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Abstract: Direct-bandgap germanium-tin (Ge-Sn) alloys are highly sought-after materials for applications in silicon pho-tonic
integrated circuits. Other than crystal quality, two main factors determine the transition from the indirect to direct bandgap : the
high Sn concentration and the strain relaxation in the materials. Using ion implantation and pulsed laser melting, we demonst rate
a fully-relaxed Ge-Sn alloy with a Sn concentration of 6at. %. This concentration is at least 10 times higher than the equilibrium
solubility of Sn in Ge. Cross-sectional transmission electron microscopy shows unconventional threading-like defects in the film as
the mechanism for the strain relaxation. Due to the high degree of strain relaxation and the good crystal quality,
photoluminescence could be obtained from the samples to examine the indirect-direct bandgap transition in the alloys.

Keywords: Germanium-tin alloys, Supersaturated doping, lon-beam synthesis, Non-equilibrium annealing, Silicon photonic
materials.

1. Introduction. Group IV semiconductor alloys, such as silicon—germanium, have been a research focus for many years due to
their potential to improve the performance of electronic devices [1,2]. Recently, considerable attention has been directed to another
group 1Valloy, namely germa-nium-tin (Ge-Sn), because above a certain Sn concentration it is a direct bandgap semiconductor [3]
with high carrier mobility [4]. Such ma-terials, when realized, will have significant impacts on a wide range of applications in
telecommunication [5], medicine [6,7], chemical de-tection [8,9] and industrial imaging [10]. Synthesis of the alloy with high Sn
concentration is often challenging because the equilibrium solubility of Sn in Ge is 0.5at. % at room temperature [11].
Nevertheless, high Sn content material has been demonstrated using various non-equilibrium techniques, such as molecular beam
epitaxy [12-14], chemical vapourdeposition (CVD) [15-17] and ion implantation fol-lowed by epitaxial regrowth [18-21].

Compressive strain is also an important issue in realizing the direct bandgap alloy. Due to a large lattice mis match between a-

Sn (6.489A),
Ge (5.646A) and Si (5.431A) [22], the Ge-Sn alloy grown pseudo-mor-phicallly on Si or Ge substrates often endures great
compressive strain. This compressive strain causes multiple issues, such as limiting the soluble concentration of Sn, reducing the
crystal quality, and delaying the transition towards a direct bandgap material [23]. Theoretical studies show that a significantly
higher Sn concentration is necessary for the partially strained alloy [23]. In contrast, if it is fully strained, the material does not
have a direct bandgap at any composition [23]. CVD growth of the strained-relaxed Ge-Sn alloy on Si has been demonstrated
through the introduction of Lomer dislocations locally at the GeSn/Si interface [15,24-26] or the growth of Ge-Sn nanostructures,
such as nanowires [27].

In this report, we will demonstrate a supersaturated fully-relaxed Ge-Sn alloy grown by ion implantation and pulsed laser
melting (PLM). Physical properties of the films are characterized by Rutherford back-scattering spectrometry (RBS), X-ray
diffraction (XRD) and transmis-sion electron microscopy (TEM). Due to the strain relaxation and the good crystal quality of the
material, we can also employ photo-luminescence from the samples to examine the indirect-direct bandgap transition.

2. Experiment. Relaxed Ge-on-Si substrates were imp lanted with 350keV Sn ions for a series of implant doses from 5.0-10*°cm >
to 6.8-10*°cm 2. Prior to the imp lantation, a 40nm capping layer of SiO, was deposited on all substrates by plasma-enhanced CVD
to prevent Ge from becoming porous and to be able to introduce very high implant doses into the Ge substrates [19-21,28]. After
implantation, the samples were dipped into buffered hydrofluoric acid (HF:NH4F = 1:7) for 30sec to remove the residual SiO,
capping layer. Because the intermixed oxygen from the capping layer after implantation can considerably hinder good quality
regrowth [29], 30nm of the sample surface was removed by reactive ion etching to minimise the undesired oxygen before PLM.

