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Hybrid systems based on graphene and semiconductor quantum dots are prospective materials for optoelectronics and photonics. In this work, electronic structure and dielectric properties of small particles of cadmium sulfide on the surface of graphene were studied using the density functional theory. The optical spectrum of this hybrid structure depends on the orientation of the nanoparticle relative to graphene due to the interaction between electrons of sulfur atoms on the surface of the CdS particle and π-orbitals of carbon atoms.

INTRODUCTION

Hybrid materials based on carbon materials and semiconductor nanoparticles (CdS [1][2][3][4][5][6][7][8][9][10][11], CdSe [12], CdTe [13], TiO 2 [14], nanodiamonds [15], etc.) are currently subject to extensive research, mainly with regard to their application in optoelectronics and power engineering. Such systems combine the properties of quantum dots, which provide effective interaction between nanoparticles and the incident electromagnetic radiation of the visible spectrum, and the ability to transfer excitation energy to conductive substrates [4,10,11].

Cadmium sulfide, a direct gap semiconductor with a band gap of 2.4 eV, is widely used as an active medium in photocells [16]. Quantum dots are semiconductor nanocrystals whose size is comparable to the Bohr radius of the exciton in bulk material. The effects of quantum confinement of electron energy spectra, holes, and excitons can be used to control the relative positions of energy levels in the quantum dot and "tune" the system to interact with photons of a certain energy. Thus, CdS nanoparticles can be used to extend the spectral response to the infrared region relative to the bulk material.

Combining CdS nanoparticles with a semiconductor or a metal substrate enhances transmission of the excitation localized at the quantum dot. Graphene stands out among other allotropic forms of carbon due to its extraordinary conductive properties [17,18]. Since graphene exhibits outstandingly high mobility of charge carriers, it can serve as a current collector for the electrons of nanoparticles excited by external photons into the conduction band [4,10]. Note that one substantial disadvantage of graphene photodetectors is associated with low quantum yield due to almost absolute transparency of graphene in the visible frequency range [19]. Introduction of structural defects (graphene bending [20][21][START_REF] Sedelnikova | Fullerenes, Nanotubes[END_REF][23][24], disorientation of layers in bilayer graphene [25,26], synthesis of graphene nanodisks [27]) creates new long-wave absorption bands in the spectrum of graphene-based materials.

In this work, optical properties of small CdS particles adsorbed on graphene are studied using quantum chemical methods. We will discuss how graphene's electronic structure and optical spectrum are affected by the change in the distance between graphene and CdS particles and by their relative orientation, and consider contributions of surface atoms and band hybridization.

CALCULATION DETAILS

Density functional calculations were performed within the local density approximation [28] using the AIMPRO software package [29][30][31]. This software contains basis sets of atomic orbitals in the form of localized Gaussian based functions (38, 28, and 40 independent functions for carbon, sulfur, and cadmium atoms, respectively) with angular momenta up to l = 0, 1, 2. For better convergence, the effective temperature of the electron system was taken equal to 0.04 eV. The charge density plane wave energy cut-off was 150 Hartrees. Self-consistent calculations were carried out with an accuracy of 10 -5 eV for the total energy gradient. The total and partial densities of electronic states were searched using a 20×20×10 grid of k-points. The binding energy between the CdS particle and graphene was calculated as:

E b = E tot (CdS/graphene) -E tot (graphene) -E tot (CdS)
, where E tot (CdS/graphene) is the total energy of the hybrid structure; E tot (graphene) and E tot (CdS) are total energies of isolated graphene and CdS particle, respectively.

The frequency dependence of the imaginary component of permittivity ε 2 was calculated within the random phase approximation.

Fig. 1 shows the CdS/graphene models. The periodic graphene supercell consists of 128 carbon atoms arranged at a distance of 1.42 Å from each other. The clusters of 22 atoms (11 sulfur atoms and 11 cadmium atoms, Fig. 1a,b) and 72 atoms (37 sulfur atoms and 35 cadmium atoms, Fig. 1c,d) denoted below CdS1 and CdS2, respectively, were cut out from the CdS crystal hexagonal structure (wurtzite structure, lattice parameters a = 4.136 Å and c/a = 1.62 [32]). The CdS particle was placed above the center of the graphene supercell to make Cd-S hexagons projected onto the carbon hexagons. We further varied the distance d between the components of the hybrid structure and the orientation of the CdS particle on graphene (angle α = 0°, 30°, 60°, and 90°). The atomic structures of the components were kept unchanged. The planar hexagonal CdS monolayer was calculated using the equilibrium unit cell parameter a = 4.24 Å from work [33].

