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Abstract

:

Ge1−xSnx growth on a new sapphire platform has been demonstrated. This involved the growth of GeSn on Ge/GaAs layers using the algorithm developed. The resultant growths of Ge on GaAs/AlAs/sapphire and Ge1−xSnx on Ge/GaAs/AlAs/sapphire were investigated by in situ and ex situ characterization techniques to ascertain the surface morphology, crystal structure, and quality. The growth mode of Ge on GaAs was predominantly two-dimensional (2D), which signifies a layer-by-layer deposition, contributing to enhanced crystal quality in the Ge/GaAs system. The growth of Ge1−xSnx with 10% Sn on a graded profile for 30 min shows uniform composition and a strong peak on the reciprocal space map (RSM). On the other hand, the partially relaxed growth of the alloy on RSM was established.
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1. Introduction


GeSn semiconductor thin films grown on Ge or Si substrates have shown significant potential for near-infrared and mid-infrared [1] lasers, detectors, waveguides, modulators, and electronics, such as field effect transistors, all on a single platform [2,3]. Success could advance research efforts in microwave photonics [4]. To realize this potential, the challenge today is to achieve the growth of high-quality GeSn with low misfit and threading dislocations while maintaining Sn content at the order of 20% or more [5]. The roadblock to this goal is that on one side, a high Sn content is needed to transition the indirect band gap of Ge to a direct band gap and to tune the band gap to mid-infrared wavelengths. On the other side, high Sn content leads to a notable lattice mismatch of 14.7% with Ge [3,6,7,8,9] and 17% with Si substrates, resulting in the introduction of substantial misfit and threading dislocations. In addition, the low solubility of Sn in Ge (~1%) [10,11,12,13,14,15] has resulted in Sn segregation from high Sn samples [16,17]. Consequently, significant defect density and Sn segregation impact the electrical and optical properties of GeSn and discourage and limit applications [10,18]. As a result, there is much merit to the pursuit of growth techniques with the potential to produce GeSn thin films with about 20% Sn and low misfit and threading dislocations without Sn segregation.



In this paper, we report on an investigation of a growth technique using an ultra-high vacuum (UHV) molecular beam epitaxy (MBE) chamber for the fabrication of high-quality, high Sn content, Ge and GeSn thin films on a sapphire/III-V semiconductor substrate. The choice of a sapphire platform is based on (1) a high index contrast for efficient waveguides, (2) the advantages of sapphire for microwave electronics, and (3) our research on high-quality III-V semiconductors grown on sapphire [19], all potentially allowing higher function at a reduced cost. The technique we investigated to grow GeSn on sapphire uses both a composition gradient and growth temperature gradient to produce a corresponding linear Sn composition that achieves GeSn on a sapphire substrate with a greater than 10% Sn content. To examine and demonstrate the quality of the GeSn, we employed multiple characterization techniques, including (i) in situ reflection high-energy electron diffraction (RHEED), as well as ex situ (ii) high-resolution X-ray diffraction (HR-XRD), (iii) Raman spectroscopy, and (iv) photoluminescence (PL). The knowledge obtained by these characterization tools was then used to compare thin film growths with and without the use of a gradient transition layer. The outcome was that by using these characterization techniques, we demonstrated the high-quality growth of GeSn thin films with the potential to reach 20% Sn content. Importantly, since sapphire is already an ideal substrate for microwave electronics [20,21,22,23], with the integration of GeSn at 10 to 20% Sn, we have the exciting opportunity to explore microwave photonics on a single sapphire chip.