A laser fluence between 0.52 — 0.62J-cm > was used for the 350keV imp lant as determined from preliminary experiments. Each
sample received one shot froma frequency-tripled Nd: YA G laser (Ekspla), 355 nm, having a FWHM pulse duration of 6 ns (more
details in the Supplementary section). In the preliminary study, we found the optimal laser fluences for four different implant
energies, such as 120keV, 250keV, 350keV and 450keV (Supplementary Results). A 2MeV He* beam from the RBS system was
used to characterize the samples after implantation and after PLM. To study the strain in the Ge-Sn samples, a high-resolution
XRD system (PANalytical X'Pert) was used for reciprocal space mapping by undertaking a series of asymmetric w /26 scans with
slightly different w offsets along the [224] crystal axis. Bright field and high-resolution transmission electron microscopy (HR-
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TEM) was done with a JEOL JEM-2100F system. Finally, a photo-luminescence (PL) study of the Ge-Sn alloy was done with a
976nm diode laser as a pump source at the excitation power of 1 — 15W. The laser was chopped at a frequency of 300Hz, and the
modulated PL signal was focused into a Horiba MicroHR spectrometer ( f = 140mm) with a grating of 300lines/mmand 2umblaze
wavelength. A LN -cooled -2 extended-InGaAs single channel detector (1.3 — 2.4 I Yam) was used for detection and connected to a
lock-in amplifier. This range of detection is necessary because the indirect bandgap of the pristine Ge material is 0.66eV
(equivalent to an infrared wavelength of 1880nm). At the transition to direct bandgap, a bandgap energy of <0.61eV(2031nm) is
expected. During the measurement, samples were kept at room temperature under atmospheric condition.

3. Results and discussion. Fig. 1 presents the RBS spectra of the 6-10*°cm * sample, including the as-implanted spectrum (b lack),
the PLM/channeled (red) and the PLM/random (green), as well as the simulation using the SIMNRA code (magenta). The
simulation curve (to best fit the as-implanted spectrum) shows that after implantation the total amorphous thickness is 360nm and
the peak Sn concentration is 8.5at. %. After PLM, the RBS/random spectrum shows a small change in the Sn pro file, with the Sn
distribution spread more uniformly throughout the depth of the Ge-Sn layer. Using SIMNRA, the thickness of this near-uniform
Ge-Sn layer is estimated to be 110nm and the Sn concentration is 7.0at. %. The RBS/ channeled spectrum shows no evident Sn
surface peak, indicating the absence of surface segregation. By using both the RBS/channeled and the RBS/random sp ectra of the
PLM sample, the substitution fraction of the implanted Sn ions is calculated to be 75%. Hence, the substitution Sn concentration of
the 6-10™°cm™? sample is 5.25at. %. Using the same method, the substitution Sn concentration of the 5-10*°cm? and the
6.8:10'%cm 2 samples are estimated to be 4.8at. % and 6at. %, respectively.

In the RBS/channeled spectrum of the PLM samples, a noteworthy feature is the peak below the surface in the Ge part of the
spectrum. While this peak does suggestaregion of defects below the sample
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Fig. 1. RBS spectra of the samples implanted at the energy of 350keV and the dose of 6-10'°cm ? before and after pulsed laser
melting. Surface, it will be shown later that these are the first crystal defects to occur at the solid/liquid interface during the
resolidification to accommodate (and relax) the excessive compressive stress built up in the layer. This process eventually leads to
strain relaxation in the Ge-Sn alloy as will be shown later.

The XRD-w /26 scan on the asymmetric (224) planes of the 6-10*°cm? sample is shown in Fig. 2(a). Due to the lattice
expansion, a single XRD peak from the Ge-Sn layer is at a lower Bragg angle. In Fig. 2(b), re-ciprocal space mapping was
employed to fully characterize the lattice parameters of the alloy. The most noteworthy feature in this figure is that the Ge-Sn peak
is located along a diagonal line indicating the lattice constants of fully-relaxed crystals.

From the RSM measurement, lattice constants ofthe Ge and Ge-Sn
crystal can be calculated with the following equation: a = ! “130],

Q=(rlu) 2
where a is the lattice constant of a diamond cubic structure, Qy is the reciprocal constant taken from the RSM measurement, A =
1.54 A is the wavelength of the copper Ka emission fromthe X-ray source and | = 4 is the third Miller indexes of the (224) planes.
Using this equation, the lattice constant of the Ge substrate is calculated to be ~5.65 A, consistent with existing data in the
literature [22,31]. In contrast, the lattice constant of the Ge-Sn layer is ~5.691 A for the 6-10%cm 2 sample and ~5.695 A for the
6.8-10'°cm™ sample. Furthermore, the lattice constant is related to the concentration of the constituents as re-presented by
Vegard’s law: age —sn =X - asp + (1 —X )- age + X (1 —X)-b, where x is the Sn concentration and b is the bowing parameter, which is
0.047 A according to Ref. [32]. Using the reference lattice constants of o-Sn and Ge and the lattice constant of the Ge-Sn alloys
from the XRD measurements, the Sn concentration of the 6:10™%cm™ and the 6.8-10'°cm 2alloys is calculated to be 5.1at. % and
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5.6at. %, respectively. The Sn concentrations of the Ge-Sn samples are in good agree ment with the substitutional Sn content from
the RBS measurements.

