Calculation of lattice vibrational and thermal properties of CdS nanocrystal and growth preference of CdS power during microwave-hydrothermal process
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Abstract:
The lattice vibration and thermal properties of CdS by first-principles calculations based on density functional theory are especially investigated. The results of phonon spectra show that CdS is thermodynamically stable. Combined with the concept of irreducible representation, the contribution of atoms in CdS to Raman and infrared is analyzed, that is: A1 and E1 participate in Raman vibration, and A1, E1 and E2 participate in infrared vibration. The electronic band structure and optical properties such as dielectric constant, refractive index, reflectivity are determined theoretically using DFT method. The thermal properties of CdS show that Debye temperature, isochoric specific heat capacity and coefficient of thermal expansion increase with the increase of temperature, and then tend to equilibrium. The equilibrium values are 353.13 K, 23.86 cal/cell.K and 1.04×10-4 K-1, respectively. For comparison. piezoelectric semiconductor material CdS power is synthesized by microwave hydrothermal process (temperature at 140°C + time about 15min), with particle size ranges from 50nm to 1000nm. The HRTEM imagine of CdS are experimentally studied to understand the crystal structure, with the growth preference along the plane (1000) and nanocrystal distance of 6.76 Å. This study is of great significance and provides theoretical guidance for further designing CdS matrix composite materials and to improve photoanode performance through doping of CdS and quantum dots co-sensitization.
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1.  Introduction

Cadmium sulfide (CdS) is an important II-VI semiconductor with a direct wide-band gap and large exciton binding energy, which has been commonly used in the fields of in photoelectrical fields and solar cells. It attracts scientists' research interest as a kind of promising matrix for diluted magnetic semiconductors and can be used in photoluminescence [
 ADDIN EN.CITE 

1-3
], photocatalysis [
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4-7
], photoelectric conversion [
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8, 9
], sensors [
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10-12
], magnetic materials [
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13-16
] and other fields due to its unique electrical and optical properties. 
In recent years, scholars have never stopped studying CdS, whether experimental research or theoretical research. Dunleavy [
 ADDIN EN.CITE 

17
] described a single enzyme capable of catalyzing CdS mineralization and templating nanocrystal growth within the quantum confined size range. Shan et al. [18] synthesized cadmium sulfide nanoparticles (CdS NPs) by a solvent-thermal precipitation method, where CdS present low band gaps of 2.35 eV. Nadarajah et al. [19] presented a process to deposit cadmium sulfide (CdS) thin film on glass substrate, with the bandgap of CdS film was about 2.4eV. Li et al. [20] studied the electronic structure and magnetic properties of Cu doped CdS materials by first principles method, and predicted that the doped system is a semi metallic ferromagnet with Curie temperature slightly higher than room temperature. Demir and Shannon [21] successfully synthesized the first CdS thin film on Au (111) substrate, in which the Cd and S atoms are arranged in a flat sheet, similar to the hexagonal BN monolayer. Mahdi et al. [22] and Gichuhi et al. [23] have successfully prepared cds nanosheets and ultra-thin CdS films on Au substrates by Pulsed laser deposition and electrochemical atomic layer epitaxy, respectively. In addition, nanoscale cds nanowire, nanobelts and nanotubes have been successfully synthesized [24-26], which lays a foundation for the application of low-dimensional CdS materials in nano-electronic devices, it has been used to produce high quality field effect transistors, optical switches, and light-emitting diode [27-28]. Tang et al. [29] studied the magnetic properties induced by vacancy defects in neutral Cd and S atoms in Cd-S bulk and thin films, and found that because the total energy of spin-polarized state is the same as that of non-spin-polarized state, no magnetism was found on the surface of CdS (111) with or without vacancy. In the theoretical research field of CdS, Zheng et al. [30] has been experimentally observed that the doped nonmetallic N atoms can successfully induce ferromagnetism in CdS nanowires. Pan et al. [31] studied the magnetic properties of C-doped CdS by first-principles calculations, and found that it is possible for CdS to have ferromagnetism at high carbon concentration, the ferromagnetic properties of CdS doped with S can be attributed to the hole-mediated double exchange interaction. Nabi et al. [32] studied the electronic and magnetic properties of Mn-doped CdS. The results show that p-d hybridization reduces the local magnetic moments on Mn and the small local magnetic moments parallel or antiparallel to Mn atoms on nonmagnetic Cd and S, this induces ferromagnetism/antiferromagnetism. Ma et al. [33] calculated the electronic structure and magnetic properties of CdS doped with non-transition metal elements, and found that the magnetic properties in these systems are related to the difference in electronegativity between the doped elements and the anions in the matrix. Zhou et al. [34] studied the phase stability, electronic structure and thermodynamic properties of cadmium sulfide (CdS) by employing the first principle and a quasi-harmonic Debye model. Benstaali et al. [35] calculated the detailed electronic structure and optical properties of Fe, Pd and Mn-doped CdS by the first-principles method. Nabi et al.[36] studied the electronic and structural of Mn-doped cadmium sulfide Cd1−xMnxS (x=6.25% and x=3.125%) using spin-polarized density functional theory in the framework of LDA, GGA and TB-mBJ model potential. Besides, it has been found that the magnetic properties can be induced by doping B, N, C and other non-magnetic elements in the intrinsic non-magnetic Cd/S materials, thus, the practical applications of CdS materials (especially low-dimensional CdS) in spintronic devices can be expanded.
By reviewing the studies of CdS in theoretical and experimental mentioned above, systematic studies of lattice vibrational and thermal properties are rare. It is well known that the study of vibration and thermal properties helps understand the stability and efficiency of CdS materials at different temperatures. Therefore, this study of vibration and thermal properties helps understand the stability and efficiency of CdS materials at different temperatures based on density-functional theory (DFT) to link the theoretical analysis and experimental parameters thus can therefore widen the fatherly doping methods combining with other elements especially Mn-doping and other transition metal doping, thus to improve photoanode performance through doping of CdS and quantum dots co-sensitization.
2. Modeling and computational detail

