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Abstract 

Atomically thin, two-dimensional (2D) indium selenide (InSe) has attracted considerable 

attention owing to the dependence of its bandgap on sample thickness, making it suitable for 

small-scale optoelectronic device applications. In this work, by the use of Raman spectroscopy 

with three different laser wavelengths, including 488 nm, 532 nm, and 633 nm, representing 

resonant, near-resonant and conventional non-resonant conditions, a conclusive understanding of 

the thickness dependence of lattice vibrations and electronic band structure of InSe and 

InSe/graphene heterostructures are presented. Combining our experimental measurements with 

first-principles quantum mechanical modeling of the InSe systems, we identified the crystal 

structure as ε-phase InSe and demonstrated that its measured intensity ratio of Raman peaks in 

the resonant Raman spectrum evolves with the number of layers. Moreover, graphene coating 

enhances Raman scattering of few-layered InSe and also makes its photoluminescence stable 

under higher-intensity laser illumination. The optically induced charge transfer between van der 

Waals graphene/InSe heterostructures is observed under excitation of the E' transition in InSe, 

where the observed mechanism may potentially be a route for future integrated electronic and 

optoelectronic devices. 
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Introduction 

Recently, several III-VI group van der Waals layered structures, such as GaS,1 GaSe,2 

GaS,3 and InSe,4–6 and their heterostructures have been considered as potential materials for 

next-generation optoelectronic devices owing to their superior electrical and optical properties. 

Among these layered structures, multilayer InSe field effect transistors show greater potential 

since they can absorb the light through the visible spectrum and yield very high electron mobility 

of 0.1~2.0×103 cm2/VS at ambient conditions.7,8 Several studies on 2D semiconductor layered 

structures have shown that their electronic and optical properties depend on the thickness and 

layer orientation or phase of the materials.9,10 Layered InSe exists in at least three different 

crystallographic structures based on the stacking order variation among the individual InSe 

layers,11 which exhibit different electronic band structures and corresponding optoelectrical 

response.12 For instance, the γ phase (space group ) InSe corresponds to a rhombohedral 

structure, and both of β phase (space group )  and ε (space group ) corresponds to 

hexagonal structures, with a slightly different stacking sequence. β-InSe possesses an inversion 

symmetric center,13 while ε-InSe is non-centrosymmetric.14,15  

In this work, we perform X-ray diffraction (XRD) and transmission electron microscopy 

(TEM) measurements to explore the crystallographic structure of InSe bulk crystals grown using 

the Bridgman method.16 The InSe samples, ranging in thickness from bulk to a few layers were 

further characterized using non-resonant and resonant Raman spectroscopy.17 As compared to 

non-resonant (common) Raman spectroscopy, the resonant Raman spectroscopy is carried out 

using a laser with energy near the electronic transition of materials, which is more sensitive to 
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the atomic ordering of the crystal structure. The resonant Raman spectra exhibit additional 

Raman modes that are normally forbidden in the standard (non-resonant) Raman spectra, which 

provides additional information on crystal structure,18 including crystal phase, defects, dopants, 

and strains. In parallel, first-principles density functional theory (DFT) simulation was carried 

out to explore phonon modes of InSe from bulk to few layers, including infrared and Raman 

active modes under non-resonant conditions. A combination of resonant Raman spectroscopy 

and DFT predicted lattice dynamics of InSe from bulk to few layers helps identifying the crystal 

phase and thickness of InSe. 

The absorption spectrum of InSe is characterized by three peaks in the wavelength range 

between 400 nm and 1000 nm,19 which correspond to three photoexcited electron-hole pair 

generations, including band gap transition (~1.2 eV), E' (~2.4 eV), and E'' (~ 2.9 eV) 

transitions,19 respectively. The E' transition is the energy difference between the lowest 

conduction band and second highest valence band. In contrast to MoS2 and WS2,
20 the 

photoluminescence (PL) of the E' transition of InSe is stronger than that of its band gap emission 

owing to the larger absorption coefficient of the E' transition.21 In this work, the thickness 

dependence of InSe on its E' transition induced PL spectrum is investigated and the 

characterization results are compared with DFT predicted electronic band structures. 