Cross sectional TEM (XTEM) micrographs for the 5-10*%cm 2 and 6-10%cm 2 samples are shown in Fig. 3. In Fig. 3(a) for the
5.-10'°cm 2 sample, the crystal has high quality with occasional defects. The high resolution XTEM of this sample (Fig. 3(b))
confirms the highly ordered arrangement of the crystal columns. The defects are in the form of thin vertical threads extending from
a depth of 110nm to the sample sur-face. At the end of the threads on the surface are small bumps that appear to be an extrusion of
the alloy out from the surface. For the higher implant dose of 6-10*%cm 2, Fig. 3(c,d) shows an increase in the defect density and

the diameter of the defect threads. In the
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Fig. 2. XRD-w/26 scan (a) and reciprocal space mapping (b) on the (224) planes of the 6.0-10"°cm ? sample.

Supplementary section, we also provide a secondary electron microscopy (SEM) image of the surface morphology for the

6-10"°cm 2 sample, which shows the rectangular arrangement of the extruding threads.
The origin of these defects is unclear. The vertical orientation of such defects and the possible extrusion or precipitation of
material have some similarities to the conventional cellular breakdown phenomenon during rapid solidification of a molten
layer [33,34]. However, we do not believe this is the case for the following reasons. Such cellular breakdown behaviour is well
documented in the literature of laser
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Fig. 3. Cross-section TEM micrographs of the 5-10'°cm ™ sample (a, b) and the 6-10*°cm 2 sample (c, d).

T.T. Tran, et al. annealing of semiconductors [35] and occurs when the impurity con-centration is typically orders of magnitude
above the equilibrium so-lubility. It results from instability in the melt front under conditions when there is considerable
segregation of impurity at the moving melt-solid interface. Excessive segregation causes lateral perturbations in impurity content
at the interface and hence lowers the melting point at regions of high impurity content in the melt. The final outcome is breakd own
of the melt front and columns rich in impurity that are heavily defective [33]. However, our Ge-Sn system does not exhibit any
significant segregation of Sn at the melt-solid interface nor any sub-sequent surface segregation in any dose or energy regime
following PLM. Because such behaviour is expected to be a precursor to cellular breakdown, we do not believe that cellular
breakdown is the origin of the defect lines in Fig. 3. Furthermore, these threading-like defects are not conventional misfit
dislocations that are associated with strain re-laxation at elevated temperatures in heterogeneous epitaxial structures [36,37]
because the non-equilibrium PLM process does not give enough time for them to develop at elevated temperature.

What then is the origin of the threading defects? We believe that such defects are related to the relaxation of the Ge-Sn layer.
Such re-laxation and necessary defect generation occurs to accommodate the larger Ge-Sn lattice parameters for growth on a Ge
substrate. If this is correct then there may be a level of critical integrated stress in the rapidly solidifying Ge -Sn material that, when
exceeded, leads to re-laxation and defect formation even in highly non-equilibrium PLM. It is likely that such relaxation occurs
close to room temperature following completion of the ultra-rapid PLM process but how this might occur is unknown.

Finally, the photoluminescence data are presented in Fig. 4. The pristine Ge exhibits emissions at the expected wavelength of
1450nmand 1880nm, corresponding to the direct and indirect band gaps, re-spectively. In contrast, all GeSn samples show longer
emission wave-length compared to the pristine Ge, which we attribute to the in-corporation of Sn into the Ge lattice. It should be
noted that the spectrum from pure Ge is dominated by the indirect band gap emission due to the high quality of the bulk material,
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but epitaxial Ge and GeSn films typically exhibit PL spectra dominated by emission from the direct band gap [38,39]. In the case
of the GeSn samples, the spectra show shoulders at the peak wavelengths from pristine Ge, which is due to PL response from the
underlying Ge below the depth of the implantation.

In order to interpret the emission spectra fromthe GeSn samples, it is helpful to first look at the expected band gap values. The
compositional dependence of the band gaps at the I" and L points in GeSn alloys has been studied extensively [40-45]. Generally,
the band gaps can be calculated using the expression
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Fig. 4. Photoluminescence of samples with increasing Sn concentrations.
Table 1
List of band gaps and wavelengths at the I'- and L- points in the samples as calculated using Eq. (1) with the bowing parameters br
= 2.46eV and b = 1.03eV taken from Ref. [44]. The peak Sn concentrationis that taken from the RBS measurements.
Implantation dose  Peak Sn conc. from Er(eV Ar