2.1 CdS structure
Fig.1 shows the crystal structure of CdS, the lattice constants are as: a=b=4.25Å, c=6.91Å, α=β=90°, γ=120°, with space group P63mc, and the atomic coordinates are Cd (0.33333, 0.66667, 0.00157), and S (0.33333, 0.66667, 0.37684), respectively.
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Fig.1 Crystal structure of CdS
2.2 Calculation detail

The generalized gradient approximation (GGA) in the Perdew– Burke–Eruzerh [37] is adopted to calculate lattice vibrational and thermal properties of CdS. The Cambridge Sequential Total Energy Package (CASTEP) [
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38, 39
] is selected for calculation. The ultrasoft pseudopotential is used to reduces the number of base planes in convergence calculation and saves computational resources. The exchange-correlation function selects the function forms of GGA and PBE. In the CdS structure, the Cd 4d105s2 electrons and S 3s23p4 electrons are explicitly treated as valence electrons, respectively. The plane wave's cut-off energy is taken as Ecut = 260eV, and the Brillouin zone integration is performed over 4×4×2 grid sizes using the Monkhorst–Pack method. The convergence thresholds for total energy, maximum force, maximum stress, maximum displacement and Hellmann-Feynman ionic force are more minor than 10−5eV/atom, 0. 03eV/Å, 0. 05 GPa, 0.001 Å and 1meV/Å, respectively.

3. Results and discussion

3.1 Geometry optimization

Geometric optimization is the basis of material theory, aiming to achieve the ground state of materials by an iterative method. In this work, we used different functional to optimize the structure parameters of CdS, and the error of the lattice constant is less than 2%. In other words, the structure model with constant parameters makes the structure reach the ground state.
Table 1 shows the calculated structural parameters of the optimized CdS structure with different functional methods (GGA-PBE, GGA-PBESOL and GGA-PW91). From Table 1, the lattice constants of CdS have changed very little, with the relative error between lattice parameters is within only 2%. Thus we can infer that CdS reaches the stable state, and the fatherly research of related properties can be calculated.

