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Germanium diselenide (GeSe2) is a two-dimensional (2D) semiconductor with air stability, a 

wide bandgap, and anisotropic optical properties. We studied the absorption and 

photoluminescence (PL) of single-crystalline 2D GeSe2 grown by metal-organic chemical 

vapor deposition and their dependence on temperature and polarization. The PL spectra 

exhibited peaks at 2.5 eV (peak A) and 1.8 eV (peak B); peak A displayed a strongly 

polarized emission along the short axis of the crystal, and peak B displayed a weak 

polarization perpendicular to that of peak A. With increasing temperature, peak B showed 

anomalous behaviors, i.e., an increasing PL energy and intensity. The excitation energy-

dependent PL, time-resolved PL, and a density functional theory calculation suggested that 

peak A corresponded to the band-edge transition, whereas peak B originated from the inter-

band mid-gap states caused by the selenium vacancies passivated by oxygen atoms. Our 

comprehensive study on the PL of single-crystalline GeSe2 sheds light on the origins of light 

emission in terms of the band structure of anisotropic GeSe2, making it beneficial for the 

corresponding optoelectronic applications.  
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1. Introduction 

 

The optical properties of two-dimensional (2D) layered materials have attracted 

considerable attention owing to their versatile uses in various optoelectronic applications such 

as polarization-dependent photodetectors, optical modulators, spin- and valley-dependent 

devices, and nano-mechanical devices.[1–8] The abundance of 2D isotropic and anisotropic 

lattice structures provide selectivity for use in a wide range of device applications.[1–14] 

Among them, germanium diselenide (GeSe2) is a layered material representing a IV–VI 

chalcogenide with a wide bandgap. It exists in three phases: (a) orthorhombic α-GeSe2, (b) 

monoclinic β-GeSe2, and (c) hexagonal γ-GeSe2.[1–3,8,15,16] β-GeSe2 has shown excellent 

stability in air and adopts a monoclinic crystal structure with the P21/c space group, exhibiting 

in-plane anisotropic, structural, vibrational, electrical, and optical properties.[1–3,8,9] Recent 

studies have shown that the wide (2.78 eV) bandgap of GeSe2 has great potential for 

photodetector applications in the ultraviolet region.[1–3] Given its distinctive in-plane 

anisotropy, wide bandgap, and high air stability, GeSe2 is a promising candidate for 2D 

optoelectronic applications. 

GeSe2 exhibits Raman modes with in-plane anisotropic characteristics under polarized light 

excitation;[1,3] these can be used to identify the crystal axis, similar to the case with other 

anisotropic 2D materials.[1,17] Photoluminescence (PL) studies on exfoliated bulk GeSe2 have 

presented PL peaks at 2.78 and 1.55 eV.[2] The density functional theory (DFT) predictions 

for the electronic band structure attributed the high-energy gap (~2.8 eV) to the direct 

bandgap at the Γ point of the Brillouin zone, whereas the origin of the low-energy gap was not 

well-understood.[1–3] The calculated band structure showed a flat valance band structure 

without the signatures of indirect band gaps, i.e., emissions of GeSe2.[1,2,8,16] Recently, Yan et 

al.[2] suggested that the low-energy peak (~1.55 eV) might be owing to a defect-related mid-

gap state emission. In general, defect emissions are stronger at low temperatures and can be 

controlled by experimentally modifying the density of the defects.[5,14] One approach of 

modifying the density of defects is a plasma treatment. This treatment increases the density of 

the defects and consequently enhances the defect-induced PL emissions.[10] Furthermore, in 

anisotropic 2D lattices such as ReS2 (Rhenium disulfide), band-edge excitons couple with a 

defect state to generate a neutral donor-bound exciton, demonstrating a linearly dichroic 

feature.[11] β-GeSe2 is a candidate anisotropic 2D material; thus, investigating the 

characteristics of the PL, absorption, Raman spectra, temperature, and polarization 

dependency could provide crucial information regarding the origin of the different transitions 
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in the electronic and vibrational states.[11,12,18] However, no detailed understanding presently 

exists concerning the origins of the PL and absorption peaks in the electronic band structure 

of GeSe2 and their dependencies on temperature and polarization. 