Previous study has indicated that InSe rapidly degrades at ambient conditions,22,23 and 

during the experiment, we observe similar phenomenon, particularly for thinner InSe flakes, 

which is possibly due to the increased Se vacancies causing quicker absorption of oxygen and 

moisture.22 The degradation is one of the major issues among 2D material based devices.24 To 

keep atomically thin InSe stable for long-term and practical applications, we transfer CVD-

grown graphene onto InSe flakes as a protective capping layer using a wet-transfer process. Our 
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characterization results show that graphene coating enhances the Raman scattering of InSe and 

makes the PL signal of InSe more stable. The dependence of graphene layer thickness (1L, 2L 

and ML) on the InSe/graphene heterostructure is also investigated using resonant Raman and PL 

spectroscopy measurements. Moreover, graphene coating not only works as a protection layer, 

but also acts as a heterostructure with InSe. Our experimental and theoretical studies indicate that 

under laser illumination, the E' transition-induced electrons are injected into the graphene from 

the InSe. Therefore, in combining recent studies on InSe/graphene heterojunction structures such 

as high broad band photo detector25 and gate tunable transistors,26 the InSe/graphene 

heterostructure shows great application potential in downscaling optoelectronic devices. 

Experimental Section: 

Crystal growth 

The growth method and parameters of InSe crystals were described in previously reported 

studies4. Briefly, the molar mixture of In (52.4 %) and Se (47.6%) compounds is placed in a 

conical quartz ampoule and then evacuated to 10-4 Pa. The horizontal furnace temperature is held 

at 550°C for 48 h for homogenization of the batches and synthesis of the InSe flakes and vertical 

Bridgman method used to grow the mixed crystals. The melt was heat-treated at 850°C for 24 h 

and then quartz ampoule was cooled down through a temperature gradient of 1°C at a rate of 0.1 

mm/h. 

Material characterization 

The lattice parameters and crystal structure of as-grown InSe crystals are probed by X‐ray 

diffraction (XRD) using a X’Pert PRO-PANalytical, CuKα radiation. The mechanical exfoliation 

of the bulk InSe crystal yields various thicknesses of InSe flakes ranging from many-layer to 
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single-layer and transfer to the cleaned Si/SiO2 substrate for further Raman characterizations. 

The non-resonant, near-resonant and resonant Raman spectrum characterizations were carried 

out with WITEC 300s with 633, 532 and 488 nm laser excitations respectively and a spot size of 

~10 µm.  The liquid exfoliation of bulk InSe in isopropyl alcohol (IPA) yields few layer thin 

InSe flakes, which were transferred onto the TEM grid (holey carbon on copper grid with 300 

mesh from Electron Microscopy Sciences) for further analysis.  

Graphene growth and transfer 

The chemical vapor deposition of graphene has been described in our previous work.27 The 

Cu/graphene stack was covered with PMMA and the Cu foil was subsequently etched away by 

iron chloride (FeCl3) about 60 mins. Thereafter, the PMMA/graphene stack was cleaned with 

deionized water 3-5 times, then transferred onto the exfoliated InSe flakes on SiO2/Si substrate 

and dried at ambient conditions about 24 hours. Then, the PMMA was dissolved in acetone, and 

the sample was cleaned with IPA and dried with nitrogen gas.  

