
GROUP-V ACCEPTORS

AND COMPENSATION CENTERS IN CdTe

by

Intuon Chatratin

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in Materials
Science and Engineering

Summer 2025

© 2025 Intuon Chatratin
All Rights Reserved



GROUP-V ACCEPTORS

AND COMPENSATION CENTERS IN CdTe

by

Intuon Chatratin

Approved:
Joshua Zide, Ph.D.
Chair of the Department of Materials Science and Engineering

Approved:
Pamela Norris, Ph.D.
Dean of the College of Engineering

Approved:
Louis F. Rossi, Ph.D.
Vice Provost for Graduate and Professional Education and
Dean of the Graduate College



I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Signed:
Anderson Janotti, Ph.D.
Professor in charge of dissertation

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Signed:
William Shafarman, Ph.D.
Member of dissertation committee

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Signed:
Robert Opila, Ph.D.
Member of dissertation committee

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Signed:
Jamie Phillips, Ph.D.
Member of dissertation committee



ACKNOWLEDGEMENTS

First, I would like to express my deepest gratitude to my advisor, Dr. Ander-

son Janotti, for his invaluable guidance, encouragement, and support throughout my

doctoral research. His mentorship has been essential in shaping both my research and

professional growth. I am also grateful for the numerous opportunities he provided,

which have contributed significantly to both my academic and personal development.

I would also like to extend my sincere gratitude to my dissertation committee

members, Dr. William Shafarman, Dr. Robert Opila, and Dr. Jamie Phillips, for their

constructive feedback and insightful discussions that have strengthened this work. In

particular, I am especially thankful to Dr. William Shafarman, whose continuous sup-

port, critical feedback, and guidance have been instrumental throughout the progress

of this project.

My gratitude is further extended to my main collaborators at the Institute of

Energy Conversion, University of Delaware: Dr. Brian McCandless, Dr. Kevin Dobson,

Dr. Ujjwal Das, Bin Du, and Pradipta Roy Dip. I also thank my collaborators at Drexel

University: Dr. Jason Baxter, Dr. Gregory Manoukian, and Alex Ashley; and at the

Ohio State University: Dr. Aaron Arehart and Aayush Nahar.

I gratefully acknowledge the financial support from the U.S. Department of

Energy, Solar Energy Technologies Office (EERE), and the Ph.D. studentship provided

by the Development and Promotion of Science and Technology Talents Project (DPST),

administered by the Institute for the Promotion of Teaching Science and Technology

(IPST), Thailand.

I would also like to thank all members of the Janotti group—Dr. Shoaib Khalid,

Dr. Wei Li, Dr. Iflah Laraib, Dr. Igor Evangelista, Muhammad Zubair, Abdul Saboor,

Ruiqi Hu, Quoc Dai Ho, and Pragya Agnihotri—for their support and camaraderie

iv



throughout my time at the University of Delaware. I am especially lucky to have had

Dr. Iflah Laraib and Ruiqi Hu by my side; their friendship has been truly special and

has meant so much to me beyond the academic journey.

Being far from home, I was fortunate to meet amazing and wonderful people at

the University of Delaware who made my experience feel special and truly homey. I

would like to thank the Guo family, Douglas and Denise Kinnear, Rick Grey, Richard

Herring, Brady Smith, Dr. James Bork, Dr. Duy Quang TO, Dr. Piyapas Sricharoen-

vech, Chaiwarut Santiwipharat, and Dr. Thunchanok Kaewnukultorn for their friend-

ship and support. I am especially thankful to Dr. Wilder Acuna, whose kindness and

encouragement have brought me joy and strength throughout this journey.

I would also like to thank Dr. Pakpoom Reunchan, Dr. Adisak Boonchun, and

Dr. Jiraroj T-Thienprasert from Thailand for helping build the strong foundation in

computational solid-state physics that supported my doctoral research. Special thanks

to Dr. Klichchupong Dabsamut for his support and encouragement during this journey.

Most importantly, I would like to thank my beloved family for their uncondi-

tional love and support. My father, Amornsak Chatratin; my mother, Orapin Cha-

tratin; and my brother, Nipat Chatratin, have always been my greatest source of

strength and encouragement throughout my life and this journey. I am especially

proud to share this achievement with my father, as I become the first woman in our

family to earn a Ph.D. and an engineering degree.

I acknowledge permission to reuse published content and figures from previous

works in accordance with copyright policies.

v



PREFACE

Portions of this dissertation are based on following previously published work,

reprinted (adapted) with permission from:

1. Intuon Chatratin, Baoying Dou, Su-Huai Wei and Anderson Janotti, Doping
Limits of Phosphorus, Arsenic, and Antimony in CdTe, The Journal of Physical
Chemistry Letters, 14(1):273–278, 2023. © 2023 American Chemical Society.

2. Intuon Chatratin, Igor Evangelista, Brian McCandless, William Shafarman
and Anderson Janotti, Defect Stability in CdTe Based on Formation Energies
and Migration Barriers, The Journal of Physical Chemistry C, 129(2):1398–1407,
2025. © 2025 American Chemical Society.

The content is presented in Chapters 1, 4 and 5 of this dissertation. I am

the first author of both works and was responsible for conducting all simulations,

performing data analysis, generating figures, and preparing the manuscripts. My co-

authors provided supervision, guidance, technical discussions, and manuscript editing.

I am the sole author including this work as part of a dissertation. Permission to reuse

the published material has been obtained where necessary.

vi



TABLE OF CONTENTS

LIST OF TABLES : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : xi
LIST OF FIGURES : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : xii
ABSTRACT : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : xviii

Chapter

1 CdTe-BASED SOLAR CELLS : : : : : : : : : : : : : : : : : : : : : : 1

1.1 Progress and limitations of CdTe-based solar cells: : : : : : : : : : : 2
1.2 Doping and compensation centers in p-type CdTe: : : : : : : : : : : 3

1.2.1 p-type dopants in CdTe : : : : : : : : : : : : : : : : : : : : : 3
1.2.2 Carrier compensation and passivation from native defects: : : 6
1.2.3 Self-compensation from group-V related defects: : : : : : : : 7

1.3 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9

2 FIRST-PRINCIPLES METHODS FOR DEFECT
CALCULATIONS : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10

2.1 Quantum mechanical description of materials : : : : : : : : : : : : : 10

2.1.1 Schr•odinger equation for a system of electrons and nuclei: : : 10
2.1.2 Born-Oppenheimer approximation: : : : : : : : : : : : : : : : 11
2.1.3 Hartree-Fock equation : : : : : : : : : : : : : : : : : : : : : : 11

2.2 Density Functional Theory : : : : : : : : : : : : : : : : : : : : : : : : 12

2.2.1 Hohenberg-Kohn : : : : : : : : : : : : : : : : : : : : : : : : : 13
2.2.2 The Kohn-Sham method: : : : : : : : : : : : : : : : : : : : : 13
2.2.3 Exchange-correlation functionals: : : : : : : : : : : : : : : : : 14

2.2.3.1 Local and semi-local approximations: LDA and GGA 15

vii



2.2.3.2 Hybrid functionals : : : : : : : : : : : : : : : : : : : 15

2.2.4 Total energy from Kohn-Sham method: : : : : : : : : : : : : 16
2.2.5 Plane-wave basis: : : : : : : : : : : : : : : : : : : : : : : : : 17
2.2.6 Pseudopotential and projector augmented-wave method: : : : 17

2.3 Periodic boundary conditions and the supercell approach: : : : : : : 18
2.4 Formation energies and defect concentrations: : : : : : : : : : : : : : 19
2.5 Carrier concentrations and Fermi level : : : : : : : : : : : : : : : : : 20
2.6 Migration and di�usivity : : : : : : : : : : : : : : : : : : : : : : : : : 21

2.6.1 Di�usion in solids : : : : : : : : : : : : : : : : : : : : : : : : : 22
2.6.2 Nudged elastic band method: : : : : : : : : : : : : : : : : : : 23
2.6.3 Transition state theory : : : : : : : : : : : : : : : : : : : : : : 25
2.6.4 Random walk model in solid crystals: : : : : : : : : : : : : : 26

3 DFT FUNCTIONALS AND EFFECTS OF SPIN-ORBIT
COUPLING : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 27

3.1 Band gap and spin-orbit splitting energies : : : : : : : : : : : : : : : 27
3.2 E�ective mass of carriers: : : : : : : : : : : : : : : : : : : : : : : : : 30
3.3 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31

4 GROUP-V (P, As, Sb) DOPING IN CdTe AND (IN)STABILITY
OF AX CENTERS : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

4.1 Group-V substitutional acceptors and their AX centers: : : : : : : : 34
4.2 Extrapolation of the acceptor ionization energy : : : : : : : : : : : : 36
4.3 Impact of group-V{related AX centers on p-type conductivity in CdTe 37
4.4 Thermodynamic model for hole concentration in P, As, and Sb doped

CdTe : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39
4.5 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

5 THE ROLE AND STABILITY OF POINT DEFECTS IN CdTe : 43

5.1 Native defects in CdTe : : : : : : : : : : : : : : : : : : : : : : : : : : 45

5.1.1 Cd vacancies : : : : : : : : : : : : : : : : : : : : : : : : : : : 46
5.1.2 Te vacancies: : : : : : : : : : : : : : : : : : : : : : : : : : : : 48
5.1.3 Cd interstitials : : : : : : : : : : : : : : : : : : : : : : : : : : 51
5.1.4 Te interstitials : : : : : : : : : : : : : : : : : : : : : : : : : : : 52
5.1.5 Cd antisite: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 54

viii



5.1.6 Te antisite : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 55

5.2 Solving the charge neutrality equation: Fermi level, defect and carrier
concentrations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 57

