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Abstract

In this paper, we investigate how growth rate and growth temperature impact the crystal qual-

ity, the epitaxial strain relaxation, and the surface morphology of Ge;_,Sn, epilayers deposited by
molecular beam epitaxy (MBE) on Ge/Si (001) virtual substrates. The Sn content of the epilayers
was selected to be close to ~10 at. %, i.e. beyond the critical composition needed to have a direct
band gap GeSn plastically relaxed layer. We leverage the Ge rate up to 10 A s™! to delay the epitax-
ial breakdown thickness up to the relatively high value of ~1200 A, beyond which we observe the
occurrence of columnar growth and the formation of stacking faults. The high growth rate, signifi-
cantly higher than that usual in elemental semiconductor MBE, also allowed for preserving the epi-
layer from the Sn segregation phenomenon up to deposition temperatures of 300 °C, enabling the
realization of a GeSn layer of high crystal quality.

1. Introduction

It has been shown recently that Ge,_,Sn, epitaxial layers are a promising material system for appli-
cations in the realm of electronics [1, 2], quantum computing [3], optoelectronics [4, 5], spintronics
[6], and thermoelectrics [7, 8]. The great interest Ge;_,Sn, alloys are attracting is due to i) their (in-
principle) compatibility with the manufacturing processes of the mainstream CMOS technological plat-
form and ii) to their tailorable band structure, which can be largely modified by varying the Sn con-
tent x and/or the lattice strain ¢ of the epilayer’s lattice [9]. In particular, the band structure of cubic
Ge;_,Sn, alloys experiences a crossover from indirect band gap type to a direct one when Sn content
exceeds 8% [10]. The indirect-to-direct transition is also favored (hindered) by the application of an in-
plane tensile (compressive) strain. These physical properties have been effectively exploited to showcase
optically-pumped lasers operating at RT [10] and electrically pumped disk lasers based on GeSn/SiGeSn
heterostructures [5, 11]. Despite these promising features, producing high-quality Ge;_,Sn, thin films

is still a challenging task. The solid solubility of Sn in Ge is below 1 at.% and the lattice mismatch f
between a-Sn and Ge is as high as f ~ 15% [12, 13]. This often causes relaxation-induced defects and
Sn segregation with cross-interaction, which eventually leads to epitaxial breakdown [14]. To incorpo-
rate Sn beyond its solubility, growth must occur far from thermodynamic equilibrium, typically at low
temperatures or high growth rates [15]. Ge;_,Sn, is typically grown using either molecular beam epitaxy
(MBE) or chemical vapor deposition (CVD). CVD is commonly operated at higher growth temperatures
(>300 °C), enabling faster growth rates of over 10 nm min~! [7], and has proven to be effective in pro-
ducing optoelectronic-grade, high-quality layers [5]. In contrast, MBE offers excellent control over com-
position and is typically operated at low substrate temperatures (<200 °C), with deposition ranging up
to 1 A s7! [14, 15], to maintain metastable growth conditions by minimizing adatom diffusion and thus
suppressing Sn segregation [16]. However, this kinetically-limited growth is accompanied by the mani-
festation of columnar growth [16, 17], resulting in overall poor crystal quality. Furthermore, it has been
demonstrated that Ge;_,Sn, layers grown by MBE on Ge or Si substrates remain metastable against the
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plastic relaxation of the heteroepitaxial strain [18], negatively impacting the transition towards a direct-
band material [19, 20]. Bratland et al [14]. Looked into the onset of epitaxial breakdown in Sn-mediated
Ge (001) MBE growth, observing that Sn content and strain significantly impact surface roughening

and epitaxial breakdown. They conclude that the key challenge of the GeSn epitaxy is to find a win-
dow of the deposition process parameters that simultaneously allows the kinetic suppression of Sn seg-
regation while providing sufficient thermal energy to allow sufficient adatom and dislocation dynamics.
Consequently, a promising strategy for MBE requires increasing the substrate temperature while simul-
taneously employing a high growth rate, reaching conditions similar to those typical of CVD processes
[21, 22]. To move in this direction, in this study, we carried out Ge;_,Sn, MBE deposition on Ge/Si vir-
tual substrates at relatively high substrate temperatures (>250 °C) and high Ge rates (~10 A s!). By
tuning both growth rate and temperature, we overcome the limitations of conventional low-temperature
MBE and enable the growth of thick, relaxed Ge;_,Sn, films.

