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‘Abstract: This paper reports on the growth and characterization of highly compressive strained GeSn layers on thin strain relaxed
Ge virtual substrates on Si wafers. Sn concentration up to 12.5%, which is about more than 10 times the thermal equilibrium
predicted for GeSn binaries, are successfully epitaxially grown by ultra-low temperature (160 1C) molecular beam epitaxy. A
minimum channeling yield of 9% evidence the high crystalline quality of the GeSn alloys while angular channeling scan
demonstrate that all GeSn layers are fully pseudomorphic on the relaxed Ge virtual substrate. The strain analysis shows a
deviation from the Vegard's law for Sn contents above 8%. The analysis is completed by the Raman mode dependence on the
alloys composition.
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1. INTRODUCTION.

The indirect band-gap materials based on group IV elements C, Si and Ge and their alloys constitute the base of today's IC
industry: Si is like the heart of the high performance or low power micro-electronics, while Si:C and SiGe are used in source and
drain regions of transistors as stressors. However, the use of indirect semiconductors in optical applications is relatively restricted
because the performance of their optical devices is limited [1-3]. The introduction of strain, also called strain engineering, allows
the modification of essential material properties, like carrier mobility [4], effective mass or band-gap, dopant solubility [5], [6]
which in turn increase their applicability. Ge, an excellent channel material in CMOS applications [7], undergoes the most
interesting metamorphosis: under a biaxial strain of about 2% it becomes a direct band-gap semiconductor [8]. Recently, a tensile
strain of 1.3% was reported for Ge layers epitaxially grown on partial relaxed GeggSngi buffers [9]. Moreover, for this buffer
theoretical calculations predict indirect to direct transition as well as for tensile strained GeSn alloys with 6.3% Sn [11]. This
strain-induced transformation opens new ways for improving nano- and optoelectronic devices as recently proposed for energy
efficient tunnelfield effect transistors [9], [11].

In the recent years, huge progress has been achieved in the development of epitaxial growth techniques which gave an
enormous boost to the epitaxial growth of Ge on Si and GeSn on Si or Ge. Besides the deposition of GeSn through MBE [12],
[13], the deposition through CVD (chemical vapor deposition) has been recently reported through the development of new
precursors like GeyHg, SnDy4 [14-16]. Another promising method to incorporate Sn into the SiGe and Ge matrixes is pulsed laser
induced epitaxy [17], [18]. Three major obstacles have to be overcome in the epitaxial growth of GeSn alloys: the large lattice
mis match between Ge and o-Sn of 14.7%, the low solubility of Sn in the Ge matrix of about 1% [19] and the Sn surface
segregation at growth temperatures higher than 140 1C [20]. An ultra-low tempera-ture molecular beam epitaxy (MBE) growth
process may be employed to avoid the above shortcomings [21].

Despite that the breakthrough in active photonics components like LED or lasers is expected to appear with the demonstration
of a direct band-gap in Ge and GeSn, other optical components like integrated GeSn detectors [22-24] and emitters [25-27] were
demonstrated on compressively strained GeSn alloys.

In this paper we present the epitaxial growth of GeSn alloys with a substitutional Sn content up to 12.5%. Using precise angu lar
channeling scans and Raman spectroscopy we demonstrate that the grown layers are pseudomorphic on Ge VS and are of high
single-crystal quality.

2. EXPERIMENTAL PROCEDURE.

The growth experiments were performed in a solid-source MBE equipment for 150 mm substrates, schematically presented in
Fig. 1 [28]. The system works under ultra-high vacuum conditions with a base pressure below 10 *° mbar. The most critical growth
parameter is the substrate temperature, which influences all adatom surface processes, the crystalline growth and the surface
morphology. The substrate is heated by a graphite meander through radiant heating. The real surface temperature and the dynamic
cooling processes were calibrated by thermo-couples integrated on a specially designed Si substrate because at growth
temperatures below 600 1C the heater radiative emission spectrumand the Si absorption spectrumexhibit only a small overlap.
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Fig. 1. Schematic illustration of a group IV MBE growth chamber with an in-situ reflection supported pyrometric interferometry
system.
At 400 1Cthe maximum thermal radiation of a black emitter has a wavelength of 4.3 mm where the intrinsic Si is transparent. The
heating of the substrate at low temperatures is caused mainly by free carrier absorption.