Table 1 Calculated structural parameters compared with GGA (PBE, PBESOL, CA-PZ) and LDA (PW91) methods. Lattice parameters a, b, c are in Å, α, β,γ are in degree
	Structural parameters
	GGA

	
	PBE
	PBESOL
	PW91

	a
	4.261
	4.259
	4.263

	b
	4.261
	4.259
	4.263

	c
	6.913
	6.909
	6.911

	α
	90
	90
	90

	β
	90
	90
	90

	γ
	120
	120
	120


3.2 Phonon dispersion

The stability of materials is a crucial link in the field of material design and computer simulation. The phonon spectrum shows thermodynamic stability and can be used to verify the existence of phases rather than intermediate phases, which is conducive to the subsequent study and application of synthesis in the laboratory [40]. To answer this question, the phonon dispersion method is introduced to judge the material's thermodynamic stability.

The phonon spectrum represents the collective vibrational modes of the atoms that make up matter. The acoustic branch represents the cell's overall vibration, and the optical branch represents the relative vibration of atoms in the cell [
 ADDIN EN.CITE 

41-43
]. The vibration frequency is described as:
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Where ω is the vibration frequency, β is an elastic constant, E(x) is the interaction energy between atoms, x is the displacement of atoms from the equilibrium position, m is the mass of atoms. 

The calculation path of the Brillouin zone and phonon spectrum of CdS is shown in Fig2 The phonon spectrum is calculated in the order of G-A-H-K-G-M-L-H. the coordinates of each high symmetry point are as follows: G (0,0,0), which is the center of Brillouin zone, A(0,0,0.5), H(-0.333,0.333,0.5), K(-0.333,0.333,0), M(0,0.5,0), L(0,0.5,0.5).
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Fig.2 Bullouin zone and the path of the band structure of CdS
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Fig.3 Phonon dispersion and phonon density of states of CdS along with the high-symmetry directions
Since the CdS cell contains four atoms, we can see from Fig.3 that there are only 12 vibrational modes in CdS, including three acoustic branches (blue lines) and nine optical branches (green lines). The frequencies of all phonon modes are positive, which indicates that the optimized CdS is dynamically stable. The optical branches region is divided into two parts by a bandgap of 84.7cm-1. Combining with the phonon density of states, it can be seen that the vibration of Cd atom mainly forms the optical branches below the bandgap. In contrast, the above optical branches are mainly formed by S atom's vibration, which is similar to MoS2 [44] and other materials.

There are three acoustic phonon modes and nine optical phonon modes at the Brillouin zone's central G point. The Irreducible representation of acoustic phonon modes and visual phonon modes:
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R, I.R. and IN represent the Raman active mode, the active infrared mode, and the inactive mode. Among them, A1 and B1 represent simple degeneracy, E2 and E1 denote doubly degenerate. The frequency values of the CdS optical phonon modes at the G spot are listed in Table 2. The lack of relevant data is verified by experiments and calculation results related to the optical phonon mode of MoS2. By comparison, it is found that the calculated values of MoS2 are close to other experimental and computed values [
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45, 46
], which can be inferred that the optical phonon modes frequency of CdS is also reasonable and reliable.

The phonon dispersion and vibrational branches in Fig.4 show that A1 mode is a vertical optical phonon mode with monopolar, labelled as ZO1. The common vibration of the S atom mainly causes it. The B1mode is a polar vertical optical phonon mode, which can be labelled as ZO2. It is also caused by the familiar vibration of Cd and S atoms. E2 mode consists of nonpolar longitudinal optical phonon mode (LO2) and transverse optical phonon mode (TO2) caused by the S atom's vibration. E1 mode includes polar longitudinal optical phonon mode (LO1) and transverse optical phonon mode (TO1), caused by the interaction of Cd and S atoms. 
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 (a) Phonon dispersion and vibrational branches dispersion   (b) Optical and acoustic branches
Fig.4 Phonon dispersion, optical branches and acoustic branches of CdS
Table 2 Frequencies of four optical phonon modes at the Brillouin zone centre point of CdS and monolayer MoS2 along with available theoretical and experimental data (in units of cm-1)
	CdS
	MoS2