In this work, we systematically investigate the effect of Ge rate (0.25-10 A s~!) and substrate tem-
perature (100 °C-300 °C) on the structural quality of MBE-grown GeSn layers with ~10% Sn. Using
x-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscopy (AFM), and
energy-dispersive x-ray spectroscopy (EDX), we correlate strain relaxation, surface morphology, and Sn
distribution with growth conditions, identifying the regimes that suppress Sn segregation and delay the
epitaxial breakdown.

2. Experimental details

Ge;_,Sn, heteroepitaxial thin films were grown on 1.5 pym-thick Ge/Si (001) virtual substrates [23]
using an MBE system under ultra-high vacuum (UHV) conditions with a base pressure of ~ 2 x 1077
mbar, measured when the effusion cells were still cold. The Ge/Si (001) virtual substrate consists of a
thick, relaxed Ge buffer layer epitaxially grown on a Si (001) wafer, which provides a lattice-matched

Ge (001) surface for subsequent GeSn growth while preserving compatibility with Si-based platforms
[23]. The surface structure during growth was monitored in situ by RHEED using a beam energy of
15.8 keV. In this configuration, the Ge buffer serves as the strain reference for the GeSn epilayers, allow-
ing strain relaxation and epitaxial stability to be assessed relative to bulk Ge rather than Si. Although
this value is slightly higher than typically reported for UHV systems, it does not affect the growth pro-
cess, considering the relatively high Ge;_,Sn, growth rates used in this study. In-situ annealing steps

at 250 °C for 60 min and 760 °C for 1 min were carried out to remove surface contaminants and des-
orb the native GeOj layer, thereby producing a clean, well-ordered Ge (001) surface suitable for epitax-
ial growth. This two-step treatment promotes outgassing at low temperature and oxide desorption at
high temperature, in agreement with Klesse et al [24]. A dual filament effusion cell and electron beam
evaporator were employed for Sn and Ge evaporation, respectively. The GeSn growth rate was varied
between 0.3 A s7! and 12 A s™!, and the growth temperature was varied from 200 °C to 300 °C. The
composition of Ge;_,Sn, layers was tuned by varying the Sn beam flux. XRD measurements were con-
ducted with a SmartLab SE from Rigaku using a rotating copper anode with 9 kW and line focus. A

Ge (400) x2 channel cut monochromator enabled high-resolution reciprocal space maps (RSM), which
were recorded by a HyPix-3000 2D detector. Finally, the concentration and strain of the epilayers were
obtained by the analysis of the RSM acquired by XRD around the (004) and (224) reflections [25]. The
details of the crystal structures were investigated by TEM in cross-section to obtain the film’s thickness,
interface quality, and occurrence and nature of defects. Cross-sectional EDX Mapping was used to inves-
tigate the homogeneity of Ge and Sn distribution within the films. AFM was used to analyze the surface
morphology of the Ge;_,Sn, films. Parameters such as grain size, grain density, and root-mean-square
(RMS) roughness were determined to quantify the surface topography. The main properties of the layers
investigated are reported in table 1.

3. Results and discussion

3.1. Effect of growth rate on epitaxial breakdown

In this section, we analyze the effect of growth rate on the structural stability of GeSn films. We first
present a low-temperature, low-rate reference sample (R0.25-100), followed by higher-temperature and
higher-rate conditions, to highlight the relationship between growth kinetics, surface roughness, and epi-
taxial breakdown. First, we discuss the crystal quality of a Geggz6Sng 74 film grown at a low temperature
of 100 °C (R0.25-100) with a Ge deposition rate of 0.25 A s~!. Starting from the interface upwards,
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Table 1. Summary of Ge; —,Sn, materials’ growth conditions. Sample names include Ge rate and growth temperature. For example,
R0.25-250 is an MBE sample with a Ge rate of 0.25 A s~! and a growth temperature of 250 °C.

