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15 Abstract

16 Alloy engineering provides new insight into strain-mediated property tuning in 

17 anisotropic layered semiconductors and expands their functional applicability. The 

18 ternary alloy series GeS1−xSex (0 ≤ x ≤ 1) were synthesized via chemical vapor 

19 transport to systematically investigate lattice strain evolution, bandgap modulation, 

20 and electrical properties. The strain evolution in GeS1−xSex alloys exhibits a transition 

21 from strain accumulation to strain relaxation with increasing Se content. At low Se 

22 compositions (x = 0–0.37), lattice strain and deformation energy increase and peak at 

23 x = 0.37, indicating the most pronounced lattice distortion and stored deformation 

24 energy. As the Se content increases to the intermediate composition range (x = 

25 0.37–0.61), strain relaxation becomes dominant, accompanied by crystallite size 

26 reduction and the emergence of a strain-disordered crystalline structure with abundant 
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1 interfacial regions near x = 0.61. This structural evolution effectively dissipates 

2 accumulated deformation energy, redistributes internal stress, and leads to enhanced 

3 structural stability. The optical absorption spectra exhibit a gradual redshift in 

4 bandgap energies from 1.60 eV (GeS) to 1.15 eV (GeSe), in close agreement with 

5 Vegard’s law. Correspondingly, electrical measurements show a marked decrease in 

6 resistivity beyond x = 0.21, reaching a minimum value of 0.144 Ω·m for GeSe. 

7 Overall, these findings demonstrate that Se substitution effectively tunes the lattice 

8 strain, bandgap, and conductivity of GeS1−xSex alloys, establishing them as promising 

9 candidates for tunable optoelectronic applications.

10 Keywords: GeS1−xSex alloys, Alloy engineering, Chemical vapor transport, Lattice 

11 strain evolution, Bandgap modulation, electrical properties.

12

13

14 1. Introduction

15 Layered van der Waals materials provide a versatile platform for novel technologies, 

16 driven by their atomic-scale structures and tunable properties. Recently, 

17 narrow-bandgap Group IV-VI metal chalcogenides (GIVMCs) semiconductor 

18 nanostructures, including GeS, GeSe, SnS, and SnSe, have garnered significant 

19 attention in the field of optoelectronics[1] Among Group IV–VI chalcogenides, 

20 Ge-based compounds such as GeS and GeSe are p-type semiconductors possessing an 

21 orthorhombic layered crystal structure that can be regarded as a distorted NaCl 

22 lattice.[2] They possess strong covalent bonding within the layers and weak van der 

23 Waals interactions between adjacent layers, facilitating the growth of layer structures. 
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1 The reported bandgaps of GeS and GeSe are approximately 1.55–1.65 eV and 1.1–1.2 

2 eV, respectively [3], aligning well with the absorption range required for 

3 high-performance photovoltaic materials. Moreover, many researches have been 

4 reported that their crystal structure, thickness, strain, and defect density [4–7] can 

5 significantly influence their electronic, optical, mechanical, and thermal properties. 

6 For example, Wang et al. found that tensile strain of GeSe along the zigzag or 

7 armchair directions widens the bandgap, and may induce interlayer sliding leading to 

8 a ferroelectric transition.[8] Shi et al. reported that the bandgap of GeSe exhibits a 

9 negative correlation with film thickness, with values of 1.59 eV and 1.38 eV for the 

10 thinnest (10.5 nm) and thickest (78.2 nm) samples, respectively.[9] These strategies 

11 for tuning material properties make it a promising candidate for a wide range of 

12 applications, including lithium-ion batteries[10], Phototransistors[11], and 

13 photodetectors[12]. 

14 The ability to modulate the bandgap is particularly important for achieving 

15 high-performance optoelectronic devices. Alloying engineering is one of a 

16 well-established approach to tune the bandgap of semiconducting materials by 

17 adjusting their compositional ratios, thereby broadening their range of applications. 

18 For instance, a continuous series of GeS1−xSex (0 ≤ x ≤ 1) alloys can be synthesized 

19 between GeS and GeSe, where both the lattice constants and the bandgap can be 

20 precisely tuned by varying the S/Se composition.[13] Sutter et al. [14] synthesized 

21 GeS1−xSex/GeS nanowire–nanosheet heterostructures by VLS method, showing a 

22 tunable bandgap of 1.43 eV for bulk GeS0.6Se0.4. Zheng et al. [15] demonstrated 

23 GeS1−xSex nanoplates synthesized by Low-pressure rapid physical vapor deposition, 

24 showing tunable bandgaps (1.65–1.14 eV) with adjustable hole mobility and 
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1 broadband photoresponse. Liu et al. [16] synthesized GeS1−xSex alloys by CVT, 

2 achieving bandgap tuning from 1.52 to 1.02 eV with a direct–indirect transition near x 

3 =0.3, demonstrating their promise for tunable optoelectronic applications. Sutter et al. 

4 [17] prepared that the SnS–GeS1−xSex–GeSe heterostructure, featuring a laterally 

5 embedded GeS1−xSex active layer, enables discrete-energy photon emission confined 

6 to the GeS1−xSex region. Moreover, Liu et al. [18] observed that GeSe nanosheet 

7 thicknesses of 2.5 and 4.5 nm exhibit bandgaps of 1.44 and 1.20 eV, respectively.

8 Recently, the CVT method has gained attention for growing GeSxSe1−x (0 ≤ x ≤ 1) 

9 crystals, enabling large crystal platelets suitable for optical and electrical studies. 

