MOLECULAR DYNAMICS SIMULATIONS OF AMORPHOUS CARBON STRUCTURES

Sandor Kugler, Istvan Laszlo and Krisztian Kohary Department of Theoretical Physics, Institute of Physics, Technical University of Budapest, H-1521 Budapest, Hungary

Koichi Shimakawa Department of Electronics and Computer Engineering, Gifu University, Gifu 501-11, Japan

Abstract

The formation of different kinds of carbon structures have been studied by means of molecular dynamics simulations. Using this methods the amorphous structures were usually generated by quenching from different liquid configurations so far. It is not so common experimental method for the preparation of amorphous carbon. We have developed a tight-binding molecular dynamics approach for simulating the the growing procedure of the amorphous carbon structure. Our computer simulation method was similar to the atom-by-atom deposition on a substrate. The amorphous structures with fivefold, sixfold and sevenfold rings were obtained on diamond (111) surface.

I. INTRODUCTION

Different methods are used for preparations of a-C films. The ability of carbon atoms to have sp3, sp2 and sp bonding configuration leads to a large variation in structure and in electronic properties. In amorphous form of carbon one of the most important parameter is the sp2:sp3 ratio which basically determines the electronic density of states. Considering the conductivity which is in a connection with atomic and electronic structure, these various methods produce a wide range for macroscopic parameters of a-C film.

Several electron and neutron diffraction measurements were employed on a-C sample in order to determine the atomic arrangement. The first well-know experiment was carried out on an evaporated sample using electron diffraction by a Japanese group [1]. On base of the measured data they proposed a microcrystalline model of amorphous carbon structure, consisting domains graphitic and diamond-like regions. A neutron diffraction was employed on anomalous a-C sample [2] in order to determine the atomic arrangement and to decide whether the structure has a temperature dependence or not [3]. The sample was prepared by arc-evaporation of graphite rod under a pressure of 10-6 atm.

II. STRUCTURAL MODELLING

There are two main possibilities for structural modelling. The first one is the Monte Carlo (MC) type method. Metropolis et al. were the pioneers of this kind of computer simulations [4]. Recently a new version of this method - the so-called Reverse Monte Carlo simulation - has been developed by McGreevy and Pusztai [5], which is convenient for investigation of amorphous materials. It is based on the results of diffraction measurements. The algorithm is quite simple and very similar to standard Metropolis Monte Carlo technique [4]. The method starts with an initial three dimensional configuration. A new configuration is generated by a random displacement of a randomly chosen particle. The new radial distribution function g(r) and/or structure factor S(Q) is calculated. In the following step g(r) and/or S(Q) are compared with the experimental result for the system that is being modelled using a standard chi test. If chi2 ¡ chi1 the new configuration is accepted, otherwise it is accepted with a probability that follows a normal distribution. If the new configuration is accepted it becomes the starting configuration, otherwise the old configuration is retained. This process is then repeated until chi converges in g(r) and/or S(Q) level i.e. we reach equilibrium. This method was applied for constructing large a-C and a-Si models [6,7].

Second, the Molecular Dynamics (MD) is an other useful tool for describing noncrystalline systems when the use of the traditional techniques is difficult. The Newton equations of motion can be solved for a small time interval if the interaction potential and the position of N particles are given for the last points of time. To integrate the MD equations of motion the Verlet algorithm [8] is usually used with time step equal to about a picosecond. The new position of a given particle is: ⃗r(t + Δt) = ⃗r(t) + ⃗v(t)Δt + 1 2 ⃗a(t)Δt^2 + O(Δt^3) (1) The motion of the particles is followed by repeating this procedure. By MD the dynamics of the systems can be followed, therefore it is useful to model fundamental phenomena like growth from vapor phase to a surface. In MC and MD cases the crucial point is the applied local potential. In our calculations MD simulation was performed with the tight-binding Hamiltonian of Xu, Wang, Chan and Ho [9] for carbon systems. All the parameters and functions of this method were fitted to the results of local density functional calculations for graphite, diamond and linear chains.

III. MODELS

We consider three types of structural modelling that have been applied to amorphous carbon. Beeman et al. constructed four models containing different numbers of carbon atoms and proportions of sp2 and sp3 sites [10]. These random network models contain 1120, 340, 356, and 519 carbon atoms. Odd membered rings can be found in each structure. Galli and her co-workers constructed an amorphous carbon structure with a computer simulation [11]. They carried out a first principle Molecular Dinamics simulation for 54 atoms using 2.0 g/cm3 of macroscopic density. The interatomic potential was constructed from the electronic ground state treated with density-functional techniques. The model was obtained by rapid cooling liquid carbon. Similar method was used by Stephan and his co-workers [12] in order to generate a-C models having different density in a range of 2.0-3.52 g/cm3. They applied a semiempirical density-functional approach. The models contained 128 carbon atoms.

IV. METHOD

In our case we simulated the growing procedure of the amorphous carbon structure, on diamond (111) surface. The formation of amorphous carbon structures on a substrate was simulated similarly to atom-by-atom deposition. Our motivation is the following: It is wellknown that carbon usually is grown as amorphous film by vapor-growth technique and it is not so easy to prepare from liquid phase using rapid quenching.