Sample R0.25-100 R0.25-250 R1-250 R10-250 R10-200 R10-275 R10-300
Gerate (As™!) 0.25 0.25 1 10 10 10 10
GeSn rate (As™1) 0.3 0.3 1.3 12.2 12.2 12.3 12.4
Sn Cell temp. (°C) 990 1007 1079 1213 1220 1209 1225
Growth temp.(°C) 100 250 250 250 200 275 300
XRD at. % Sn 7.4 x1:9.7 9.7 9.9 x1: 9.5 9.8 x1:9.9
x2:2.9 x2:11.6 X2:2.9
Thickness h (&) 3670 4500 3780 3800 4200 3850 4250
Strain (%) —0.97 e1: —0.41 —0.21 —1.30 e1: —1.45 —1.02 €. —0.25
£1:0.09 £2: —0.05 €. —0.11
Rel. GeSn/Ge (%) 80 Ry:72 85 13 Ri: <1 31 R;: 96
R;y:119 R»:103 R,:103
Roughness(nm) 3.5 6.7 4.3 4.6 5.7 4.3 35

Note: Thickness uncertainty estimated at 420 A (using TEM). Sn content error bar 4= 0.1% (XRD).

Ge Rate:0.25A/s T, un:100°C

Columnar Structure

|—|t‘.

Figure 1. Geg93Sng7 film grown by MBE at a low Ge rate (0.25 A s™1) and substrate temperature of 100 °C. (A) TEM image
showing a fully developed columnar structure extending throughout the 3670 A-thick film. (B) High-resolution TEM image
highlighting stacking faults within the columns starting from the interface. (C) RHEED pattern displaying ring formation,
indicative of polycrystallinity. (D) STEM-EDX elemental map of Sn distribution, revealing pipe diffusion of Sn along grain
boundaries and the onset of epitaxial breakdown at the Ge/Ge; —,Sny interface.

the layer exhibits a columnar growth morphology, as shown in the TEM image in figure 1(A). AFM
measurements yielded a low RMS roughness of 3.5 nm, despite the granular surface associated with
the columnar growth seen in TEM. Stacking faults, as displayed in figure 1(B), start from the Ge/GeSn
interface and propagate throughout the full film thickness. Additionally, ring formation and broaden-
ing recorded by the RHEED pattern in figure 1(C) further confirms the structural degradation due to
increased mosaicity of the grains and surface roughening, respectively. However, it is noted that the
epitaxial orientation is still maintained. This residual orientational order is not contradictory to the
local grain-boundary formation and Sn segregation observed by TEM/EDX, since RHEED provides an
averaged surface signal whereas TEM probes the local microstructure. The EDX elemental mapping in
figure 1(d) indicates that the columnar growth is accompanied by Sn pipe diffusion. i.e. The segregation
of Sn atoms along defect pathways and grain boundaries [22, 26, 27].

Observing significant structural defects at a growth temperature of 100 °C reveals the limitations
of low-temperature growth for growing thick and relaxed Ge;_,Sn, films. As the film grows thicker,
the onset of epitaxial breakdown becomes more pronounced, imposing an epitaxial breakdown thick-
ness beyond which maintaining high crystalline quality is no longer possible. This kinetic limitation
of crystal quality is expected during low-temperature epitaxy [16] and is presented here as a reference
for further discussion. Interestingly, despite the large thickness (3670 A), the film still exhibits a rel-
atively high compressive strain 0of—0.97%. Such a value would typically be expected for much thin-
ner GeSn layers (e.g., ~2000 A grown by CVD [28]), suggesting that the limited adatom mobility at
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100 °C suppresses strain relaxation and favours the formation of planar defects (stacking faults) and a
columnar/grain-boundary network. These defects indicate epitaxial breakdown and provide diffusion
pathways (as evidenced by Sn pipe diffusion), while efficient strain relaxation remains kinetically lim-
ited at 100 °C, leading to the retention of a high compressive strain. The first step here is to increase
the growth rate and study its impact on Ge;_,Sn, thin films. To investigate how an increase of the ther-
mal energy could impact the epitaxial process a set of three samples (R0.25-250, R1-250, and R10-250,
see table. 1) was grown at the substrate temperature of 250 °C, targeting similar Sn content (x~10 at.
%) and thickness (~4000 A), while using 3 different Ge rates of 0.25 A s™!, 1 A s™!, and 10 A s7},
respectively. Increasing the Ge deposition rate results in an apparent change in the surface morphology
shown by AFM measurements. The surface morphology of sample R0.25-250 (figure 2(A)) is defined by
pyramid-shaped structures with sidewall angles of 56° corresponding to {111}-like facets, as also found
by Bratland [14]. The islands exhibit an average lateral size of 100 nm, with a density of 140 grains/um?,
resulting in an RMS roughness of 6.7 nm. As the Ge rate increases to 1.0 A s~! (figure 2(B)), the surface
becomes significantly smoother, with an RMS roughness of 4.3 nm. It is characterized by smaller, denser
grains with an average grain size of 70 nm and a density of 250 grains/um?. At 10 A s~! (figure 2(C)),
the facetted surface disappears, and round-shaped islands are instead observed. It is characterized by a
density of 600 grains/um?* and a mean grain size of 45 nm, resulting in an RMS value of 4.5 nm. The
trend observed in the morphology evolution for increasing the growth rate is induced by the corre-
sponding atom influx, which, in turn, promotes a higher nucleation site density.