5.3 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 60

6 COMPENSATION CENTERS IN GROUP-V-DOPED CdTe : : 62

6.1 Group-V substitutional doping on Cd site : : : : : : : : : : : : : : : 62
6.2 Formation of AX-like gV{ gV pairs : : : : : : : : : : : : : : : : : : : 66

6.2.1 Dissociation ofgV{ gV AX-like complexes : : : : : : : : : : : 69

6.3 Formation of group-V and Cd interstitial complexes: : : : : : : : : : 70

6.3.1 Dissociation of group-V-Cd interstitials complex: : : : : : : : 72
6.3.2 Di�usion group-V acceptors : : : : : : : : : : : : : : : : : : : 74
6.3.3 Limits in hole concentration due to group-V{Cd interstitial

complexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 74
6.3.4 Activation ratio of group-V doping : : : : : : : : : : : : : : : 77

6.4 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 79

7 GROUP-V DOPING BEHAVIOR IN CdSeTe ALLOYS : : : : : : 81

7.1 Structure and band gap of CdSe0:25Te0:75 : : : : : : : : : : : : : : : : 81
7.2 Group-V substitutional on Te sites in CdSe0:25Te0:75 : : : : : : : : : : 82

7.2.1 Sb as a deep acceptor in CdSe0:25Te0:75 : : : : : : : : : : : : : 84

7.3 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

8 IMPLICATIONS AND FUTURE DIRECTIONS : : : : : : : : : : 87

BIBLIOGRAPHY : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91

Appendix

A COMPUTATIONAL SETUP : : : : : : : : : : : : : : : : : : : : : : : 101

A.1 Computational setup for group-V substitutional acceptor and their AX
center in CdTe : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 101

A.2 Computational setup for native defects in CdTe : : : : : : : : : : : : 102

ix



A.3 Computational setup for group-substitutional defects and group-V-Cd
interstitial complex in CdTe : : : : : : : : : : : : : : : : : : : : : : : 103

A.4 Computational setup for group-V substitutional acceptor in CdSeTe: 103

B DIFFUSION PROPERTIES : : : : : : : : : : : : : : : : : : : : : : : : 104
C FIGURES OF DOPANT ACTIVATION AND COMPENSATION

COMPLEXES IN GROUP-V-DOPED CdTe : : : : : : : : : : : : : 106
D REUSE PERMISSION : : : : : : : : : : : : : : : : : : : : : : : : : : : 109
E PUBLICATION LIST : : : : : : : : : : : : : : : : : : : : : : : : : : : 114

x



LIST OF TABLES

3.1 Equilibrium lattice parameter a and band gapEg of CdTe calculated
using di�erent exchange-correlation functionals, with and without
spin-orbit coupling (SOC), compared with experimental values. : : 28

3.2 Calculated e�ective masses of heavy hole (mhh ), light hole (mlh ), and
electron (me) in CdTe (in units of m0) along di�erent high-symmetry
directions, using GGA, HSE06, and HSE(� = 0:33), with and without
SOC. Experimental values are included for comparison[1, 2].: : : : 31

B.1 Energy barrier (Eb), the temperature at which � = 1 jump/s ( To),
and the root mean square displacement (Rrms for 10 minutes) ofV 2+

Te ,
V 2�

Cd , Cd2+
i , and Te0

i at T= 300 K, T= 473 K, T= 723 K, and T=900
K, representing room temperature, and back-contact processing
temperature, CdCl2 treatment temperature, and
growth/high-temperature annealing. : : : : : : : : : : : : : : : : : 104

B.2 Energy barrier (Eb), activation energy (Ea = Eb + E f ), the
temperature at which � = 1 jump/s ( To), and the root mean square
displacement (Rrms for 10 minutes) of Cd2+

Te , Te0
Cd , Te self-di�usion,

and Cd self-di�usion at di�erent temperatures. : : : : : : : : : : : 105

xi



LIST OF FIGURES

1.1 Schematic diagram of a typical solar cell with Se-alloyed and p-type
CdTe absorber. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.2 Schematic diagrams of the bond-breaking model for the formation of
the AX + center from a substitutional group-V element (X = P, As,
or Sb) at the Te site. The bond-breaking mechanism rearranges the
electronic states from at2 state into a higher-energya1 state and a
lower-energye state. : : : : : : : : : : : : : : : : : : : : : : : : : : 8

2.1 Conventional cubic unit cell of zinc blende CdTe and di�erent sizes of
supercells with a point defect at the center. : : : : : : : : : : : : : 19

2.2 Schematic illustration of (a) interstitial atom moving from site A to
site B, and (b) the corresponding migration energy pro�le along the
path. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

2.3 Schematic representation of vacancy di�usion in a crystal lattice.
(a{c) The vacancy (dashed circle) migrates through the lattice as
neighboring atoms jump into the vacant site, e�ectively moving the
vacancy in the opposite direction.: : : : : : : : : : : : : : : : : : : 23

2.4 Di�usion mechanisms of substitutional defects.(a) Direct exchange
mechanism, where the defect atom swaps with a neighboring host
atom (b) Vacancy-mediated mechanism, where the defect migrates by
exchanging positions with a nearby vacancy.: : : : : : : : : : : : : 24

3.1 Band alignment of CdTe calculated using GGA, HSE06, and
HSE(� = 0:33) functionals with and without SOC. The VBM and
CBM are referenced with respect to the vacuum level. TheEg and
� SOC are indicated for each case.: : : : : : : : : : : : : : : : : : : 28

xii



3.2 (a) An alignment of the VBM and CBM relative to the vacuum level,
calculated using di�erent functionals with the e�ect of SOC included.
(b) The planar-averaged electrostatic potential along the slab
direction of CdTe structure obtained by using HSE(� = 0:33), where
the black line is the microscopic average potential and blue line is the
macroscopic average potential.: : : : : : : : : : : : : : : : : : : : : 29

3.3 Bandstructure of CdTe calculated using HSE(� = 0:33) with
SOC.The right panel illustrates the SOC-induced splitting of the Te
5p-derived valence band states at the � point, where the threefold
degenerate states split into a lower-energy 5p1=2 and a higher-energy
5p3=2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30

4.1 Local lattice con�guration of (a) substitutional Sb on Te site in the
negative charge state (Sb�Te) and (b) Sb-related AX center in the
positive charge state [AX+ (Sb)]. : : : : : : : : : : : : : : : : : : : : 35

4.2 Calculated acceptor transition levels (or ionization energiesEa) of
group-V acceptors (P, As, and Sb) in CdTe using di�erent sizes of
supercell and extrapolating to the dilute limit, i.e., 1/(number of
atoms)! 0. Spin-orbit coupling e�ects are included in total energies. 37

4.3 Formation energies of group-V acceptors (PTe , AsTe , and SbTe) and
their corresponding AX centers [AX+ (P), AX + (As), and AX+ (Sb)]
obtained from the extrapolation to the dilute limit. The slope
indicates the charge state; the neutral charge state of the
substitutional con�gurations is shown as dashed horizontal lines.: : 38

4.4 Hole concentration as a function of temperature for P, As, and Sb
doping in CdTe using the calculated ionization energies and the total
(substitutions) impurity and ionized donor concentrations as �tting
parameters. The results (lines) are compared with recent
experimental data on single crystals [3]. Best �ts were obtained using
P, As, and Sb concentrations of 3.7x1017, 1.1 x 1017 and 5.8 x 1016

cm� 3, which are very close to those reported in the experiments [3].
For the ionized donor concentrations, see text.: : : : : : : : : : : : 40

5.1 Calculated transition levels of native defects in CdTe from previous
reports [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] (in
color) compared to present calculations (black triangles). For Cd
interstitial (Cd i ), results for both tetrahedral interstitial sites (next to
Te and next to Cd) are included. : : : : : : : : : : : : : : : : : : : 43

xiii



5.2 Formation energy of native point defects in CdTe under (a) the
Cd-rich limit, (b-d) intermediate conditions, and (e) the Cd-poor
limit. The zero of the Fermi energy corresponds to the VBM. Only
the lowest energy charge states for each defect are shown. The slope
of each segment indicates the charge state, and kinks in the lines for
the same defect indicate the thermodynamic transition levels.: : : 45

5.3 Local lattice relaxation around the Cd vacancy in the (a) neutral
charge state and (b) 2- charge state in CdTe. The neutral charge
state is stable in a dimer-like structure, whereas in the 2- charge
state, the neighboring Te atoms preserve theTd symmetry, equally
relaxing inward toward the vacancy. (c) Migration path and energy
barrier of V 2�

Cd . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47

5.4 Local lattice relaxation around the Te vacancy in the (a) neutral
charge state and (b) 2+ charge state in CdTe. The neutral charge
state is stable inC2v symmetry, where two Cd atoms move toward
each other and the other two Cd atoms move away from the vacancy.
The 2+ charge state is inTd symmetry, and the surrounding Cd
atoms move outward. (c) Migration path and energy barrier ofV 2+

