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Abstract: We report on the connection between strain, composition, defect density and the photolu-
minescence observed before and after annealing at 300 ◦C for GeSn samples with Sn content of 8% to
10%. Results show how the composition and level of strain influenced the separation between the
indirect and direct optical transitions, while changes in the level of strain also influenced the density
of misfit dislocations and surface roughness. The effect of annealing is observed to lower the level of
strain, decreasing the energy separation between the indirect and direct optical transitions, while
also simultaneously increasing the density of misfit/threading dislocations and surface roughness.
The reduction in energy separation leads to an increase of photoluminescence (PL) emission, while
the increase of misfit/threading dislocations density and surface roughness results in a decrease
of PL. Consequently, the competition between these factors is observed to determine the impact of
annealing on the PL. As a result, annealing increases the collected PL for small (≤40 meV) separation
between the indirect to direct optical transitions in the as-grown sample while decreases the PL for
larger (≥60 meV) separations. More generally, these numbers have a small dependence on the level
of strain in the as-grown samples.

Keywords: germanium tin; annealing; direct and indirect optical transition; strain engineering

1. Introduction

Recent research on group IV semiconductors has pointed to the potential of GeSn
alloys for significant optoelectronic and photonic devices [1,2]. A special feature of the
group-IV bi-alloy system, as in the case of GexSn1−x, is the unique capability to tune
the Sn composition in the Ge matrix to achieve a lattice constant and/or bandgap to
meet specific needs of photonic devices, from light emitters [3], to laser diodes [4] and to
photodetectors [5]. Perhaps even more attractive is the feature that GeSn devices can be
monolithically integrated on a Si platform through a standard complementary metal oxide
(CMOS) process. This creates the opportunity to integrate photonic and electronic devices
on a single Si substrate with optical capability in the needed near to mid-infrared [3,6,7]
range. This is possible because, while Ge has an indirect bandgap, addingα-Sn results in the
semiconductor GeSn, which transitions from an indirect to direct bandgap semiconductor
with increasing Sn composition. For example, theoretical bandgap modelling efforts
have predicted GeSn to transition from a Ge indirect bandgap to a direct bandgap with
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Sn incorporation in the 7–12% [8–10] range. Adding Sn reduces the energy separation
between the indirect L-valley and the direct Γ-valley until the energy difference goes to
zero and then reverses sign. Interestingly, the optical properties of GeSn samples, with
a composition near the transition point, are very sensitive to changes in composition or
strain. On the experimentally side, despite the low-equilibrium solid solubility of Sn in
Ge of only 1% [11], growth under compressive strain of high Sn concentrations has been
achieved, demonstrating the indirect-to-direct transition [12–14] and fabrication of direct
bandgap GeSn devices with high optical emission efficiency [15–18]. However, how much
Sn can be achieved in GeSn and how stable GeSn with high Sn content can be at operating
temperatures above room temperature, must be investigated.

For example, Du et al. [15] investigated GeSn with sufficient Sn content to observe the
competition between indirect and direct optical transitions. The results confirm progressive
enhancement of the direct transition over the indirect transition with increasing Sn com-
position. Meanwhile, Harris et al. [16] investigated photoluminescence (PL) at different
temperatures from unstrained Ge1−xSnx, to uncover that the indirect-to-direct transition
occurs at a Sn concentration of about 6.7%. In fact, the role of strain is made very clear in a
comprehensive study of optical transitions in Ge0.875Sn0.125 via PL measurements as a func-
tion of temperature, compressive strain and excitation power [17]. Complementing these
studies, Stanchu et al. [18] recently demonstrated a correlation between strain relief, misfit
dislocations, and Sn out-diffusion in thermally annealed GeSn at 300 ◦C. Together, these
studies point out the possible existence of a strong connection between (1) strain, (2) com-
position, (3) defect density and (4) the performance of GeSn optical devices operating at
temperatures, at and above, room temperature.