Computational Section: 

Phonon frequency and intensity of Density functional theory simulation 

All DFT phonon frequency and intensity studies were performed using the Quantum Espresso 

package.28 We adopted norm-conserving pseudopotentials, and the exchange-correlation 

functional is in the form of local-density approximation (LDA) with parametrization of Perdew-

Zunger.29 The kinetic energy cutoffs and density cutoffs are set as 80/320 Ry with 24x24x8 

Monkhorst-Pack k-point mesh for both ε -InSe and β-InSe. The phonon frequencies are 

calculated at the gamma point using density-functional perturbation theory, and the IR and 

Raman cross sections are calculated based on ref. 30 
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Electronic band structure of Density Functional Theory Simulations 

The DFT calculations were carried out using the VNL-ATK31 with the GGA-DFT+1/232 

exchange functional. The density mesh cutoff is 400 Ry, and the Brillouin zone is sampled with a 

grid of 5 × 5 × 1 k-points within the Monkhorst–Pack scheme. Before calculating the band 

structure, all atomic positions of InSe were fully relaxed until the Hellmann–Feynman force on 

each ion and total energy change are < 0.05 eV Å−1 and 1 × 10−4 eV, respectively. The spin-orbit 

coupling is included in our electronic band structure calculations.  

Results & Discussions 

Part 1: Thickness dependent lattice dynamics from bulk to few layers of InSe 

The schematic depiction of InSe crystal structure is shown in Fig. 1(a). Every single layer 

of InSe contains two planes of In metal atoms sandwiched between two planes of Se atoms with 

the arrangement Se-In-In-Se. These planes are bound together by covalent bonds, and 

interactions among the InSe layers are weak van der Waals forces, which allow InSe flakes to 

easily be exfoliated using the scotch tape method. Previous literature33 showed that InSe exists in 

three phases: hexagonal β phase, rhombohedral γ phase and hexagonal ε phase.  The crystal 

structure of our bulk sample is characterized using TEM, as shown in figure 1(b).  From the 

TEM image of InSe and its selected area electron diffraction pattern analysis (Figure 1b inset), it 

is clear that the sample has a hexagonal structure, and thus it belongs to either the β or ε phase.  

Additional crystallographic measurement has been done by XRD, and the retrieved lattice 

constants are a=b= 4.005 Å and c=16.64 Å, which is included in Fig. S1 of Supplementary 

Material.  However, as the β and ε phases have both the same crystallographic structure and 
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similar lattice constant,34 crystallographic measurements are of limited use in distinguishing 

these two phases.   

(b)

(c) (d)

Aˈ1

E''

A''2 Aˈ1

E'

Se(a)

In

2 nm

100 nm

Figure 1. (a) Structure of ε-InSe. (b) High-resolution TEM image of InSe sample and its 

hexagonal electron diffraction pattern. (c) Raman spectra of bulk InSe under non-resonant, near-

resonant, and resonant conditions. (d) DFT predicted Raman and IR spectra of bulk ε-InSe. 

We, therefore, employ the standard technique of Raman spectroscopy to explore the 

phase of bulk InSe, which has a few hundreds of micrometer thickness. In Figure 1(c), we 

display the Raman spectra of the sample for three excitation wavelengths, 633 nm, 532 nm, and 

488 nm, respectively. Among three laser wavelengths, the excitation wavelength of 488 nm (2.54 
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eV) has higher energy to effectively excite PL emission, which is not induced by the lasers of 

532 nm and 633 nm. According to the applied laser energies, we consider the three excitation 

wavelengths as three conditions of non-resonant (633 nm), near-resonant (532 nm) and resonant 

(488 nm), respectively. All Raman spectra show three first-order Raman-active peaks at 114 cm-1, 

176 cm-1, and 226 cm-1. In addition to the excitation of first-order lattice phonons, the 488 nm 

laser also induces additional second and third order lattice vibrational modes. This is because the 

laser energy of 488 nm is close in energy to the E' electronic transition of InSe, where the energy 

transition is the energy difference between the second highest valence band to lowest conduction 

band.  This frequency coincidence causes the coupling between E' exciton and lattice phonons, 

which further enhances the intensity of Raman scattering and leads to the appearance of 

additional peaks in the Raman spectrum as seen on the right-hand side of Figure 1(c). Details of 

electronic properties will be discussed in the next section. 