10 Growth occurs in a sealed quartz ampoule under high vacuum (1 × 10⁻⁶ torr), 

11 avoiding organic contamination. Iodine transports Ge atoms from the high- to 

12 low-temperature end, where they bond with vaporized S or Se atoms. Ge and S/Se 

13 atoms nucleate and adsorb on the ampoule wall, and the nuclei gradually grow into 

14 freestanding crystals. [19,20] Unlike the Vapor–Liquid–Solid mechanism, CVT does 

15 not require a substrate, avoiding substrate-induced stress. The slow CVT growth 

16 yields large, high-quality single crystals. Furthermore, the crystal growth structure can 

17 also be controlled. For instant, Fang et al. synthesized twisted vdW GeS1−xSex (x = 

18 0–0.11) with tunable twist rates via the CVT method. [21] The band gap showed a 

19 slight redshift from 1.66 to 1.59 eV, influencing their electrical, optical, and thermal 

20 properties. Unadkat et al. synthesized GeS1−xSex (x = 0, 0.5, and 1) crystals via CVT, 

21 revealed a band gap of 1.58 eV for GeS0.5Se0.5. [22]

22 Although composition-dependent bandgap tuning in GeS1−xSex alloys has been widely 

23 reported, a quantitative understanding of strain evolution and its impact on 

24 structure–property relationships remain limited. In this work, we employ X-ray line 
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1 profile analysis to systematically correlate lattice strain evolution with bandgap 

2 modulation and electrical properties, providing new insight into strain-mediated 

3 property tuning in anisotropic layered semiconductors. Lattice strain and deformation 

4 energy density peak near x = 0.37, indicating severe lattice distortion, while beyond 

5 this composition strain relaxation dominates with reduced crystallite size. The strain 

6 relaxation observed at x = 0.61 originates from the formation of a strain-disordered 

7 crystalline structure with abundant interfacial regions, enabling efficient dissipation of 

8 accumulated deformation energy and improved structural stability. Optical spectra 

9 exhibit a redshift in bandgap energies from 1.61 eV (GeS) to 1.16 eV (GeSe), and 

10 electrical resistivity decreases sharply beyond x = 0.21, reaching 0.144 Ω·m for GeSe. 

11 These findings reveal that Se substitution effectively tunes lattice strain, bandgap, and 

12 conductivity, positioning GeS1−xSex as a promising candidate for tunable 

13 optoelectronic and photovoltaic applications.

14 2. Experimental detail

15 2.1 Materials

16 In this study, all chemicals and materials were procured from reputable commercial 

17 suppliers to ensure consistency and reliability of the experimental procedures. 

18 Germanium, sulfur, selenium, and iodine powder, which served as precursors for 

19 material preparation, were obtained from Sigma-Aldrich.

20 2.2 Preparation of GeS1−xSex alloy

21 In this study, the growth of GeS1−xSex single-crystal alloy was achieved via the 

22 Chemical Vapor Transport (CVT) method. First, precisely weighed Ge, S, and Se in a 

23 molar ratio of 1: (1–x): x—corresponding to Ge: S: Se—were calculated and placed 
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1 into a quartz ampoule. Elemental iodine (I2) was then added as the transport agent. 

2 The ampoule was evacuated to approximately 1 × 10−5 torr, sealed under vacuum by 

3 hydrogen–oxygen flame, and subsequently placed in a furnace. Second, the sealed 

4 ampoule was inserted into a three-zone furnace, with all zones initially held at 620 °C 

5 for two days to initiate the formation of volatile transport species and establish the 

6 chemical vapor transport reaction. Afterwards, the temperatures of the three zones 

7 were adjusted to 580 °C, 530 °C, and 480 °C respectively, and maintained for three 

8 days to promote directional transport and crystallization in the lower-temperature 

9 region. Finally, the furnace was cooled to room temperature to terminate the growth 

10 process. Following synthesis, crystallite material was observed at the low-temperature 

11 end of the ampoule. The ampoule was then opened, and the grown crystals were 

12 extracted for subsequent measurements and characterization. Unlike the VLS 

13 mechanism involving liquid catalyst droplets, crystal growth in the CVT process 

14 proceeds via a vapor–solid transport mechanism without a liquid catalytic phase. 

15 Moreover, the absence of a substrate eliminates substrate-induced stress, while the 

16 slow transport and crystallization kinetics favor the formation of large, high-quality 

17 crystals with uniform composition, making CVT particularly suitable for layered 

18 materials.

19 2.3 Physical and chemical characterizations

20 To investigate the structural and optical properties, the surface morphology of the 

21 samples was examined using a Hitachi S-4800 field emission scanning electron 

22 microscope (FE-SEM) at accelerating voltages of 15 kV and 1 kV, achieving 

23 resolutions of 1.0 nm and 1.4 nm, respectively. Elemental mapping via 

24 energy-dispersive X-ray spectroscopy (EDS) was performed using a spherical 
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1 aberration–corrected scanning transmission electron microscope (JEOL ARM200F). 

2 The High-Resolution Hyper Probe JXA-iHP200F (FE-EPMA) was used to perform 

3 quantitative analysis of the samples, achieving 30 KV ultra high-resolution image. 

4 High-Resolution transmission electron microscopy (HR-TEM) images were acquired 

5 with a JEOL JEM-2010 microscope operating at 200 kV, providing a point resolution 

6 of 0.23 nm. Raman spectra were recorded using a HORIBA LabRAM HR Evolution 

7 spectrometer with a 514 nm argon ion laser, covering the spectral range from 450 to 

8 3000 cm⁻¹. X-ray diffraction (XRD) patterns were obtained with a Bruker D8 

9 Advance diffractometer utilizing monochromatic Cu Kα radiation (λ = 1.5418 Å), 

10 scanning 2θ angles from 10° to 80°. The absorption spectroscopy setup used a 130 W 

11 halogen lamp, monochromator, optical chopper, silicon detector, and lock-in amplifier 

12 to generate and detect modulated monochromatic light.