Periodic boundary conditions were adopted to avoid surface effects. In our computer experiment there were three different sets of carbon atoms. The first one was the atomic current of carbon atoms forwarded to the target of a (111) diamond surface. The second set was the upper part of the substrate, which contained atoms at 0 K of initial temperature. The atoms of third set formed the bottom part of the substrate. These atoms were fixed at their ideal lattice sites.

a./ During the procedure a carbon atom started to move forward to the target surface. Its initial x, y coordinates in the current were randomly determined. As the cut off distance of our tight-binding potential was 2.6 A , to speed up the simulation, the initial z coordinates in the current were placed 3.6 A over the target. The initial velocities of the atoms in the current were randomly determined.

b./ If the particle arrived into the critical distance to the substrate, which was a little bit greater than the bond distance, procedure a./ was started again. In the meantime the old particle became the part of the bonded carbons, but it was kept moving. To simulate inelastic collision by the target surface the velocity of the current atom was decreased in each MD step by a given factor.

V. RESULTS AND DISCUSSIONS

In this paragraph, results of a-C film growth simulation is presented for two different volumes of the systems. The total simulation time of the atom-by-atom deposition was usually 5-10 psec. In this case the time step was equal to 0.5 femtosecond. Figure 1. shows the final structure of the first simulation in the unit cell. The current came from the Z direction randomly. The kinetic energy of incoming atoms were relative low, 1.29 eV. Figure 2. displays a model where the kinetic energy was 9.7 eV. This energy is very close to the value used during the a-C sample preparation. Both cases the substrate consist of 80 carbon atoms. The structure of the first model was a chain like amorphous structure while the second one contains more sp2 and sp3 atomic sites and rings. It means that the higher incoming energy produces less chains and more rings. Similar experimental results have been recently published [13.14].

Second we constructed larger models as can be seen in Fig. 3. The substrate contains 120 carbon atoms, and the average initial kinetic energy of incoming carbon atoms are also 9.7 eV. 196 carbon atoms forms the amorphous part of the model. In Figure 4. we present the calculated radial distribution function g(r), which is close to our experimental result measured by neutron diffraction. Figure 5. shows the angular distribution function.

VI. OUTLOOK

Our molecular dynamics simulation consist of atomic substrate which is at T=0 temperature. Applying Nose-Hoover thermostat (NH) [13,14] the temperature of the equilibrium system can be controlled and NH dynamics produces real fluctuations in the state variables. This NH is useful in understanding the role of substrate temperature for growth of amorphous carbon film.

In summary we have presented the formation of amorphous carbon structures under various simulation conditions. On the diamond surface deposition computer experiment the final structures were amorphous structures with fivefold, sixfold and sevenfold membered rings.

This work has been supported by the Fund OTKA (Grant No. T024138, T025017, T021228) and Hungarian- Japanese intergovernmental co-operation in S&T NoJAP-21/98.

REFERENCES

1. J. Kakinoki, K. Katada, T. Hanawa et al., Acta Cryst. 13. 171 (1960) 2. K. Shimakawa, K. Hayashi, T. Kameyama, T. Watanabe and K. Morigaki, Phil. Mag.

Lett. 64, 375 (1991).

3. S. Kugler, K Shimakawa, T. Watanabe, K. Hayashi, I. Laszlo, and R. Bellissent J. of Non-Cryst. Solids 164-166 831 (1993)

4. N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, et al., J. Chem. Phys. 21, 1087 (1953)

5. R.L. McGreevy and L. Pusztai, Molec. Sim. 1, 369 (1988). 6. L. Pusztai and S. Kugler unpublished 7. S. Kugler, L. Pusztai, L. Rosta, et al., Phys. Rev. B 48 7685 (1993) 8. L. Verlet, Phys. Rev. 159, 98 (1967) 9. C.H. Xu, C.Z. Wang, C.T. Chan, K.M. Ho, J. Phys. C, 4, 6047 (1992 10. D. Beeman, J. Silverman, R. Lynds et al., Phys. Rev. B 30, 870 (1984) 11. G. Galli, R.M. Martin, R. Car and M. Parrinello, Phys. Rev. Lett., 62, 555. (1989) 12. U. Stephan, Th. Frauenheim, P. Blaudeck et al. Phys. Rev. B 49, 1489 (1994) 13. I. Pocsik, M. Koos, M. Hundhausen and L. Ley: Excitation Energy Dependent Raman and Photoluminescence Spectra of Hydrogenated Amorphous Carbon in: Amorphous Carbon: State of Art, Ed. by S.R.S. Silva, J. Robertson, G.A.J. Amaratunga and W. I. Milne, Word Scientific, Singapore 1998. pp. 224-233.

14. Pocsik, M. Koos, O. Berkesi and M. Hundhausen Advantage of Infrared Excitation in Raman Spectroscopy of Hydrogenated Amorphous Carbon Films in: ”Proceedings of the Sixteenth International Conference on Raman Spectroscopy” Edited by A.M. Heyns, John Wiley and Sons, New York 1998. Suppl. Vol. pp.: 66-67.

15. S. Nose Mol. Phys., 52, 255. (1984) 16. W.G. Hoover, Phys. Rev. A 31, 1695. (1985)

FIGURE CAPTIONS

Figure 1. The final structure in the unit cell of the atom-by-atom deposition. The substrate of 0 K are at the bottom of the Figure. The kinetic energy of incoming atoms were relative low, 1.29 eV. This model is a chain like amorphous structure.

Figure 2. The second structure. The kinetic energy of incoming atoms were 9.7 eV.

Figure 3. The final structure in the unit cell of the simulation for a large amorphous carbon model. The kinetic energy of incoming atoms were 9.7 eV. It contains 316 carbon atoms.

Figure 4. The radial distribution function for the large structure.

Figure 5. The angular distribution function of the large model of the atom-by-atom deposition.