In order to give more insight into the Raman characterization results, we perform first-

principles density functional theory simulation using the Quantum-ESPRESSO package28 to 

investigate the lattice dynamics of bulk InSe. It should be noted that the resonant condition of 

lattice dynamics is not included in the DFT simulation due to the limitations of current 

implementations of Quantum-ESPRESSO package for excited states. Detailed parameters of 

input files for phonon calculations are included in the Supplementary Material. The frequencies 

and intensities of phonon modes of bulk ε-InSe and β-InSe, including infrared (IR) and Raman 

active modes, are calculated and plotted in the spectra, as shown in Fig. 1(d) and Fig. S2(a). The 

DFT-predicted Raman shift spectra of the ε-InSe show three Raman active modes, including A'1 

(112 cm-1), E" (178.5 cm-1), and A'1 (231.5 cm-1), which agree with the experimentally measured 

Raman modes. These peaks are vibration modes with the symmetry of A'1, E", and A'1, 
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respectively, based on group-theoretical consideration on the space group D3h of ε-InSe. The “A” 

symmetry modes correspond to the out-of-plane atomic displacements, and the E symmetry 

modes are ‘‘in-plane’’ atomic displacements.  In addition to three Raman active modes, two 

polar phonons modes, including E' (182 cm-1) and A'2 (196 cm-1) are predicted in the IR 

absorption spectra. However, there is no significant difference of phonon modes, including 

frequencies and intensity, in bulk InSe between ε and β phases, as indicated by the DFT 

simulation. Therefore, we cannot distinguish the crystal phase from characterizing the bulky InSe 

sample.  

We proceed to obtain a few-layer flake using mechanical exfoliation on SiO2/Si wafer. 

The Raman measurements are repeated at all three wavelengths.  As shown in Figure 2(a), the 

resonant Raman spectra of the few-layer flake now exhibit a strong peak at 200 cm-1, which is a 

marker of the ε phase, as indicated by earlier works on InSe .11,34 In our work, we found that A'2 

(200 cm-1) peak is thickness-dependent, and it is not observed in the micrometer-thick InSe. 

Meanwhile, in comparison of the Raman characterization results of few-layered InSe, we 

perform DFT simulation to calculate the frequencies and intensities of phonon modes of 

bilayered ε-InSe and β-InSe, as shown in Fig. 2(b) and Fig. S2(b), respectively. According to 

DFT simulation results, the A'2 (200 cm-1) peak corresponds to polar IR active mode, which is 

forbidden in the non-resonant Raman spectra. More importantly, DFT simulation results show 

that the A'2 (200 cm-1) IR-active peak is not existed in the phonon modes of bilayered β-InSe due 

to its center symmetry, as shown in Fig. S2(b). Therefore, we confirmed the crystal phase under 

the study as ε-phase. The lattice vibrations of these observed Raman modes are included in Fig. 

S3 of Supplementary Materials for reference. 
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In Figure 2(c), we investigate the evolution of the resonant Raman spectrum (488 nm laser) with 

changing InSe thickness from 90 nm to 8 nm. It is important to note that, the exfoliated few layer 

thick InSe flakes are not stable at ambient conditions. However, the degradation of the InSe is 

not as much as rapid than the black phosphorous and GaSe.
35,36 It has been reported that a 4 layer 

InSe flake took almost 5 days to degrade completely at ambient conditions.34 In the current study, 

we carried out all the measurements on the same day as soon as the InSe flakes were prepared to 

avoid the degradation effect on characterization results.  The A'2 (200 cm-1) peak is small for the 

thickest 90 nm flake and becomes more prominent as the thickness is reduced to 8 nm.  We 

furthermore note the small shift in the Raman peaks with decreasing thickness.  
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Figure 2. (a) Raman spectra of few-layered InSe under the illumination of three different lasers, 

including 488 nm, 532 nm, and 633nm, respectively. (b) DFT predicted Raman and IR spectra of 

bilayered ε-InSe. (c) Resonant Raman spectra of InSe with different layers at the excitation of 

488 nm laser. (d) Intensity ratio of A'2/E" peak in the resonant Raman spectra of InSe with 
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different layer number. (e) An optical image of InSe with different number of layers. (f) Raman 

mapping of A2 (200 cm-1) peak intensity on the same region, as highlighted in the optical image.  