RESULTS AND DISCUSSION

Fig. 2 shows binding energy E b as a function of the distance between CdS1 and graphene for α = 0°. The energy is negative for d = 2.6-3.5 Å, i.e. formation of the hybrid structure is energetically advantageous at such distances. The energy becomes positive below 2.5 Å to indicate repulsion between the particle and graphene. There is a minimum in the E b energy at about d = 3.1 Å. The energy of the system slightly changes when the particle rotates in the graphene plane at this optimal distance (up to 15 meV). The minimal E b corresponds to the CdS1/graphene models with angles α = 30° and 90°, while the models with α = 0° and 60° are metastable. The small value of the difference between these binding energies indicates that small CdS particles can rotate freely on the graphene surface.

Fig. 3 shows total and partial densities of electronic states for the CdS monolayer from -5.0 eV to 5.0 eV with respect to the Fermi level. The valence band of the CdS monolayer is due to 3p-electrons of sulfur and 5s-and 4p-electrons of cadmium (with small participation of 4d-electrons). The geometry of overlapping atomic orbitals indicates formation of σ-orbitals due to s-and p xy -electrons of cadmium and p xy -electrons of sulfur, and formation of π-orbitals mainly due to p z -electrons of sulfur (a peak at about -1.5 eV in the density of states). The bottom of the conduction band is formed by antibonding σ*-orbitals. The peak in the density of states near 3.3 eV is associated with a π*-orbital of CdS monolayer formed mainly by p z -electrons of cadmium. Besides, 4d-orbitals of cadmium and 3d-orbitals of sulfur provide noticeable contributions to the conduction band and the valence band, respectively. The obtained partial densities of the CdS monolayer agree with previous data [33]. The value of the band gap is 1.6 eV. Underestimation of band gaps obtained for semiconductors and insulators within the approximation of the local density exchange-correlation functional is associated with an incorrect description of the exchange component and is characteristic of the method.

CdS particles exhibit a discrete energy spectrum. The band gap in CdS1 does not exceed 0.3 eV, which is due to the contributions of p-and s-electrons of surface sulfur and cadmium atoms to the valence and conduction bands (see Fig. 3b). Passivation of unsaturated surface bonds opens the band gap of the nanoparticle [34]. The states of the particle in the valence band near the Fermi level are determined mainly by p-electrons, while the contribution of s-electrons of sulfur atoms becomes substantial in the interval from -5.0 eV to-3.0 eV. In the conduction band, s-and p-electrons have equal contributions to the density of states in the energy interval of 0-2.7 eV, while p-electrons of cadmium with small participation of s-electrons of cadmium and d-electrons of sulfur are prevailing in the region of higher energies.

Fig. 4 shows the dispersions of electronic levels of CdS1/graphene structures for different d values. As can be seen, hybridization between particle bands and graphene bands substantially decreases the dispersion for small d, and Dirac cones disappear in graphene. The interaction between the components of the hybrid system decreases when the distance grows to 2.5 Å. The density of electronic states confirms overlapping of graphene and CdS orbitals to indicate strong interaction between the components of the system.

To study the influence of the interaction between the CdS particle and graphene on the optical properties of the hybrid system, we calculated frequency dependences of the imaginary component of the permittivity ε 2 for the CdS monolayer, CdS1 particle, graphene, CdS1/graphene model for various orientations of the particle relative to graphene absorption edge is near 1.6 eV, which correlates with the band gap width. The analysis of the contribution of interband transitions to the absorption spectrum indicates that singularities at 1.6-4.5 eV are caused by transitions between σ-orbitals near the band gap of the CdS monolayer, with predominant contribution from p xy -electrons of sulfur and s-and p xy -electrons of cadmium. The peak at 6.8 eV corresponds to the transitions between p z -orbital of sulfur and p z -orbital of cadmium. The peak at 8.7 eV is due to electron excitations from the σ-orbital (s-symmetry) to the antibonding σ*-orbital. A number of resonances at 10.0-13.5 eV are due to interband transitions involving 4d-orbitals of cadmium and 3d-orbitals of sulfur.