13 3. Results and discussion

14 We successfully synthesized GeS1−xSex alloys using the CVT method. Fig. 1(a) 

15 presents a schematic of the CVT process, where Iodine (I2) acts as the transport agent 

16 to promote crystal growth. Fig. 1(b) illustrates the possible growth mechanism, which 

17 consists of three regions: the reaction zone, the transport zone, and the growth 

18 zone.[14,23,24] In the high-temperature reaction zone, precursors with different 

19 stoichiometric ratios of Ge, S, and Se powders reacted with I2 to generate volatile 

20 Ge–I intermediates, such as GeI2 and GeI4 (see Eq. (1) and (2)), while simultaneously 

21 releasing S and Se species into the vapor phase (see Eq. 3 and 4), as represented by 

22 the following reactions: 

23 Ge(s) + I2(g) → GeI2(g)  or/and,                                         (1)

24 Ge(s) + 2 I2(g) → GeI4(g)                                               (2)
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1 2S(s) → S2(g)                                                        (3)

2 2Se(s) → Se2(g)                                                      (4)

3 The use of a transport agent is essential because most solid materials exhibit very low 

4 vapor pressures under reduced pressure, resulting in only negligible sublimation into 

5 the gas phase. In the transport zone, the formation of volatile Ge–I compound provide 

6 significantly higher vapor pressures and thereby enhances the overall transport rate. 

7 Those volatile species (GeI2, GeI4, S2, and Se2) diffuse along the imposed temperature 

8 gradient toward the growth zone. Upon reaching the cooler growth region, Ge–I 

9 species decompose (GeI2(g) → Ge(s) + I2), leading to Ge recrystallization, while S and 

10 Se atoms are incorporated into the lattice to yield GeS1−xSex crystals, as represented 

11 by the following reaction (5) and (6):[19] 

12 2 GeI2(g) + (1−x) S2(g) + x Se2(g) → 2 GeS1−xSex (s) + 2 I2(g)  or/and,            (5)

13 2 GeI4(g) + (1−x) S2(g) + x Se2(g) → 2 GeS1−xSex (s) + 4 I2(g)                    (6)

14 Crystal quality and yield were found to be strongly dependent on growth parameters, 

15 including source and growth zone temperatures, growth duration, and the applied 

16 temperature gradient. Fig. 1c shows the photograph of the quartz ampoule before and 

17 after the CVT growth, exhibiting shiny layered morphology characteristic of 

18 GeS1−xSex crystals (see Fig. 1d). In the CVT process, the transport of S- and 

19 Se-containing species occurs in the vapor phase under near-equilibrium conditions 

20 between the source and growth zones. The simultaneous transport and incorporation 

21 of both chalcogen species enable continuous alloy formation without significant 

22 compositional segregation. As a result, the final alloy composition closely follows the 

23 initial precursor ratio, allowing precise compositional control and continuous 
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1 modulation across the entire GeS1−xSex compositional range. Such tunability offers a 

2 robust platform for tailoring structural properties, enabling bandgap engineering, and 

3 systematically exploring the evolution of electronic and optoelectronic behaviors.

4

5 Figure 1 (a) Schematic illustration of the CVT equipment and (b) the propose crystal 

6 growth mechanism of GeS1−xSex alloys. (c) Photographs of the precursor mixture 

7 before growth (up) and the as-grown GeS1−xSex crystals obtained by the CVT process 

8 (bottom). (d) Optical image of the as-grown GeS1−xSex crystals.

9 The elemental composition of the GeS1−xSex alloys was first examined using EDS to 

10 confirm the presence of Ge, S, and Se elements and to obtain an approximate 

11 compositional ratio. To achieve precise quantification, EPMA was subsequently 

12 employed. Table 1 summarizes the EDS and EPMA results. For the pure GeX (X = S 

13 or Se) samples, Ge and X signals were detected, whereas the alloyed samples 

14 exhibited signals corresponding to Ge, S, and Se. elemental mapping further 

15 confirmed the homogeneous distribution of Ge, S, and Se across all specimens (in Fig. 

16 S1). The Ge:(S+Se) ratio in each sample remains approximately 1:1. For clarity, the 

17 samples are denoted as GeS1−xSex, where x = Se/(S+Se) represents the actual Se 
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10

1 composition. For instance, in the sixth sample, the measured atomic percentages of S 

2 and Se are 19.00% and 29.93%, respectively, as determined by EPMA, corresponding 

3 to a nominal composition of GeS0.39Se0.61. Fig. 2 (a–f) show representative 

4 morphologies of samples with different Se contents, exhibiting well-defined layered 

5 structures of van der Waals–bonded crystals. The crystals display a plate-like 

6 morphology with lateral dimensions up to several tens of micrometers and thicknesses 

7 of a few micrometers. The clear step edges and terrace-like features confirm the 

8 layer-by-layer growth mechanism during crystal formation, whereas Fig. 2b reveals 

9 that the surface of the GeS0.79Se0.21 sample is relatively rough, consisting of numerous 

10 defect regions (yellow dotted area).

11 Table 1 The atomic compositions (Ge, S, and Se) of the GeS1−xSex samples.

EDS analysis

 Actual atomic percentage (%) 

EPMA analysis

 Actual atomic percentage (%) 
Sample

Ge S Se Ge S Se

GeS 54.04 45.96 0 51.3 48.7 0

GeS0.79Se0.21 54.08 38.77 7.16 51.67 38.3 10.3

GeS0.63Se0.37 55.25 24.25 20.50 52.45 29.92 17.63

GeS0.39Se0.61 44.23 29.48 26.29 51.07 19.0 29.93

GeS0.15Se0.85 54.65 10.55 34.80 53.39 7.17 39.44

GeSe 54.57 0 45.43 55.65 0 44.35

12
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11

1

2 Fig. 2. The SEM images of GeS1−xSex single crystals synthesized via CVT method. (a) 

3 GeS, (b) GeS0.79Se0.21, (c) GeS0.63Se0.37, (d) GeS0.39Se0.61, (e) GeS0.15Se0.85, and (f) 

4 GeSe sample.

5 We conducted HR-TEM and selected area electron diffraction (SAED) patterns 

6 analyses of the GeS1−xSex alloys along the [100] zone axis, as displayed in Fig. 3. The 

7 measured interplanar spacings for GeS (x = 0) and GeSe (x = 1) were 0.364 and 0.381 

8 nm, respectively (Fig. 3b, h). These spacings correspond to the (010) planes of 