(cm?) RBS (%) ) (nm)
5.10' 48 0.62 2000
6-10'® 5.25 061 2030
6.8-10'° 6 058 2140
Ei(x)=xE*"+ (L -x)E®—bix(1 —x) 1)

where X is the Sn concentration in the alloy, E; is the band gap at the i point (in this case I" or L) and b; is the bowing parameter for
the i point. The bowing parameters for the two gaps in question have been calculated from fits to data obtained from
photoluminescence measurements by a number of groups, but there is still some disagreement on the values. This is mainly due to
the fact that the effects of strain and composition on the band gap cannot be separated, and the measurements were nearly all
performed on samples with some residual strain. Additionally, there is some evidence that the bowing parameter may be
compositionally-dependent, leading to a more complicated expression than Eq. (1) [45]. Nevertheless, we can choose a bowing
parameter from the literature that was obtained from samples with similar Sn concentrations and strains to those in our study. In
this case, we use the bowing parameters obtained from Ref. [44]. The calcu lated gap energies and their corresponding wavelengths
are presented in Table 1.

The PL spectrum obtained from the 5:10*°cm ? sample has a broad peak that is centered on 2015nm. According to Eq. (1) the
Sn concentration equivalent to this wavelength is 5.1at. %, slightly greater than that measured by RBS but close to the XRD value
for the 5-10™°cm 2 sample. To the left of the main peak, there is still appreciable PL signal beyond the wavelength correspondin g
to the indirect band gap in pure Ge. It is important to note that the Sn concentration is not constant throughout the GeSn layer, so it
is likely that there is some PL signal from regions where there is crystalline GeSn with Sn concentrations lower than the peak,
which produces emission at a shorter wavelength. Emission at shorter wavelengths could also be due to splitting of the valence
band due to residual strain in the material [46]. There is also some weak emission to the right of the peak, which we attribute to
emission from the indirect band gap.

In the case of the 6.8-10%°cm™ sample, there are two distinct emission peaks at 1890nm and 2010nm, which are below the
calculated wavelengths shown in Table 1. We attribute this to the formation of defects in the GeSn layer during the PLM process.
At this higher implant dose, both the volume and the density of the threading defects observed in Fig. 3 increases. The observed
PL emission most likely comes from regions with lower Sn content but high crystal quality, while the PL from the more defective,
higher Sn content region is weak due to an increase in non-radiative Shockley-Read-Hall (SRH) transitions. The Sn content in this
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sample is very near the predicted indirect-to-direct band gap transition, but there was no large change in PL intensity that would be
expected from the shift to direct band gap. The peak at 2010nm is thus likely to be due to direct band gap emission from the
regions of sufficient quality, and the wavelength corresponds to a Sn content of 5at%. It should be noted that the peak appears in
the same position as the peak in the spectrum obtained from the 5-10*%cm™ sample.

The PL spectrum from the 6-10"%cm™? sample has peaks at 1900nm and 2045nm. The main emission peak is centered on
2045nm, suggesting that there is a high-quality region with Sn content 6at. %, comparab le to the values obtained by both RBS and
XRD. The peak at 1900nm is attributed to the splitting of the valence band due to residual strain. The width of the peaks obtained
fromthis sample is much narrower than those from the other GeSn samples. The laser pump power, the slit T.T. Tran, et al. width,
and the detector gain were all held constant for these experiments, so there should be no difference due to the experimental setup.
Thus, this difference in width must be due to the material itself. In this case, we likely have a better-defined region with constant
Sn content that gives rise to the observed PL signal. This could be due to differences in crystal and defect formation processes
during the PLM process, although it is not clear exactly how this might occur. However, it does suggest that it is possible to form
high quality crystalline regions with Sn content up to 6at. % and that, past that point, relaxation of the lattice through excessive
defect generation has a detrimental effect on crystal quality. A possible solution to improve crystal quality of the samples is to
partly re-amorphize the relaxed-GeSn layer by a second implantation of either Ge or Sn. A subsequent PLM of this layer to melt
just beyond this amorphous layer should result in solidification from the underlying relaxed Ge-Sn seed. Since there is now no
lattice para-meter difference, the crystallization may proceed in a near defect-free manner.

4. Conclusion. We demonstrate a fully-relaxed Ge-Sn alloy with a substitutional Sn concentration of 6at. %. This concentration is
at least an order of magnitude higher than the solubility of Sn in Ge at room temperature. XTEM analysis shows that non-
equilibrium threading defects are the mechanism for the efficient relaxation of the Ge-Sn layer. These defects are neither the
threading dislocations found in heterogeneous epitaxy of material nor the conventional cellular breakdown-related defects
observed in solidification with substantial surface impurity segregation. Due to the strain relaxation and the good crystal quality of
the films, we were able to obtain good quality photoluminescence spectra from the alloy films. All samples have PL responses at
wavelengths longer than that of pure Ge, indicating the active incorporation of Sn in the lattice at 6 at. %, in good agreement with
data obtained from both RBS/channelling and XRD analysis.
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