Calculationoflinearandnonlinearoptical susceptibilitiesinwidegapsemiconductors byJIANCHEN

September1996

PhysicsDepartment

�TheOhioStateUniversity COLUMBUS,OHIO 43210

CALCULATION OF LINEAR AND NONLINEAR OPTICAL SUSCEPTIBILITIES IN WIDE GAP SEMICONDUCTORS

DISSERTATION Presented in Partial Fulfillment of the Requirement for the Degree of Doctor of Philosophy in the Graduate School of The Ohio State University

by JIAN CHEN * * * * * The Ohio State University 1996

Dissertation Committee:

John W. Wilkins Approved by Zachary H. Levine Philip E. Wigen Advisor Department of Physics

© Jian Chen 1996 ALL RIGHTS RESERVED

ABSTRACT

An ab initio method is used to study the linear and the second-order nonlinear optical susceptibilities in wide band gap semiconductors. First, the density functional theory, implemented with the local-density approximation, is used to obtain the ground-state electronic structures of the materials. Next, time-dependent perturbation is applied to study the response of the electrons to an electromagnetic field. Over the past few years, Levine et al. developed a theory which reproduces the experimental values within 15% of the linear and second-harmonic susceptibilities for over ten semiconductors and insulators. The current study formally completes Levine’s theory on the second-harmonic susceptibilities by including the corrections from a nonlinear local field which is proportional to the second power of the external electric field. The nonlinear-local-field corrections is shown to give a 50% increase to the linear-local-field corrections previously studied.

The calculations are extended to a series of wide gap semiconductors including four polytypes of SiC (2H, 4H, 6H, and 3C), BN, AlN, and GaN. A “scissorsoperator” approach is used to shift the small band gaps given by the local density approximation to the experimental values. In the previous studies of small to medium gap semiconductors, using the scissors operators gives good agreement with experiments. The current study finds that, in the wide gap semiconductors, using the scissors operators result in about 10-20% underestimation of the linear and second-harmonic susceptibilities.

The second-harmonic susceptibilities can vary by over 100% in different structures of a compound with identical chemical composition. Using this large structural dependence, one may be able to grow materials in a designed pattern to enhance their nonlinear optical properties.

Finally, the newly proposed method of using the “2n + 1” theory to calculate the second-harmonic susceptibilities is demonstrated to be formally equivalent to our method. A scheme is suggested to incorporate the scissors operators into this new method even though the expressions do not have any explicit dependence on the conduction bands.

To My Parents

ACKNOWLEDGMENTS

My deepest gratitude goes to my advisor, Professor John Wilkins, for his support and encouragement. He has taught me not only how to conduct research but also how to interact with other people. My weekly appointments with him are both fruitful and enjoyable. I will benefit from the training I received for the many years to come.

My sincere thanks go to Zachary Levine, who first introduced me to electronic structure calculations. His continuous support helped me through the difficult times when I started doing research. Many thanks to Lars Jönsson, who helped me through a large part of my thesis work. Without his guidance and keen insight, I would still be lost in those long formulas until this day.

I am grateful to Professor David Stroud, who continued to support me through the years. Thanks also to Professor Wigen for kindly serving on my committee.

I am lucky to share an office with five fellow graduate students. I benefited from the many discussions with them on my own research and topics in other fields. I can always count on them for helping me in more ways I can enumerate. Wilfried Aulbur helped me the most with my research. He is the one who sometimes comes to work before 6:00am. Jose-Carlos Egues de Menezes taught me a lot of interesting physics in nanostructures. Sven Rudin, our expert in quantum chemistry, is the one who never fails to amaze me with his artistic talent. Jeongnim Kim is the parallel computing expert and goes to classical concerts. Jeff LePage is the one who comes to work in a suit and an amusing tie.

I am in debt to Mebarak Alouani and Matthew Steiner who helped me tremendously over the years. Thanks to Shiwei Zhang, who offered much helpful advice. I enjoyed working together with other members of the group: Per Hyldgaard, Jim Raynolds, Hua Zhong, Ross McKenzie, Michael Reyzer, Andrew Sergeev, Herve

Castella, Avik Ghosh, Alex Kuznetsov, Oliver Chung, Doug Allan, and Robert Smith. I’d also like to thank Sylvia McDorman, Jaana Auvinen, Karen Papritan, and Brenda Mellett for all the help I received.