Te . 49

5.5 Local lattice structure of (a) the two nonequivalent tetrahedral
interstitial sites for Cdi in CdTe, and (b) migration path and energy
barrier of Cd2+

i (Te), passing through Cd2+
i (Cd) to the next Cd2+

i (Te) 51

5.6 Local lattice con�guration of (a) Tei;split in the neutral charge state,
(b) the saddle point con�guration (Te�

i;split ) for its migration, and (c)
the �nal con�guration; (d) the migration energy barrier of Te0

i;split . : 53

5.7 Local structure of (a) CdTe and (b) schematic migration path and
energy barrier of Cd2+

Te mediated byV 2+
Te . : : : : : : : : : : : : : : : 54

5.8 Local structure of (a) Te0Cd in C3v symmetry, (b) Te2�
Cd (forming a

Tei;Split + VCd complex), and (c) migration energy path of Te0Cd
mediated byV 2�

Cd . : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

xiv



5.9 Self-consistent solution of the charge neutrality equation for
determining Fermi level, defect, and carrier concentration (a) atT =
900 K, representing growth or annealing conditions, and (b) at room
temperature (T = 300 K). In the case ofT = 300 K, all the defect
concentrations as a function of Cd chemical potential� Cd were taken
from the T = 900 K calculations, except for Cd and Te interstitials
which were allowed to equilibrate, i.e., their concentrations were
computed at T = 300 K for each � Cd since they are highly mobile
even at room temperature.: : : : : : : : : : : : : : : : : : : : : : : 59

6.1 Local lattice structures of group-V impurities substituting on the Te
site, gVTe(a) and the Cd site,gVCd(b). : : : : : : : : : : : : : : : : 63

6.2 Formation of group-V atoms substituting on the Te site (gVTe) and
Cd site gVCd in CdTe under Cd-rich and Cd-poor condition. : : : : 64

6.3 Stability of gV-doped CdTe against formation of secondary phases. 65

6.4 The formation energies of group-V atoms substituting on the Te site
(gV�

Te) and the Cd site (gV+
Cd) when the Fermi level = 0.2 eV as a

function of the chemical potential of Cd. : : : : : : : : : : : : : : : 66

6.5 Local structure of (a)gVTe , (b) gV(AX + ) and (c) gV � gV(AX)
complexes with a schematic diagram of their electronic structure.: 67

6.6 The formation energies ofgV-gV AX-like pairs together with those of
isolated substitutional defects under-Cd-rich condition setting,
� Cd = 0 eV and � gV = 0 eV. : : : : : : : : : : : : : : : : : : : : : : 68

6.7 A schematic energy pro�le illustrating the dissociation pathway from
gV-gV AX-like complexes, to two neighboringgVTe defects and to
two isolated gVTe defects. : : : : : : : : : : : : : : : : : : : : : : : 69

6.8 Formation of [gVTe � Cdi ]+ complexes from an isolatedgVTe and a
Cdi with a schematic diagram of their electronic structure.: : : : : 71

6.9 (a) Formation energy of [gVTe � Cdi ]+ complexes under Cd-rich and
Cd-poor condition. The gray area indicates the region where the
formation energy is below zero (forbidden region). (b) Migration path
of Cdi moving away from thegVTe acceptor. : : : : : : : : : : : : 72

6.10 Migration energy path ofgVTe via vacancy-assisted mechanism. A
gV�

Te migrates by hopping into a neighboring toV 2+
Te site. : : : : : : 73

xv



6.11 Calculated (a) hole concentrations and (b) concentrations of
SbTe � Cdi complexes for di�erent conditions from Cd-rich (� Cd = 0
eV) to Cd-poor (� Cd = � H (CdTe)) at room temperature. The black
bash line indicates the calculated hole concentrations considering
ionization energy of SbTe of 116 meV.: : : : : : : : : : : : : : : : : 76

6.12 Calculated hole concentrations as a function of group-V dopant
concentrations for (a) P, (b) As, and (c) Sb for di�erent conditions
from Cd-rich (� Cd = 0 eV) to Cd-poor (� Cd = � H (CdTe)). Panel (d)
shows experimental hole concentrations measured in single-crystal
CdTe for comparison, reprinted from A. Nagaokaet al., Comparison
of Sb, As, and P doping in Cd-rich CdTe single crystals: Doping
properties, persistent photo-conductivity, and long-term stability,
Applied Physics Letters, 116(13), 132102, 2020 with the permission of
AIP Publishing. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 78

6.13 (a) Calculated activation ratio in Sb-doped CdTe for di�erent
conditions from Cd-rich (� Cd = 0 eV) to Cd-poor (� Cd = � H (CdTe))
at room temperature. The black bash line indicates the calculated
hole concentrations considering ionization energy of SbTe of 116 meV.
(b) Calculated concentrations of SbTe in neutral and negative charge
state. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 80

7.1 Calculated pseudo lattice parameter (black) and band gap (red) of
CdSexTe1� x in the zinc blend structure. : : : : : : : : : : : : : : : 82

7.2 The calculated formation energies as a function of the Fermi level of
group-V substitutional on Te in 216-atoms (a) CdTe and (b)
CdSe0:25Te0:75 under Cd-rich condition � Cd = 0 and
� Sb = � As = � P = 0 representing the elemental phases of Sb, As, and
P. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 83

7.3 Local lattice relaxations around (a) Sb0Te , (b) As0
Te and (c) P0

Te along
with their related hole state in CdSe0:25Te0:75. Note that the other
group-V-related electron states are resonant in the valence band.: : 84

7.4 (a) Calculated formation energies of SbTe in various local lattice
con�gurations as a function of Fermi level in a 216-atoms
CdSe0:25Te0:75 supercell, under Cd-rich conditions (� Cd = 0, � Sb = 0).
(b{e) Local lattice relaxations around Sb for selected con�gurations:
SbTe(0Se), SbTe(2Se), SbTe(4Se), and SbTe(7Se), corresponding to
di�erent numbers of Se atoms in the second-nearest-neighbor (2NN)
shell. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

xvi



C.1 Calculated (a) hole concentrations and (b) concentrations of
AsTe � Cdi complexes for di�erent conditions from Cd-rich (� Cd = 0
eV) to Cd-poor (� Cd = � H (CdTe)) at room temperature. The black
bash line indicates the calculated hole concentrations considering
ionization energy of AsTe of 99 meV. : : : : : : : : : : : : : : : : : 106

C.2 (a) Calculated activation ratio in As-doped CdTe from Cd-rich
(� Cd = 0 eV) to Cd-poor (� Cd = � H (CdTe)) at room temperature.
The black bash line indicates the calculated hole concentrations
considering ionization energy of AsTe of 99 meV. (b) Calculated
concentrations of AsTe in neutral and negative charge state. : : : : 107

C.3 Calculated (a) hole concentrations and (b) concentrations of PTe � Cdi

complexes for di�erent conditions from Cd-rich (� Cd = 0 eV) to
Cd-poor (� Cd = � H (CdTe)) at room temperature. The black bash
line indicates the calculated hole concentrations considering
ionization energy of PTe of 93 meV. : : : : : : : : : : : : : : : : : : 107

C.4 (a) Calculated activation ratio in P-doped CdTe from Cd-rich
(� Cd = 0 eV) to Cd-poor (� Cd = � H (CdTe)) at room temperature.
The black bash line indicates the calculated hole concentrations
considering ionization energy of PTe of 93 meV. (b) Calculated
concentrations of PTe in neutral and negative charge state.: : : : : 108

xvii



ABSTRACT

Cadmium telluride (CdTe) is a leading thin-�lm material for photovoltaic ap-

plications. Owing to its high e�ciency, cost-e�ectiveness, and scalability, CdTe-based

solar cells are strong competitors to conventional silicon-based technology. These solar

cells o�er comparable e�ciency with a simpler manufacturing process and a lower car-

bon footprint. Moreover, due to CdTe's high absorption coe�cient and direct band gap

of 1.5 eV, the absorber layer can be signi�cantly thinner than that of silicon, reducing

material usages and production costs.

The e�ciency of CdTe-based solar cells has steadily improved, recently surpass-

ing 23%. Further progress toward the theoretical limit of 33% remains an active area

of research. A key challenge is enhancing p-type doping in the CdTe absorber layer.

Group-V elements|P, As, and Sb|are commonly used to increase hole concentrations

from the intrinsic level of � 1014 to � 1016 cm� 3. However, doping e�ciency is often

low, with hole concentrations signi�cantly lower than the dopant levels. The origin of

this compensation remains unclear, though defects and grain boundaries are expected

to play important roles in this low doping e�ciency.

This thesis investigates the role of defects, dopants, native defects, and their

complexes, on carrier dynamics in CdTe. We employ �rst-principles calculations based

on density functional theory (DFT) to study defect electronic structures. To accu-

rately capture the band gap and band edge positions, hybrid DFT with spin-orbit

coupling (SOC) is used. Calculations using the Heyd-Scuseria-Ernzerhof (HSE) hybrid

functional with 33% Hartree-Fock mixing and SOC yield an improved description of

the band structure, including a � 0.3 eV shift in the valence band maximum due to

relativistic e�ects from heavy Te atoms.
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The study �rst revisits group-V substitutional defects as acceptors. These

shallow-level defects exhibit extended wavefunctions, leading to arti�cial interactions

in �nite-size supercells. To address this, ionization energies were extrapolated to the

dilute limit using 64-, 216-, and 512-atom supercells. The extracted values of 93, 99,

and 116 meV for P, As, and Sb, respectively, agree with temperature-dependent Hall

measurements. Notably, AX centers, previously thought to be dominant compensa-

tion mechanisms, are shown to be unstable under typical doping conditions and thus

unlikely to be major sources of compensation in group-V doped CdTe.