2. Materials and Methods


In this research, GeSn films were fabricated on a prepared sapphire wafer using molecular beam epitaxy (MBE) interconnected UHV chambers. Knudsen cells supplied Al, Ge, and Sn, while an As reservoir equipped with a cracker provided As. For this investigation, hydrofluoric acid was used to etch the sapphire wafer surface to create a terraced surface, followed by rinsing with deionized water and baking in a degas chamber before growth. With this treatment, we achieved a surface roughness of 2.2 Å or less as our starting sapphire wafer. This was followed by the growth of a 5 nm thick AlAs layer on the sapphire wafer at 700 °C prior to the deposition of a thicker GaAs layer and Ge layer. The sapphire/AlAs/GaAs/Ge substrate preparation is based on a recipe, as described in our previous work [4], and acts as the substrate for the growth of GeSn. In Section 3.1, we describe three sapphire/AlAs/GaAs/Ge substrates that were prepared as shown in Figure 1a–c. In Section 3.2, GeSn layers were epitaxially grown on the prepared substrates (Figure 1d) using a special algorithm applied to the Sn cell to produce a linear Sn flux gradient [24]. The precise thickness control was attained by calibrating growth rates for AlAs, GaAs, and GeSn and ensuring consistent film thickness during growth. After growth, ellipsometry was used to confirm the thickness of the layers.



In addition to a gradient in the Sn flux, we simultaneously used a gradient to offset the change in growth temperature due to the changing flux from the growth cells [25]. We started the growth with the manipulator temperature at 200 °C and set the ramp rate at 10 °C/min, with the final achievable temperatures stopping near 74 °C at the end of the growth. Together, the Sn flux gradient and growth temperature gradient were used to achieve a linearly increasing composition of Sn and corresponding compressive strain. While the strain gradient drives Sn dominantly out of the surface, both the Sn gradient and temperature gradient drive Sn into the material, enhancing the Sn content during growth. The inset table in Figure 1 describes the conditions during GeSn growth.



After the growth of Ge or GeSn, the samples were immediately characterized to assess quality using the following: (1) Bruker’s NanoScope III Dimension 3000TM atomic force microscope (AFM) manufactured in USA (Billerica, MA) to examine the surface morphology; (2) a Philips X’pert HR-XRD system from Netherlands (Almelo) that includes a four-bounce Ge (220) monochromator, a 1.8 kW CuKα1 X-ray tube and a Pixel X-ray detector to investigate crystallinity and strain; and (3) a 632.8 nm He-Ne laser, Olympus BX41 microscope manufactured in Japan (Hatagaya)., thermoelectrically cooled Si charge-coupled detector (CCD), and Horiba Jobin-Yvon LabRam HR spectrometer manufactured in France (Lille) to capture the Raman spectrum for the Sn content and strain. Finally, the photoluminescence (PL) measurements were performed at the temperature of 10 K using the standard off-axis setup configuration with the lock-in technique. A 1064 nm laser was used, and the emissions were collected using a Horiba iHR 550 grating-based spectrometer manufactured in France (Lille) equipped with a PbS detector.




3. Results


3.1. The Growth of Ge Using GaAs Buffer on C-plane Al2O3


For growth, the GaAs layers were epitaxially grown in a group III-V semiconductor materials UHV chamber and then transferred under a vacuum to an interconnected UHV chamber for the growth of group IV semiconductor materials. Three different samples were fabricated in this way (Figure 1a–c) and are discussed here. For all three samples, two-step growth of the GaAs layer to 272 nm thick was observed. The low-temperature GaAs were grown at 600 °C and the high-temperature GaAs were grown at 700 °C, with annealing at 800 °C [4]. This was followed for the two samples in Figure 1a,b with growth at 400 °C for the layer of Ge with thicknesses of 50 nm and 150 nm and one sample in Figure 1c with 150 nm of Ge grown at 500 °C. For each sample, AFM was used to determine the surface morphology and roughness of the Ge epilayer. Figure 2 shows the AFM images for the three samples. There appear to be directional-dependent features on the material topography. This anisotropy in surface features is more visible in Figure 2a,b as opposed to Figure 2c. A 50 nm Ge film grown at 400 °C initially exhibits relief growth patterns similar to the (111) GaAs layer beneath it, as Ge tries to mimic the underneath layer. The 150 nm Ge film grown at 400 °C and 500 °C, on the other hand, hides the features of the GaAs layer beneath. At 500 °C in Figure 2c, the temperature might have contributed to the coalescing of the Ge layer while leaving regions with vacancies in the form of pores (nearly round holes). Triangular growing inverted pyramids are clearly seen in Figure 2a,b. The facets of these pyramids and other crystallography-determined features form a pronounced anisotropy in the angular slope histograms (inset in Figure 2). The inclination of the facets of growth pyramids mainly varies from 9 to 30 degrees and can reach up to 50 degrees on the surface, as shown in Figure 2d. These facets correspond to the following set of crystallographic planes {577}, {122}, {112}, {133}, {113} and even planes {115} and {100} for the surface Figure 2c.