For the deposition of Si, an electron beam evaporator (EBE) was used, to avoid the contact of the extreme reactivity molten Si
with the crucible. The matrix material Ge is evaporated from a special effusion cell with a pyrolithic BN crucible [29]. An
advantage of the effusion cell over the EBE is the extremely low flux fluctuation at high Ge rate. The absolute calibration of the
Ge flux was based on spectroscopic ellipsometry measurements of Ge layer thickness on Si substrates. The very low melting point
of Sn of 232 1C requires the use of a special Sn effusion cell with a dual filament in order to suppress the creep characteristics of
the liquid Sn. Crucible temperatures between 1000 1C and 1120 1C are applied to achieve Sn concentrations between 0% and
12.5%. The absolute calibration of the Sn effusion cell was made ex-situ by Rutherford Back-scattering Spectroscopy (RBS).

The growth parameters are monitored by different in-situ methods, such as flux measurement, residual gas composition but we
emphasis here a reflection supported pyrometric interferometry system (RSPI) [30]. The RSPI consists of a pyrometer and
reflectometer working at two optical wavelengths of A%470 nmand A %950 nm (see Fig. 1). The reflectometer signal at A %950
nm is used for real-time determination of the emissivity, thus allowing the determination of temperatures even for arbitrary multi-
layer stacks. The reflectivity measurements permit the monitoring of the crystalline growth even at very low temperatures. Note
thatthe layer stack thicknesses mustbe chosen to preventan undesired breakdown of crystalline growth [31].

100 mm Si (Czochralsky type) with a specific resistance of 10-20 Q cm (p-type) were used. An in-situ thermal cleaning step at
900 1C was performed in order to remove the natural surface SiO; [32]. An example of an GeSn epitaxial growth on Ge VS on Si
substrate is presented in Fig. 2. The upper image shows the heater temperature while, the middle and the bottom plots show the
reflectometer signals, at both A ¥470 nmand A %950 nm wavelengths, as a function of the process time for growth of GeSn alloys
with 2% and 8% Sn content, respectively.

The epitaxial growth starts with a 50 nm Si buffer grown at 600 1C, to reconstruct the ideal Si crystal, followed by a tempera -
ture decrease to 330 1C for the Ge VS growth and a subsequent high temperature annealing step at 810 1C for dislocation
reduction. At these high temperatures Si atoms diffuse into the Ge layer generating a thin SiGe interface layer.

Fig. 2. Overview of the complete epitaxial process for growth of GeSn layers on a Si substrate with a Ge VS. Top: heater
temperature as function of process time. Middle: reflectivity under vertical incidence vs. process time at two wavelengths %470
nm and 12950 nm for a GeSn film with 2% Sn content. Bottom: Reflectivity vs.process time for a GeSn film with 8% Sn content.
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During the heating/cooling process an in-plane tensile strain may be incorporated into the Ge VS due to thermal mis match of Si
and Ge. However, the annealing/ cooling parameters and the thickness of the Ge layer were chosen so that the Ge VS presentsthe
same lattice constant as Ge bulk. Finally the temperature was decreased to 160 1C and the GeSn layers with different Sn
concentrations between 0% and 12.5% were deposited. In order to avoid strain relaxation or epitaxial breakdown the layer
thickness was reduced with the increase of Sn content.

A typical in-situ reflection measurement during the growth process of a GegggSnop, layer is shown in the middle graph in Fig. 2.
During the growth of the Si buffer the reflection of both wavelengths are constant. Typical thickness interferences can be observed
during the growth of the Ge VS. After the high tempera-ture annealing step the GeSn layer is grown. The reflectivity at %2950 nm
shows here also the typical thickness interferences (see Fig. 2). Due to the small penetration depth in Ge at A%470 nm of about 17
nm [33], the oscillation of the reflectivity of the GeSn layer cannot longer be observed. A small decrease of the re flection signal is
measured, attributed to a slight increase of the surface roughness. The bottom graph in Fig. 2 shows the in-situ reflection
measurement of the epitaxial growth of a GeSn layer with 8% Sn. The curves show a similar behavior as presented above. The
growth time for the 12.5% Sn sample is relatively short (about 340 s) which does not permit observation of a complete oscilla tion
cycle.