In this paper, we will examine the competition between the indirect and direct optical
transition, at temperatures above room temperature, for as-deposited and annealed at
300 ◦C GeSn samples with Sn concentrations of 8% to 10%. Our objectives are to identify:
(1) the connection between strain, composition, defect density and the PL observed before
and after annealing, and (2) how the level of strain in as-grown samples can extend device
performance, and even improve performance, by annealing at temperatures up to 300 ◦C.

2. Materials and Methods

For this study, GeSn samples with 8% to 10% Sn composition were grown in an ASM
Epsilon®reduced pressure chemical vapor deposition (RPCVD) machine (ASM America,
Inc, Phoenix, Arizona, USA). Thick Ge-buffer films (~700 nm) were initially grown on a
hydrogen-passivated Si(001)-substrate using GeH4 precursor. The Ge buffer layer depo-
sition was followed by the growth of the GeSn layer by introducing the GeH4 and SnCl4
precursors into the chamber. The GeSn layers of samples S14 and S29 were grown at 310 ◦C
and that of samples S15 and S32 were grown at 300 ◦C for CMOS compatibility. Control
of the level of strain in the as-grown samples was achieved by a combination of growth-
dependent parameters, such as, thickness, temperature, and growth rate. To examine the
connection between strain, composition, defect density, and PL performance at elevated
temperatures, we specifically investigated the impact of annealing treatments on the optical
transition strength of four different GeSn samples, S14, S15, S29 and S32, each grown by
RPCVD on a Ge (001) buffer on a Si (001) substrate. It should be noted that while the Sn
content in the GeSn layer of samples S14 and S15 is uniform, the GeSn layer of samples S29
and S32 display spontaneously formed bottom and top regions with slightly different Sn
content, which formed in result of strain relaxation. The structural parameters of samples
S14, S15, S29, and S32 are compared in Table S2 of the Supplementary Material section.

For the annealing experiments, four small samples were taken from the center of
the S14, S15, S29, and S32 4-inch diameter as-grown wafer. In each case, one of the four
samples was designated as the “as-grown” unannealed sample. The other three samples
were subjected to thermal treatments at 300 ◦C in vacuum for 2, 4, and 8 h, respectively.
X-ray diffraction (Panalytical X’pert Pro MRD diffractometer) (Panalytical, Amsterdam,
Netherlands)measurements (Figure 1), including reciprocal space maps (RSMs) (Figure 2),
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coupled with modeling [18], were used to determine the lattice constants, Sn compositions,
strain parameters, and misfit dislocations, of the annealed and unannealed samples.

Optical measurements were also taken for each sample using a standardized off-axis
arrangement and lock-in detection technique, including a spectrometer connected to an
InSb detector with a cut-off response of 3.0 µm, to capture the PL peaks and study the
competition between the indirect and direct bandgap transitions. Two different excitation
laser wavelengths (Table 1) were used to probe the PL emission from the samples: a
532 nm continuous wave (CW) and a 1064 nm pulsed laser (repetition rate of 45 kHz
and pulse width of 5 ns). The two different laser wavelengths allowed samples with
different thicknesses to be probed due to the different optical penetration depth for 532 nm
and 1064 nm light [19]. The samples were enclosed in a helium-cooled cryostat, and
the temperature was varied from 10 K to 300 K to obtain and systematically analyze
temperature-dependent PL intensities. The temperature-dependent PL intensities were
useful to identify which of the observed PL peaks corresponded to the indirect and direct
optical transitions.

Crystals 2021, 11, x FOR PEER REVIEW 4 of 14 
 

 

and direct optical transitions due to annealing increased the PL emission while changes 

in the defect density and surface roughness decreased the PL emission. Consequently, the 

competition between these two factors determined the impact of annealing on the PL 

emission. 