A study of the crystal structure of Ge layers after growth was conducted by X-ray diffraction (XRD). The symmetric scan of ω/2θ was taken with ω = 2θ, and the scanned planes are parallel to the sample surface. The presence of Ge (111) and Al2O3 (0006) diffraction peaks in Figure 3 indicates that the (111) growth of Ge on Al2O3 (0001) occurred. The Ge (111) peaks near the bulk Ge peak (vertical dashed line) indicate only a small level of strain in the Ge layer of all samples. The Phi scan was conducted to determine the azimuthal orientation relationship between Ge (111) and the Al2O3 (0001) substrate, utilizing Ge (220) and Al2O3 (10    1  ¯  2 )   reflections, respectively. A single crystal of Ge (111) exhibits three peaks separated by 120° due to its threefold symmetry. This plot has six peaks with 60° in-plane separation, indicating twin domains. The peaks with the highest intensity are separated by 120°, signifying one twin domain (or orientation), while the peaks with low intensity are in the other twin domain. This suggests that one orientation has higher formation energy than the other, which leads to the possibility of having a greater area under these peaks. The ratio of the summation of the areas of the highest intensity peaks to the lowest intensity is highlighted in Table 1 below.



Additionally, the linewidth of the XRD ω scan Ge(111) plane was compared to investigate the structural quality of the Ge epilayers. Linewidth is influenced by lateral correlation length and dislocation density [26,27]. The linewidth results, obtained through Gaussian fitting with an error bar of 0.001, demonstrate a substantial improvement compared to our prior findings on germanium (Ge) growth using AlAs nucleation [19,28]. Specifically, sample ES85 showcased a notably narrower linewidth that indicated enhanced crystal quality. In contrast, samples ES89 and ES103 exhibited nearly identical linewidths but not far from that of ES85. The detailed full width at half maximum (FWHM) values are presented in Table 1 below, providing a comprehensive comparison of the outcomes.



The initiation of germanium (Ge) growth on GaAs was marked by streaky RHEED images see Figure 4, and this characteristic was maintained throughout the growth period. The narrow linewidth in X-ray diffraction corresponds to these consistently streaky RHEED patterns, indicative of improved crystalline quality in the growing Ge material.



Since the lattice constants of Ge and GaAs are almost identical, the XRD Omega-2 theta reveals their diffraction peak at nearly the same place, superimposed on each other. Since GaAs and Ge each display a different vibrational spectrum, with the transverse optical Raman mode of GaAs reported at 267 cm−1 [29], and the triply degenerated optical Raman mode of the Ge mode at 300 cm−1 [30], Raman spectroscopy was utilized to confirm the epitaxy of Ge on the GaAs layer. The He-Ne laser of the 632.8 nm wavelength used as a Raman probe limited the optical penetration depth into the sample to only about 80 nm. An optical microscope with 1 µm spatial resolution was used to probe the Raman spectrum across three different areas on the samples. With samples grown at 400 °C, the 50 nm (ES85) exhibited large areas with pores or vacancies compared to 150 nm (ES89), as seen on the AFM images in Figure 2 and the micro-Raman shown in Figure 5. Areas with pores or vacancies exhibited a higher intensity of the GaAs mode than areas covered with Ge film. ES89 experienced a lower Raman shift than ES85, indicating that the film relaxes as the thickness increases, likely due to strain relaxation. Concerning the Ge film grown at 500 °C, the GaAs mode intensity is barely discernible. This indicates Ge epitaxy on the anisotropic surface of the GaAs layer, with vacancies filled by Ge. This is evidenced by the low GaAs mode intensity. The predominance of the Ge mode is observed as the He-Ne laser penetrates through the approximately 80 nm thick Ge film. Reduced vacancies can be attributed to Ge coalescing, resulting in diminished pores. However, this sample displayed a significant Raman shift compared to that grown at 400 °C, possibly due to increased strain or differences in defect density. These results confirm epitaxial Ge growth on GaAs, as shown in Figure 5, while Raman shift values are tabulated in Table 1.



