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1. Overview

The effect of vacancy defects on the structure and mechanical properties of semiconductor silicon materials is of great

significance to the development of novel microelectronic materials and the processes of semiconductor sensors. In this

paper, molecular dynamics is used to simulate the atomic packing structure, local stress evolution and mechanical

properties of a perfect lattice and silicon crystal with a single vacancy defect on heating. In addition, their influences on the

change in Young’s modulus are also analyzed. The atomic simulations show that in the lower temperature range, the

existence of vacancy defects reduces the Young’s modulus of the silicon lattice. With the increase in temperature, the

local stress distribution of the atoms in the lattice changes due to the migration of the vacancy. At high temperatures, the

Young’s modulus of the silicon lattice changes in anisotropic patterns. For the lattice with the vacancy, when the

temperature is higher than 1500 K, the number and degree of distortion in the lattice increase significantly, the obvious

single vacancy and its adjacent atoms contracting inward structure disappears and the defects in the lattice present

complex patterns. By applying uniaxial tensile force, it can be found that the temperature has a significant effect on the

elasticity–plasticity behaviors of the Si lattice with the vacancy. 

2. Background

With the continuous reduction in the chip size of microelectronic devices with high-cost performance, higher requirements

have been proposed for the processing of materials used in these devices. Since the concept of micromachining based on

silicon materials was proposed in the 1970s, it has been the key to technological breakthroughs of the

microelectromechanical system (MEMS) for the fabrication of micromovable structures based on silicon materials

employed by micromachining technology, which are compatible with integrated circuits, for manufacturing microsystems

. Especially in the recent decades, the rapid developments of the internet, unmanned driving, wise medical and smart

robots have provided unlimited possibilities for applying MEMS sensors in microelectronic devices .

MEMS is a miniaturized device or a combination of these devices. This system integrates electronics, machinery, optics

and other functions to achieve intelligent effects in minimal space. In order to achieve these effects, a breakthrough in the

manufacturing technology is required. When the size of a MEMS device is reduced to a certain range, they show many

physical phenomena that are different from those in macroscopic systems. For example, the tensile testing data present

distinguished differences for the millimeter and micrometer samples . When the size or the spacing between units is

within 1 μm or less, the processing technology for these three-dimensional devices is called micromachinery. As

micromachining was originally developed from silicon microelectronics processing technology, it is also called silicon-

based micromachining .

As the most important semiconductor material, crystalline silicon has a diamond structure and covalent bonds among

atoms. It has excellent mechanical properties, such as high strength and high hardness, as well as good thermal

conductivity. Meanwhile, it also has excellent characteristics in light, heat, electricity, magnetic and other properties, and

thus can be integrated into capacitive sensors, thermoelectric light detectors, hot gas pressure sensors, magnetometers

and photoelectric monitors . In these MEMS devices, there are many Si wafers, which are flat or have

different shapes, including beams, bridges and probe arms. They can be used as light-conducting devices for optical

communication, grating devices, micronozzles, microvalves, pumps, micropipes, etc. . Moreover, non-linear

cantilever, small arc parts, etc., appear in MEMS microsensors, such as tactile sensors on the robot manipulators and

chemical reaction sensors . These silicon wafers with different shapes and structures need to be plastic processed.
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However, the fracture strength of silicon is very low. Various observation approaches give values of tensile fracture

strength in the range of 3 to 7 GPa . In addition, early loading experiments with a bearing ball on mirror-polished

silicon wafers yield an average fracture stress of 2.8 GPa and a maximum value of 6.9 GPa . The transition from

elasticity to plasticity occurs only when the temperature exceeds 790 K. When the temperature is above 920 K, the plastic

forming becomes easy . At the end of the last century, J. Frühauf et al.  proposed a laser technology to make

materials plastically bend. When laser beams scan the silicon-based surface, plastic deformation occurs owing to the fact

that non-uniform temperature field generates thermal stress in the materials . The defects in the silicon bulk greatly

affect the forming process. Vacancies and interstitial atoms are the two most important primary point defects in silicon

single crystals . Some silicon atoms can remove the binding of the surrounding atoms and jump away from the

equilibrium position to form vacancies under specific conditions. Subsequently, the atoms entering the lattice spaces

become interstitial atoms . These vacancies can trap the carriers in the silicon crystal by generating deep energy

levels, resulting in a decrease in the number of carriers, and affect the performance of semiconductor devices . This

kind of defect is not only related to the formation of other forms of defects, but also controls the diffusion of interstitial

atoms in semiconductors. At the same time, the existence of the vacancies provides greater possibilities for material

deformation . Therefore, it has always attracted attention from experimental and theoretical researchers . In the

laser bending process, the silicon absorbs the energy from the laser irradiation, so as to produce an uneven transient

temperature field in the material matrix. When the temperature of the material surface rapidly increases, the heat

generated by the laser diffuses into the material. This additional energy results in changes in the configurations and

numbers of defects inside the matrix, and eventually changes the mechanical properties of the crystal. As the heating

process is only controlled by the macrotemperature field in the experiment, it poses great difficulties in observing and

measuring the changes in the microstructure and mechanical properties in the matrix containing vacancy defects under

the conditions of rapid heating by high-energy laser irradiation. Thus, computer simulation based on the empirical

potential, such as molecular dynamics, has become a powerful tool to study atomic movements, packing evolution and

stress distribution.