3.1. X-ray Diffraction Measurements 

X-ray diffraction measurements were taken for samples S14, S15, S29, and S32, to 

resolve the internal strain, Sn composition, and defect density in the GeSn layers before 

and after annealing. Figure 1 shows the X-ray diffraction ω/2θ scans for all four samples 

containing diffraction peaks from symmetrical (004) planes of Si, Ge, and GeSn, which are 

seen in the order of decreasing Bragg’s angle . The Ge peak is right shifted with respect 

to the bulk position (vertical dashed line), which reveals that the Ge buffer is under ~0.2% 

tensile strain. This value of residual strain is typical for Ge growth on Si and is explained 

by the mismatch of thermal expansion coefficients between the two materials [20]. A small 

shift is also seen for the GeSn peaks of annealed samples, indicating the reduced vertical 

lattice parameter, 𝑐, of the GeSn layer after annealing. The magnitude of 𝑐 is estimated 

from the peak positions on the ω/2θ scans by using the Bragg’s law (2𝑑004 sin 𝜃 = 𝑛𝜆), 

where 𝑑004 = 𝑐/4 is the distance between the (004) planes, 𝜆 ≈ 0.15406 nm is the wave-

length of the incident X-ray beam, and 𝑛 is the reflection order. The X-ray data indicates 

only very small changes in composition for all four samples with annealing at 300 °C, even 

after 8 hours. 

 

Figure 1. X‐ray diffraction 004 ω/2θ scans for samples (a) S14, (c) S15, (d) S29, and (b) S32 showing 

not much change in composition. The vertical dotted and dashed lines mark the peak positions of 

the as-grown GeSn and bulk Ge, respectively. 

More detail on the epitaxial behavior for the four GeSn samples were determined 

from the X-ray diffraction reciprocal space maps (RSMs) measured around the asymmet-

rical 2̅2̅4 reflection (Figure 2). An increase of strain relaxation in the annealed GeSn layer 

is concluded from the shift of the GeSn peak towards the R = 1 line on the RSM that de-

notes full strain relaxation. Moreover, the shift follows the isocomposition line (solid line), 

Figure 1. X-ray diffraction 004ω/2θ scans for samples (a) S14, (c) S15, (d) S29, and (b) S32 showing
not much change in composition. The vertical dotted and dashed lines mark the peak positions of
the as-grown GeSn and bulk Ge, respectively.

Table 1. Summarized laser pumping parameters.

Laser Wavelength
(nm)

Spot Diameter
(µm)

Average
Power (mW)

Average Power
Density (kW/cm2)

Excitation Carrier
Density (Photon/s/cm2)

Penetration
Depth (nm)

532 64 500 15 4.1 × 1019 ~100
1064 51 300 6 3.5 × 1022 ~900
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Figure 2. X-ray diffraction 224 RSMs for samples (a) S14, (b) S15, (c) S29, and (d) S32 measured after the annealing for 0,
2, 4, and 8 h. The vertical and inclined dashed lines mark the fully strained and fully relaxed GeSn alloy with respect to
Ge buffer. The solid line is the isocomposition line for the GeSn layers of each sample. The 224 RSM was not measured
for sample S29 annealed for 8 h since no changes in the strain state and Sn content in the GeSn layer was concluded by
comparing the 004ω/2θ scans for sample S29 annealed for 4 and 8 h.

The samples were chosen such that:
(1) The level of strain in S14 and S15 were the same at −10 × 10−3 while the com-

position is 8% for sample S14 and 9% for S15. Likewise, the level of strain in both S29
and S32 were the same at −5 × 10−3, while the composition is 9% for S29 and 10% for
S32 (Figures 1 and 2). These samples allowed us to compare the effect of annealing on
as-grown GeSn with the same level of strain but different Sn compositions.

(2) The composition for samples S15 and S29 is both at 9%. However, the strain in
these samples is very different, with values of −10 × 10−3 for S15 and only half as much
at −5 × 10−3 for S29 (Figures 1 and 2). The difference in strain is accomplished by the
growth of different thicknesses. As a result, by comparing samples S15 with S29 we are
comparing samples with the same % Sn composition but different levels of strain in the
as-grown samples.