Figure 6 presents the photoluminescence (PL) spectra acquired from the three Ge-grown samples and Ge reference samples captured at a temperature of 10 K. In examining the three samples, the influence of growth conditions on their optical properties became apparent. The first sample, grown at 400 °C with a thickness of 50 nm, did not exhibit any emission. In contrast, the third sample, grown at 500 °C with a thickness of 150 nm, displayed emissions; however, this occurred with a lower intensity compared to the sample grown at 400 °C with an expected thickness of 150 nm. The unique behavior of the latter sample, showing low-temperature PL with reduced intensity, suggests that the growth conditions played a role in altering its optical characteristics. Notably, samples with PL exhibited a red shift in the wavelength compared to the reference sample, indicating changes in the transitions to lower energy. The lower intensity observed in the 500 °C grown sample is attributed to the coalescing of Ge adatoms and desorption during the growth process. This phenomenon leads to the formation of a thinner layer of Ge, sharing similarities with the 50 nm sample that did not exhibit emissions. The observed differences in emission intensity among these samples highlight the significance of growth conditions, specifically temperature, in influencing the coalescence and desorption processes, which ultimately affect the optical properties of the material.




3.2. Growth of GeSn on Ge Buffer


Based on our results for Ge on the GaAs described above, we investigated the growth of GeSn on both the 150 nm of Ge grown at 400 °C and at 500 °C on the GaAs/sapphire-prepared substrate. The growth employed an algorithm developed to produce a linear Sn gradient in the growth of the GeSn. This was accomplished by varying and controlling both the Sn cell temperature gradient and the substrate temperature gradient. This also overcame the problem of substrate heating due to the optical flux from the growth cells when they were suddenly opened. The sample ES95 was grown on a 400 °C Ge buffer, while the other two samples, ES96 and ES97, were grown on a 500 °C Ge layer. All samples were characterized by AFM, XRD, PL, and micro-Raman tools to analyze surface morphology, crystallinity, strain, and GeSn composition. Additionally, secondary ion mass spectrometry (SIMS) characterization was employed to validate gradient alloying. The AFM shows the surface morphology of GeSn samples as shown in Figure 7. On GeSn films grown on Ge fabricated at 500 °C, it is noteworthy that the vacancies observed on the Ge/GaAs layer in Figure 2 persist, although to a lesser extent for GeSn grown on Ge at 400 °C. This persistence suggests that the underlying Ge layer itself exhibits some anisotropy in surface features. This anisotropy may be transferred to the GeSn epilayer during growth. Within this temperature range, conducive to the controlled incorporation of Sn atoms into the Ge crystal lattice without significant desorption issues, the reduction in visible vacancies implies improved epitaxial growth conditions. Nevertheless, the presence of vacancies in the GeSn epilayer can still be ascribed to various factors. These factors include lattice mismatch, anisotropy, defects, and disparities in crystal structures between GeSn and the underlying GaAs/Ge layer. The height scale bars have the same spacing of 40 nanometers to observe the surfaces’ fine structure. The magnified view of fine-grain structures is shown in the inset. The starting height indicates the maximum depth of desorbed surface features. Average grain size and standard deviations are as follows: 35 ± 7 nm, 63 ± 17 nm, and 88 ± 22 nm for samples ES95, ES96, and ES97, respectively. The grain size for ES96 and ES97 differs due to a growth time of 27 min. Table 2 summarizes the growth time and surface roughness of the samples.