My life through graduate school was made easier by my wonderful roommates: Yuhong Zhu, Zhuo Meng, Ing-Jye Hwang, Donglei Li, and Qing Liao. Special thanks to Ing-Jye Hwang who offered a lot of help and being a good listener. I enjoyed many lunch hours with Donglei Li who kept me informed of the news around the world. Thanks also to Rich Bornfreund with whom I enjoyed many hours outside of work.

I also thank other friends and fellow students who have made the past five years memorable: Fenghua Zong, Yue Yang, Wei Tao, Hui Chu, Dongsheng Lu, Hong Cao, Frank Lei, Xiaohua Liu, Wenbin Yu, Jizhong He, Robert Stamps, Ursula Ebels, Jon Vandergriff, Rahual Kulkarni, Jongneun Han, Vivek Shenoy, Matt Trawick, Shannon Campbell, Li Zhou, Ming Ye, Zhenyong Zhang, Chunhua Yuan, Xifeng Zhang, Ho-Hsin Lee, Yunzhang Wang, Xueli Zou, Tung-Hsiu Shih, Baiming Zou, Hua Su, and many others.

My thank also goes to Professor Karl-Heinz Bennemann, Wolfgang Hübner, Joerg P. Dewitz and other members of Professor Bennemann’s group for making my three months visit in Berlin enjoyable.

The research has been supported by the National Science Foundation, the Ohio State University Presidential Fellowship, and the Ohio Supercomputer Center.

CURRICULUM VITAE

May 31, 1969 . . . . . . . . Born — Hanzhong, Shanxi provice, P. R. China

1988–1991 . . . . . . . . . Undergraduate student, Peking University, Beijing, P. R. China

1991–1993 . . . . . . . . . Teaching assistant, Department of Physics, The Ohio State University, Columbus, Ohio, USA 1993–1995 . . . . . . . . . Research assistant, Department of Physics, The Ohio State University, Columbus, Ohio, USA 1995–present . . . . . . . . Presidential Fellowship, The Ohio State University, Columbus, Ohio, USA

PUBLICATIONS

J. Chen, Z. H. Levine, and J. W. Wilkins, “SiC: linear and nonlinear optical properties of four polytypes,” Phys. Rev. B 50, 11514 (1994).

J. Chen, Z. H. Levine, and J. W. Wilkins, “Calculated second-harmonic susceptibilities of BN, AlN, and GaN,” Appl. Phys. Lett. 66, 1129 (1995).

J. Chen, L. Jönsson, J. W. Wilkins, and Z. H. Levine, “Nonlinear local-field corrections to the optical second-harmonic susceptibility of insulating crystals,” Submitted to Phys. Rev. B.

FIELD OF STUDY

Major Field: Physics

TABLE OF CONTENTS

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . v Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii Table of contents . . . . . . . . . . . . . . . . . . . . . . . . . . viii List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Chapter Page

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.1 Background on the second-harmonic susceptibility . . . . . . . . . 3 1.2. The classical model for the second-harmonic susceptibility . . . . . 5 1.3. The local-density approximation . . . . . . . . . . . . . . . . 10 1.4. Review of the calculations of the second-harmonic susceptibility . . . 13 1.5. The GW approximation and the scissors operators . . . . . . . . 17 1.6. Understanding local-field corrections using general response functions 22 1.7. Organization for the rest of the thesis . . . . . . . . . . . . . . 31 References for Chapter 1 . . . . . . . . . . . . . . . . . . . . 33

2. Microscopic theory for the second-harmonic susceptibility . . . . . . . 36 2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.2. Density Matrix . . . . . . . . . . . . . . . . . . . . . . . . 38 2.3. Linear response . . . . . . . . . . . . . . . . . . . . . . . . 40 2.4. Second-order response . . . . . . . . . . . . . . . . . . . . . 44 2.5. The nonlinear local field . . . . . . . . . . . . . . . . . . . . 50 2.6. Relation between the linear and nonlinear local-field corrections in the static limit . . . . . . . . . . . . . . . . . . . . . . . 55

2.7. Generalization to nonlocal potentials . . . . . . . . . . . . . . 58 2.8. The cv, ccv, and vvc contributions . . . . . . . . . . . . . . . . 60 2.9. Scissors operators . . . . . . . . . . . . . . . . . . . . . . . 63 2.10. The “2n + 1” method . . . . . . . . . . . . . . . . . . . . . 66 2.11. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 69 References for Chapter 2 . . . . . . . . . . . . . . . . . . . . 70