The thesis then examines native point defects, focusing on their formation ener-

gies and migration barriers. While Cd interstitials are the lowest-energy donor defects,

their low migration barriers make them unstable at room temperature. These intersti-

tials are crucial for charge neutrality during high-temperature growth or annealing but

tend to di�use out upon cooling. Consequently, only more stable defects determine the

material's conductivity. Accounting for this in the charge neutrality equation yields

carrier concentrations and conductivity types consistent with experimental data. In

p-type doped samples, Cd interstitials may still be present in complex forms.

One such complex involves group-V acceptors binding with Cd interstitials to

form donor-type complexes that compensate for hole doping. Thermal annealing can

dissociate these complexes, releasing Cd interstitials to the surface. The results suggest

that annealing conditions are critical. Cd-rich environments favor complex formation,

while Cd-poor conditions increase hole concentration. This complex explains exper-

imentally observed trends in hole concentration and highlights its signi�cant role in

limiting doping e�ciency in group-V doped CdTe.

While group-V incorporation on Cd sites can also act as donor defects, they

are not dominant under Cd-rich conditions, which is the most favorable environment

for incorporating group-V atoms on Te sites and is commonly used in doping. The

study also explores group-V pairing con�gurations, emphasizing the importance of

using isolated dopant form as the doping source and controlling dopant concentrations.

The analysis further highlights that the ionization energies of group-V acceptors
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(� 100 meV) are not-so-shallow compared to those of conventional shallow acceptors,

contributing to lower doping activation at high dopant concentrations.

Finally, the study extends to CdSeTe alloys. It is shown that group-V dopants

can become deep acceptors in these materials. For example, the Sb acceptor level in

CdSe0:25Te0:75 is found to lie 0.3{0.4 eV above the valence band maximum|signi�cantly

deeper than in CdTe|due to local structural distortions that break the ideal Td sym-

metry.

In summary, this thesis provides new insights into doping and defect physics in

CdTe. It demonstrates that group-V elements can serve as e�ective p-type dopants,

given that doping and annealing conditions are carefully controlled. The �ndings un-

derscore the importance of considering both defect formation energy and migration

barrier in understanding defect stability. These results represent a critical step toward

improving CdTe photovoltaic technology by enabling more e�ective doping strategies

and a deeper understanding of defect behavior.
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Chapter 1

CdTe-BASED SOLAR CELLS

Cadmium telluride (CdTe) is a leading thin-�lm photovoltaic (PV) technology,

recognized for its low cost, scalability, and relatively high e�ciency. As the second

most widely used PV technology after silicon, CdTe-based solar cells o�er comparable

e�ciency with a simpler manufacturing process and a lower carbon footprint.[22] Addi-

tionally, due to its high absorption coe�cient and direct band gap of 1.5 eV, the CdTe

absorber layer requires signi�cantly less �lm thickness of only a few microns [22, 23]

compared to 100-200� m in the case of silicon-based solar cells[24], reducing material

usage and lowering production costs.

The structure of CdTe solar cells consists of a layered substrate, typically glass,

followed by an n-type transparent conducting oxide (TCO) layer that serves as the

window layer. The primary absorber, p-type CdTe, is then deposited on top of this

substrate. The deposition process is relatively simple and rapid, with vapor transport

deposition (VTD) being the most commonly used method.[22, 25, 26] After deposi-

tion, the �lms undergo chemical treatment|typically with cadmium chloride (CdCl 2)

to activate the cells and improve performance.[22, 27] The �nal step involves apply-

ing a back contact to complete the device[22]. The stacking structure, illustrated in

Figure 1.1, seems straightforward and enables streamlined manufacturing. Despite its

relatively simple fabrication process, CdTe solar cells achieve e�ciencies comparable

to crystalline silicon-based solar cells, which require even more complex and resource-

intensive manufacturing methods.[24]
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Figure 1.1: Schematic diagram of a typical solar cell with Se-alloyed and p-type CdTe
absorber.

1.1 Progress and limitations of CdTe-based solar cells

According to the Shockley-Queisser detailed-balance analysis, CdTe solar cells

have a theoretical e�ciency limit of � 33%.[28] In fact, their e�ciency depends on

three key parameters, short-circuit current density (Jsc), open-circuit voltage (Voc),

and �ll factor (FF). Over the decades, CdTe-based solar cells have steadily improved,

with laboratory e�ciencies now exceeding 23%[29] and commercial modules achieving

almost 20%[30]. These advancements have been driven by improvements in device

architecture, interface engineering, and passivation techniques.

Early e�orts focused on maximizing Jsc by incorporating CdSexTe1� x before the

CdTe layer. Typically, a graded alloy CdSexTe1� x is used, o�ering a tunable bandgap

value between 1.4 eV and 1.5 eV to extend light absorption to longer wavelengths, thus

improving current generation.[31, 32] At the front of CdTe absorber layer, CdSexTe1� x

with commonly 20-40% Se is introduced.[23, 32, 33, 34] The grading relies on the inter-

mixing of Se/Te. Due to the bowing e�ect, the resulting minimum bandgap is approxi-

mately 1.4 eV.[31, 35, 36] Another critical innovation has been chemical heat treatment

using chlorine compounds, most notably CdCl2. While the exact mechanism remains

unclear, chlorine annealing is known to promote recrystallization, grain enlargement,
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and surface and grain-boundary passivation in polycrystalline CdTe.[37, 38] This pro-

cess has become an essential step in activating CdTe-based solar cells. These advance-

ments have signi�cantly contributed to e�ciency gains beyond 22%, primarily through

improvements in Jsc which currently is approaching its theoretical limit.[28, 22]

To further enhance e�ciency, the focus has shifted toward increasingVoc and

FF through material improvements and back contact optimization. Key strategies

include enhancing p-type doping, reducing recombination losses, and improving carrier

collection e�ciency. Device modeling suggests that increasing hole concentration in

the CdTe absorber to 1016 cm� 3 | while maintaining all other parameters the same

| would enable e�ciencies of � 25%.[39, 40] Therefore, the e�ort to further increase

hole concentration has been an important area of research.

1.2 Doping and compensation centers in p-type CdTe

Intrinsic CdTe typically exhibits low p-type conductivity, often attributed to

speci�c growth conditions, i.e., it is commonly grown under Cd-poor conditions, owing

to the di�ering vapor pressures of Cd and Te2. Under these conditions, cadmium

vacancies (VCd) are the most favorable native defects according to previous theoretical

studies.[9] Acting as acceptors, they can produce hole concentrations on the order of

1014 cm� 3.[41, 42]

1.2.1 p-type dopants in CdTe

In early developments, e�orts to enhance p-type conductivity primarily relied

on copper (Cu) doping. Substitutional Cu on Cd sites (CuCd) acts as an acceptor,

increasing hole concentration compared to undoped CdTe.[9] Cu doping was typically

performed under Cd-poor conditions through post-deposition di�usion. However, this

approach was later found to cause device instability due to the high di�usivity of

interstitial Cu ions. Cu was frequently observed to migrate toward both the front and

back contacts during device operation.[22]
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Moreover, it was observed that Cd-poor growth conditions promote the forma-

tion of non-radiative recombination centers, which reduce carrier lifetimes and limit

Voc and FF. Time-resolved photoluminescence (TRPL) measurements con�rm a re-

duction in minority carrier lifetime in CdTe samples grown from Cd-rich to Cd-poor

conditions.[11] This behavior is supported by Density Functional Theory (DFT) cal-

culations, which predict that tellurium antisite defects (TeCd) introduce a deep level

in the band gap and become more energetically favorable under Cd-poor conditions,

contributing to enhanced recombination losses.[11, 9]

To address these limitations, p-type doping strategies have shifted toward Cd-

rich growth conditions with the introduction of group-V elements, phosphorus (P), ar-

senic (As), and antimony (Sb), as dopants.[23, 3, 43, 44] Among them, As has emerged

as the most e�ective and widely adopted dopant for CdTe. Early DFT calculations

predict that substitutional As on Te sites (AsTe) acts as a shallow acceptor, with an

ionization energy of approximately 100 meV.[5] Phosphorus, having an even lower ion-

ization energy of around 50 meV, o�ers the potential for higher hole concentrations.[5]

However, its high di�usivity poses stability concerns.[45] In contrast, Sb was predicted

to have a higher ionization energy of about 230 meV, making it the least favorable

option among the group-V dopants for achieving high p-type conductivity[5]. The

problems with the earlier DFT calculations are that they used small supercells of 32

atoms and the local density approximation for the exchange-correlation functional, re-

sulting in large errors. Later calculations, using 64-atom supercell and a more accurate

functional, showed that the ionization energies were 60 meV for P, 110 meV for As,

and 180 meV for Sb.[45] More recent hybrid DFT calculations using 216-atom super-

cell predict ionization energy of 70 meV, 80 meV and 150 meV for P, As and Sb.[46]

It is noticeable that the calculated ionization energies not only vary with the type

of exchange-correlation functional but also depend on the supercell size used in the

simulations, possibly because these impurities are shallow acceptors and their wave-

functions are delocalized. Highly delocalized defect states are challenging to describe

using �nite supercells in DFT calculations, and convergence with supercell size must
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be investigated, and corrections should be included.[47]