The absolute Sn concentration, the layer quality and the strain statue of different GeSn layers were analyzed by RBS. The
lattice vibration modes were studied by Raman spectroscopy. The results of RBS and Raman are later compared.

3.RESULTS AND DISCUSSION.

Using the growth process described above, we have grown thin Ge VS followed by the growth of GeSn layers. The crystalline
quality of the GeSn layers is investigated by Rutherford Back-scattering Spectroscopy/Channeling (RBS/C) using a Tandetron
accelerator with 1.4 MeV HeP ions. The RBS technique is also employed to determine with an accuracy of 0.5% the layer
stoichiometry and the thickness of the GeSn layers.

Fig. 3 presents the RBS/C spectra of a 115 nm Gegg,Snggg (sample F) on 85 nm Ge VS (Fig. 3 (a)) and a 34 nm Geg g75Sng.125
layer (sample G) grown on a 80 nm Ge VS (Fig. 3 (b)). No de-channeling is observed towards the GeSn/Ce interface (low energy
edge of the Sn signal) indicating pseudomorphic GeSn growth on Ge VS. The minimum channeling yield, defined as the ratio of
the intensity of the random and channeling spectra taken below the surface peak signal, amounts to 9% for the GeSn layer,
identical with the minimum yield of the Ge-VS. The extracted layer thicknesses for all investigated GeSn samples are listed in
Table 1.

A powerful method for analyzing strain states in layer systems is the measurement of changes in the ion channeling directions.
Recently, a systematic derivation and compilation of the required relations between the strain induced angle changes and the
components of the strain tensor for general crystalline layer systems of reduced symmetry compared to the basic cubic crystal was
published [34]. In the past, planar {100} and {110}SiGe/Si layer systems as well as nano-patterned structures layers characterized
by plane stress and tetragonal strain states have been analyzed by RBS/C using a high-precision goniometer [35-37].

For GeSn (001) samples, we have chosen angular scans along a plane through the [001] sample normal and the inclined

[11] direction. In a cubic crystal, the angle between the [001] sample normal and an inclined [011] direction amounts to 451. If
the crystalline layer is under biaxial compression in the growth plane, due to its larger lattice constant compared to the underlying
substrate, the lattice constant perpendicular to the growth plane will increase according to the Poisson effect. As a result the angle
between both directions is shifted by an amount of 6 to an angle smaller than 451. Fig. 4 shows channeling angular yield scans of
the Sn backscattering signal for samples C to G presented in Table 2. The scans through the [001] sample normal as well as the
scan through the inclined [011] crystal axis of a cubic crystal structure are shown for reference. The position of the scan minimum
represents the absolute angle 6 between the [001] sample normal and the inclined [011] direction. The angular shift is related to the
amount of tetragonal strain defined as which describes the tetragonal strain er as a function of the angular displacement 6, the
degree of strain relaxation can be determined [38]. In Table 2 the values of angular displacement for GeSn layers with different Sn
content and the corresponding tetragonal strain are given. The measured angle changes are in rough (within 25%) agree ment with
the theoretical angle changes calculated using the Vegard's law up to a Sn content of 8%. Above this concentration, the
measurements indicate a larger elastic strain in the GeSn layer as theoretically possible for pseudo-morphic growth. This apparent
inconsistency is a clear indication that the Vegard's law is no more accurate for higher Sn content