In this study, we performed temperature- and polarization-dependent PL spectroscopy of 

2D single-crystalline GeSe2 grown using metal-organic chemical vapor deposition 

(MOCVD). We identified two distinct PL peaks at 2.5 and 1.8 eV. Based on the dependency 

on temperature, polarization, excitation energy, and DFT calculations, these peaks were 

attributed to the band-edge transition and mid-gap states owing to oxygen (O)-passivated 

selenium vacancies, respectively. Our comprehensive optical study provides crucial insights 

into the optical transitions of anisotropic GeSe2, potentially benefitting the many 

optoelectronic applications using 2D GeSe2.  
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2.  Result and Discussions 

 

2.1. Growth of GeSe2 

 

Figure 1a shows a schematic of the MOCVD for the growth of 2D GeSe2. Bis(1-

dimethylamino-2-methyl-2-propoxy) germanium (II) [Ge(dmamp)2] and dimethyl selenide 

[(CH3)2Se] were used as the germanium (Ge) and selenium (Se) precursors, respectively. The 

first heating zone was heated to 480 °C for the precursor decomposition, and a muscovite 

mica substrate was placed in a second heating zone heated to 400 °C. As shown in Figure 1b, 

rhombic GeSe2 flakes were uniformly distributed on the substrate. Atomic force microscopy 

further confirmed their rhombic shape and sharp facets (Figure 1c). The thickness of the as-

grown flakes varied from 20 to 70 nm; the thickness distribution of 89 randomly selected 

GeSe2 flakes is presented in the Supporting Information (Figure S1). X-ray diffraction (XRD) 

and transmission electron microscopy (TEM) analyses confirmed that the grown material was 

GeSe2 (high-resolution TEM (HRTEM) in Figure S2). Figure 1d shows the XRD pattern of 

the rhombic flakes. The peaks matched well with those of monoclinic GeSe2 (JCPDS-01-

0710177). Only the (001) family peaks displayed alignment in the c-axis direction. Figure 1e 

shows a low-magnification TEM image of a rhombic flake. The corresponding selected area 

electron diffraction (SAED) pattern in Figure 1f shows sharp diffraction spots, indicating 

single crystals. The inter-layer d-spacings of 3.529 and 8.411 Å correspond to the (200) and 

(020) directions, respectively, consistent with the inter-layer d-spacing of GeSe2.[19] Figure 1e 

and Figure 1f indicate that the long edges of the GeSe2 flakes are in the [010] direction.  
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Figure 1. Growth and characterization of GeSe2. a) Schematic of the metal-organic chemical 

vapor deposition (MOCVD) method for GeSe2 growth. b) Optical image of rhombic GeSe2 

flakes on muscovite mica substrate. c) Atomic force microscopy image of GeSe2 flakes. The 

inset shows the height of the flake. d) X-ray diffraction (XRD) pattern of GeSe2. e) Low-

magnification transmission electron microscopy (TEM) image of GeSe2 flake and f) 

corresponding selected area electron diffraction (SAED) pattern. 

 

2.2. Basic optical properties of GeSe2 

 

Figure 2a displays the representative Raman spectrum of the MOCVD-grown rhombohedral 

flakes of the GeSe2 single crystals. We observe three distinct Raman modes at 96, 116, and 

210 cm–1, in agreement with previously reported results.[1,3,7,20,21] The most prominent peak is 

at 210 cm–1; this is known as the Ag mode of GeSe2.[1,3] The absence of the Raman mode at 

200 cm–1 indicated that our MOCVD-grown GeSe2 is a β-phase element.[1,3,21] The a- and b-

axes in the rhombic flake are defined in reference to a unit cell of GeSe2, as shown in the 

schematic lattice structure (top panel of Figure 2b). The polarization-dependent Raman 

spectra and polar plot of the Ag Raman mode at 210 cm–1 are shown in Figure S3 and Figure 