To establish whether we have a GeSn film on the epilayer, Raman spectra were taken see Figure 8. The micrograph clearly shows distinct areas on the GeSn film surface. Sample ES95 shows distinct smooth and rough areas, while ES97 shows a surface with uniform roughness that matches AFM data. The Raman spectra were taken at five different spots covering these two regions. All the samples displayed a GeSn Raman mode at around 252 cm−1 [31]. The Ge layer seems to have been strained when GeSn was grown on it. A shift to a lower wavenumber of Ge bulk from 300 cm−1 suggests that the vibrational modes associated with Ge-Ge bonds change as Sn is incorporated into the matrix of Ge due to the in-plane strain [32,33]. The decreasing intensity of the Ge-Ge Raman modes reflects the weakened vibrational modes caused by Sn incorporation, which disrupts the Ge-Ge regular bonding pattern. This agrees with Oehme et. al.’s [34] observation that Ge-Ge intensity decreases with an increase in Sn incorporation.



The XRD measurements were performed to determine the Sn content and strain in the GeSn layers of samples ES95, ES96, and ES97. In Figure 9a, the surface-symmetrical 2θ/ω scans show Ge(333) and GaAs(333), which overlap, and GeSn(333) diffraction peaks along with Al2O3(00012), which confirms the [111] growth of Ge and GeSn on the Al2O3(0001) substrate. For samples ES95 and ES97, the Ge peak slightly deviates from the Ge reference (vertical dashed line), indicating the presence of residual strain (Table 3) in the Ge buffer. The compositionally graded GeSn layer is seen on the 2θ/ω profiles as an elongated tail towards the lower diffraction angles. In Figure 9b–d, the XRD RSMs of Ge(135) reflection reveal the partially relaxed growth of the GeSn layers. As can be seen, the degree of strain relaxation increases with the increasing Sn content. For sample ES97, the formation of a uniform composition of the GeSn layer with 10% Sn is concluded from the emergence of a strong GeSn peak on the RSM. The emergency of this strong peak is a result of 30 min of GeSn growth after ending Sn’s grading profile. This differs from ES96, with a weak peak with only 7 min of GeSn growth after terminating the grading profile. For each sample, the maximal Sn fraction and the corresponding strain are listed in Table 3. The Sn content and the magnitude of strain were estimated by solving the expression for the biaxial strain as follows [35]:


    ε   ⊥   = −   2   C   11   + 4   C   12   − 4   C   44       C   11   + 2   C   12   + 4   C   44       ε   ∥    








where     ε   ⊥   =     d   ⊥   e x p   −   d   ⊥   r e f     /   d   ⊥   r e f     and     ε   ∥   =     d   ∥   e x p   −   d   ∥   r e f     /   d   ∥   r e f     are the vertical and lateral strains, and     C   11    ,     C   12    , and     C   44     are the elastic constants.



The crystal quality assessment utilized Omega rocking curves in the high-resolution configuration, conducted at four distinct locations spanning the entire Omega-2theta range of the gradient GeSn(111) peak, as illustrated in Figure 10. The observed trend of FWHM during the growth of Ge and graded GeSn alloys unveiled a significant evolution in crystal quality. It should be noted that the Ge(111) peak overlapped with the GaAs(111) buffer layer. Therefore, the Omega scan of this peak was fitted with broad and narrow Gaussian peaks, indicating varying degrees of crystalline perfection. However, it is still difficult to distinguish which peak corresponds to which layer. The broad peak suggests a larger degree of lattice imperfections or disorder, while the narrow peak signifies a more uniform and well-defined lattice structure. Additionally, the FWHM across the graded GeSn alloy was slightly higher in the middle of the gradient compared to the beginning and end. This discrepancy may arise from different growth conditions or varying degrees of strain relaxation within the alloy, leading to localized variations in crystal quality. Initially, an increase in FWHM suggests degradation in the crystal lattice due to factors like lattice mismatch and defects. However, the subsequent reduction in FWHM at the end indicates an improvement in crystal quality, affirming the effectiveness of the Sn gradient.



