
each consisting of 20 periods with 700 A thick Ge
layers in between have been prepared. The pur-
pose of the Ge layers is to decrease the average
lattice mismatch | f | of the whole structure rela-
tive to the Ge substrate while the effective thick-
ness of the absorbing layer can be increased. Fig.
17 shows a cross-sectional bright field TEM im-
age of the sample containing four Ge ;Sn, SLs.
Although the initially planar layering becomes
slightly wavy at the end of the twenty periods, a
smooth starting surface for the next superlattice
is regained by growth of the intermediate Ge
layers at a substrate temperature of 310°C. In
addition to the superlattice samples, we have
grown under similar conditions a 2000 A thick Ge
layer on Ge(001) which served as a reference for
the absorption measurements.

The absorption coefficient a(#w) of the super-
lattice layers on Ge substrate can be calculated
from the transmitted intensity through the whole
structure I(hw) provided that the intensity
I (hw) transmitted through the reference sam-
ple is known. In order to achieve exactly the same
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Fig. 18. Experimentally determined onset of absorption (full

curves) in the GesSn, superlattice structure shown in fig. 17

for various temperatures. The dashed curves were obtained by

fitting the band gap energy in the theoretical expression for
the absorption of an ideal indirect semiconductor.

conditions when determining these quantities,
both the superlattice and the reference sample
were mounted in the cryostat and measured using
identical angles between the sample surface and
the incident light. For small absorbance in the
thin layers with an overall thickness d (ad < 1%)
and for photon energies below the indirect band
gap of the Ge substrate (0.76 eV at 20 K), the
absorption coefficient is given by a= —(1/d)
In(1/1.;), provided that I and I, are measured
under normal incidence. Fig. 18 shows the ab-
sorption coefficient determined in this way for
the Ge sSn, superlattice sample as a function of
the photon energy for 20, 114 and 208 K. Good
agreement is obtained with the photocurrent data
of band to band transitions in these structures
which have been recently presented by Olajos et
al. [27]. Details of the absorption measurements
are published elsewhere [41].

Assuming an ideal indirect semiconductor with
quadratic dependence of @ on energy near the
absorption edge both for phonon absorption and
emission processes [42], the band gap energies
can be extracted from these data. Best numerical
fits have been obtained for the dashed curves
included in fig. 18. The deviation from the experi-
mental curve at higher energies is due to the
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SLs as extracted from the absorption measurements. For
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onset of the Ge band gap. Fig. 19 summarizes the
results for the energy gaps of various Ge/a-Sn
SLs in the temperature range of 20 to about 200
K. The temperature dependence of the indirect
band gap in Ge is also indicated. All samples
exhibit a typical initially quadratic and for higher
temperatures linear decrease of the band gap
with increasing temperature which is similar to
the behaviour of pure Ge. However, as the aver-
age Sn concentration in the superlattices in-

creases, a systematic lowering of the energy gap
can be observed. The experimental values for 20
Kof 0.6 eV (Ge;Sn,), 0.7 eV (Ge sSn,) and 0.72
eV (Ge,,Sn,) agree very well with those obtained
from pseudopotential band structure calculations
(0.63, 0.66 and 0.68 eV) performed by Vogl et al.
[43]. To account for the interface broadening, the
calculations have been performed within the vir-
tual crystal approximation (VCA), assuming a Sn
content of approximately 30% in the first atomic
plane of the superlattice periods, followed by an
exponential decay and a negligible concentration
of Sn beyond a coverage of 10 ML. This concen-
tration profile is based on the AES measure-
ments which were carried out during deposition
of the Ge,,Sn, at substrate temperatures of 50—
230°C.

3.3.3. Structural stability against strain relaxation
and phase transformation

In addition to the energy gaps of Ge,Sn, SLs
(n =11, 15 and 21) given in fig. 19, we attempted
also to explore the band structure of a Ge,,Sn,
SL. Although individual 20-period Ge,,Sn, SLs
can be prepared almost defect-free (sce subsec-
tion 3.3.1) structures consisting of four SLs seper-
ated by 700 A thick Ge layers have a high defect
density as shown in fig. 20. Since the total thick-
ness of each superlattice is about 640 /o\, which

Fig. 20. Cross-sectional TEM bright-field image (g = (004)) of a strain relaxed sample containing four 20-period Ge,,Sn, SLs.
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Fig. 21. Optical micrograph of the surface morphology of Ge /a —Sn SLs before (a) and after heat treatment (b).

exceeds the critical value for the misfit of f=
—1.4% in this case by one order of magnitude
(see appendix), these defects are obviously cre-
ated due to strain relaxation of the whole struc-
ture. The catastrophic nature of the defects em-
phasizes the necessity to carefully design meta-
stable Ge /a — Sn heterostructures with regard to
the maximum achievable layer thicknesses given
by the equilibrium theory.