2c, respectively, with 0° (and 180°) representing the polarization direction of the incident 
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light along the main crystal axis (b-axis) of GeSe2 as shown in the optical image (bottom 

panel of Figure 2b). The bi-fold symmetry of the polarized Ratmdman intensity is consistent 

with the previously reported Raman anisotropy of GeSe2.[1,3]  

Optical micrographs of GeSe2 with thicknesses of 76 and 131 nm are shown in Figure 2d, 

respectively (see Figure S4 for atomic force microscope measurement results). GeSe2 is 

known for the weak interlayer coupling among 2D transition metal dichalcogendies (TMDs), 

the bandgap remaining direct,[2,8] thus the optical properties of these bulk thickness GeSe2 can 

provide the representative characteristics of GeSe2. The optical absorption spectra (Figure 2e, 

left panels) display two absorption peaks at approximately 2.9 (A peak) and 1.8 eV (B peak), 

with an energy separation of 1.1 eV. The position of absorption peak A matches well with 

previous results for a bulk GeSe2,[1,2] whereas the absorption B peak is firstly observed here. 

We also measured the PL spectra of the same GeSe2 crystals, with the results shown on the 

right panels of Figure 2e, where the A and B PL peaks are observed at 2.5 and 1.8 eV, 

respectively. While the peak position of A PL peak is similar to the previous result from 

exfoliated GeSe2, B peak showed somewhat higher energy than the previous study.[2] This 

discrepancy is likely to originate from the difference in growth methods that can populate the 

different type or density of lattice defects. We are discussing later the origins of B peak and 

the lower energy shoulder peak (assigned as D peak) .   
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Figure 2. Anisotropic Raman properties, optical absorption, and photoluminescence (PL) 

emission of the 2D GeSe2. a) Representative Raman spectrum of the 2D GeSe2. Ag mode at 

210 cm–1 was the most prominent. b) Top view of the lattice structure of the GeSe2 (top panel) 

and optical view of the MOCVD-grown GeSe2 (bottom panel). The unit cell of the GeSe2 is 

represented by the rectangular box, and the crystalline axes are indicated by the a- and b- 

axes. The angle θ represents the incident polarization angle with respect to the b-axis. Scale 

bar represents 5 µm. c) Polarization polar plot of the Raman peak of Ag mode at 210 cm–1. 

Scattered rectangles represent the measured data, and the solid trace is the fitted curve using 

the Raman tensor of GeSe2.[1,3] d) Optical views of GeSe2 samples used for the absorption and 

PL spectroscopy. Measured thickness (h) are shown. Scale bar represents 5 µm. e) Absorption 

spectra (left panels) and PL spectra (right panels) were obtained from the same samples (top 

panels and bottom panels). Two prominent PL and absorption peaks (A and B) are observed. 

 

2.3. Temperature and polarization dependences of GeSe2
 PL  

 

Figure 3a shows the temperature-dependent PL spectra of the GeSe2 crystal (thickness of 76 

nm) in the temperature range of 3–300 K. The PL spectra are normalized and vertically 
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shifted for clarity. We de-convolute the PL spectra with three PL peaks labeled as A, B, and 

D. The plots of the peak energy vs. temperature for these PL peaks are shown in Figure 3b; 

the error bars represent the standard deviations obtained for the three samples (the respective 

PL spectra of the other two samples are provided in Figure S5). With increasing temperature, 

the energies of peak A and peak B decrease and increase, respectively, whereas peak D 

remains largely unchanged. The observed red shift of peak A with an increasing temperature 

is consistent with the temperature dependence of the main exciton peak of other 2D 

semiconductors with direct band gaps.[14,18] This is owing to the thermally renormalized peak 

energy of the typical direct gap transition at the Γ point. The different temperature 

dependencies of peaks B and D indicate that they have different origins, such as phonon-

assisted emissions or inter-band transitions.[2,18,22,23] To further understand the origin of peak 

B, we plotted the intensity ratio (𝐼஻/𝐼஺) as a function of the temperature (Figure 3c). The 

results reveal that the relative intensity of peak B gradually increases as the temperature 

increases, suggesting the phonon-assisted recombination of the B peak, similar to the indirect 

transition in multi-layer TMDs such as MoS2 and WS2.[18] Furthermore, when the energy 

difference between A and B peak continuously decreases with increasing temperature; this 

could expedite the phonon-assisted carrier transfer to the lower energy band, consequently 

amplifying the PL emissions of the B peak. In contrast, peak D is distinct at low temperatures 

but gradually decreases as the temperature increases (Plots of D peak intensity vs. 

tempertature of three GeSe2 samples are provided in Figure S6). This is a common feature of 

the emissions from defects for most 2D TMD crystals.[18,22,23] 
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Figure 3. Temperature-dependent PL spectra. a) PL spectra obtained at various temperatures. 