           This shift of the A'2 (200 cm-1) peak has previously been used to identify InSe flake 

thickness;12 however, the far more pronounced change in the peak intensities that we observe 

potentially represents a more reliable way to relate the resonant Raman characteristics to the 

sample thickness.  In Fig. 2(d) we plot the measured relationship between sample thickness and 

the peak ratios of A'2/E" peaks, according to the notation in Fig. 2(a).  The plot shows a strong 

increasing trend of peak ratio as the thickness is decreased down to 5~6 layers, representing the 

increase of the A'2 (200 cm-1) peak with decreasing thickness. An area of InSe flakes with 

different layer number, as shown in Fig. 2(e), is chosen for performing Raman mapping 

characterization. In the Raman mapping of Fig.2 (f), the A'2 (200 cm-1) peak intensity is 

increased with decreasing the thickness in comparison with Fig.2 (e). Therefore, our study 

suggests that the intensity ratio of Raman A'2/E" peaks under the resonant condition can be used 

to identify the thickness of InSe flakes. It is interesting to look into the Raman spectra of 

monolayer, or bilayer of InSe; however, we did not observe any signals from them, as shown in 

Fig. S5(b-d). 

The observation of A'2 (200 cm-1) peak on InSe in the resonant Raman spectroscopy is 

possibly owing to two factors: one is the interaction between E' transition electron-hole pair 

generation and polar phonons.37 The other is that the intensity of A'2  mode is related to light 

absorption of InSe, which is stronger in the thinner flakes, as indicated by the color of InSe 

flakes in the optical image (Fig. 2(e)). These effects cause the out-of-plane IR-active (and Raman 

forbidden) A'2 mode to no longer be suppressed in the resonant Raman spectrum of thinner ε-
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InSe, as they are in the bulk configuration. A comparison of measured Raman modes, DFT-

predicted Raman and IR active modes of few-layered InSe are summarized in Table 1. 

Table 1. Summary of Raman spectra of few-layered InSe 

 

Part 2: Dependence of optoelectronic properties on thickness in multilayer InSe 

In InSe, the absorption coefficient near the fundamental band gap is smaller than that of E' 

transition.19 It is important to look into the thickness dependence of the InSe electronic band 

structure, particularly for the E’ transition, which is the energy difference between the Px, Py-like 

orbitals to the lowest conduction band,38 as shown in Fig. 3(a). To this end, we perform 

photoluminescence spectroscopy on InSe flakes from 70 to 5 layers with the 488 nm laser which 

Approach Experiment DFT simulation of ε-InSe 

Raman spectroscopy Non-resonant Resonant Non-resonant 

Excitation 

wavelength in the 

experiment 

633 nm 488 nm Raman active IR active 

 

 

Raman modes 

A'1(114 cm-1) 

E" (174 cm-1 ) 

A'1(232 cm-1) 

 

A'1 (114 cm-

1 ) 

E" ( 174 cm-1) 

A'2 (200 cm-

1 ) 

A'1( 232 cm-1) 

 

A'1(112.5 cm-1) 

E"(180.5 cm-1) 

A'1(230.5 cm-1) 

E'(181.5 cm-1) 

A'2(195.7 cm-1 ) 
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was previously used for resonant Raman characterization. Figure 3(b) shows that as the thickness 

of InSe flakes is decreased from 70 layers to 8 layers, the peak wavelength of the E’ transition-

induced PL is decreased from 510 nm to 498 nm. This blue shift of the PL peak wavelength 

indicates that the E’ transition energy increases with decreasing flake thickness. However, we are 

not able to observe the photoluminescence signal for flake thickness below eight layers, either 

due to the oxidization of InSe at ambient or due to the ash caused by the laser intensity. 