As already mentioned in subsection 3.1, ex-
ceeding a substrate temperature of about 400°C
when depositing Ge on Sn is accompanied by a
distinct change in surface morphology, which has
been ascribed to the « — B phase transformation.
A similar change in surface morphology has been
reported by Piao et al. [44] for Ge,_,Sn, alloy
layers lattice matched to (001) oriented InP and
GaSb substrates after heat treatment. In order to
judge the thermal stability of our superlattice
structures the samples have been annealed under
vacuum conditions, while their surfaces were ob-
served under a microscope. At a certain tempera-
ture, the mirror-like flat surface changes abruptly
into a spotty surface. An example is shown in fig.
21. The a — B phase transformation temperature
depends, however, on the average Sn content in
the SLs. Whereas the Ge,;Sn, superlattice struc-
ture is found to be stable for temperatures below

465°C, the transition temperatures of the Ge ;Sn,
and the Ge,;Sn, SLs decrease to values of 450
and 430°C, respectively.

4. Conclusions and prospects

We have shown that the requirements for sin-
gle crystal Ge,_,Sn, alloy growth with x > 0.1 on
Ge(001) substrates are incompatible with conven-
tional MBE. This is mainly due to the extremely
low Sn incorporation rates of less than 0.005
ML™! at substrate temperatures of about 250°C
which represent the lower limit for crystalline
growth. In contrast, Ge /a-Sn superlattice layers
with excellent crystal quality have been fabricated
pseudomorphic to Ge(001) by means of an MBE
technique which allows rapid variations of the
substrate temperature during growth. Direct ex-
perimental evidence for absorption in these lay-
ers below the indirect band gap in Ge was pre-
sented. The fundamental energy gap of a series
of Ge,Sn, SLs (n = 21, 15 and 11 ML) was found
to decrease systematically with increasing Sn con-
tent confirming theoretical predictions based on
pscudopotential band structure calculations for
these structures. The introduction of such super-
lattice layers in the intrinsic regions of p-i-n
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diodes offers the possibility of increasing the
range of conventional Ge photodetectors to
longer wavelengths. The limited thickness of the
pseudomorphic structures could be easily over-
come by alternating growth of undercritical Ge /
a-Sn superlattice and Si, Ge,_, alloy layers. Be-
sides the critical thickness, the major limitation in
structural design of single crystal Ge,Sn,, SLs
was found to be the maximum achievable Sn
layer thickness of m = 2 ML. Although for peri-
odicities of n +m <12 ML and average Sn con-
centrations exceeding a value of 10% a decay of
crystalline order has been observed, these limita-
tions are not fundamental and can be probably
overcome by further optimizing the deposition
technique. In this context, sample heating from
the surface by halogen lamps as commonly used
in rapid thermal chemical vapour deposition
(RTCVD) systems could be considered.

According to the present theory, the funda-
mental band gap of Ge/a-Sn superlattices pseu-
domorphic to Ge(001) is always indirect in k
space even for average Sn contents larger than
20% [26,27,43]. However, also the possibility of
an intrinsic direct semiconductor is predicted,
provided that the lateral lattice constant a, of the
Ge /a-Sn SLs is slightly increased with respect to
ag.- Analogously to the Si/Ge system, this could
be achieved in principle by growth of strain re-
laxed Ge/a-Sn alloy or superlattice layers. A
different approach in order to verify these predic-
tions would be to optimize MBE growth condi-
tions, using materials such as InP as the sub-
strate.
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Appendix

In this appendix the strained Ge,_, Sn layers
are assumed to be isotropic. In order to obtain
the appropriate values for the alloy, the elastic
constants €|, and C,, of Ge and a — Sn given
below have been linearily interpolated.

For Ge:
C,;=1.315x10'"" N/m?,
C,,=4.94x10" N/m?;
For a-Sn:

C, =6.9x10" N/m?,
C,,=2.93 %10 N/m?.

Critical thickness for coherent growth

The critical thickness k. at which it becomes
energetically favourable to introduce the first
misfit dislocation in a strained film can be calcu-
lated by minimizing the sum consisting of the
elastic strain energy and the dislocation line en-
ergy [20], as well as by balancing the forces which
act on a threading dislocation segment [21]. This
leads to the following expression for the variation
of h_with | f1:

= b(1 —v cos’B) | ah, :
C—8~n-|f|(1+v)sinBcosGn(b )’ ()

where b is the Burgers vector, v is Poisson’s ratio
given by C,,/(C,, + C,,) within isotropic elastic-
ity theory, B is the angle between b and the
dislocation line, 6 is the angle between the glide
plane of the dislocation and the interface, and «
is the core-energy parameter which is commonly
taken to a = 4 for covalently bonded semiconduc-
tors. In the calculation we assumed the formation
of 60° (a/2)(110) misfit dislocations on {111}
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glide planes (b =4 A and cos B =sin B cos 0 =
0.5).

Tetragonal deformation

The in-plane strain ¢, in a Ge,_,Sn, film
pseudomorphic to Ge substrate is simply given by
the misfit f between the two materials:

e, =f=(a;—a;)/a;. (2)
For (001) biaxial strain the perpendicular out of
plane strain is related to ¢, by [45]:

2C,,
€, = = C—HEH. (3)

Accordingly, the lattice constant perpendicular to
the interface of the tetragonally deformed mate-
rial is

1 Pl LI 4
= + = - = _ .
ama(ire) —ali- 22 2]l @

For pure totally strained a- Sn layers (a; = 6.489
A) a value of a | =7.195 A is obtained, which
corresponds to a thickness of one atomic layer of
1.799 A.
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