PL was excited and collected without the polarization control. Vertical dotted lines are the 

guides for eyes to show the gradual shifts of PL peaks with the increasing temperature. 

Periodic undulation of PL curves is the result of the optical interference owing to the 

thickness of GeSe2 flake. b) Plot of PL peak position vs. temperature for peaks A, B, and D, 

as identified by the multi-peak fitting process. Error bars are the standard deviations based on 

measurements taken for multiple samples. Linear fits (solid lines) show the decreasing and 

increasing trend of the energy of peaks A and B with the temperature, respectively. c) PL 

intensity ratio between peaks A and B (𝑰𝑩/𝑰𝑨) as a function of temperature. Linear fit is 

shown as the solid line. 

 

Polarization-dependent PL spectroscopy of the GeSe2 crystals was performed at 3 K, and the 

results are shown in Figure 4. The rhombic flake of GeSe2 was illuminated with a circularly 

polarized incident light, and the emission signal was collected by rotating a linear polarizer 

with 0° (and 180°) representing the direction of the main axis (b-axis) of the GeSe2 crystal. 

On the detection side, we purposedly combined a quarter-wave plate and detection polarizer 

with the fixed angle of 45° and rotated them together so that the light entering the 

spectrometer is always circularly polarized to avoid the anisotropic responses of the 

spectrometer and charge-coupled device (CCD). A schematic of the setup for the polarized PL 
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measurements is shown in Figure 4a. We also performed a conventional polarization-

dependent PL study where the input and output polarizers were aligned in parallel while the 

sample was rotated; similar results were obtained (Figure S7). The PL spectra as a function of 

the rotation angle of the linear polarizer are presented in Figure 4b, and the PL intensities of 

peaks A, B, and D, are plotted as polar plots in Figure 4c. Interestingly, peak A is polarized 

along the short axis (a-axis) of the GeSe2 crystals, whereas peak B is polarized along the main 

axis (b-axis). We estimate the degree of polarization (𝐼௠௔௫ − 𝐼௠௜௡)/(𝐼௠௔௫ + 𝐼௠௜௡) of peaks A 

and B to be 73 and 20 %, respectively. The strong polarization of the A peak of the 2D GeSe2 

is consistent with the PL characteristics of anisotropic 2D materials such as ReS2 or 

ReSe2,[11,12] suggesting that peak A results from the direct gap transition at the Γ point. In 

contrast, the broad PL peak width and relatively smaller degree of polarization of B peak 

suggests that peak B originates from the defect-induced states. Notably, peak D displays a 

non-polarized emission, indicating the origin of the typical defect states. 

 

 

Figure 4. Mutually perpendicular polarization of PL peaks A and B. a) Schematic of the 

optical layout for the measurement of the polarization-dependent PL. The directions of 

crystalline a- and b-axes of the GeSe2 are represented by the arrows in the optical view. Scale 

bar represents 5 µm. b) PL spectra obtained at various angles of the detection waveplate. c) 
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Polar plots of the intensities of peaks A, B, and D, as identified by multi-peak fitting. In polar 

plot, arrows are indicate the a- and b-axis direction, respectively. 