3. Numerical results on the wide band gap semiconductors . . . . . . . . 71 3.1. Pseudopotentials . . . . . . . . . . . . . . . . . . . . . . . 72 3.1.1. Description of the pseudopotentials . . . . . . . . . . . . . . 72 3.1.2. Testing pseudopotentials . . . . . . . . . . . . . . . . . . . 80 3.2. Four polytypes of Silicon Carbide . . . . . . . . . . . . . . . . 89 3.2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 89 3.2.2. Results for Optical Response . . . . . . . . . . . . . . . . . 91 3.2.3. Summary for the SiC calculations . . . . . . . . . . . . . . 101 3.3. III-V nitrides . . . . . . . . . . . . . . . . . . . . . . . . 103 3.3.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . 104 3.3.2. Calculated resuts . . . . . . . . . . . . . . . . . . . . . 106 3.3.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . 113 3.4. Local-field corrections to second-harmonic susceptibility . . . . . 115 3.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 119 References for Chapter 3 . . . . . . . . . . . . . . . . . . . 121

4. Conclusions and discussions . . . . . . . . . . . . . . . . . . . 124 4.1. Summary of the thesis results . . . . . . . . . . . . . . . . . 124 4.2. Discussions . . . . . . . . . . . . . . . . . . . . . . . . . 130 References for Chapter 4 . . . . . . . . . . . . . . . . . . . 133

Appendix Page

A. Special ⃗k-Point Integraion . . . . . . . . . . . . . . . . . . . 134 A.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 134 A.2. Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 136 A.3. Numerical study . . . . . . . . . . . . . . . . . . . . . . 140 A.4. Discussions . . . . . . . . . . . . . . . . . . . . . . . . 144 B. Calculation of spin-orbit coupling using pseudopotentials . . . . . . 149 B.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 149 B.2. Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 152 B.3. Results and Discussion . . . . . . . . . . . . . . . . . . . 155 B.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . 159 C. Comparison of the “2n+1” and sum-over-states methods . . . . . . 160 C.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 160 C.2. Classical Analogue . . . . . . . . . . . . . . . . . . . . . 161 C.3. Quantum expression for the second-harmonic susceptibility . . . 164 C.4. Analytical proof of equivalence of the “2n + 1” method . . . . . 166 C.5. Scissors-operator in the “2n + 1” method . . . . . . . . . . . 169 C.6. Numerical Results . . . . . . . . . . . . . . . . . . . . . 173 C.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 174

References for Appedix . . . . . . . . . . . . . . . . . . . 176

Bibliography

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

LIST OF TABLES

Table Page

1.1: Comparison of the calculated second-harmonic susceptibility for GaAs using different methods . . . . . . . . . . . . . . . . . 16

3.1: Eigenenergy difference between the two valence levels from two separate calculations: (1) large cell calculations using pseudopotentials with an atom placed in a simple cubic cell repeated in space; (2) all-electron calculation of an isolated atom . . . . . . . . . . . 82 3.2: LDA lattice constant (a) calculations for diamond

and zincblende structures using plane-wave pseudopotentials (psp) and full potential linear augmented plane-waves (FLAPW) compared with experimental values . . . . . . . . . . . . . . . . 83 3.3: LDA lattice constant calculations for the zincblende structures of the III-V nitrides using pseudopotentials with and without nonlinear core corrections . . . . . . . . . . . . 85 3.4: Comparison of the band structures of zincblende SiC, BN, AlN, GaN obtained from LDA and GW calculations and experimental values . . 86 3.5: Calculations of the dielectric constant ε1 and the second-harmonic susceptibility d for zincblende SiC, BN, AlN, and GaN using two types of pseudopotentials:

the norm-conserving and hardness-conserving pseudopopotentials . . . 88 3.6: Effects of the scissors operators on the dielectric constant of diamond . 93 3.7: Computed ordinary εo and extraordinary εe dielectric constants for four polytypes of SiC compared with experiment . . . . . . . . . 96 3.8: Computed static second-order nonlinear susceptibilities

d = χ^{(2)}/2 (pm/V) for 4 polytypes of SiC . . . . . . . . . . . . . 99

3.9: Dielectric constants ε1 for BN, AlN, and GaN. . . . . . . . . . 108 3.10: Second-harmonic susceptibilities d of three III-nitride materials . . 109 3.11: Geometry dependence of the ratio d^(w^)xxz/d^(w^)zzz in wurtzite AlN . . . 112 3.12: Influence of the Ga-3d electrons in GaN zincblende calculations . . 114 3.13: The numerical ratio of the corrections from the nonlinear (ϕ^{(2)}) and linear (ϕ^{(1)}) local fields to the second-harmonic susceptibility for zincblende semiconductors . . . . . . . . . . . . . . . . . 118