Extensive experimental studies have demonstrated that all three group-V dopants

can be successfully incorporated into CdTe and are capable of producing high p-type

doping, con�rming their overall e�ectiveness for solar cell applications. Recently, anal-

ysis of Hall measurements on CdTe single crystals doped with P, As, and Sb reveals

much lower ionization energies than previously predicted of 87 meV, 94 meV, and 103

meV for P, As, and Sb, respectively.[3] These acceptors enable hole concentrations up

to 1017 cm� 3. At the same time, Sb-doped CdTe thin �lms made by the VTD method

were shown to display Voc of 714 mV and Jsc of 23.6 mA/cm2[25], suggesting Sb as a

viable p-type dopant. It was argued that due to atomic size considerations, Sb is more

easily accommodated in the CdTe lattice, and Sb-doped samples have shown excellent

long-term stability, maintaining hole concentrations for up to two years.[3]

Despite the successful incorporation of group-V dopants in CdTe, a key chal-

lenge remains, their low doping activation e�ciency. The measured hole concentrations

are often signi�cantly lower than the total dopant concentration.[43, 6, 25] In CdTe

thin �lms, doping with As has been reported to yield activation e�ciencies below

1% with hole concentrations two or more orders of magnitude lower than the dopant

concentration.[48] In contrast, single-crystal CdTe doped with P, As, or Sb exhibits

room temperature hole concentrations of 0.4-1.1 x 1017 cm� 3, corresponding to acti-

vation e�ciencies of approximately 40{50%. However, when dopant concentrations

exceed 1017 cm� 3, activation e�ciency again drops to below 1%.[3, 43]

This issue has been widely studied, and �nite-temperature charge neutrality

analyses suggest that higher hole concentrations may be achievable through high-

temperature doping followed by rapid cooling.[46, 49] Nevertheless, achieving hole

concentrations above 1016{1017 cm� 3 remains experimentally challenging, especially

under heavy doping. The mechanisms responsible for this limited activation are not

yet fully understood and remain an active area of research.[22]
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1.2.2 Carrier compensation and passivation from native defects

Defects and impurities, even at extremely low concentrations (parts per million

or billion), have a signi�cant impact on the electronic and optical properties of mate-

rials. They can trap charge carriers, compensate dopants, or facilitate non-radiative

electron-hole recombination. Experimentally, identifying and quantifying speci�c point

defects and assessing their e�ects remain challenging. First-principles calculations

based on DFT have become a powerful approach for studying defect behavior, o�ering

detailed insights into defect formation, thermodynamic and optical charge transition

levels, and impact on electrical and optical properties of semiconductors.[50]

In CdTe, despite decades of research, key aspects of defect behavior remain

unsettled. In particular, the identity of the dominant compensating defects that limit

p-type doping continues to be debated, though several candidates have been proposed.

Early DFT studies suggested that tellurium vacancies (VTe) and cadmium interstitials

(Cdi ) are deep donors. Cdi have the lowest formation energy under Cd-rich conditions,

making them likely compensating centers that limit hole concentrations.[5] More recent

calculations indicate thatVTe is the lowest energy defect and acts as a shallow donor.[11,

9] They are most likely the primary compensating defects in p-type CdTe.

This discrepancy between di�erent calculations and conclusions arises from dif-

ferences in computational methods. Early calculations employed the LDA functional,

which is known to signi�cantly underestimate the band gap, resulting in defect lev-

els that appear arti�cially close to the band edges.[5] More advanced studies using

the screened hybrid functional HSE06 corrected the band gap to approximately 1.5

eV, in agreement with experimental values.[11, 9] However, these calculations often

neglected spin-orbit coupling (SOC), a crucial factor in CdTe due to the presence of

heavy elements such as Te.

SOC induces a splitting in the valence-band maximum (VBM) of about 0.9 eV,

leading to a higher-energy, four-fold degenerate �v
8 state (heavy- and light-hole bands)

and a lower-energy, two-fold degenerate �v
7 state (split-o� band). This e�ect raises

the VBM by roughly 0.3 eV compared to calculations that exclude SOC, substantially
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altering the predicted formation energies and transition levels of charged defects. When

SOC is included, the electronic character and relative stability of key defects shift

signi�cantly. Both Cd i and VTe lead to levels in the gap that are farther from the band

edges than previously predicted. [18, 51]

Importantly, most previous predictions have focused on defect formation ener-

gies, which determine equilibrium defect concentrations, while often neglecting defect

migration, which is an essential factor governing defect stability and behavior under

the growth, processing, and operating conditions.

Consequently, the identi�cation of the dominant compensating donor, whether

Cdi or VTe , in p-type CdTe remains unresolved, leading to a critical challenge to un-

derstanding and controlling doping e�ciency.

1.2.3 Self-compensation from group-V related defects

Self-compensation has been believed to be a key limitation in group-V doping in

CdTe. While interstitial con�gurations of group-V dopants (P, As, Sb) have been ruled

out due to high formation energies, these elements have been predicted to form AX

centers, i.e., undergo a large local lattice relaxation resulting in defects that compensate

holes.[52, 49, 51, 53, 45] By capturing a hole, a charge-neutral substitutional group-V

atom on a Te site (XTe) becomes positively charged and undergo a lattice relaxation,

moving toward a neighboring Te atom to form an X{Te bond. This transformation

breaks the original Cd{X and Cd{Te bonds and splits the triply degeneratet2 state

(under Td symmetry) into a doubly degeneratee state and a singly degeneratea1 state.

As illustrated in Figure 1.2, full occupation of thee state lowers the system's electronic

energy. If this energy gain exceeds the cost of bond breaking, the AX con�guration

becomes energetically favorable.

AX centers were predicted to behave as donor-like defects and compensate holes

when the Fermi level is near the VBM, e�ectively pinning it near the (+/{) transition

level and limiting p-type doping under equilibrium conditions.[46]
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Figure 1.2: Schematic diagrams of the bond-breaking model for the formation of the
AX + center from a substitutional group-V element (X = P, As, or Sb)
at the Te site. The bond-breaking mechanism rearranges the electronic
states from at2 state into a higher-energya1 state and a lower-energye
state.

DFT studies have reported inconsistent predictions regarding the stability of AX

centers, largely due to di�erences in the choice of exchange-correlation functionals.[52,

49, 51, 53, 45, 46] Early calculations using LDA suggested that AX centers are metastable,[5]

whereas hybrid functional calculations indicated they are energetically stable.[45, 53,

46, 49] Importantly, many of these studies neglected SOC, which plays a signi�cant role

in CdTe. More recent work by Floreset al. demonstrated that including SOC reduces

the stability of AX centers relative to the substitutional con�guration, suggesting that

AX formation may be less favorable than previously thought.[51]

To evaluate the behavior of group-V (P, As, Sb) acceptors and investigate the

origin of their low doping activation in CdTe, this thesis employs �rst-principles calcula-

tions based on DFT and hybrid functional with the inclusion of SOC. We systematically

examine the electronic behavior of group-V dopants and the formation of their AX cen-

ters, supported by a thermodynamic model for predicting carrier concentrations. The

role of native defects is also explored, with a focus on both their formation energies and

migration barriers to assess their stability. In addition, a potential self-compensation

mechanism is analyzed. Finally, we propose annealing conditions required to further

enhance doping activation e�ciency in group-V-doped CdTe.
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1.3 Summary

CdTe is a leading thin-�lm technology for photovoltaic applications, o�ering a

cost-e�ective and scalable solution for large-scale production. A critical factor in en-

hancing CdTe-based solar cell performance is increasing p-type doping in the CdTe

absorber layer. Group-V elements such as P, As, and Sb, have emerged as the primary

dopants, substituting on Te sites and acting as acceptors under Cd-rich conditions.

However, achieving high doping activation remains a signi�cant challenge, and the un-

derlying cause of these di�culties is not yet fully understood. Despite years of research,

a comprehensive understanding of defects and group-V dopants remains under debate,

primarily due to variations in computational methods used in DFT studies. In this

work, we employ �rst-principles calculations based on DFT and hybrid functional with

explicit inclusion of SOC to investigate the behavior of group-V dopants, native de-

fects, and possible self-compensation mechanisms. Insights from this study contribute

to a deeper understanding of doping and defect physics and guide for optimizing ex-

perimental processing to further enhance p-type doping in CdTe.
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Chapter 2

FIRST-PRINCIPLES METHODS FOR DEFECT CALCULATIONS

Our �rst-principles calculations are based on density functional theory (DFT)

and the screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE). This

method is used to calculate defect formation energies, defect transition levels, and

defect concentrations, and to evaluate the stability of defects.

2.1 Quantum mechanical description of materials

2.1.1 Schr•odinger equation for a system of electrons and nuclei

Solids in general consist of atoms bonded together by electrostatic interactions

between electrons and nuclei. The equation that describes this many-body prob-

lem, which is easy to write but impossible to solve without approximations, is the

Schr•odinger equation:

 Ĥ =  E; (2.1)

where =  (r 1; r 2; :::r N ; R 1; R 2; :::R N ) is a wavefunction of the system withN elec-

trons and M nuclei andE is eigenenergy.Ĥ is a Hamiltonian operator corresponding

to a sum of kinetic energies and electrostatic potential energies which can be written

as,

Ĥ = �
X

i

�h2

2me
r 2

i �
X

I

�h2

2mI
r 2

I +
1
2

X

i 6= j

e2

4�" 0

1
jr i � r j j

+
1
2

X

I 6= J

e2

4�" 0

Z I ZJ

jR I � R J j
�

X

i;I

e2

4�" 0

Z I

jr i � R I j
; (2.2)

where the �rst and the second terms are the kinetic energies of the electrons and nuclei

with mass me and M I , respectively. The third term and fourth term are repulsive
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energies due to electron-electron and nucleus-nucleus interactions, respectively. The

�fth term is from electron-nucleus attractions. When the eigenvalues and wavefunctions

are obtained, one can obtain other equilibrium properties such as entropies, cohesive

energies, charge densities, and others. However, solving the many-body Schr•odinger

equation is practically impossible since there are enormous numbers of electrons and

nuclei in real materials. For several decades, many researchers have been developing

approximation methods to overcome this problem.