The TEM analysis (figure 2(D)) reveals defects across the entire layer, dominated by grain bound-
aries. The observed Sn distribution is spatially non-homogeneous being, as expected, particularly non-
uniform at the lowest Ge rate (0.25 A s™1), i.e. closer to the thermodynamic equilibrium, with separated
Sn-rich and Ge-rich regions appearing in EDX mapping (inset figure 2(D)). The Sn-rich regions are
probably fed through a Sn ‘pipeline-through-defects’ mechanism, i.e. Sn transport along grain bound-
aries/column boundaries (defect pathways) that is boosted by the high deposition temperature. This
non-uniformity at lower rates is additionally promoting strain relaxation evaluated by RSM. RSM anal-
ysis (figure 2(g)) reveals the presence of two distinct GeSn peaks with different Sn contents and strain
states. The first peak corresponds to 9.7% Sn, exhibiting a compressive strain of —0.41% and 72% relax-
ation relative to the Ge substrate. The second peak corresponds to 3.0% Sn, exhibiting a slight tensile
strain of 0.09% and 119% relaxation. In both cases, the substrate lattice parameter used as a reference
is defined by the underlying Ge buffer, indicating the presence of two distinct domains with differ-
ent Sn concentrations and strain states. At higher Ge growth rates (1 and 10 A s™!), the TEM cross-
sections (figures 2(E) and (F)) reveal the recovery of a vertical columnar growth mode. This columnar
arrangement directly correlates with the AFM surface morphology, where grains become progressively
smaller and more densely packed as the growth rate increases. The increase in column density not only
improves the surface smoothness but also plays a decisive role in strain relaxation. The dense column
network hinders the propagation of dislocations, thereby suppressing plastic relaxation. The Sn distribu-
tion becomes increasingly more homogeneous as the Ge rate is increased to 1.0 A s~! (inset figure 2(e))
and finally to 10 A s~! (inset figure 2(f)), suggesting that a higher Ge flux enforces Sn incorporation
and prevents segregation. This improved homogeneity at higher growth rates does not enable further
relaxation, leading to higher strain values of —1.3% (figure 2(i)) at 10 A s™! compared to —0.21% at
1 A s7!. These results are in agreement with earlier findings that MBE-grown GeSn tends not to remain
fully pseudomorphic at low rates and low temperatures [18].

3.2. Effect of growth temperature on epitaxial breakdown

Having observed the beneficial effect of the highest growth rate in preserving the epilayer from Sn segre-
gation and limiting the surface roughness, this section examines the effect of the growth temperature on
a sample set where Ge;_,Sn, layers were deposited at 200 °C (R10-200), 275 °C (R10-275), and 300 °C
(R10-300), respectively. The Sn content (x~10 at. %) and thickness (x24000 A) were targeted to be the
same as those of the samples discussed in sect. 3.1. It is important to note that the 100 °C and 200 °C
growth conditions discussed in sections 3.1 and 3.2 correspond to different kinetic regimes in terms of
temperature. The 100 °C sample (R0.25-100) represents an extreme kinetically limited regime with very
low temperature, compared to the 200 °C sample (R10-200). As a result, the nature of defect formation
and the associated strain accommodation mechanisms differ between these two cases. Firstly, the sample
morphology is discussed in light of AFM images taken on a relatively large field of view (20 x 20 um?).
At 200 °C (figure 3(A)), the surface exhibits an RMS roughness of 5.7 nm with numerous small grains
exhibiting an average grain size of 35 nm, with a density of 960 grains/um?, indicating limited adatom
mobility. The smoothest surface appears at 275 °C (figure 3(B)), with a minimum roughness of 4.3 nm,
although nanoscale features appear. These features are a combination of shallow channels and droplets
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Figure 2. Impact of growth rate of Ge;_,Sn, films (x~210%) at a substrate temperature of 250 °C. (A)—(C) 1 um X 1 pm AFM
scans. (D,E,F) Cross-sectional TEM micrographs with insets showing EDX elemental maps. (G)—(I) Reciprocal space maps
(RSMs) around the asymmetric (224) reflection.