Fig. 3. RBS/C spectra of 115 nm Geg.9,Snggs 0n 85 nm Ge VS (a) and of a 34 nm Geg g75Sng 125 layer grown ona 80 nm Ge VS. (b)
A minimum channeling yield of 9% evidence high crystalline quality.
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Table 1
Overview of RBS results of the investigated GeSn samples.
Sample RBS analysis
Sn content[%] Thickness GeSn [nm]
A 0 -
B 24 261
C 4.7 255
D 6 255
E 8 115
F 11 45
G 12.5 34

layers. The angular channeling scans prove that all our investigated layers are pseudomorphically grown compressively strained on
the relaxed Ge VS. The extremely high tetrahedral strain of up to 3.2% is possible because of metastable growth at the very low
temperature of 160 1C.
I
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The m-Raman measurements were carried out at room temperature in the backscattering arrangement with an inVia Raman
microscope system. This system is equipped with a CCD camera and a Leica microscope. A grating with 1800 lines/mm was used
for all measurements.
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Fig. 4. Channeling angular yield scans for the determination of tetragonal strain of GeSn samples presented in Table 2. The scans
through the [100] sample normal as well as the scan through the inclined [110] crystal axis (sample A) of a cubic crystal structure
are shown for reference. The curves of sample Cto sample G show the corresponding yield of the Sn signal. Increasing shift of the
minimum with respectto 451 indicates an increasing amount of tetragonal strain in the GeSn crystal lattice.

A helium-neon laser with a wavelength of 633 nm and a power of 10 mW was used as excitation source. The Raman spectra were
carried out in a static mode with an exposure time of 1 s and a total of 20 accumulations, in order to prevent the heating of the
sample by the laser. The laser spot was focused with a 50 objective on to the surface. The spectra were fitted with a mixture of
Gaussian and Lorentzian to obtain the best possible results in terms of peak position, intensity and line width. A detailed
description of this fitting program is found in Ref. [39]. The Raman systemresolution is 70.2 cm* due to the grid used.

The roomtemperature Raman spectra of strained GeSn samples with different Sn concentrations (data from RBS measurements —
see Table 1) are presented in Fig. 5. The spectrum of the Ge reference sample (Sample A) is also added. The intensity of the Ge—
Ge peak at 300 cm * decreases continuously with increasing the Sn content and shifts to lower wavenumbers. Besides the main
peak, the spectra shows further distinct mode contributions: In the range between 250 cm ' and 300 cm !, the spectra show
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complementary to the Ge reference the typical GeSn peak at 262cm - and, furthermore, a second peakat 285 cm * that causes
a shoulder in the rising edge of the Ge—Ge peak. At the lower wavenumber of 185 cm  a further peak is observed, attributed by
D’Costa et al. to a Sn—Sn like mode frequency [40]. For the investigated GeSn alloys this vibration mode shifts stronger ( 10 cm
1y with the Sn content compared to the other Raman modes. The 2TA Ge—Ge peaks at 160 cm * complete the Raman spectra.

Foranalysis of the Ge—Ge and Ge—Sn peaks the background of the Raman system was subtracted before the spectra fitting and
the simulation results are plotted in Fig. 6 as the difference of the Raman shift between the Ge reference and GeSn layers versus
the Sn content. For fully strained GeSn layers on Ge (100) the theoretical description for the change in the Ge—Ge Raman shift
where x is the Sn content. Our experimental data agrees with the theoretical prediction up to a content of 6% Sn as well as with the
measurement data of Su et al. [41]. For higher Sn concentrations significant deviations fromthe linear behavior are observed. Also
the sample with 8% Sn exhibits a smaller change (0.5 cm ') in the Raman shift compared with the experimental data in Ref. [23].
The samples with high Sn concentrations have reduced layer thicknesses because the lower critical layer thickness for
pseudomorphic growth.

The penetration depth of the excitation laser light at A%633 nm is about 62 nm in Ge [33] and 30 nm in relaxed GeggsShg1s [42].
The thickness of the GeSn layer with a Sn content of 12.5% is 37 nm, larger as the penetration depth resulting in superposition of
the Ge—Ge vibration modes of the GeSn and Ge VS. However, this superposition does not occur for the case of the Ge—Sn peak at
262 cm *. The relative intensity change, I, of the Ge—Ge mode of the GeSn layers with respect to the reference intensity I, of the
Ge layer as function of the Sn content is shown in the inset of Fig. 6. There is a linear decrease in the intensity observed with
increasing the Sn content. The Raman intensity of the Ge—Ge peak decreases to about 25% in a GeSn alloy with a Sn concentration
of 12.5%.