9 orthorhombic GeS and GeSe and are in excellent agreement with the standard 

10 crystallographic data reported in JCPDS No. 71–0306 (a = 10.825 Å, b = 3.833 Å, c = 

11 4.388 Å)[25] and JCPDS No. 33–0582 (a = 10.47 Å, b = 3.64 Å, c = 4.30 Å).[26] We 

12 further measured the interplanar spacings of GeS0.79Se0.21 (Fig. S2a–d), GeS0.63Se0.37 

13 (Fig. 3c and 3d), GeS0.39Se0.61 (Fig. 3e and 3f), and GeS0.15Se0.85 (Fig. S2e–h) to be 

14 3.68, 3.72, 3.75, and 3.80 Å, respectively. The interplanar spacing increases 

15 monotonically as x increases from 0 to 1, which can be attributed to the gradual 

16 substitution of smaller S atoms (1.02 Å) by larger Se atoms (1.17 Å).[15] The TEM 

17 micrographs also confirm that the (001) and (010) planes intersect at approximately 
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12

1 90°, consistent with the orthorhombic crystal symmetry. Notably, the GeS0.39Se0.61 

2 alloy exhibits multiple extended strain-disordered interfacial regions (orange arrow), 

3 in stark contrast to the more localized strain-disordered regions (orange dotted area) 

4 observed in other GeS0.63Se0.37 composition. Detailed IFFT and SAED analyses for 

5 the x = 0.61 composition are provided in Fig. S3. We ascribe these continuous 

6 strain-disordered interfacial regions to compositional substitution (S →  Se), where 

7 the disparity in atomic radius and bond lengths between S and Se within the solid 

8 solution introduces local structural disorder in both bond lengths and bond angles, 

9 accompanied by pronounced anisotropic strain-relaxation.[27]
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1

2 Fig. 3. The HR-TEM images corresponding inverse fast fourier transform (IFFT). 

3 patterns of (a,b) GeS, (c,d) GeS0.63Se0.37, (e,f) GeS0.39Se0.61, and (g,h) GeSe. The insets 

4 show the selected area electron diffraction patterns for the specimens.
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1 To investigate the modulation of phonon vibration modes in GeS1−xSex alloy as a 

2 function of composition, Raman spectroscopy was performed. Fig. 4a presents the 

3 Raman spectra of samples with different Se contents. Notably, the Raman peaks of 

4 GeS (B₃g mode at 209.8 cm-1, Ag
3 mode at 235.4 cm-1, and Ag

2 mode at 267.2 cm-1) 

5 and GeSe (B₃g mode at 148.3 cm-1, and Ag
3 mode at 185.9 cm-1) are in good 

6 agreement with previously reported values.[28,29] Fig. 4b shows the B₃g out-of-plane 

7 mode and Ag in-plane vibration modes are correlated with the shear vibrations of 

8 adjacent layers along the zigzag and armchair directions, respectively.[30,31] Fig. 4c 

9 shows that GeS1−xSex alloy with increasing Se content, the vibration peaks of the B₃g 

10 (209.8–148.3 cm-1), Ag
3 (235.4–185.9 cm-1), and Ag

2 (267.2–260.1 cm-1) modes 

11 exhibit a redshift within a certain range. Specifically, the B₃g vibration mode gradually 

12 redshifts from 209.8 cm⁻¹ (GeS) to 148.3 cm-1 (GeSe) as the Se concentration 

13 increases. The Ag
3 and Ag

2 vibration modes also show a similar trend, indicating the 

14 absence of phase separation in the alloy system. In addition, the Ag
2 mode becomes 

15 absent once Se begins to be incorporated into the lattice, suggesting that the Ag
2 

16 modes in GeS1−xSex alloy correspond to vibration modes primarily associated with S 

17 atoms. The disappearance of the Ag
2 mode therefore reflects the progressive 

18 substitution of S atoms by Se atoms, leading to the suppression of Ge–S vibrations 

19 and the emergence of Se-dominated phonon modes.[13] These Raman results further 

20 confirm the continuous, composition-dependent lattice vibrations in GeS1−xSex alloy.

21 Fig. 4d presents the XRD patterns of the GeS1−xSex alloy crystal series as a function of 

22 Se content. The GeS sample exhibited diffraction peaks at 16.87° (200), 26.77° (201), 

23 32° (111), 34.24° (400), 41.41° (311), 52.32° (600), 52.73° (511), 61.92° (420), and 

24 72.02° (800) belonging to the α-phase, and consisting with the standard structure of a 
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1 GeS crystal (JCPDS card no. 71-0306). The crystal belongs to the orthorhombic 

2 system with the Pnma space group, and its lattice constants are a = 10.47 Å, b = 4.297 

3 Å, c = 3.641 Å.[32,33] Notably, with increasing Se content, the diffraction peaks shift 

4 to lower 2θ angles. This phenomenon can be attributed to the smaller atomic radius of 

5 sulfur (1.04 Å) compared to selenium (1.16 Å). And according to the Bragg's Law 

6 (see Eq. (7)), the interplanar spacings (d-spacing) increase, resulting in a decrease in 

7 the diffraction angles. 

8                                                   (7)

9 Here, n represents the diffraction order, which is 1 in this case; λ denotes the 

10 wavelength of the Cu Kα radiation, taken as 1.5418 Å; and θ corresponds to the 

11 selected peak angle, from which the interplanar spacing d can be calculated. The 

12 obtained d values are then substituted into the orthorhombic crystal system Eq. (8) 

13 with respect to the lattice constants:

14                                                   (8)

15 where h, k, and l denote the Miller indices. By substituting the corresponding 

16 interplanar spacing d and Miller indices, the lattice constants a, b, and c can be 

17 determined. 
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1

2 Fig. 4 (a) The Raman spectra of GeS1−xSex alloys (x = 0, 0.21, 0.37, 0.61, 0.85, and 1) 

3 recorded at room temperature. (b) Schematic illustration of the vibrational modes (B₃g, 

4 Ag
3, and Ag

2) corresponding to the orthorhombic GeS/Se-type structure. (c) The 

5 vibrational modes with increasing Se content. (d) The XRD patterns of GeS1−xSex 

6 single crystals.