	Modes
	Our work
	Modes
	Verification
	Theoretical values
	Experimental values

	A1
	131.03
	A1(R)
	403.58
	410.3
	397.83
	402.4

	B1
	221.55/279.13
	A2(I.R.)
	464.71
	469.4
	460.7
	470

	E1
	44.54
	E' (I.R.,R)
	380.51
	387.8
	376.18
	385.3

	E2
	235.12
	E" (R)
	285.19
	289.2
	278.1
	287


Table 3 Born effective charge of atoms at different positions in CdS
	
	Cd1
	Cd2
	S1
	S2
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When an atom deviates from its equilibrium position in a polar crystal, it will produce a dipole moment in the crystal. Born effective charges is used to describe the coupling effect between the optical phonon and the electric field [47]. Table 3 lists the Born effective charge of CdS, which have two independent components. It is worth noting that the Born effective charge of CdS is far less than the ion charge of the corresponding atom, indicating a large electron cloud shielding electric field in the two crystals. Whas’s more, the effective charge component along the c-axis is less than that in the a-b planes, which indicates that the polarization field intensity associated with the vibration along the c-axis is less than that along the a-b planes. 

3.3 Grüneisen constants and coefficient of thermal expansion

Grüneisen constant reflects the effect of crystal volume change on the vibration properties of the crystal. Then, the relaxation and anharmonic vibration of phonons can be accurately predicted by changing the temperature to make the crystal expand or contract. Grüneisen constant can also be used to analyze some thermal properties of related materials, such as equal coefficient of thermal expansion and isochoric specific heat capacity [48]. The following formula can calculate Grüneisen constant:
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The thermal expansion is caused by the lattice's thermal vibration, which is inevitably related to the equal volume hot melt, that is, a=ACV, A is a constant. This shows that thermal expansion is directly proportional to the CV of isochoric specific heat capacity. According to the definition formula of Grüneisen constant:
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The constant A= γ/(VB0), where V is the volume of the crystal and B0 is the bulk modulus of the crystal. The Grüneisen constant and bulk modulus of CdS are 0.036 and 57.02N/m, respectively. Based on Eq.(4)and Eq.(5), the curve of thermal expansion coefficient of CdS with temperature is calculated, as shown in Figure 5. At low temperature, the thermal expansion coefficient of CdS increases slowly with temperature; when the temperature rises more than 33K, the thermal expansion coefficient of CdS begins to increase sharply with temperature. Because the maximum frequency of Z.A. mode of CdS is 68 cm-1, according to kBT = ћω, the corresponding temperature of 68 cm-1 is 33 K, from 33 K, the influence of optical phonon mode on the thermal properties of CdS can be ignored. Therefore, the change of thermal expansion coefficient of CdS is different at about 33 K. The results show that the thermal expansion coefficient of CdS increases slowly with the increase of temperature; when the temperature exceeds the Debye temperature of CdS, the thermal expansion coefficient of CdS tends to be 1.04×10-5K-1.
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Fig.5 The thermal expansion coefficient of CdS as a function of temperature. Inset is the reduced figure between 0 and 100 K
3.4 Debye temperature and isochoric specific heat capacity

Debye temperature is an essential physical quantity of solid materials. It can reflect the distortion degree of crystal lattice and characterize many physical quantities of solid materials, such as elastic constants, melting point, specific heat capacity, etc. Besides, Debye frequency is of great significance to the study of heat conduction in solid materials. So the Debye characteristic temperature of CdS is studied in this paper.