(3) Moreover, all four samples are chosen with a Sn concentration that places them
near the indirect to direct optical transition point, where the PL sensitivity to changes in
composition or strain is very high. This high sensitivity allows us to amplify the connections
between strain, composition, defect density, and observed PL before and after annealing.
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3. Results and Discussion

To examine these connections for our samples at elevated temperatures, we specifically
investigated (1) X-ray diffraction for all samples, (2) Photoluminescence from samples with
the same level of strain but different Sn composition, and (3) Photoluminescence from
samples with the same Sn composition but different level of strain. All three were investi-
gated as a function of annealing at 2, 4, and 8 h at 300 ◦C. X-ray diffraction measurements
provided the density of misfit dislocations, composition, and level of strain. Likewise, PL
measurements provided the PL intensity and the indirect and direct PL peaks as a function
of annealing time. Analysis demonstrated that the (1) composition and level of strain
influenced the separation between the indirect and direct optical transitions, while (2) the
level of strain influenced the misfit dislocations defect density and surface roughness. It
also revealed that the changes in the separation between the indirect and direct optical
transitions due to annealing increased the PL emission while changes in the defect density
and surface roughness decreased the PL emission. Consequently, the competition between
these two factors determined the impact of annealing on the PL emission.

3.1. X-ray Diffraction Measurements

X-ray diffraction measurements were taken for samples S14, S15, S29, and S32, to
resolve the internal strain, Sn composition, and defect density in the GeSn layers before
and after annealing. Figure 1 shows the X-ray diffractionω/2θ scans for all four samples
containing diffraction peaks from symmetrical (004) planes of Si, Ge, and GeSn, which are
seen in the order of decreasing Bragg’s angle θ. The Ge peak is right shifted with respect to
the bulk position (vertical dashed line), which reveals that the Ge buffer is under ~0.2%
tensile strain. This value of residual strain is typical for Ge growth on Si and is explained
by the mismatch of thermal expansion coefficients between the two materials [20]. A small
shift is also seen for the GeSn peaks of annealed samples, indicating the reduced vertical
lattice parameter, c, of the GeSn layer after annealing. The magnitude of c is estimated from
the peak positions on the ω/2θ scans by using the Bragg’s law (2d004 sin θ = nλ), where
d004 = c/4 is the distance between the (004) planes, λ ≈ 0.15406 nm is the wavelength of
the incident X-ray beam, and n is the reflection order. The X-ray data indicates only very
small changes in composition for all four samples with annealing at 300 ◦C, even after 8 h.

More detail on the epitaxial behavior for the four GeSn samples were determined from
the X-ray diffraction reciprocal space maps (RSMs) measured around the asymmetrical
224 reflection (Figure 2). An increase of strain relaxation in the annealed GeSn layer is
concluded from the shift of the GeSn peak towards the R = 1 line on the RSM that denotes
full strain relaxation. Moreover, the shift follows the isocomposition line (solid line), which
is a key point - the Sn composition in the GeSn layer is not changing with the annealing. A
similar trend is observed in the RSM of all four samples. An additional GeSn peak that
correspond to Sn composition of about 1 at.% was seen for sample S32 annealed for 4 h,
which was accompanied with the emergence of bright spots on the sample surface. The
selective XRD measurements (not shown here) confirmed that the Sn content in the area
not covered with the spots corresponds to the nominal value. The Sn content for the four
GeSn samples was calculated by first measuring the lateral lattice parameter, a, from the
position of the GeSn peak on the RSM and Equation (1).

|Q| = 2π

d224
= 2π

√
8
a2 +

16
c2 (1)

Here, Q is the diffraction vector and d224 is the distance between the (224) planes in a
tetragonal lattice.