 

2.4. Origin of GeSe2 exciton peaks 

 

We investigated the routes of photocarrier relaxation in GeSe
2
 using different excitation laser 

energies corresponding to several energies with respect to the GeSe
2
 absorption peaks. The laser 

energies used to excite the same GeSe
2
 crystal are represented by dashed lines in the PL 

spectrum in Figure 5a (left panel), and the respective PL spectra are displayed in Figure 5a 

(right panel). For clarity, the PL spectra are vertically shifted and multiplied by appropriate 

factors. When the GeSe2 sample is excited with 3.31 eV and 3.06 eV above the bandgap energy, 

comparable intensities of peaks A and B are observed in the PL spectra for A (dark blue and 

purple PL curves, respectively, Figure 5a). When decreasing the excitation energy to 2.54 eV, 

on-resonance energy of  peak A or 2.33 eV, lower than the energy of peak A, but higher than 

that of peak B (1.8 eV), the PL intensity of B peak is strongly decrease and much weaker than 

that of A peak (blue and green curves in Figure 5a, respectively). An excitation energy of 1.96 

eV in resonance with the PL peak B (1.8 eV) results in no discernible PL intensity (red curve in 

Figure 5a), indicating that PL peak B is detected only with an excitation energy higher than that 

of peak A. These results imply that peak A corresponds to the band-edge emission and the origin 

of peak B is the localized mid-gap states in the electronic structure of the GeSe2.[2,22,23]
 
The 

schematic in the inset of Figure 5a depicts the transitions of peaks A and B originating from the 

band edges and mid-gap states, respectively.  

We also performed time-resolved PL (TRPL) with laser excitation at 3.31 eV and measured 

the relaxation times at PL peaks A and B. The normalized TRPL curves obtained from peaks 

A and B and the instrument response function are shown in Figure 5b. The PL decay curves 

are fitted with a bi-exponential decay  for A peak and mono-exponential decay for B peak. 

The estimated average lifetime (𝑡௔௩௚) of peak B (823 ps) is distinctively longer than that of 

peak A (233 ps), again indicating the localized state of the peak B transition (Fitting 

parameters are given in Table S1 in Supporting Information).[24,25] Therefore, the broad PL 

spectrum, low degree of PL emission polarization, distinct temperature-dependent peak shift, 

and longer recombination lifetime could be attributed to the typical nature of the localized 

mid-gap states of 2D GeSe2.  
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 To help in identifying the origin of the PL peaks of GeSe2, we performed X-ray 

photoemission spectroscopy (XPS). As shown in Figure 5c, the GeSe2 exhibits two 

characteristic peaks at approximately 31 and 55 eV, corresponding to the doublet Ge 3d (3d5/2, 

3d3/2) and Se 3d (3d5/2 and 3d3/2) of GeSe2.[26,27] Interestingly, the spectral fitting clearly shows 

the presence of Ge-O peaks (orange color),[26,27] indicating the prevailing formation of Ge-O 

bonds in our MOCVD-fabricated GeSe2. Considering that such oxidation should occur mostly 

from the GeSe2 surface, we obtained the XPS patterns with an increasing argon (Ar) plasma 

treatment time. We found that the relative peak intensities of the Ge-O bonding decrease with 

the plasma treatment time, but the Ge-O peaks mostly maintain their intensities, suggesting 

that the Ge-O bonding prevails not only on the surface but also within the volumes of the 

GeSe2 crystals (see Figure S8 for XPS spectra with different Ar plasma etching times). In 

addition, the XPS for the 1s O peak displays an additional peak at approximately 530.2 eV, 

attributed to the lattice O (Figure S8).[28] Notably, an O substitution in the chalcogenide 

vacancy is commonly observed in other 2D transition metal chalcogenide crystals.[29,30] 

Correspondingly, our XPS measurement also indicates O substitution at the Se vacancies in 

the GeSe2 lattice.  

Figure 5d (left panel) shows the electronic band structures (as calculated using DFT with 

PBE functional) of the bulk GeSe2 (black line) and O substitution of the Se vacancies in the 

GeSe2 (orange line) (details of scheme of molecular structures and their corresponding band 

structures are provided in Figure S9-S11 of Supporting Information). The fundamental direct 

bandgap at the Γ point is estimated as 1.41 eV for the GeSe2, i.e., lower than the 

experimentally observed value (2.9 eV) but consistent with the previous DFT result for 

GeSe2. Significant underestimations of the bandgap are frequently observed in DFT 

calculations using the PBE functional We have performed the band structure calculation with 

HSE06 functional (Supporting Information Fig. S12), which shows a band gap of 2.6 eV.  