7 To further analysis the lattice constants of GeS1−xSex alloy with different atomic 

8 concentrations of S/Se, we applied quadratic form of Vegard’s law (see Eq. (9), (10), 

9 and (11)). It is primarily used to predict the lattice constant of alloys or doped 

10 materials, based on the quadratic form assumption that the lattice constant varies 

11 quasi-linear with composition: [34]

12                               (9)
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1                               (10)

2                               (11)

3 where (aGeS, bGeS, and cGeS), (aGeSe, bGeSe, and cGeSe) are the theoretical lattice constants 

4 of GeS and GeSe, respectively; x is the Se composition fraction, and b is the bowing 

5 parameter characterizing the quadratic deviation from linear Vegard’s law. Fig. 5a–c 

6 presents the variation of the lattice constants of GeS1−xSex alloys with Se content in 

7 comparison with Vegard’s law. As the S/Se ratio approaches 1:1, the deviation from 

8 Vegard’s law becomes increasingly pronounced, with the bow-shaped deviation along 

9 the c-axis (Fig. 5c) being the most prominent (b = –0.12). This behavior indicates that 

10 the c-axis (armchair direction) is structurally the most susceptible to lattice stretching. 

11 Such anisotropy can be attributed to the puckered atomic configuration along the 

12 c-axis, where the atomic layers unfold under tensile stress rather than breaking bonds 

13 directly, resulting in higher ductility and elasticity. Meanwhile, the b-axis (zigzag 

14 direction) consists of Ge–S/Se bonds that directly sustain the applied tensile load, 

15 rendering it more rigid and less stretchable. [35–37] In contrast, the a-axis (interlayer 

16 direction) is governed by van der Waals forces. Although these interactions are 

17 relatively weak, they tend to promote interlayer sliding or delamination under stress, 

18 rather than uniform stretching or twisting deformation.[38] 

19 To investigate the strain effects that play a significant role in the GeS1−xSex alloys, we 

20 employed the Halder–Wagner (H–W) method, as described in Eq. (12), to quantify 

21 the strain contribution: [39,40]

22                                       (12)
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1 where β is the corrected full width at half maximum (FWHM, in radians), θ is the 

2 Bragg angle, D is the crystallite size, ε is the strain value, K is the shape factor 

3 (typically ~0.9), and λ is the X-ray wavelength. Fig. 5d shows the strain values and 

4 crystallite size of GeS1−xSex alloys as a function of Se content, calculated from the 

5 (𝛽/tanθ)2 versus (𝛽/tanθ sinθ) plot (see Fig. S4). At low Se contents, the tensile 

6 stress increases with average crystallite size and reaches a maximum (ε = 1.85 × 10-2, 

7 D = 367Å) for the GeS0.63Se0.37 alloy (x = 0.37). As the Se content becomes dominant, 

8 grain growth is significantly suppressed and does not increase again until the 

9 composition exceeds x > 0.85. Notably, the x = 0.61 composition shows the lowest 

10 residual stress (ε = 0.89 × 10-2) among the three Ge–S–Se systems. We attribute this 

11 trend to a composition-driven internal stress mechanism that operates differently 

12 across composition ranges. At low Se concentrations (x = 0–0.37), stress along the 

13 van der Waals–dominated a-axis is preferentially accommodated by interlayer sliding 

14 or delamination, whereas Se substitution correlates more strongly with lattice 

15 expansion along the b- and c-axes, consistent with previously reported observations 

16 [35–38]. This anisotropic lattice response is further supported by the larger deviation 

17 (bowing) from Vegard’s law observed along the b- and c-axes (Fig. 5a–c), indicating 

18 a more pronounced compositional dependence of lattice expansion in these directions. 

19 Although the strain values extracted from H–W analyses represent isotropically 

20 averaged microstrain, crystallographic anisotropy nevertheless offers a plausible 

21 framework to rationalize the observed increase in residual strain. The resulting 

22 localized lattice deformation generates intragranular stress that accumulates within 

23 larger grains, leading to increased tensile stress with increasing grain size. [41–43] At 

24 the intermediated-Se composition (x = 0.37–0.61), the interfacial stress-relaxation 

25 effect is likely responsible for the strain reduction observed in the x = 0.61 
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1 composition. These strain-disordered interfacial regions provide efficient pathways 

2 for stress release by enabling the redistribution and dissipation of deformation energy 

3 across the interfacial network. As these interfacial regions develop, the residual stress 

4 correspondingly decreases, alleviating stress concentrations and lowering the overall 

5 strain level. [44,45] As a result, the system tends to maintain smaller crystalline sizes 

6 to minimize the total free energy. At the rich-Se composition (x = 0.61–0.85), the 

7 reintroduction of strain accommodation results in elevated intragranular stress (ε = 

8 1.17 × 10-2). Such local stress enhances lattice distortion, reduces grain-boundary 

9 mobility, and consequently inhibits grain coarsening. At the Se-saturated regime (x = 

10 0.85–1), the lattice structure progressively converges toward that of pristine GeSe, 

11 which lowers the residual stress again and facilitates the slight coarsening of 

12 crystallites. These correlations between lattice size and tensile stress highlight the 

13 critical role of Se substitution in tuning the mechanical and structural behavior of 

14 GeS1-xSex alloys. 

15 To examine the influence of strain-induced lattice deformation in GeS1−xSex alloys, 

16 the deformation energy density was calculated based on the Uniform Deformation 

17 Energy Density Model (UDEDM). Although this study introduces the Vegard’s law 

18 assumption, it may introduce some uncertainty in the absolute deformation energy 

19 values; however, we emphasize that the main conclusions of this work are based on 

20 the compositional trend of strain evolution, which remains valid regardless of the 

21 exact elastic modulus values (see supplementary page 6,). Fig. 5e shows both strain 

22 and deformation energy density reach their maximum at approximately x = 0.37, 

23 indicating the most severe lattice distortion and highest stored energy at this 

24 composition. With further increase in Se content, both parameters decrease markedly 
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1 and eventually stabilize in the intermediate Se regime. The structure evolves into an 

2 energetically stabilized strain-disordered multi-interfacial crystalline configuration at 

3 x = 0.61 among the three Ge–S–Se compositions. Notably, the deformation energy 

4 density at x = 0.37 (22.84 × 103 J/m3) is nearly 28 times higher than that at x = 0.61 

5 (0.82 × 103 J/m3), highlighting the pronounced strain accumulation at low 

6 composition of Se. 