4.1: Calculated dielectric constants for semiconductors of the diamond and zincblende structures . . . . . . . . . . . . . . . . . . . 126 4.2: Calculated dielectric constants for trigonal, wurtzite,

and other hexagonal structures . . . . . . . . . . . . . . . . 127 4.3: Calculated second-harmonic susceptibilities for 15 semiconductors compared with available experiments . . . . . . . . . . . . . . 128

A.1: Numerical demonstration of the Richardson extrapolation

for the four special ⃗k-point sets . . . . . . . . . . . . . . . . 141 A.2: Number of special ⃗k-points in the irreducible Brillouin zone versus R_1 for different special ⃗k-point groups in the 2-dimensional hexagonal lattice . . . . . . . . . . . . . 145

B.1: Spin-orbit splittings in Ge and GaAs . . . . . . . . . . . . . . 156 B.2: Calculated spin-orbit splittings for 13 cubic semiconductors compared with exepriment . . . . . . . . . . . . . . . . . . 158

C.1: Comparison of the “2n + 1” method and the sum-over-states method for LDA calculations of the second-harmonic susceptibility d = χ^{(2)}/2 using pseudopotentials without nonlinear core corrections. . . . . 174 C.2: Comparison of the “2n + 1” method and the sum-over-states method for LDA calculations for the second-harmonic susceptibility d = χ^{(2)}/2 using pseudopotentials with nonlinear core-charge corrections . . . 175

LIST OF FIGURES

Figure Page

1.1: Illustration of second-harmonic susceptibility from a classical model . . 6 1.2: Illustration of calculating the macroscopic second-harmonic susceptibility from the microscopic second-order polarizability using bond-additivity . 8 1.3: The ccv and vvc contributions to the second-harmonic susceptibility . . 14 1.4: Illustration of the “scissors operator” . . . . . . . . . . . . . . . 21 1.5: The local field in diamond (1,1,1) direction from a tight-binding calculation 24 1.6: Flow chart showing the relations between the various potentials, induced currents/densities, and general response functions . . . . . . 28

3.1: Pseudo wavefunctions and pseudopotentials for nitrogen . . . . . . . 75 3.2: Phaseshifts of various pseudopotentials compared with the all-electron (or atomic) potential in nitrogen . . . . . . . . . . . . . . . . . 77 3.3: The core charge density and the pseudo valence charge density of the silicon atom . . . . . . . . . . . . . . . . . . . . . . . 81 3.4: Dielectric constant and the second-harmonic susceptibility

of 3C-SiC versus the scissors shift Δ . . . . . . . . . . . . . . . . 94 3.5: The trend of dxxz and dzzz in nH-SiC for different scissors shift Δ . 100 3.6: Local-field corrections to second-harmonic susceptibilities dxxz and dzzz of nH-SiC with self-energy correction Δ = 0.75 eV . . . . 102 3.7: Band gap versus in-plane lattice constant of the III-V nitrides in the wurtzite structure . . . . . . . . . . . . . . . . . . . . 105 3.8: Rescaled second-harmonic susceptibilities, d^(w^)zzz, −2d^(w^)xxz, and 2/ √ 3d^(z^)xyz , for BN, AlN, and GaN in zincblende and wurtzite structures . . . . 111 3.9: Local-field corrections to the second-harmonic susceptibility

for different semiconductors . . . . . . . . . . . . . . . . . . 117

A.1: Special ⃗k-points in the Brillouin zone belonging to four different groups in two-dimensional hexagonal lattice . . . . . . . . . . . 139 A.2: Convergence of the LDA total energy as a function of R_1 – radius of the first ring when S(R) is nonzero – for four groups of the special ⃗k-points shown in Figure A1 . . . . . . . . . . . 142 A.3: Convergence study on 2H-SiC of the dielectric constant εo and the second-harmonic generation coefficient dxxz and of the associated sum rules as a function of R_1 for four groups of special ⃗k-points . . 143 A.4: Special ⃗k-points for the 1-D Brillouin zone . . . . . . . . . . . . 146 A.5: Special ⃗k-points for the 2-D square lattice . . . . . . . . . . . . 147

B.1: Wavefunctions and potentials of the Ge atom . . . . . . . . . . 151