Notably, the DFT calculation results with an O substitution of approximately 3% Se vacancies 

in GeSe2 (orange color) shows that an additional mid-gap state is induced. The mid-gap states, 

owing to the presence of Se vacancies (a band structure with unsubstituted Se vacancies is 

provided in Figure S10), are fully converted into the band state with an O substitution, and the 

respective conduction band disperses from the Γ point to the U point. The DOS for Ge, Se, 

and O are also shown (right panel of Figure 5d). The A and B transitions are also assigned in 

the DOS plot of GeSe2 with the O substitution at the Se vacancies (orange line). The available 

DOSs of O (p) at the conduction band are localized and orders of magnitude lower, indicating 

that the PL emission from the B peak will not be efficient unless the energy of the 
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photoexcitation is higher than that of the band-to-band A transition. This is consistent with the 

results from the excitation energy-dependent PL spectroscopy, as shown in Figure 5a. The 

results from our calculated electronic band structure and DOS strongly suggest that the 

transitions of A and B in the PL and absorption spectra can be attributed to the band gap of 

the GeSe2 and mid-gap state transition, respectively, as indicated by the red and green arrows 

in Figure 5d (left panel). In DOS (right panel of Figure 5d), purple arrow indicates the band-

edge PL corresponding to PL A peak, and dark blue arrow represents the absorption transition 

and the large shift of A peak energy by ~400 meV between the absorption and the PL is 

attributed to the large energy difference between the band edge and maximum density of 

states (DOS) of the conduction band of GeSe2. In addition, the conduction band of the B peak 

has two valleys at the Γ and U points with an energy difference of 15 meV, implying the 

possibility of phonon-assisted transitions among different valleys.[18,31] Nevertheless, the 

nature of the indirect transition of the B peak is not clearly understood and requires further 

study. Notably, the slightly higher band gap at the Z point relative to that at the Γ point could 

be the cause of the broad spectral width in the observed absorption peak B (Figure 2e). 

 

 

Figure 5. a) Typical GeSe2 PL spectrum (left panel), where dashed lines indicate the energies 

of the excitation lasers used for PL spectroscopy. Respective PL spectra obtained at various 

laser excitation energies are shown in the right panel. The inset scheme indicates the band 

edge transition of peak A and the mid-gap states transition of peak B; VBM and CBM 

represent the valence band maxima and conduction band minima, respectively. b) Time-
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resolved PL (TRPL) decay curves obtained from the PL emissions of peaks A and B, where 

the average lifetimes (𝑡௔௩௚) were estimated as 233 and 823 ps, respectively. Instrument 

response function (IRF) of the TRPL system is also shown. c) X-ray photoemission 

spectroscopy (XPS) spectra of the GeSe2 for the core level orbitals of Ge and Se. The 

formation of the Ge-O boding is indicated by orange curves in the fitted result. d) Left panel: 

Density functional theory (DFT) calculation result of the electronic band structure of the bulk 

GeSe2 with (orange line) and without (black line) oxygen (O) substituted Se vacancies. The 

red and green arrows at point Γ indicate the PL transition from the band edge (A peak) and the 

mid-gap state (B peak), respectively.  Right panel: Calculated density-of-state (DOS) of Ge, 

Se, and O. 

  



  

17 
 

3. Conclusion 

 

We showed that MOCVD-grown 2D GeSe2 displayed a wide range of light absorption with 

two major exciton peaks at 2.95 eV (peak A) and 1.8 eV (peak B). Both peaks emitted PL 

with distinctively different polarizations. With increasing temperature, the energies of peaks 

A and B decreased and increased, respectively. The excitation-energy-dependent PL, TRPL, 

and DFT calculation results suggested that peak A originated from the direct gap at the Γ 

point, whereas peak B originated from the localized mid-gap states caused by the O 

substitution in the Se vacancies. Our results provide a comprehensive illustration of the 

origins of light emissions from 2D GeSe2, paving the way for future optoelectronic 

applications using 2D GeSe2. 