For a biaxially strained GeSn layer, the Sn composition, x, and strain state were
obtained according with the following equations,

εz = −2
C12

C11
εx (2)
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a0 =
c + 2 C12

C11
a

1− 2 C12
C11

(3)

where the elastic constants C12 and C11 and the lattice parameter a0 of the GeSn al-
loy are given by linear interpolation between the parameters of Sn and Ge, such as
a0 = xaSn + (1− x)aGe [21]. Using the RSM data of Figure 2 coupled with RSM modelling,
the strain and defect density as a function of annealing, is computed for S14, S15, S29,
and S32 in Figure 3. The simulation of RSM was performed according with the kinematic
theory of X-ray diffraction as described in ref. [18]. Additionally, the structural quality of all
samples is compared by measuring the full width at half-maximum (FWHM) of the GeSn
(004) rocking curves (see Figure S3 and Table S1 in the Supplementary Material section).
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Figure 3. The strain (a) and density of misfit dislocations (b) as a function of annealing for samples
S14, S15, S29, and S32.

3.2. Photoluminescence from Samples with the Same Level of Strain but Different Sn Composition

Figure 4 shows the PL spectra at 10 K for all four samples with nearly the same GeSn
composition, which exhibit a totally opposite PL behavior after annealing for 2 to 8 h. There
is a lot to consider when comparing the PL from different samples. For example, S14 and
S15 have the same level of as-grown strain. However, the material evolution during growth
is not the same. Sample S15 has more Sn added and therefore a higher level of strain during
growth and a higher level of relaxation by the end of growth, at which time both S14 and
S15 are at the same level of strain. This means our first expectation is that S15 has more
dislocation defects than S14 in the as-grown sample which is consistent with the results in
Figure 3. The second is that the competition between indirect and direct optical transitions,
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as measured by the energy separation between them (∆E), is also different with an expected
smaller energy difference for S15 due to the higher Sn content. The competition between
these two factors, the former tending to decrease the PL and the latter to increase the PL,
can determine the corresponding behavior of the PL intensity as a function of annealing
time. It is important to note here that unlike changes in the defect density, the effect of
changes in ∆E is extremely nonlinear when close to the indirect to direct transition point,
as is the case here.
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Figure 4. (a–d) PL at 10 K for four GeSn samples: S15 and S29 with about 9% Sn, S14 at 8% Sn, and S32 with about
10% Sn, and the corresponding (e–h) integrated PL. Measurements are for 0, 2, 4, and 8 h annealing. Insets indicate the
GeSn structure.

Added to defect density and ∆E are optical losses due to changes in surface roughness.
For example, using atomic force microscopy (AFM), the root-mean-square roughness (RMS)
for all four as-grown samples is at about 0.8 nm, with only a small change to about 0.9 nm
with annealing up to 4 h. However, the surfaces are noticeably rougher at about 1.7 nm,
with the order of one-micron lateral size variations, after 8 h. As a result, we can expect
little change in optical scattering losses at the surface up to 4 h due to annealing, but we
may expect the increase in surface roughness after 8 h to introduce some added losses due
to optical scattering. Consequently, we must consider three factors to play a role when
comparing the effect of annealing on the PL from different samples: (1) ∆E, (2), defect
density and (3) surface roughness. The AFM images for samples S14, S15, S29, and S32
annealed for 0, 4, and 8 h are shown in Figure S4 of the supplement material section.

For example, for S14, the integrated PL decreases with annealing because the increase
in defect density for 2 h and 4 h has a bigger impact then ∆E. However, as we see from
X-ray diffraction, the change in defect density for S14 is leveling-off after 4 h and further
nonlinear changes in ∆E causes the PL to slightly increase at 8 h. Meanwhile for S15, the
integrated intensity is lower than S14 when comparing the as-grown samples, due to the
higher defect density. However, ∆E is smaller due to the higher Sn content making the PL
more sensitive to changes in ∆E than in S14. As a result, the PL intensity increases with
annealing. However, the change in strain levels-off again in 4 h, so that the PL intensity
falls after 4 h, perhaps due to increased surface scattering losses related to the increase of
surface roughness from 0.9 nm at 4 h to 2.1 nm at 8 h. The point being that X-ray diffraction
and AFM data can provide the change in the level of strain, composition, defect density,
and surface roughness to explain the behavior of annealing at 300 ◦C on the PL emission.
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Of course, this comparison can be less speculative and more quantitative with knowledge
of the behavior of ∆E, which we must investigated.