7 The dislocation density (𝛿 ≈ 1/𝐷2) was also evaluated, where 𝛿 denotes the dislocation 

8 density and 𝐷 represents the crystallite size. [46] Fig. 5f shows that in the low-Se 

9 composition range, the strain reaches its maximum while the 𝛿 concurrently drops to 

10 its minimum (0.74 line/Å2). This contrasting behavior suggests that the elevated strain 

11 originates primarily from accumulated lattice distortion, rather than from an increase 

12 in 𝛿. In the intermediate Se composition regime, the residual stress decreases while 

13 the 𝛿 increases to 0.79 line/Å2. This trend likely stems from local mismatch strain that 

14 induces dislocation formation, together with partial structural loosening and the 

15 formation of strain-disordered interfacial regions that effectively dissipate residual 

16 stress. In the Se-rich composition range, both the residual stress and δ continue to 

17 increase, reaching 0.84 line/Å2 at x = 0.85. This rise originates from local lattice 

18 expansion, which generates heterogeneous distortions and strain-concentrated regions 

19 that promote dislocation formation. However, unlike the intermediate-Se regime, 

20 these dislocations cannot fully relieve the accumulated strain and instead introduce 

21 additional local distortions, leading to further residual stress—consistent with the 

22 slight increase in deformation energy density from 0.82 × 103 to 1.66 × 103 J/m3 

23 between x = 0.61 and 0.85. At Se-saturated compositions (x = 0.85–1), lattice 

24 convergence toward the GeSe end-member diminishes internal stress and dislocation 
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1 generation, yielding simultaneous declines in strain and 𝛿.

2

3 Fig. 5. The variation of lattice parameters (a) a, (b) b, and (c) c axis of GeS1−xSex 

4 alloys as a function of selenium composition x, estimated from Vegard’s law. (d) The 

5 correlation between crystallite size and strain as a function of Se composition, 

6 estimated using the H–W method. (e) Dependence of deformation energy density and 

7 strain on Se composition, derived from the UDEDM and H–W method analyses, 

8 respectively. (f) The correlation between dislocation density and strain as a function 

9 of Se composition.

10 We also determined the strain of the samples using the size–strain plot (SSP) method. 

11 This approach considers XRD peak broadening as arising from both size- and 

12 strain-induced contributions, as described in Eq. (13):[46]

13  (                       (13)

14 where dhkl is the interplanar spacing, βhkl is the full width at half maximum (FWHM) 

15 of the diffraction peak (corrected for instrumental broadening, in radians), θ is the 

16 Bragg angle, K is the shape factor (0.9), λ is the X-ray wavelength, D is the average 
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1 crystallite size, and ε is the strain value. We plotted (dhkl βhkl cosθ)2 versus (d2
hkl βhkl 

2 cosθ) to extracted the strain and average crystallite size (see in Fig. S5). Among the 

3 GeS1−xSex series, the GeS0.63Se0.37 (x = 0.37) sample exhibits the maximum tensile 

4 strain value of 2.86 × 10-2, while the GeS0.39Se0.61 (x = 0.61) sample shows the 

5 minimum tensile strain value of 1.37 × 10-2 among the three Ge–S–Se compositions. 

6 The strain variation trend obtained from the SSP method closely aligns with that 

7 derived from the H–W analysis, as shown in Fig. 6, confirming the reliability of both 

8 approaches in describing the strain evolution across compositions. Furthermore, the 

9 average crystallite size determined experimentally nearly coincides with that obtained 

10 from the H–W method, as illustrated in Fig. S6, indicating a strong correlation 

11 between the compositional variation and average crystallite size behavior in the alloy 

12 series. This consistency confirms that both methods reliably capture the evolution of 

13 tensile strain as the S-to-Se ratio changes, providing insights into the structural 

14 stabilization of the mixed alloy crystals. We have summarized the strain values, 

15 average crystallite sizes, deformation energy density and dislocation density values of 

16 the GeS1−xSex alloys in Table 2. 

17

18 Fig. 6. The comparison of the stress values obtained from the H–W and SSP methods.
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1 Table 2. Comparison of the strain value, average crystallite size, deformation energy 
2 density, and dislocation density parameters of GeS1−xSex alloys.

Samples

Strain values 

(H-W method)

 (× 10-2) 

Strain values  

(SSP method)

 (× 10-2)

Average crystallite 

size 

(Å)

Deformation 

energy density 

(× 103 J/m3)

Dislocation 

density

 (line/Å2)

GeS 0.75 1.16 292 0.16 1.17

GeS
0.79

Se
0.21 1.08 1.66 327 2.07 0.94

GeS
0.63

Se
0.37 1.85 2.86 367 22.84 0.74

GeS
0.39

Se
0.61 0.89 1.37 356 0.82 0.79

GeS
0.15

Se
0.85 1.17 1.8 366 1.66 0.84

GeSe 0.96 1.48 345 0.28 0.75

3

4 To evaluate the structural stability after etching across the intermediate to Se-rich 

5 compositional regimes, both GeS0.39Se0.61 and GeS0.15Se0.85 samples were subjected to 

6 HF (9.5%) acid etching for 20 seconds. Fig. 7a–b SEM images reveal that 

7 GeS0.39Se0.61 exhibits a porous surface morphology, while GeS0.15Se0.85 maintains a 

8 relatively localized and step-like etched surface. This difference can be attributed to 