We resort to DFT simulations for a rigorous theoretical estimation of the band structure 

of ε-InSe and its dependence on thickness. For accurate band gap calculations of semiconductors, 

we perform the density functional linear combination of atomic orbitals (LCAO) using VNL-

ATK31 with GGA-DFT+1/232 method. The spin-orbit coupling is included in our DFT 

calculations. Details of the simulation parameters are summarized in the computational section. 

The layered InSe is cleaved from the bulk structure along [001] direction. The DFT-predicted 

band structure of InSe shows a strong dependence on the number of InSe layers. As we zoom in 

around the second highest valence bands at the Г point of the Brillouin zone, as shown in Fig. 

3(c) with one layered InSe, the spin-orbit coupling has partly lifted the degeneracy of those 

bands by splitting them. In the absence of spin-orbit coupling, the px,y states are doubly 

degenerate at the Γ-point. The DFT calculation shows that the band gap of InSe is increased from 

1.07 to 1.90 eV with a decreasing number of layers, as shown in Fig. 3(d). The DFT-predicted 

electronic band structure shows that threshold energy of the E' transition is 2.21 eV, close to the 

experimentally observed energy of 2.43 eV. As the thickness of the InSe from 20L to monolayer, 

the DFT predicted E’ energy transition is increased from 2.21 eV to 2.65 eV, as summarized in 

Fig. 3(e).  
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Figure 3. (a) Schematic of electronic band structure of InSe from bulk to few layers. (b) 

Thickness-dependent PL spectra of InSe Raman spectra and the peak wavelengths are plotted as 

a function of layer number in the inset. (c) DFT-predicted electronic band structures of ε-InSe 

from 20 layers to monolayer. (d-e) DFT-predicted energy band gap and E' energy transition as a 

function of the layer number of ε-InSe.  

Part 3: lattice dynamics and photoluminescence of InSe/graphene heterostructure 

To avoid the degradation of InSe, we transfer CVD-grown graphene onto the freshly 

exfoliated InSe flakes on SiO2/Si wafer using a wet-transfer process. The details of the CVD 

graphene growth and wet transfer process are included in the experimental details in 

Supplementary Section. After transfer, the InSe flakes covered with graphene show no 

degradation in ambient environment, in contrast to the area of uncovered InSe.  The 8L-InSe and 

graphene-coated 8L-InSe are characterized using the resonant Raman and PL spectroscopy 

measurements.  During the measurements, a much lower intensity of 488 nm laser is applied for 

the uncovered InSe since it is easily be damaged.  Significantly, the InSe flakes with the 

thickness below 8 layers were easily ashed under laser illumination, as shown in the inset of Fig. 

4(a).  For 8L-InSe covered with graphene, the laser is applied with higher intensity, which causes 

stronger PL emission in both Raman and PL spectroscopy, as shown in Fig. 4(a-b). The resonant 

Raman spectroscopy in Fig. 4(a) shows that the A'1 (200 cm-1) Raman mode is greatly enhanced 

by the graphene coating, an illustration of the so-called graphene-enhanced Raman scattering 

effect.39 In addition, the E' transition emission of graphene-coated 8L-InSe can be clearly 

observed in the photoluminescence spectrum as shown in Fig. 4(b). 