For S29 and S32, we again have equal levels of strain but different Sn content. However,
the outcome is a bit different since both have a higher level of Sn content than either S14
or S15. This means that ∆E is smaller for S29 and even smaller for S32. As a result, the
PL for S29 and S32 increases with annealing until 4 h when no further strain relaxation
is observed, and an increase in surface roughness and optical scattering can reduce the
collected PL.

3.3. Photoluminescence from Samples with the Same Sn Composition but Different Level of Strain
and Measurement of ∆E

From the X-ray diffraction data and analysis for samples S14 to S32, we observe an
increasing Sn content and level of defect density. However, the PL sensitivity to ∆E, and the
impact of small changes in ∆E, increase more strongly as the transition point is approached.
As already noted, to examine this more closely, an investigation of ∆E for samples S14 to
S32 is required. To accomplish this, the idea is to deconvolve the PL into two Gaussian
peaks, the indirect optical transition, and the direct optical transition. This would allow us
to (1) calculate ∆E for S14 and S32 and (2) use a comparison of the ratio of the intensity of
the PL of the higher energy peak to the lower energy peak as a function of temperature to
identify which of the two peaks is the direct transition. For example, if the higher energy
is the direct optical transition, the PL ratio will increase with temperature as carriers are
transferred from the indirect valley to the direct valley reaching a new equilibrium.

Based on this idea, the measured PL spectra for samples S14 and S32 were taken using
both 532 nm and 1064 nm wavelengths. Figure 5 shows the PL result for sample S14 that
used the 1064 nm laser wavelength for excitation to probe the entire GeSn layer, while the
PL for S32 is shown using the 532 nm laser excitation to limit the excitation to the top layer.
For 532 nm incident light, the absorption coefficient in Ge is 5.58 × 105 cm−1 so that the
intensity of light drops to 36% at about 18 nm below the sample surface [19]. This allows
us to neglect the contribution from the bottom GeSn layer in sample S32 in the collected PL.
However, the same trend in PL was observed using either wavelength although a higher
PL intensity was always observed using 532 nm. For both samples, two peaks represented
by two distinct Gaussian functions were deconvolved and are an excellent fit to the PL
spectra. The high and low energy peaks were initially assumed as the indirect (LHH) and
direct (ГHH) interband transitions, respectively but will be confirmed later. An analysis of
the X-ray diffraction data indicates that the change of the positions of the LHH and ГHH

peaks for the two samples with annealing is dominantly caused by changes in the level of
strain in the annealed GeSn layers as opposed to changes in the Sn content which remained
relatively constant.

The behavior of the integrated PL is also of interest and shown in the insert of Figure 5b.
For example, for S32 the behavior of the integrated PL is very dramatic and can be under-
stood by examining the separation between the peak energy for the LHH valley transition
and the ΓHH valley transition, or ∆E = LHH − ГHH. Figure 6a shows the decrease of ∆E
with annealing time owing to the compressive strain relaxation in the GeSn layer [22]. We
observe that ∆E is significantly smaller by 27 ± 2 meV for sample S32 compared to S14
due to the higher Sn content. As a result, the PL from S32 has a larger direct bandgap
component ГHH as compared to that of sample S14. This is expected due to the PL non-
linear dependence on ∆E resulting in more efficient light emission [23]. The increase of
the Γ valley population is confirmed in Figure 6b, which shows that the peak height ratio
ΓHH/LHH increases dramatically with decreasing ∆E. The increased emission from the
ΓHH valley for sample S32 is also in good agreement with the enhanced integrated PL in
Figure 5b.
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To confirm our understanding, temperature dependent PL measurements were per-
formed to examine the relative peak intensity of direct (ΓHH) and indirect (LHH) transitions
as a function of temperature (Figure 7). A red shift of both ΓHH and LHH peaks is seen
with increasing temperature, which agrees with the bandgap shrinkage [24,25]. The peak
intensities and their positions were determined again by fitting each measured spectrum
with two Gaussian functions. However, due to the reduced PL intensity with increasing
temperature, the ΓHH and LHH peaks were not resolved on the spectra measured above
200 K.
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Figure 7. The temperature dependent PL from the GeSn layer of samples S14 and S32. (a) S14-0 h;
(b) S14-4 h; (c) S32-0 h; (d) S32-4 h.