2.1.2 Born-Oppenheimer approximation

In solid materials (and molecules), due to the mass of the electrons being much

smaller than the mass of the nuclei, we can assume that the nuclei are �xed in space

and the electrons are moving around the nuclei. Consequently, the kinetic energy of the

nuclei can be neglected, and the repulsion between nuclei assumes a constant value. In

addition, the attraction between electrons and nuclei will only depend on the position

of the electrons (r i ), being rede�ned as a �xed external potentialVext (r i ) acting on the

electrons. This approximation is called Born{Oppenheimer approximation.[54] The

Hamiltonian of many electrons-nuclei problem is then reduced to the Hamiltonian of

many-electron problem as

Ĥ = �
X

i

�h2

2me
r 2

i +
1
2

X

i 6= j

e2

4�" 0

1
jr i � r j j

+
X

i

Vext (r i ): (2.3)

In most situations, the Hamiltonian is written in a simpler form as follows:

Ĥ = T̂e + V̂ee + V̂ext : (2.4)

2.1.3 Hartree-Fock equation

The most challenging part of the many-electron problem is the correlation (or

interaction) of the electrons, which means the motion of each electron being correlated

to the repulsive force from the otherN � 1 electrons in theN -electron system. One

proposed method to simplify this challenge is to assume that an electron is a non-

interacting particle, so the many-electron wavefunction can be written in terms of a
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product of a single electron wavefunctions,� i . However, this concept does not obey the

Pauli exclusion principle because the repulsive energy from having two electrons with

the same spin is still ignored. This concept is improved by imposing an antisymmetric

solution for the many-electron wavefunction by writing theN -electron wavefunction

as a Slater determinant.[55, 56]

	 HF =
1

p
N !
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�
�
�
�
�
�
�
�
�
�
�

� 1 (r 1) � 1 (r 2) : : : � 1 (r N )
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...

...
. . .

...
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�
�
�
�
�
�
�
�
�
�
�
�

: (2.5)

This approximation is known as the Hartree-Fock approximation, where the

Hartree-Fock equation is:
"

�
�h2

2me
r 2 + Vext (r ) +

e2

4�" 0

X

j

Z
dr 0j� j (r 0)j2

jr � r 0j

#

� i (r )

�
e2

4�" 0

X

j

Z
dr 0�

�
j (r 0) � i (r 0)

jr � r 0j
� j (r ) = " i � i (r ); (2.6)

where the third term is Hartree potential accounting for Coulomb repulsion between an

electron and the average potential from theN electrons. This term has an nonphysical

interaction from self-interaction which is canceled from the fourth term which is an

exchange potential. In principle, the equation can be solved by variational methods to

minimize the eigenenergy. At the end, the total energy is obtained from the sum of the

eigenvalues of Hartree-Fock equations. Using the Hartree-Fock approach, often called

wavefunction approach, is still computationally expensive due to the 3N -variable in

the many-electron wavefunction. This complication can be simpli�ed into a 3-variable

problem from electron density by the introduction of density functional theory (DFT).

2.2 Density Functional Theory

The main concept of DFT is that the total energy of the ground state of a

system ofN electrons is a unique functional of the electron density. All one needs is
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the electron density, which is a function of three coordinates (plus the spin of each

electron).

2.2.1 Hohenberg-Kohn

DFT began with Hohenberg and Kohn.[57] They demonstrated that the total

energy of a system of electrons in an external potential can be uniquely determined

from the electron density. In other words, a unique electron density is associated with

a unique external potential (n ! Vext ). Since the wavefunction is determined from

the external potential, Vext , (Vext !  ) and the total energyE is determined from the

wavefunction  , ( ! E), the total energy is a functional of the density:

EHK [n] = Te[n] + Vee[n] +
Z

dr n(r )vext (r ) = F [n] + Eext [n]: (2.7)

The �rst two terms which are kinetic energy and potential energy of interacting elec-

trons combine together as a universal functionalF [n]. It is independent of external

potential energy due to the nucleiEext [n], written as the last term. The electron den-

sity that minimizes the total energy is the ground state density. This concept means

one can get the ground state density and the ground state energy by minimizing the

total energy using a variational method.[58, 59]

2.2.2 The Kohn-Sham method

Although Hohenberg-Kohn theorem says that there exist a functional of the

density that describes the ground state of any electronic system, it still does not teach

us how to write this universal function F [n]. As mentioned before, the challenging

part of the many-electron problem is the correlation of interacting electrons that is still

embedded inF [n]. Kohn and Sham separatedF [n] into a non-interacting electrons

part (TKS [n] + EH [n]), and a correction part (EXC [n]) containing the exchange and

correlation interactions.[60]

EKS [n] = TKS [n] + EH [n] + EXC [n] + Eext [n]: (2.8)
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The kinetic energy,TKS [n], is de�ned from single-electron orbitals of a non-interacting

electron system. The electron-electron repulsive interaction is rewritten as the classical

Coulomb (Hartree) interaction:

EH [n] =
1
2

Z
dr dr 0n(r )n (r 0)

jr � r 0j
(2.9)

From a functional derivative of Kohn-Sham total energy, one can obtain the Kohn-

Sham equation that treats the electrons as non-interacting particles in an e�ective

potential.
�
�

�h2

2me
r 2

i �
Z

dr0 n (r 0)
jr � r 0j

+ vXC + vext

�
� i (r ) = " i � i (r ); (2.10)

where

n (r 0) =
NX

j =1

j� j (r 0)j2: (2.11)

Once the exchange-correlation potentialvXC is known, the equation can be solved

by a self-consistent procedure.[58, 59] Here, the electron density is initially guessed.

Then the Kohn-Sham Hamiltonian is constructed and the Kohn-Sham equation will

be solved for a new set of wavefunctions. The total energy will also be obtained. The

resulting set of wavefunctions is used for to construct the new electron density. This

iteractive process will continue until the total energy (or charge density) converges to

within a certain prede�ned criteria. At the end, the ground-state wavefunction and

ground-state total energy are extracted.

2.2.3 Exchange-correlation functionals

No approximation has been introduced at this point because the Kohn-Sham

method only rearranges the Hamiltonian into the energy term from the non-interacting

electrons, and the exchange-correlation term accounts for the di�erence between non-

interacting and interacting electrons. If we knew the exact form of the latter term,

EXC [n], we can solve the many-body problems exactly, but we do not. The correlation

between electrons is too intricate and the form ofEXC [n] is unknown so far. Many

approximations of the exchange-correlation term have been used.
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2.2.3.1 Local and semi-local approximations: LDA and GGA

The simplest approximation is local density approximation (LDA) in which

electrons are locally treated as a homogeneous electron gas[61, 62]. The LDA method

is simple and easy to implement; typical LDA calculations for solids and molecules give

lattice parameters and bond lengths within a few percent of the experimental values.

LDA calculations tend to give smaller lattice parameters and higher cohesive energies.

However, band gaps in insulators and semiconductors are severely underestimated,

in most cases by over 50%. Improvements over LDA consist of adding the gradient

of the charge density into the functional. Known as semilocal approximation, the

generalized gradient approximation (GGA) improves the exchange-correlation term

and gives better description of cohesive energies and migration barriers in solids.[63]

EXC [n] =
Z

dr n(r )" (n; r n) (2.12)

The lattice parameters from GGA calculations are slightly overestimated (typically

by 1%) with respect to the experimental data. Band gaps are still underestimated,

as in LDA. Despite the limitations in predicting band gaps, the LDA and the GGA

are the most common approximations used for solids since they can give insights into

the charge distribution, as well as the structural and mechanical behavior of many

materials. The crucial problem is describing band gaps, and as a consequence, levels

introduced in the band gap of semiconductors and insulators due to the presence of

defects and impurities.

2.2.3.2 Hybrid functionals

To address the band gap problem in LDA and GGA functionals, hybrid function-

als have been proposed, incorporating a portion of exact exchange from the Hartree-

Fock (HF) into the exchange and correlation from standard GGA approximations. This

improves the description of band gaps, defect levels, and charge localization in the form

of small polarons in some wide band gap oxides [64, 65]. Di�erent hybrid functionals
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have been proposed, but the most frequently used form was presented by Heyd, Scuse-

ria, and Ernzerhof, commonly known as HSE (Heyd, Scuseria, and Ernzerhof)[66], since

it can describe both metals and nonmetals by separating the functional in short-range

and long-range parts, with the HF exchange being mixed into only the short-range

part as described below.