that are running along the [110]-equivalent directions. Similar Sn droplets running along specific direc-
tions have already been investigated for MBE-grown GeSn layers by Groiss et al [27]. Finally, at 300 °C
(figure 3(C)), larger Sn droplets appear, spiking to 35 nm.

At 200 °C, cross-section TEM (figure 3(d)) indicates an immediate onset of stacking faults from the
Ge/Geg 905510095 interface, confirmed as stacking faults by high-resolution TEM (figures 4(A)—(C)) and
homogeneous distribution of Sn, as per the EDX data from the interface (bottom inset of figure 3(D)).
However, the EDX surface (top inset of figure 3(D)) reveals clear Sn segregation in the form of Sn
droplets at the surface. The corresponding RSM (figure 3(G)) reveals two Gegg05Sn9,095 reflections, a
broadened one and a sharp, elongated reflection. The latter originates from a strained region in the
layer with x = 9.5 at. % Sn, € || = — 1.45%, and correspondingly almost no relaxation (<1%), while
the broad signal is attributed to a relaxed region with x = 11.6 at. % Sn, exhibiting a minimal strain of
0.05% and a relaxation of 103%. The coexistence of two GeSn regions with different apparent Sn con-
tents and strain states is consistent with an intrinsic relaxation-mediated Sn-incorporation mechanism.
Plastic relaxation reduces the compressive strain in GeSn and can thereby increase the probability of Sn
incorporation into the GeSn matrix. A similar behavior was recently reported for CVD-grown GeSn,
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Figure 3. Impact of substrate temperature Ge; —,Sn, films (x210%) at a Ge growth rate of 10 A s™1. (A)~(C) 20 pm X 20 um
AFM scans. All AFM scans are aligned with the [110] direction horizontal and [110] vertical, with [001] being the growth direc-
tion (normal to the surface). (D)—(F) Cross-sectional TEM micrographs with insets showing EDX elemental maps. (G)—(I)
Reciprocal space maps (RSMs) around the asymmetric (224) reflection.

where lower and upper GeSn regions with different Sn concentrations were observed along the growth
direction [29].

The growth mechanism is significantly altered by raising the temperature to 275 °C. TEM image
(figure 3(E)) reveals a less pronounced columnar growth, and stacking faults beginning ~1200 A after
film growth. The EDX image (inset of figure 3(E)) shows that Sn is homogeneously distributed across
the layer. In contrast, the EDX surface (top inset of figure 3(E)) reveals Sn segregation with droplets at
the surface. This implies that higher temperatures increase adatom surface mobility, potentially avoid-
ing the accumulation of point defects and enabling the growth of a thicker layer before stacking faults
form [14, 30]. The RSM of Gegg02Sng09s at 275 °C (figure 3(H)) shows a higher degree of relaxation of
31% or rather —1.02% of strain. R10-275 seems to have the optimal growth conditions so far, as the
layer shows a delayed appearance of stacking faults and is more relaxed by misfit dislocations compared
to R10-250 (see figures 2(C)—(I)), which is desired. This is desired because relaxation through local-
ized misfit dislocations is generally less detrimental than relaxation through extended grain boundaries,
since grain boundaries can more strongly affect optical and electrical properties by introducing extended
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Figure 4. TEM micrographs illustrating defects for the samples grown at 200 °C and 275 °C with a Ge rate of 10 A s~'. (A)—(C)
correspond to the sample grown at 200 °C, where stacking faults are visible at the interface. (D)—(F) correspond to the sample
grown at 275 °C. (A)—(D) Cross-sectional views with a larger field of view. (E) HRTEM image showing a characteristic misfit
dislocation. (B), (C),(F) HRTEM images showing a characteristic Stacking Faults.