The Stillinger–Weber (SW) potential  is composed of two-body and three-body potential functions. It can give the strain

energy in a few potential parameters and can be used to describe many kinds of defects in silicon. At present, the SW

potential function has been successfully applied in studying vacancy defects . In this paper, the molecular dynamics

method based on the SW empirical potential  of the interaction among atoms in silicon crystalline was used to simulate

the heating process of silicon crystal with single vacancy and analyze the packing structures, atomic localization, stress

and Young’s modulus of the crystal change with temperature.

3. Conclusions

The simulation results show that the silicon lattice has obvious elasticity, elasticity–plasticity transition and plasticity

temperature ranges. The existence of the vacancy significantly reduces the elasticity–plasticity transition temperature and

greatly affects the mechanical properties of the silicon lattice. In the elastic temperature range, the Young’s modulus with

the vacancy is lower than that of a perfect lattice. With the increase in temperature, the vacancy migrates, which leads to

the change in stress distribution in the region of its nearest neighbor atoms. As the distance between atoms increases

largely, the atoms leave their equilibrium positions, and the lattice loses its elasticity, causing the silicon with the vacancies

to show plasticity; correspondingly, the Young’s modulus of the lattice with a vacancy in the plastic temperature range

significantly fluctuates. In the temperature range of elasticity–plasticity transition, the Young’s modulus of the lattice is

anisotropic. At 1500 K, the single vacancy and shrinkage of its neighboring atoms disappear obviously, and the crystal

lattice is distorted greatly. With a further increase in temperature, the defects in the crystal lattice show a complex pattern,

and the number of atoms under high pressure increases obviously. The temperature significantly affects the mechanical

behavior of the silicon lattice with a vacancy. The elongation of the lattice decreases during the heating process. In the

temperature range in which plastic deformation occurs, the tensile strength of the lattice decreases. Due to the existence

of the vacancy, the elastic and plastic behaviors present apparent differences with the increase in temperature.

References

1. Bryzek, J. Impact of MEMS technology on society. Sens. Actuator A Phys. 1996, 56, 1–9.

2. Hezarjaribi, Y.; Hamidon, M.N.; Sidek, R.M.; Keshmiri, S.H.; Abdullah, R.R.; Bahadorimehr, A. Analytical and Simulation
Evaluation for Diaphragm’s Deflection and its Applications to Touch Mode MEMS Capacitive Pressure Sensors. Aust. J.
Basic Appl. Sci. 2009, 3, 4281–4292.

[22][23]

[24]

[25][26] [25][26]

[27]

[28]

[29]

[30]

[31] [32][33]

[34]

[35]

[34]



3. Bogue, R. Recent developments in MEMS sensors: A review of applications, markets and technologies. Sens. Rev.
2013, 33, 300–330.

4. Ciuti, G.; Ricotti, L.; Menciassi, A.; Dario, P. MEMS Sensor Technologies for Human Centred Applications in
Healthcare, Physical Activities, Safety and Environmental Sensing: A Review on Research Activities in Italy. Sensors
2015, 15, 6441–6468.

5. Xu, R.; Zhou, S.; Li, W.J. MEMS Accelerometer Based Nonspecific-User Hand Gesture Recognition. IEEE Sens. J.
2012, 12, 1166–1173.

6. Zou, X.; Thiruvenkatanathan, P.; Seshia, A.A. A Seismic-Grade Resonant MEMS Accelerometer. J. Microelectromech.
Syst. 2014, 23, 768–770.

7. Correa, J.; Koo, B.; Ferreira, P. Parallel-kinematics XYZ MEMS part 1: Kinematics and design for fabrication. Precis.
Eng. 2016, 135–146.

8. Pitchappa, P.; Manjappa, M.; Ho, C.P.; Singh, R.; Singh, N.; Lee, C. Active Control of Electromagnetically Induced
Transparency Analog in Terahertz MEMS Metamaterial. Adv. Opt. Mater. 2016, 4, 541–547.

9. Na-Young, K.; Yong-Hyuk, K.; Yourim, Y.; Hyo-Hyuc, I.; Choi, R.K.Y.; Hee, L.Y. Correcting Air-Pressure Data Collected
by MEMS Sensors in Smartphones. J. Sens. 2015, 1–10.

10. Chasiotis, I.; Knauss, W.G. Size Effects Determined from Tensile Tests of Perforated MEMS Scale Specimens. Mrs
Proc. 2001, 687.

11. Spearing, S.M. Materials issues in microelectromechanical systems (MEMS). Acta Mater. 2000, 48, 179–196.

12. Chu, Y.; Axline, C.; Wang, C.; Brecht, T.; Gao, Y.Y.; Frunzio, L.; Schoelkopf, R.J. Suspending superconducting qubits by
silicon micromachining. Appl. Phys. Lett. 2016, 109, 240501.