The HSE exchange-correlation is the sum of the exchange energy,EX , and the

correlation energy,EC , and is written as:

E HSE
XC = �E HF;SR

X (! ) + (1 � � )E P BE;SR
X (! ) + E P BE;LR

X (! ) + E P BE
C : (2.13)

The SR and LR represent short-range and long-range, respectively. The PBE denotes

the GGA parameterized from Perdew-Burke-Ernzerhof (GGA-PBE).[63] The� is a

Hartree-Fock mixing parameter, typically set to 0.25 (25% Hartree-Fock exchange),

but it can be changed to reproduce experimental values of band gaps. The! is a

screening parameter according to the screening radius. The set of� =0.25 and ! =0.20

(HSE06) gives the experimental energy gaps for most materials. It is important to

note that changing the mixing parameter for reproduce the experimental value of band

gaps also lead to more accurate ionization potentials (position of the valence-band

maximum (VBM) with respect to the vacuum level), as well as defect levels in the gap

in agreement with experimental data in well-known cases[67, 68, 69, 70].

2.2.4 Total energy from Kohn-Sham method

The Kohn-Sham equations are solved self-consistently, and the eigenenergies of

each (single-particle) orbital are obtained. The sum of eigenenergies of all occupied

orbitals is not yet the total energy since correction terms from double counting have

to be added:[58]

E tot =
occX

i

" i �
Z

n(r )dr
� Z

1
2

dr0 n (r 0)
jr � r 0j

+ vext

�
+ EXC (2.14)

Once the total energy is obtained, quantities derived from total energies can be ex-

tracted, such as equilibrium lattice parameters from curves of total energy vs volume,
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defect formation energies, transition levels, phase diagrams, and migration barriers by

determining total energies along speci�c migration paths.

2.2.5 Plane-wave basis

In crystalline solids, with periodic boundary conditions, the wavefunctions are

Bl•och functions, making it convenient to expand them in a plane wave basis set. We

can write a single particle Kohn-Sham wavefunction as a sum of plane waves:

� i; k (r ) =
1

p



X

G

ci; (k ;G )ei (k + G )�r (2.15)

where ci; (k ;G ) is the plane wave expansion coe�cient fori -th band at wavevector k .

G is a reciprocal vector. 
 is the unit cell volume. The wavevectork within the

�rst Brillouin zone is sampled using a �nite grid to e�ciently capture the electronic

properties of the system. In practice, a convergence test with respect to the number

of k-points is typically performed to ensure su�cient accuracy while maintaining a

reasonable computational cost. In addition, to limit the sum overG to a �nite number

of plane waves, only plane waves with kinetic energy smaller thanEcut are included,

with Ecut de�ned as:

Ecut =
�h2

2me
G2

cut ; with jG + k j < G cut (2.16)

whereGcut is the cuto� magnitude in reciprocal space. The choice ofEcut is selected

based on a convergence tests to balance accuracy and computational cost.

2.2.6 Pseudopotential and projector augmented-wave method

To accurately describe all electrons, especially those near the atomic core, a

very largeEcut would be required. This is because the wavefunctions of core electrons

exhibit rapid oscillations near the nucleus, requiring a large number of plane waves. In

contrast, electrons farther from the nucleus have smoother wavefunctions due to the

screening e�ect.

Pseudopotential methods were introduced to simplify calculations and reduce

computational cost. In this approach, electrons are separated into core and valence
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electrons. The core contains electrons that are tightly bound to the nucleus and are

largely una�ected by chemical bonding or external perturbations. The valence includes

electrons that are involved with chemical bonding and respond sensitively to the sur-

rounding environment, signi�cantly in
uencing the material's physical properties. The

pseudopotential replaces the true potential with a smoother, e�ective potential near the

nucleus, while the outer region is treated explicitly as an all-electron potential. Several

forms of pseudopotential have been proposed. Among them, norm-conserving pseu-

dopotentials and ultrasoft pseudopotentials have been the most widely adopted and

successful. Despite their e�ectiveness, these approaches come with certain limitations.

In particular, they often require careful parameter tuning and extensive convergence

testing to achieve reliable accuracy and ensure transferability, especially when dealing

with complex systems or elements with semi-core states.[71]

Some of the limitations of traditional pseudopotential methods can be addressed

by the projector augmented-wave (PAW) method [72], which combines concepts from

both pseudopotentials and the linearized augmented-plane-wave (LAPW) method. In

this approach, the all-electron wavefunction is recovered by reconstructing it from the

smooth pseudo-wavefunction using a linear transformation. As a result, the PAW

method retains the e�ciency of pseudopotential methods and provides an accurate all-

electron description, making it one of the most widely used and e�ective approaches

in plane-wave-based DFT calculations.

2.3 Periodic boundary conditions and the supercell approach

Computational modeling of solids typically involves periodic boundary condi-

tions in which a simulation cell is repeated in three dimensions to represent bulk sys-

tems. For studying point defects, a defect is created in a supercell that has to be

su�ciently large to minimize the interactions between the defect and its periodic im-

age. In this work, we employ supercells with 64 atoms, 216 atoms, and 512 atoms

generated by 2x2x2, 3x3x3, and 4x4x4 repetition of the 8-atoms conventional unit cell

of zinc blende CdTe, shown in Figure 2.1.
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Figure 2.1: Conventional cubic unit cell of zinc blende CdTe and di�erent sizes of
supercells with a point defect at the center.

2.4 Formation energies and defect concentrations

Defect formation energy is an important quantity that gives the likelihood that

a given defect will form. Under equilibrium, defects with high formation energy are

less likely to occur than those with low formation energies. It also gives equilibrium

concentration, and transition or ionization levels. For a defectX in charge stateq, the

formation energy is de�ned as:[50]

E f [X q] = E tot [X q] � E tot [bulk] +
X

i

ni � i + q("F + EV BM ) + � q (2.17)

where E tot is the total energy of the supercell containing the defect in charge state

q;(X q). E tot [bulk] is the total energy of a defect-free supercell representing the perfect

bulk material, without any defect. � i is a chemical potential of atomi referenced to

the total energy of the reservoir for the atomi ; ni is a total number of atoms that

are removed (ni > 0) or added (ni < 0) to the supercell to form the defect. The

Fermi level "F is referenced to the energy of the valence-band-maximumEV BM . � q is

a charge-state dependent term that corrects for the spurious electrostatic interaction

between the charged defect and its images due to the �nite size of the supercell.[73]

In the dilute limit, where defect-defect interactions are neglected, the concentration of
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defectX q can be obtained from the formation energy as follows:

[X q] = Nsitegqe� E f (X q )=kB T ; (2.18)

whereNsite is the density of sites in which the defect can occur andgq is a degeneracy

of the defect in charge stateq (i.e., it includes the degeneracy of local distortions).

2.5 Carrier concentrations and Fermi level

From the carrier statistics relations under nondegenerate conditions where the

Fermi level is between the VBM and the CBM, the thermally excited electron and hole

densities are

e� = NCe� (Eg � " F )=kB T ;

h+ = NV e� " F =kB T ; (2.19)

where NC = 2( 2�m �
e kB T

h2 )3=2 and NV = 2( 2�m �
h kB T
h2 )3=2 denote the e�ective density of

states in the conduction and valence bands, respectively;m�
e and m�

h are the e�ective

mass of the electron and the hole at the band edges. For them�
h, the light-hole and

heavy-hole bands are included in the case of CdTe, for example. The equilibrium

concentrations of defects and carriers depend on the Fermi level, which balances the

concentrations of positive and negative charges. To determine this equilibrium, we use

the charge neutrality equation:

h+ +
X

i

qi N
qi +
D = e� +

X

j

qj N
qj �
A ; (2.20)

where N qi +
D is the density of donors in charge stateqi + and N qj �

A is the density of

acceptors in charge stateqj � . By simultaneously solving equations 2.17-2.20, we can

obtain the Fermi level position in the gap, defect concentrations, and carrier densities

at a given temperature.

In p-type semiconductors, shallow acceptor levels are typically represented by

a single-particle state close to the VBM. In the neutral charge state (X 0), this single-

particle state is missing an electron (i.e., contains a hole), and in the negative charge
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state (X � ), this hole is �lled with an electron from the valence band through thermal

excitation. The hole left in the valence band is what gives the p-type conductivity. The

position of the transition level (0/-) (also called ionization level or activation energy

Ea) is actually de�ned as the Fermi level position at which the formation energy of

the neutral defect crosses the formation energy of the negatively charged defect when

plotted as a function of Fermi level.

For non-compensated cases, the hole density (carriers in the valence band) is

related to the ionization energy as:[74]

h+ =
NA

1 + �e (Ea � " F )=kB T
(2.21)

whereNA is the concentration of acceptors and� is the spin degeneracy of the accep-

tor. For realistic cases where compensating centers (donor defects) are also present,

electrons generated from the residual donors end up �lling holes in the valence band,

reducing the hole concentration, and thus, the e�ectiveness of the acceptor doping. In

this case, where partial compensation takes place, the relation between hole density

and acceptor ionization energy is:

h+ (h+ + ND )
NA � ND � h+

=
NV

�
e� Ea =kB T (2.22)

whereND is the density of completely ionized donors.[74] Knowing the relevant defects

(lowest energy defects) in the sample, we can then solve Eq. 2.19 and Eq 2.22 self-

consistently to determine equilibrium hole concentration and position of the Fermi

level at a desired temperature.

2.6 Migration and di�usivity

Understanding defect migration and di�usivity is essential for evaluating the

stability and mobility of defects in materials. While the formation energy determines

the equilibrium concentration of a defect, it does not fully capture its stability. A

complete picture of defect behavior also requires knowledge of the migration barrier,

which governs how easily the defect can move through the lattice. To evaluate defect
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migration quantitatively, we begin by discussing the basic di�usion mechanisms in

solids, followed by methods to calculate migration barriers using the nudged elastic

band (NEB) method [75, 76] and estimation of defect mobility based on a random

walk model.