defect pathways and carrier scattering and recombination sites [17, 22, 31]. To further investigate the
epitaxial breakdown and relaxation mechanism, detailed high-resolution TEM analyses were carried
out for the samples grown at 200 °C and 275 °C (figure 4). For the 200 °C sample, stacking faults are
clearly observed near the interface (figures 4(A)—(C)), indicating the onset of strain relaxation accompa-
nied by epitaxial breakdown at low temperature. In contrast, for the 275 °C sample (figures 4(D)—(F)),
no Sn-rich clusters or voids were detected, highlighting the role of the higher growth temperature (at
the same growth rate) in suppressing Sn segregation and diffusion to the surface. Furthermore, misfit
segments at the interface (figure 4(B)) are observed, releasing the strain caused by lattice mismatch, indi-
cating improved misfit dislocation dynamics (i.e. the formation of interfacial misfit segments enabling
dislocation-driven relaxation), as required and discussed in literature [14, 17]. This dislocation-driven
relaxation is a desirable mechanism that contrasts with the undesired epitaxial breakdown pathways (e.g.
columnar growth and stacking faults) observed at lower temperatures, lower growth rates, and in thicker
layers. Such misfit dislocations have not been observed in all previous samples, highlighting the impor-
tance of increased growth temperature. The film retains its epitaxial structure up to ~1200 A, beyond
which grain boundaries and stacking faults appear, as shown in figure 4(C). A corresponding relative
change of the out-of-plane lattice parameter overlaid to the TEM image reveals an abrupt deviation with
increased relaxation at the onset of epitaxial breakdown. A corresponding lattice parameter profile over-
laid on the TEM image in figure 4(D) (extracted from STEM nanobeam diffraction, STEM-NBD) reveals
an abrupt deviation with increased relaxation at the onset of epitaxial breakdown.

On the other hand, further increasing the growth temperature to 300 °C results in the formation of
a polycrystalline layer. TEM (figure 3(F)) reveals numerous grain boundaries extending across the film.
At this temperature, the EDX surface inset (top inset of figure 3(F)) reveals Sn segregation with droplets
at the surface, and Sn segregation is dominant across the entire layer, correlating with the domains, as
shown by the Sn distribution in EDX (inset of figure 3(F)). The associated RSM (figure 3(I)) confirms
EDX and TEM results, by featuring two distinct Gegg91Sng099 reflections corresponding to regions with
different Sn contents and strain states. The lower reflection originates from a region with x = 9.9 at. %
Sn, g = — 0.25%, and a degree of relaxation of 96%, while the upper reflection corresponds to a region
with x = 2.9 at. % Sn, ¢ = — 0.11%, and a relaxation of 103%. These results indicate different strain
and composition conditions across the layer.
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4, Conclusion

This work systematically investigated how growth rate and substrate temperature affect the structural
evolution of Ge;_,Sn, layers grown by MBE. Increasing the growth rate along with growth tempera-
ture was shown to significantly improve adatom mobility, thereby delaying Sn surface segregation and
epitaxial breakdown. Furthermore, it was identified that 275 °C is an optimal growth temperature for a
growth rate of 12 A s™!, where partially relaxed layers, exceeding 1200 A, with misfit dislocations at the
interface and smooth surface morphology can be achieved. Thus, the boundaries of growth temperature
and growth rate for GeSn MBE are pushed further, closing the gap to CVD growth conditions.

In the context of the application landscape outlined in the Introduction, the ability to grow thick,
structurally controlled GeSn layers is directly relevant to group-IV optoelectronic, electronic, and ther-
moelectric devices. In particular, the controlled strain relaxation and suppression of Sn segregation
demonstrated here are critical for GeSn-based light sources and photonic devices, where sufficient layer
thickness and controlled (partial) strain relaxation, together with high crystalline quality, are required
to achieve and maintain direct-bandgap behavior. Moreover, the improved structural uniformity and
reduced defect-induced Sn redistribution are beneficial for CMOS-compatible electronic and thermoelec-
tric applications, the growth strategy identified in this work therefore provides practical guidelines for
advancing MBE-grown GeSn toward device-relevant material platforms.
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