As depicted in Figure 11, SIMS characterization was employed to validate gradient alloying for the sample ES97. The SIMS etching profile demonstrates a pronounced linear variation in Ge1−xSnx composition throughout much of the growth process, employing the algorithm applied to the Sn cell to maintain a constant Sn flux. Within a 49 min growth period, the Sn content steadily increases linearly, ranging from 0 to 8.9%. The resulting GeSn alloy achieves a thickness of 289 nm. Following the completion of the Sn gradient, within a 30 min timeframe, a minor linear gradient unfolds, elevating the Sn content from 8.9% to 9.8%, accompanied by a thickness of 120 nm under constant Sn flux. Notably, as the gradient shifts from 9.8% to 10%, the thickness further increases to 3 nm. Subsequently, the Sn gradient becomes steeper, revealing a notable increase of 4.9% with a narrow alloy thickness of 8 nm. The concurrent Ge gradient, however, exhibits a negative slope, indicating a steeper descent. This negative value in the Ge gradient suggests a propensity for Sn segregation, signifying that the germanium concentration diminishes at a more pronounced rate along the growth direction, as seen in Figure 11a. This highlights a dynamic evolution in the alloy composition and structure during this phase of the growth process. This is a consequence of strain development in the GeSn alloy. The results obtained from SIMS support the Sn concentration calculated from the RSM of sample ES97. Meanwhile, we did not observe PL from the samples, although the quality was high. This was due to the fact that we had not yet reached a Sn concentration greater than ~15%, which is required for the direct and indirect band gap to become equal under fully strained growth. Our research is now pursuing reaching a higher Sn content, either when fully strained or after relaxation.





4. Conclusions


We have demonstrated that it is possible to epitaxially grow GeSn on a Ge/GaAs layer on c-plane Al2O3 using molecular beam epitaxy. Due to the similarity in Ge and GaAs lattice constants, the growth mode did not change, as indicated in the RHEED images. This translates into high-quality Ge with minimal FWHM. The growth of GeSn on a Ge buffer grown at 500 °C on GaAs resulted in a binary alloy with a high Sn content of 10%. The Sn incorporation was confirmed with the presence of GeSn on the Raman spectra. The algorithm used was key to controlling the grading profile of GeSn. Hence, at the end of the grading profile, the RSM showed a strong peak, indicating how GeSn continued to grow after a period of 30 min. Investigations are now underway to increase the current GeSn layer for the realization of optical measurements and, hence, device fabrication.
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Figure 1. Schematic of (a) 50 nm of Ge grown at 400 °C, (b) 150 nm of Ge grown at 400 °C, (c) 150 nm of Ge grown at 500 °C, and (d) GeSn grown on a Ge layer fabricated at different temperatures listed in the inset table. 
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Figure 2. AFM images of Ge top layers on Al2O3/AlAs/GaAs structure: (a) the 50 nm thick Ge film grown at 400 °C (sample ES85); (b) 150 nm thick film grown at 400 °C (sample ES89) and (c) 150 nm thick film grown at 500 °C (sample ES103). Corresponding relief height histograms are shown in (d) as a’, b’ and c’. Insets illustrate the bivariate surface slope histograms. Cartesian coordinates are used. 
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Figure 3. (a) Omega-2Theta scan of the sample, (b) Omega scan, and (c) Phi scan. 
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Figure 4. The RHEED images of GaAs and Ge after growth in III-V and IV chambers, respectively. 
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Figure 5. Raman spectra of (a) ES85 and ES89 (both grown at 400 °C) and (b) ES89 and ES103 (both having 150 nm Ge). The GaAs and Ge modes were acquired at 3 different spots of each sample. The micrographs, about 80 µm wide horizontally, show the surface of these samples. 
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Figure 6. Low-temperature PL for (a) ES103 (150 nm Ge) grown at 500 °C, (b) ES85 (150 nm Ge) grown at 400 °C, (c) ES85 (50 nm Ge) grown at 400 °C, and (d) Ge reference sample. 
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Figure 7. AFM images of GeSn top layers on the Al2O3/AlAs/GaAs/Ge structure: (a) the 200 nm thick GeSn film grown at 400 °C (ES95), (b) the 200 nm thick films grown at 500 °C (ES96), and (c) the 280 nm thick films grown at 500 °C (ES97). Corresponding relief height histograms are shown in (d) as a’, b’ and c’. Insets show the fine structure of grains. 
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Figure 8. On the left, micrographs showing the clear and cloudy areas with distinct roughness. On the right are the Raman spectra taken at the clear and cloudy regions of GeSn films. 
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Figure 9. XRD and RSM for samples ES95, ES96, and ES97. (a) The 2 theta−Omega scans showing GeSn, Ge, and Al2O3 peaks; (b–d) the RSM of GeSn/Ge as measured from 135 crystal plane. 
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Figure 10. Gaussian-fitted Omega scan taken across the span of graded GeSn (a) at 89.25°, (b) 88.83°, (c) 89.5°, (d) Ge at 90.0° for sample ES97, and (e) 2Theta-Omega scan for ES97 showing the positions when Omega scans were taken. 
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Figure 11. SIMS results for sample ES97 depict (a) the alloying profile of Sn and Ge concentrations versus the depth in nm and (b) the Sn (%) profile with an enlarged scale. 
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Table 1. Summary of the Ge growth temperature, full width at half maximum surface roughness, twinning ratios, and Raman shift.
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Parameter