13. Kumar, R.; Rab, S.; Pant, B.D.; Maji, S. Design, development and characterization of MEMS silicon diaphragm force
sensor. Vacuum 2018, 153, 211–216.

14. Sherif, S.M.; Swillam, M.A. Metal-less silicon plasmonic mid-infrared gas sensor. J. Nanophotonics 2016, 10, 026025.

15. Thomsen, E.V.; Reck, K.; Skands, G.; Bertelsen, C.; Hansen, O. Silicon as an anisotropic mechanical material:
Deflection of thin crystalline plates. Sens. Actuator A Phys. 2014, 220, 347–364.

16. Eakkachai, P.; Kanty, R.; Micky, R.; Nicolas, A. Scanning Micromirror Platform Based on MEMS Technology for Medical
Application. Micromachines 2016, 7, 24.

17. Saboonchi, H.; Ozevin, D.; Kabir, M. MEMS sensor fusion: Acoustic emission and strain. Sens. Actuator A Phys. 2016,
247, 566–578.

18. Kainz, A.; Steiner, H.; Schalko, J.; Jachimowicz, A.; Hortschitz, W. Distortion-free measurement of electric field strength
with a MEMS sensor. Nat. Electron. 2018, 1, 68–73.

19. Rogers, J.; Huang, Y.; Schmidt, O.G.; Gracias, D.H. Origami MEMS and NEMS. MRS Bull. 2016, 41, 123–129.

20. Igor, L. Porous Silicon Structures as Optical Gas Sensors. Sensors 2015, 15, 19968–19991.

21. Makihata, M.; Tanaka, S.; Muroyama, M.; Matsuzaki, S.; Yamada, H.; Nakayama, T.; Yamaguchi, U.; Mima, K.;
Nonomura, Y.; Fujiyoshi, M. Integration and packaging technology of MEMS-on-CMOS capacitive tactile sensor for
robot application using thick BCB isolation layer and backside-grooved electrical connection. Sens. Actuator A Phys.
2012, 188, 103–110.

22. Kozhushko, V.V.; Lomonosov, A.M.; Hess, P. Intrinsic strength of silicon crystals in pure- and combined-mode fracture
without pre-crack. Phys. Rev. Lett. 2007, 98, 195505.

23. Kozhushko, V.V.; Hess, P. Anisotropy of the strength of Si studied by a laser-based contact-free method. Phys. Rev. B
2007, 76, 144105.

24. Hu, S.M. Critical stress in silicon brittle fracture, and effect of ion implantation and other surface treatments. J. Appl.
Phys. 1982, 53, 3576–3580.

25. Frühauf, J.; Gärtner, E.; Jänsch, E. Silicon as a plastic material. J. Micromech. Microeng. 1999, 9, 305–312.

26. Frühauf, J.; Gärtner, E.; Jänsch, E. New aspects of the plastic deformation of silicon-prerequisites for the reshaping of
silicon microelements. Appl. Phys. A 1999, 68, 673–679.

27. Charee, W.; Tangwarodomnukun, V.; Dumkum, C. Ultrasonic-assisted underwater laser micromachining of silicon. J.
Mater. Process. Technol. 2016, 231, 209–220.

28. Voronkov, V.V. The mechanism of swirl defects formation in silicon. J. Cryst. Growth 1982, 59, 625–643.



29. Kulkarni, M.S. A Selective Review of the Quantification of Defect Dynamics in Growing Czochralski Silicon Crystals.
Ind. Eng. Chem. Res. 2005, 44.

30. Wang, C.Y.; Wang, Z.Q.; Meng, Q.Y. Comparative study of the first-principles and empirical potential simulation of
vacancies in silicon. Acta Phys. Sin. 2010, 59, 3370–3376.

31. Chen, Y.; Zhang, C.; Li, L.; Tuan, C.C.; Chen, X.; Gao, J.; He, Y.; Wong, C.P. Effects of Defects on the Mechanical
Properties of Kinked Silicon Nanowires. Nanoscale Res. Lett. 2017, 12, 185.

32. Justo, J.F.; Bazant, M.Z.; Kaxiras, E.; Bulatov, V.V.; Yip, S. Interatomic Potential for Silicon Defects and Disordered.
Phases. Phys. Rev. B 1998, 58, 2539.

33. Balamane, H.; Halicioglu, T.; Tiller, W.A. Comparative study of silicon empirical interatomic potentials. Phys. Rev. B
1992, 46, 2250–2279.

34. Stillinger, F.H.; Weber, T.A. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B 1985, 31,
5262.

35. Posselt, M.; Gao, F.; Bracht, H. Correlation between self-diffusion in Si and the migration mechanisms of vacancies and
self-interstitials: An atomistic study. Phys. Rev. B Condens. Matter 2008, 78, 1436–1446.

Retrieved from https://encyclopedia.pub/entry/history/show/25758