Comparison of 2 ⊥ ε spectra of the CdS1 nanoparticle and the spectra of the monolayer suggests common nature of their absorption mechanisms. This assumption is supported by the fact that most atoms of the CdS particle are surface atoms with monolayer-like surrounding.

The optical spectra of CdS1/graphene and CdS2/graphene are similar. The dielectric function in the interval from 1.0 eV to 4.5 eV exhibits absorption bands associated with graphene (peak A) and surface states of the CdS nanoparticle. The most energetically preferable CdS1/graphene model (α = 30°) possesses peaks denoted B and C with an energy of about 6.7 eV and 8.0 eV, respectively. We suppose, that the first resonance arises from the transition between p z -orbitals of sulfur and cadmium atoms, the second one can be associated with the transitions between the particle's bonding and antibonding orbitals formed mainly by s-and p xy -electrons. Changing orientation of the CdS1 particle increases the contribution of surface interband transitions in the interval of 1.0-4.0 eV and substantially decreases the intensity of the peak B. Suppression of interband transitions due to excitation of p z -electrons of the sulfur atoms can be attributed to the interaction between the CdS nanoparticle and graphene. Indeed, for the CdS1/graphene model with α = 0°, sulfur atoms are located above the centers of С-С bonds . In this configuration, p z -orbitals of sulfur will overlap significantly with p z -orbitals of carbon to form a hybrid orbital which is symmetrical with respect to the reflection operation (see Fig. 5b). According to the selection rules, the interband transition between this joint state and the antibonding p z -orbital of cadmium is forbidden. For the model with the angle α = 30° (sulfur atoms appear above the centers of carbon hexagons, Fig. 5c), the peak B occurs due to weaker overlapping of electron densities of graphene and nanoparticles.

CONCLUSIONS

Quantum chemical methods have been used to study electronic structure and optical properties of hexagonal CdS quantum dots on graphene. The sulfur atoms of the nanoparticles were oriented towards graphene. Calculation of bonding energy indicates that formation of hybrid structure is energetically advantageous at a distance of 3.1 Å between graphene and sulfur atoms. The intensity of the absorption peak associated with S(p z ) → Cd(p z ) transitions changes as a result of nanoparticle rotation relative to the surface of graphene. This effect is weaker in the model where projections of Cd-S hexagons coincide with carbon hexagons. This can be explained by suppression of interband transitions due to formation of the S(p z ) → C(p π ) bonding orbital.
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 1 Fig. 1. Top (a) and side (b) views of the unit cell of the CdS1/graphene model and top (c) and side (d) views of the CdS2/graphene model. Darker atoms of the particle represent sulfur atoms.
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 2 Fig. 2. Binding energy E b in the CdS1/graphene model as a function of the distance d between the CdS1 particle and graphene for α = 0°.
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 3 Fig. 3. Density of electronic states of the CdS monolayer and partial densities of the electronic states of cadmium and sulfur atoms (a). Density of electronic states of the CdS1/graphene model with the parameters d = 3.1 Å and α = 30° as compared to the individual CdS1 particle and graphene (b). Partial densities for the CdS1 particle include total densities of s-, p-, and d-orbitals.
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 224 Fig. 5 shows 2 ⊥ ε spectra for the case of electromagnetic wave normally incident to graphene surface (E⊥c, where с is the normal to graphene surface). If the field is polarized along the axis с (E||c), the permittivity values || 2 ε of graphene and the particle belong to different regions of the spectrum, therefore, the change in the geometry of the CdS/graphene model does substantially change the optical properties of the hybrid structure. The graphene's optical spectrum agrees well with the literature data [21, 24]. The component 2 ⊥ ε demonstrates peaks at about 4.0 eV and 14.0 eV, corresponding to π → π* and σ → σ* transitions, respectively. The absorption spectrum of the CdS monolayer appears mainly in the ultraviolet region, the
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 5 Fig. 5. Imaginary component of the permittivity 2 ⊥ ε of CdS1/graphene models (d = 3.1 Å, α = 0° and 30°) and CdS2/graphene model (d = 3.1 Å, α = 30°) as compared to graphene and CdS monolayer (a). Overlapped p z -orbitals of sulfur and carbon for hybrid structures with α = 0° ( b) and α = 30° (c).
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