	
Sample Name




	
ES 85

	
ES 89

	
ES 103






	
Growth temp (°C)

	
400

	
400

	
500




	
Ge thickness (nm)

	
50

	
150

	
150




	
FWHM (deg)

	
  0.024   ±   0.001

	
  0.033   ±   0.001

	
  0.03435   ±   0.001




	
Surface roughness (nm)

	
29.1

	
14.0

	
5.78




	
Twinning ratio %

	
8.85

	
5.0

	
8.45




	
Raman shift (cm−1)

	
−1.4

	
−0.4

	
−2.99











 





Table 2. Summary of growth temperature, growth time and surface roughness of the three samples.
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Parameter

	
Sample Name




	
ES95

	
ES96

	
ES97






	
Growth temperature of Ge layer (°C)

	
400

	
500

	
500




	
Surface roughness (nm)

	
3.56

	
11.5

	
16.2




	
Surface roughness in inset image (nm)

	
2.8

	
2.4

	
2.7




	
GeSn growth time (min)

	
56

	
56

	
79




	
GeSn thickness (nm)

	
~300

	
~300

	
~429











 





Table 3. Values of strain and linewidth estimated from the Ge and GeSn diffraction peak and the values of Sn content and compressive strain estimated from the GeSn peak on the RSMs of samples ES95, ES96, and ES97.
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Sample Name

	
Ge Buffer

	
GeSn Layer




	
      ε   ∥   ×   10   − 3      

	
FWHM (deg)

	
Sn (%)

	
      ε   ∥   ×   10   − 3      






	
ES95

	
−3.45

	
0.23

	
7.0

	
−7.10




	
ES96

	
−0.95

	
0.19

	
8.1

	
−5.37




	
ES97

	
0.05

	
0.28

	
10.0

	
−2.42




	

	
GeSn layer − FWHM (deg)




	
Position across Omega-2theta

	
88.25

	
88.83

	
89.5

	
90.0




	
ES97

	
0.67

	
0.73

	
0.67

	
0.28 (Broad peak)

0.06 (narrow peak)
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