9 the higher density of strain-disordered interfacial regions in the GeS0.39Se0.61 sample, 

10 which possess elevated interfacial energy and chemical reactivity, [47,48] rendering 

11 them more susceptible to preferential attack during the etching process. The 

12 dissolution or removal of material along these interfaces leaves voids or grooves 

13 between adjacent grains. In contrast, the step-like surface of GeS0.15Se0.85 is formed 

14 through layer-by-layer etching along specific intragranular crystal planes. These 

15 results reveal that under the respective dominance of intragranular and interfacial 

16 stress-relaxation effects, the etching process displays orientation-dependent rates, 

17 thereby giving rise to different etching characteristics. Significantly, the porous 
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1 structure usually offers multiple advantages, including an increased active site and 

2 improved charge transport for electrochemical applications.[49] 

3

4 Fig. 7. SEM images of (a) GeS0.39Se0.61 and (b) GeS0.15Se0.85 samples after HF 

5 etching.

6 To evaluate the optical bandgap (Eg) of the GeS1−xSex crystals with varying Se 

7 contents, their absorption spectra were recorded at room temperature. Near the band 

8 edge, the optical absorption characteristics of a semiconductor can be approximately 

9 described by Eq. (14): [50]

10                                    (14)

11 Here, α denotes the absorption coefficient, which is proportional to the absorbance (α), 

12 Eₚₕ represents the photon energy, Eg is the optical bandgap, C is a proportionality 

13 constant, and n is an exponent characterizing the nature of the interband transition (n 

14 = 2 for direct and n = 1/2 for indirect transitions). Fig. S7 (a-f) exhibit a pronounced 

15 two-step absorption profile, revealing the presence of two distinct optical transitions, 

16 denoted as E1 and E0. Among the alloy series, only the GeS0.79Se0.21 sample does not 

17 exhibit two distinct energy plateaus; therefore, the second bandgap must be identified 

18 through polarization-dependent measurements (see Fig. S7b). The transition energies 
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1 E1 and E0 were determined by extrapolating the linear regions of the (αEph)2 and 

2 (αEph)1/2 plots to zero, corresponding to the armchair and zigzag directions, 

3 respectively. [51,52]. Based on these analyses, the Fig. 8a and b illustrate the 

4 dependence of Eg
ind and Eg

dir on the Se content, respectively. The direct bandgaps of 

5 GeS, GeS0.79Se0.21, GeS0.63Se0.37, GeS0.39Se0.61, GeS0.15Se0.85, and GeSe samples were 

6 determined to be approximately 1.60 eV, 1.50 eV, 1.43 eV, 1.35 eV, 1.23 eV, and 

7 1.15 eV respectively. The indirect bandgaps of GeS, GeS0.79Se0.21, GeS0.63Se0.37, 

8 GeS0.39Se0.61, GeS0.15Se0.85, and GeSe samples were determined to be approximately 

9 1.59 eV, 1.49 eV, 1.42 eV, 1.33 eV, 1.21 eV, and 1.13 eV. Both bandgaps exhibit a 

10 redshift with increasing x. This behavior arises from the substitution of S atoms by the 

11 larger Se atoms, which expands the lattice constants and consequently reduces the 

12 bandgap energies. These results are in good agreement with previously reported 

13 values, confirming the reliability of our optical bandgap evaluation, as summarized in 

14 Table 2. 

15 In general, the bandgap of a mixed crystal shows a quadratic dependence on 

16 composition. Thus, the variation of Eg with x in GeS1−xSex can be described by the 

17 following Vegard’s law in Eq. (15): [50]

18                                       (15)

19 Here, Eg,GeS and Eg,GeSe denote the bandgaps of pure GeS and GeSe, respectively. By 

20 fitting Eq. (15) to the experimental results of Eg
ind and Eg

dir. Figure 8c shows that the 

21 low- Se compositions closely follow Vegard’s law, while the moderate to Se-rich 

22 regime exhibits a slight upward deviation. We infer that in the low-Se regime, the 

23 lattice framework remains largely GeS-like, resulting in near-linear strain evolution, 

24 and consequently a bandgap trend that closely follows Vegard’s law. In contrast, in 
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1 the moderate to Se-rich regime, residual Ge–S bonds, local bond-length fluctuations, 

2 and incomplete convergence of the VBM/CBM k-points persist despite overall strain 

3 relaxation, thereby slowing the bandgap reduction. This deviation is consistent with 

4 the asymmetric bandgap bowing commonly observed in chalcogenide alloys. [53,54] 

5 Furthermore, as x approaches 1 (GeSe), the Eg
ind and Eg

dir converge, with both curves 

6 becoming nearly identical, indicating a transition toward quasi-direct-gap behavior. 

7 This trend shows a strong resemblance to the phenomenon previously reported by our 

8 group in CVT-grown GaS1−xSex alloys. [50] Consequently, these bandgap-tunable 

9 alloys present significant opportunities for advanced optoelectronic applications.

10 The current–voltage (I–V) characteristic curve represents one of the most fundamental 

11 electrical properties of a semiconductor material. In this experiment, we connected the 

12 crystals to electrodes with identical spacing and measured their I–V responses. Fig. S8 

13 presents the I–V curves of GeS, GeSe, and the ternary GeS1−xSex alloy series. By 

14 applying Ohm’s law (V = I × R), [55] we determined that the resistivity values of GeS, 

15 GeS0.79Se0.21, GeS0.63Se0.37, GeS0.39Se0.61, GeS0.15Se0.85, and GeSe are 34.46 Ω·m, 

16 52.71 Ω·m, 25.07 Ω·m, 12.9 Ω·m, 0.44 Ω·m, and 0.144 Ω·m, respectively. These 

17 results clearly show that, at a fixed bias voltage of 5 V, the electrical current increases 

18 with increasing Se content, with the GeSe crystal exhibiting the highest conductivity 

19 among all samples. However, the GeS0.79Se0.21 (x=0.21) sample displays an 

20 anomalously high resistivity. This anomaly likely arises from the competition 

21 between defect-induced carrier scattering and intrinsic band structure evolution. At 