Table 2
Values of angular displacement for GeSn layers with different Sn contents and the corresponding tetragonal strain.
Sn content ao [nm] (Vegard's  f [%)] lattice mismatch with Tetragonal strain -
Sample RBS law) Ge Otheo [deg] pseudomorph B, [deg][%]
C 0.047 0.56966 0.69 0.34 0.3C1.0
-D 0.06 0.57074 0.88 0.44 0.3¢1.4
E 0.08 0.5724 1.18 0.58 0.531.9
F 0.11 0.5749 1.62 0.80 0.772.7
G 0.125 0.57614 1.84 0.91 0.933.2
75
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Fig. 5. Raman spectra of GeSn samples with different Sn concentrations. Besides the main peak of the Ge—Ge mode at 300 cm *
further Raman modes can be observed. The inset shows an enlarged view of it. The Ge—Sn peak at 262 cm !, a
distinct shoulderin theran%e of 285 cm !, a peakat 185 cm ' and the 2TA
Ge-Ge peakat 160 cm
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Fig. 7. Compositional dependence of the Ge—Sn mode frequency (a) and the Sn—Sn like mode (b) in GeSn alloys. The Ge—Sn peak
position shows linear dependence with Sn content up to 6% Sn. At higher concentration, a deviation from the linear course is
observed. In contrast to this, the “Sn—Sn like” mode frequency shows a linear relationship with Sn concentration over the comp lete
investigated alloy composition.
Fig. 6. Difference of Raman shift of Ge—Ge signals of GeSn and Ge VS as function of Sn concentration. For comparison, the
theoretically expected characteristic and the measurement data of Su et al. [41] are added. Inset: relative change of the intensity
with respectto the Ge reference vs. Sn content.

The Raman shift of the Ge—Sn mode as a function of Sn concentration is shown in Fig. 7(a). The Raman shift @ge_g, With Sn

contents up to 6% can be linearly calculated with For Sn concentrations greater than 6% the same deviation as for the Ge—Ge mode
is observed. The Ge-VS is, therefore, not respon-sible for the deviation from the theoretically predicted linear trend while Ge
shows in this wavelength range only the background signal. The “Sn—Sn like” peak was observed for all GeSn layers. The Raman
shift ws,s, as a function of the Sn content is shown in Fig. 7(b). In contrast to the other two observed Raman peaks a linear
relationship was found:
The Sn—Sn mode of the a-Sn is present at the wavenumber of 197 cm * [43]. However, this vibration mode is hard to be observed
for low Sn concentrations, because the number of Sn—Sn neighbors is statistically very low and consequently, the signal of the Sn—
Sn mode is too weak to be detected [44]. From our observations we cannot affirm that we see a Sn—Sn peak, in agreement with
Ref. [40] — and we use the term “Sn-Sn like”.

4. CONCLUSION.

In this paper we have presented the epitaxial growth of highly compressive strained GeSn layers with a Sn concentration up to
12.5% on thin Ge-VS on Si substrates. The GeSn layers were grown by ultra-low M BE on strain relaxed Ge-VS. A minimum RBS
channeling yield of 9% proves the high quality of the grown GeSn crystals comparable with that of the underlying Ge VS and,
very important, that more than 90% of the Sn atoms occupy lattice positions. Precise angular channeling scan was performed to
determine the strain status of these layers. All layer proved to be pseudomorph with the maximum tetragonal strain value of 3.2%
for the GeSn layer with 12.5% Sn content. Using strain measurements a slight deviation from the Vegard's law for Sn contents
above 8% is observed.

Knowing the strain status of our layer we had a look into the Raman modes dependence on the alloy concentration. The Ge—Ge
peak position and the Ge—Sn peak position shows linear depen-dence with Sn content up to 6% Sn. At higher concentrations, a
deviation from the theoretical course was found. Another Raman mode was determined in the range between 190 cm * and 180 cm
! This mode frequency shows a linear relationship with Sn concentrations over the complete investigated alloy composi-tion. In
contrast to the other two Raman modes, which show a much weaker change of Raman shifts, this mode shifts up to 10 wave
numbers with a Sn content of 12.5%.
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