According to the Debye model, the Debye temperature curve of CdS is obtained, as shown in Fig.6(a). It can be seen from the figure that the Debye characteristic temperature of CdS first increases sharply with the increase of temperature and then tends to a constant, about 353.13K. This means that when the temperature is lower than the Debye characteristic temperature of 353.13 K, the quantum effect significantly affects the thermodynamic and thermal properties of CdS. When the temperature is higher than the Debye characteristic temperature of 353.13 K, the quantum effect can be ignored [49]. Therefore, the temperature of CdS is lower than 353.13K. The Debye characteristic temperature comes from the thermal vibration between atoms in solid materials. It can be inferred that two molecular layers connect CdS through van der Waals force rather than relatively strong chemical bonds.
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(a) Debye temperature of CdS      (b) Isochoric specific heat capacity of CdS
Fig.6 Debye temperature and isochoric specific heat capacity of CdS
Heat capacity represents the energy required to be absorbed by a material to increase its temperature by 1 K. According to Eq.(6), the isochoric specific heat capacity of CdS is calculated:
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   (6)
Where kB and ћ are Boltzmann constant and Planck constant, respectively. It can also be seen from Fig.6(b) that the isochoric specific heat capacity of CdS first rises sharply with the increase of temperature and then rises slowly with the further addition of temperature. Finally, when the temperature is higher than the Debye characteristic temperature, the isochoric specific heat capacity tends to a saturation value of 23.86 cal/cell.K, because when the temperature is higher than the Debye characteristic temperature, the quantum effect is negligible, and the energy of all vibration modes reaches the maximum and is the same. When the temperature is higher than 600 K, the heat capacity is close to the classical limit heat capacity determined by the Dulong-Petit law due to the anharmonic effect.
3.5 Analysis of CdS in the sample CdS power 
CdS thin film was synthesized successfully by microwave hydrothermal process (time about 15min, and temperature at 140°C).The experiment of the CdS powder under chemical synthesis was carried out to investigate the CdS microstructure. The structure of CdS was systematically analyzed by scanning electron microscopy (SEM), X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM).
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(a) SEM image of CdS powder      (b) XRD of CdS powder in various directions
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(c) HRTEM image of CdS powder (d) HRTEM image with a distance of 0.676nm of CdS powder

Fig. 7 Images of SEM, XRD and HRTEM of the CdS powder
Fig.7 (a) shows the spherical CdS powder sample in SEM analysis. XRD result shows that the samples are pure CdS, and there are obvious diffraction peaks at the diffraction angles of 2θ=24.54°, 27.65°, 29. 86° and 44.88° in Fig.7 (b). From Fig.7 (c), it can be seen that the appearance of the powder surface of CdS by HRTEM image. The HRTEM in Fig.7 (d) shows that the distance between the (0001) crystal planes of CdS phase is equivalent to the adjacent crystal plane distance of 6.91 Å. Therefore, it is shown that the nanocrystal growth preferentially grows in the edge of the [0001] direction, where the single crystal nanocrystals were grown due to the uniform and equal distance of the CdS phase (0.676 nm) between the (0001) crystal faces.
4. Conclusion

In this paper, the phonon spectrum, phonon density of States, phonon vibrational mode, Born effective charge and Grüneisen constant of CdS are studied by first-principles method. On this basis, combined with phonon dispersion relation, the thermal properties, including Debye temperature, constant volume melting and thermal expansion coefficient, are systematically calculated and analyzed:

(1) The phonon structure of CdS has no virtual frequency, which indicates that it is thermodynamically stable. There are twelve vibrational modes in the phonon spectrum, including three acoustic branches and nine optical branches. In the acoustic branch region, there is a noticeable bandgap with a width of 84.7cm-1.

(2) The Raman modes A1and E1 are caused by the vibration of Cd atoms in CdS, while the infrared modes A1, E1 and E2 are caused by resonance vibration of the atoms

in CdS.

(3) The Debye temperature of CdS first increases sharply with the increase of ambient temperature, and then tends to an equilibrium temperature of 353.13K. The variation of the isochoric specific heat capacity with temperature is similar to that of Debye temperature. When the temperature is higher than its Debye temperature, the constant of isochoric specific heat capacity is 23.86 cal/cell.K.

(4) The coefficient of thermal expansion of CdS is positive in the range of 0-1000 K. The coefficient of thermal expansion changes obviously at about 33K, which is consistent with the temperature corresponding to the maximum frequency of Z.A. mode of CdS at 68 cm-1. When the Debye temperature of CdS is exceeded, the coefficient of thermal expansion tends to 1.04×10-4 K-1.
Furthermore, this study of vibration and thermal properties helps to understand the stability and efficiency of CdS materials at different temperatures based on density-functional theory (DFT) to link the theoretical analysis and experimental parameters thus can therefore widen the furthely doping methods combining with other elements especially Mn-doping and other transition metal doping, thus to improve photoanode performance through doping of CdS and quantum dots co-sensitization and even expand to
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