22 low Se substitution levels, local lattice distortion and defect formation caused by 

23 Ge–S/Ge–Se bonding mismatch enhance carrier scattering, thereby increasing 

24 resistivity. With further Se incorporation, bandgap narrowing and the associated 
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1 increase in carrier concentration gradually become dominant. At x = 0.37, where the 

2 deformation energy density reaches its maximum while the resistivity decreases, this 

3 apparent discrepancy can be tentatively interpreted within the classical transport 

4 relation ρ = 1/(qnμ), in which resistivity (ρ) is inversely proportional to the carrier 

5 concentration (n) and carrier mobility (μ). [57] Although defect- and strain-induced 

6 scattering tends to reduce μ, a sufficiently large increase in n resulting from 

7 alloying-induced bandgap narrowing can compensate for the mobility loss and even 

8 lead to a net reduction in resistivity. Therefore, the decreasing resistivity at x = 0.37 is 

9 consistent with a carrier-density-dominated transport regime, where 

10 bandgap-narrowing-induced carrier generation outweighs the mobility reduction from 

11 enhanced defect scattering. Those compositional dependence of conductivity reflects 

12 the gradual electronic structure evolution induced by S → Se substitution. The 

13 reduction in bandgap and the enhanced orbital overlap between Ge–Se bonds 

14 facilitate carrier transport, thereby improving the overall electrical performance of the 

15 GeS1−xSex alloy system. 
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1

2 Fig. 8 (a) Tauc plots of (αEₚₕ)² and (b) (αEₚₕ)¹ᐟ² versus photon energy (Eₚₕ) for 

3 evaluating the direct and indirect optical bandgaps, respectively. (c) The evolution of 

4 the direct and indirect bandgaps, following Vegard’s law as a function of Se content. 

5 (d) The variation of electrical resistivity of GeS1−xSex alloys as a function of Se 

6 content.

7

8

9

10

11
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1 Table 3. The Room-temperature bandgaps of GeS1−xSex (0 ≤ x ≤ 1) crystals from this 

2 work and literature reports.

Materials Evaluated band gaps Eg (eV) Reference

GeS

GeSe

GeSe

GeS0.5Se0.5

GeS

GeS0.46Se0.54

GeSe

GeS

GeS0.73Se0.27

GeS0.42Se0.58

GeS0.29Se0.71

GeSe

GeS

GeS0.79Se0.21

GeS0.63Se0.37

GeS0.39Se0.61

GeS0.15Se0.85

GeSe

Diffuse reflectance spectra

Photoluminescence 

spectroscopy

Absorption spectra

Cathodoluminescence 

spectroscopy

Absorption spectra

Absorption spectra

1.6 eV (direct) 

1.2 eV (direct) 

1.16 ± 0.13 eV (direct) 

1.28 (indirect), 1.58 (direct)     

1.6 eV (indirect)

1.36 eV (indirect)

1.27 eV (indirect)

1.65 (direct) 

1.57 (direct) 

1.45 (direct) 

1.39 (direct) 

1.14 (direct) 

1.59 (indirect), 1.60 (direct)

1.49 (indirect), 1.50 (direct) 

1.42 (indirect), 1.43 (direct) 

1.33 (indirect), 1.35 (direct) 

1.21 (indirect), 1.23 (direct) 

1.13 (indirect), 1.15 (direct) 

[56]

[29]

[22]

[53]

[15]

This study

3

4 4. Conclude 

5 In summary, GeS1−xSex (0 ≤ x ≤ 1) alloys were successfully synthesized via CVT, 

6 forming a continuous composition between GeS and GeSe. The H–W and SSP 
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1 analyses consistently show that the strain analysis of GeS1-xSex alloys reveals four 

2 distinct compositional regimes. At low Se contents, both strain and deformation 

3 energy density reach a maximum around x = 0.37, suggesting severe lattice distortion 

4 and significant energy accumulation in the low-Se composition range. In the 

5 intermediate Se range, strain relaxation becomes dominant, accompanied by a 

6 reduction in crystallite size. The observed relaxation behavior at x = 0.61 is attributed 

7 to the formation of a strain-disordered crystalline structure with abundant interfacial 

8 regions, which acts as an effective strain-buffering network. This structure allows 

9 deformation energy to dissipate across strain-disordered interfacial regions, 

10 alleviating interfacial stress concentrations and improving structural stability. 

11 Consequently, the system attains a lower overall strain state and enhanced 

12 thermodynamic stability. In the Se-rich regime, renewed lattice expansion and 

13 heterogeneous distortion regenerate localized misfit strain, increasing both residual 

14 stress and dislocation density. As the Se content approaches saturation (x = 0.85–1), 

15 the structure no longer generates a substantial number of defects. These results 

16 confirm that selenium substitution not only governs anisotropic lattice deformation 

17 but also facilitates strain redistribution through interfacial relaxation, ultimately 

18 tuning the mechanical and microstructural behavior of GeS1−xSex alloys. Optical 

19 measurements demonstrated a tunable redshift in direct and indirect bandgaps from 

20 1.60 eV (GeS) to 1.15 eV (GeSe), attributable to lattice expansion and orbital 

21 hybridization. Electrical testing revealed a corresponding reduction in resistivity from 

22 34.46 Ω·m to 0.144 Ω·m with increasing Se content, indicating improved carrier 

23 transport. Collectively, the composition-dependent bandgap tunability, 

24 strain-modulated structural evolution, and the resulting regulation of electrical 

25 transport properties demonstrated in this work provide important design guidelines for 

Page 30 of 39Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TC00046K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tc00046k


31

1 anisotropic IV–VI layered semiconductors. Such characteristics make GeS1−xSex 

2 alloys promising for applications in polarization-sensitive photodetectors, infrared 

3 optoelectronics, and strain- and composition-engineered electronic and optoelectronic 

4 devices, where simultaneous control of optical response and electrical conductivity is 

5 desired.
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