We characterized the thickness dependence of graphene coatings on 90 nm-thick InSe 

flake using resonant Raman spectra (488 nm laser). The measured resonant Raman spectra of 

graphene coated InSe do not show a significant difference for monolayer, bilayer, and multilayer 

graphene coatings, as shown in Fig. 4(c). This is opposition to the results of graphene-coated 8L-
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InSe shown in Fig. 4(a) possibly due to the weak absorption of 90 nm InSe.  As it comes to PL 

spectroscopy of graphene-coated InSe, the E' transition induced PL show strong and stable 

emission under the monolayer and bilayer graphene coatings. However, the multilayered 

graphene quenches the PL intensity up to 30 % due to high absorptance of the coating, as shown 

in Fig. 4(d).  

 

(c) (d)

(a) (b)

 
Figure 4. (a-b) Resonant Raman and PL spectra of 8L-InSe with and without graphene coating 

onto it for 488 nm laser excitation. An area of uncovered InSe was ashed by the laser shown in 

the inset. (c) Raman spectra of 90 nm-thick InSe coated with monolayer, bilayer, and multilayer 
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graphene coatings. (d) PL spectra of few-layered InSe coated with monolayer, bilayer, and 

multilayer graphene coatings. 

As the graphene is transferred onto the InSe to stabilize it, the graphene/InSe also acts as 

a heterostructure.  Similar, to Van der Wall heterostructures between the graphene and TMDC 

materials40, InSe/graphene heterostructure also exhibited optically induced charge transfer from 

the InSe to the graphene as shown in Fig. 5(a). In general, the experimental barrier height in 

graphene-based heterostructures are significantly different than the ones expected by the work 

function difference of the two materials41. This may be due to the unintentional p-doping effect 

of the CVD graphene film, due to the transfer process, the adsorbed moisture/oxygen and the 

substrate impurities42, which alters the work function of the graphene. In Fig. 5(a), we assume 

that there is small barrier height between the p-type graphene (4.8 eV) 40 and InSe (4.77 eV) 43. 

Our DFT simulation results show that as the electron number of the graphene system is larger 

than that of the neutral system by averagely adding the 0.025 holes into each carbon atom, the 

graphene G peak will be shifted to a higher wavenumber, which is opposite to that of electron-

doped graphene system.  As we look into the peak shift in the Raman spectra of graphene coated 

InSe for all three excitation wavelengths, we find that there is no shift of the graphene G peak 

under 633 nm laser illumination, as shown in Fig. 5(b). As the laser wavelength is decreased to 

532 nm and 488 nm, the graphene G peak shifts towards higher wavenumber.  The shift of the G 

peak increases with the laser energy, as shown in Fig. 5(c-d). This indicates that an electron-hole 

pair is generated by the E' transition and the holes are injected into the graphene from the valence 

bands of the InSe. 
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 Figure 5. (a) Schematic of charge transfer between graphene and InSe, and the DFT simulation 

of graphene Raman mode with electron doping, neutral, and hole doping. (b-d) Raman spectra of 

graphene/InSe heterostructure for three different excitation lasers, including 633 nm, 532 nm, 

and 488 nm, respectively. 

 

Conclusion 

We have performed resonant and non-resonant Raman spectroscopy and density functional 

theory simulation on hexagonal layered InSe crystals ranging in thickness from bulk to few-layer. 

We confirmed the crystal structure under the study as ε-phase InSe and demonstrated that the 



21 

 

measured intensity ratio of Raman peaks in the resonant Raman spectrum provides a way to 

identify the layer thickness of InSe, which is not revealed in the standard non-resonant Raman 

spectroscopy. In parallel, the thickness dependent photoluminescence spectra and electronic band 

structure of InSe are investigated, with emphasis on the E' transition band gap ~2.4 eV, whose 

optical absorption is higher than that of the fundamental band gap. The graphene coated InSe 

shows improved stability of few-layered InSe and greater stability of E' transition-induced PL 

under laser illumination. Moreover, electron transfer from the conduction band of InSe to 

graphene is observed under 488 nm laser illumination, as indicated by the graphene G peak shift, 

which possibly shows a route towards future integrated electronic and optoelectronic devices. 
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