The increase of peak intensity ratio ΓHH/LHH with temperature is shown in Figure 8.
This indicates that the assumption that the peak ΓHH located at the higher energies on
the PL spectra indeed corresponds to direct transitions and that although ∆E follows a
decreasing trend from sample S14 to S32, it had not gone through zero and become negative.

Finally based on our understanding gained from investigating the PL from samples
S14 to S32, we examined a fifth sample, S45, which has a higher Sn content of 12% but
is fully strained (Figure S1). This is a result of the fact that the sample thickness is only
45 nm and well below the critical thickness for strain relaxation [26–28]. As a result, the
as-grown samples have a much higher level of strain and a corresponding lower density of
misfit/threading dislocations when compared to structures S14 and S32. The density of
misfit dislocations is in fact near zero for the as-grown S45 sample and remains zero after
2 h of annealing at 300 ◦C. However, it then increases to 0.5 × 105 cm−1 after 2.5 h, and
1.0 × 105 cm−1 after for 4 h, due to strain relaxation. Meanwhile the strain is −15 × 10−3

in the as-grown sample and does not relax after 2 h but does relax by 2.5 h and after 4 h.
Sample S45 also corresponds nicely with that used in a previous comprehensive study of
optical transitions in a specific direct-bandgap Ge0.875Sn0.125 alloy via photoluminescence
(PL) measurements [17]. Based on results from this previous work, our sample S45 at a
strain level of −15 × 10−3, is solidly indirect with little, if any, role expected from the direct
transition, despite the high Sn content.
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Meanwhile, the PL from S45 is shown in Figure S2 and indicates two transitions
of comparative heights and a large ∆E of about 120 meV. However, in this case we can
conclude that the transitions represent the LHH and LHL transitions, not LHH and ГHH. In
this case we can expected a ∆E of about 120 meV at a strain level of−15× 10−3 as indicated
in Figure 1 of reference [17]. Analysis of S45 at least suggests that relaxation of high stress
GeSn is best to occur during growth when the segregated Sn can be incorporated into
the growth.

4. Conclusions

In conclusion, we have examined the connection between strain, composition, defect
density and the PL observed before and after annealing at 300 ◦C for GeSn samples with
Sn content of 8% to 10% near the indirect to direct transition point. Our results show that
for samples with a composition near the transition point, the composition and level of
strain both influenced ∆E, the separation between the indirect and direct optical transitions,
while changes in the level of strain also influenced the misfit dislocations defect density
and surface roughness. The effect of annealing is to lower the level of strain, decreasing
∆E, which in-turn, due to the competition between indirect and direct optical transitions,
increases the PL emission. By lowering the level of strain, annealing also simultaneously
increases the defect density and surface roughness, both of which decreases the PL emission.
Consequently, the competition between these factors, ∆E and the change in defect density
and surface roughness, determines the impact of annealing on the PL emission. As a result,
annealing can both increase and decrease the collected PL depending on how close the
sample is to the indirect to direct transition point. This is because the dependence on ∆E
is extremely nonlinear for compositions near the transition. That is, the same change in
∆E can have a small or a large effect, depending on the relative location to the transition
point. Of course, above the transition point the PL simply behaves as a direct bandgap
semiconductor.
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These results suggest that capping GeSn samples with Ge could reduce the effect
of surface roughness and result in improved performance when operated above room
temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11080905/s1, X-ray diffraction and temperature-dependent photoluminescence data
for sample.
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