 

  



  

18 
 

4. Experimental Section 

Synthesis of the GeSe2 Crystal: The GeSe2 was grown using the MOCVD method using a 

horizontal quartz tube with a diameter of 2 inches. Freshly cleaved muscovite mica was used 

as the growth substrate. Ge(dmamp)2 and (CH3)2Se were used as the Ge and Se precursors, 

respectively. The Ge(dmamp)2 was stored in a canister kept at 45 °C and directly injected into 

the tube by flowing Ar gas. The (CH3)2Se was maintained in a bubbler system at a constant 

pressure of 800 Torr. Ar was used as the carrier gas, with hydrogen gas (H2) removing the 

carbon residue. The precise control of the flow rate was achieved using a mass flow 

controller. The optimized flow rates of the gas during growth were 60 sccm for Ge(dmamp)2, 

0.6 sccm for (CH3)2Se, 180 sccm for Ar, and 5 sccm for H2. The furnace consisted of two 

heating zones; the precursors were decomposed in the first heating zone, and the material was 

grown in the second heating zone. The heating zones were heated to 480 and 400 °C for 30 

minutes under 50 sccm Ar and 10 sccm H2, respectively, with the temperature maintained 

during growth. The pressure was maintained at 300–400 Torr. 

Structural characterizations: The XRD (SmartLab) patterns used Cu-K𝛼 radiation to obtain 

the phase and crystallinity. The TEM analysis (Titan Cube G2 60-300, Thermo Fisher 

Scientific) was performed to obtain scanning TEM images, SAED patterns, and HRTEM 

images. Quantifoil carbon grids with 2 µm circular holes were used.  

Optical measurements: The Raman and PL spectra were measured using a home-built optical 

setup in the inverted mode. A 100×, 0.95-numerical aperture (NA) objective lens was used to 

focus continuous laser light sources with different wavelengths (375, 405, 488, 532, and 633 

nm). For low temperatures, we illuminated the sample with low laser power (~100 μW) to 

protect it from unintentional heating effects and obtained the PL and Raman spectra in the 

reflection geometry. The collected PL and Raman signals were guided to a 50-cm-long 

spectrometer equipped with a cooled CCD using an optical fiber with a core diameter of 105 

μm. The Montana system (Cryostation s50) was used to obtain the temperature-dependent PL 

spectra using a 405-nm laser excitation between 3 and 300 K and a 60×, 0.7 NA objective 

lens. The optical absorption measurements were carried out using a home-built confocal 

microscope in the transmission mode,[13] wherein white light (tungsten source) was 

illuminated directly on the GeSe2 nanoflake prepared on the transparent mica substrate.  

Theoretical calculation: The electronic band structure of GeSe2 was investigated based on 

DFT calculations. The exchange interactions between the electrons were estimated using the 

Perdew-Burke-Ernzerh of approximation function, performed employing the quantum 

Espresso code.[32,33] The potential of the core electrons was approximated using a projector-
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augmented wave scheme with a cutoff energy of 40 Ry. A Monkhorst−Pack k-grid (8 × 3 × 5) 

was used to optimize the cell structure at a pressure and force of 0.5 kbar and 10−3 Ry/Bohr, 

respectively. The energy convergence for the self-consistent steps was 10–6 Ry. 

HSE06 calculations: Electronic structure calculations were carried out using the LCAO (linear 
combination of atomic orbitals) method in density functional theory (DFT), as implemented in 
the QuantumATK package[1,2], where the Kohn-Sham (KS) Hamiltonian is represented in 
the basis of PseudoDojo pseudopotentials on all atoms[3], using a density mesh cut-off of 
90 Hartree. We employed HSE06 hybrid functionals for the exact exchange contribution[4,5], 
an 8x3x5 Monkhorst−Pack grid for k-point sampling and a maximum tolerance difference of 
5x10-5 for the self-consistent loop. All the structures were optimized for maximum force and 
stress of 0.05 eV/Å and 0.1 GPA, respectively. 
 

 

[1] QuantumATK version S-2021.06-SP1, Synopsys QuantumATK 
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