2.6.1 Di�usion in solids

The motion of a defect in a crystal lattice, such as CdTe, can be understood in

terms of atomic di�usion. At the microscopic level, di�usion occurs through a series of

jumps of an atom from one lattice site to another. Each jump involves overcoming a

migration energy barrier, corresponding to the highest energy point along the migration

path between two sites.[58] For example, consider an interstitial atom initially located

at site A and migrating to a neighboring siteB , as illustrated in Figure 2.2. The energy

pro�le along this path has a maximum at the saddle point, which de�nes the migration

barrier.

Figure 2.2: Schematic illustration of (a) interstitial atom moving from site A to site
B, and (b) the corresponding migration energy pro�le along the path.

For vacancy di�usion, the migration process can be understood as the movement

of a vacancy to a neighboring site. This occurs when a nearby host atom jumps to

�ll the vacant site, thereby creating a new vacancy at the atom's original position.
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As this process repeats, the vacancy e�ectively hops from site to site, enabling its

di�usion through the material, as illustrated in Figure 2.3. Each atomic jump requires

the same energy to overcome a migration barrier. This mechanism also plays a key

role in enabling bulk di�usion within the material.

Figure 2.3: Schematic representation of vacancy di�usion in a crystal lattice. (a{c)
The vacancy (dashed circle) migrates through the lattice as neighboring
atoms jump into the vacant site, e�ectively moving the vacancy in the
opposite direction.

For substitutional defects, di�usion can occur via two main mechanisms. The

�rst is direct exchange, where the defect swaps positions with a neighboring atom, as

shown in Figure 2.4(a). This mechanism typically involves a high migration barrier

due to signi�cant lattice distortion and relaxation. The second mechanism is vacancy-

mediated di�usion, in which the defect exchanges places with a nearby vacancy, as

illustrated in Figure 2.4(b). This process requires the presence (and thus the formation)

of vacancies. The total energy required for each jump in this mechanism includes both

the migration barrier and the formation energy of the vacancy.

2.6.2 Nudged elastic band method

The nudged elastic bnand (NEB) method is a computational technique used

to �nd a saddle point and a minimum energy path (MEP) between an initial and

a �nal con�guration of a system, such as during a defect migration process.[75, 76]

The method involves generating a series of intermediate structures, known as images

[R 1,R 2,...,R N � 1], that connect the initial R 0 and �nal R N state. These images are
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Figure 2.4: Di�usion mechanisms of substitutional defects.(a) Direct exchange mech-
anism, where the defect atom swaps with a neighboring host atom (b)
Vacancy-mediated mechanism, where the defect migrates by exchanging
positions with a nearby vacancy.

linked by virtual springs, which maintain continuity along the reaction path. The path

is then optimized by minimizing forces acting on the images, allowing the system to

relax toward the true MEP while preserving the overall shape of the path. The total

force acting on the imagei is the sum of the spring force along the local tangent and

the true force perpendicular to the local tangent, expressed as:

F i = Fspring
i

�
�
k

+ F true
i

�
�
?

; (2.23)

where the spring force is given by

Fspring
i

�
�
k

= k(
�
�R i + i � R i

�
� �

�
�R i � R i � 1

�
�)�̂ i ; (2.24)

wherek is the spring constant and ^� i is a the normal vector of local tangent. The true

force is given by:

F true
i

�
�
?

= � (r E(R i ) � r E(R i ) � �̂ i ); (2.25)

where E is the total energy of the system. The MEP is obtained by optimizing the

force and energy of each image. In fact, the saddle point is typically obtained by an

interpolation between the highest energy images, which is not accurate. To address
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this issue, climbing NEB (CI-NEB) method was introduced.[76] A small modi�cation

is added by de�ning the force of the image with the highest energy as

F i;max = �r E(R i;max ) + 2 r E(R i;max ) � �̂ i;max � �̂ i;max (2.26)

With this modi�cation, the image with the highest energy will move up and become a

saddle point, and the force is not a�ected by the spring force.

To analyze the migration process along the optimized path, we describe the

reaction coordinate using a generalized coordinate,Q, which quanti�es the collective

atomic motion between images: [77, 78]

Q =

s X

�

M � � R2
� ; (2.27)

whereM � are the atomic masses, and �R� is the corresponding displacement of atom

� between two consecutive images.

2.6.3 Transition state theory

In transition state theory, it is assumed that the system remains localized in sta-

ble con�gurations for long periods, vibrating around its equilibrium position, and only

occasionally undergoes rapid transitions to neighboring states. These transitions pro-

ceed through a high-energy intermediate con�guration known as the transition state,

which corresponds to the saddle point along the energy path, as illustrated in Figure 2.2.

According to the transition state theory[58], the transition state is in equilibrium with

the system and the initial state; therefore, the rate of the reaction to form a transition

state is:

� = � 0e� Ea =kB T ; (2.28)

whereEa is the migration barrier or activation energy, �0 is the attempt frequency, and

kB T is the Boltzmann factor. Here we set �0=5 THz, i.e., the highest optical phonon

frequency in CdTe.
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2.6.4 Random walk model in solid crystals

To simplify the description of di�usion in solids, we employ the random walk

model,[58] where di�usion is treated as a series of random jumps between lattice sites.

Suppose an atom starts at the origin, and its �rst jump is to a neighboring site at

position ~r1, separated by lengthd. After n jumps, the total displacement ~Rn can be

written as:

R2
n = ~Rn � ~Rn = ( ~r1 + ~r2 + ::: + ~rn ) � ( ~r1 + ~r2 + ::: + ~rn ) (2.29)

By averaging over many such random walk paths, we obtain the mean square displace-

ment:

hR2i = nd2; (2.30)

which leads to the root-mean-square (rms) displacement:

Rrms =
p

hR2i =
p

nd; (2.31)

At a given temperatureT, the number of jumpsn over time t is given byn = � t, where

� is the jump rate determined from transition state theory. Substituting this into the

expression for root-mean-square displacement, we get:[58]

Rrms =
p

� td; (2.32)

where d is the jumping distance, e.g., nearest-neighbor or next-nearest-neighbor dis-

tance, depending on the defect.
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Chapter 3

DFT FUNCTIONALS AND EFFECTS OF SPIN-ORBIT COUPLING

Spin-orbit coupling (SOC) is a relativistic e�ect that arises from the interac-

tion between an electron spin and the e�ective magnetic �eld generated by its motion

around the nucleus. This e�ect becomes particularly signi�cant in materials contain-

ing heavy elements, such as tellurium (Te) in CdTe, since the strength of SOC scales

approximately with the fourth power of the atomic number (Z 4). As a result, SOC

is expected to signi�cantly in
uence both the electronic structure and defect energy

levels in CdTe.[18]

3.1 Band gap and spin-orbit splitting energies

First, the equilibrium lattice parameter of CdTe was determined using standard

DFT (GGA) and hybrid functional calculations with parameters � = 0:25, ! = 0:20

(HSE06), and� = 0:33, ! = 0:20 (HSE(� = 0:33)). The calculated lattice constants

are 6.471�A, 6.569�A, and 6.545�A, respectively. These values are all within 1% of the

experimental equilibrium lattice parameter of 6.481�A[79].

Using the equilibrium lattice parameters, we further calculated the band gap

and band structure of CdTe, both with and without the e�ects of SOC. The results

are summarized in Table 3.1, alongside experimental data.

Although the GGA functional yields a lattice parameter close to the experi-

mental value, it signi�cantly underestimates the band gap, as expected. Figure 3.1

shows the band edge positions of CdTe calculated using di�erent functionals, with and

without SOC. The VBM and CBM are referenced to the vacuum level. Compared to

GGA, hybrid functionals shift the VBM downward and CBM upward, resulting in a

wider band gap relative to standard DFT.
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Figure 3.1: Band alignment of CdTe calculated using GGA, HSE06, and HSE(� =
0:33) functionals with and without SOC. The VBM and CBM are refer-
enced with respect to the vacuum level. TheEg and � SOC are indicated
for each case.

Table 3.1: Equilibrium lattice parameter a and band gap Eg of CdTe calculated
using di�erent exchange-correlation functionals, with and without spin-
orbit coupling (SOC), compared with experimental values.

Functional a (�A)
Eg (eV)

without SOC with SOC
GGA 6.471 0.666 0.397

HSE06 (� = 0:25) 6.569 1.476 1.179
HSE33 (� = 0:33) 6.545 1.808 1.502

Experiment 6.481[79] 1.513 (300 K)[80]

With the inclusion of SOC, the threefold degenerate Te 5p-derived VBM states

are split into a lower-energy onefold 5p1=2 state and a higher-energy twofold 5p3=2 state,

with spin-orbit splitting energies (� SOC) of 0.845 eV, 0.917 eV, and 0.940 eV for GGA,

HSE06, and HSE(� = 0:33), respectively|values that are sizable relative to the band

gap. As a result, the VBM is e�ectively lifted by 0.270 eV, 0.299 eV, and 0.307 eV

for GGA, HSE06, and HSE(� = 0:33), respectively, while the CBM remains nearly

unchanged. This upward shift of the VBM leads to a reduction in the calculated band

gap. Indeed, the band gap predicted by HSE06 (� = 0:25) is 1.476 eV without SOC,
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close to the experimental value. However, when SOC is included, it decreases to 1.179

eV. Similarly, HSE(� = 0:33) yields a band gap of 1.808 eV without SOC, which is

reduced to 1.502 eV after including SOC|closely matching the experimental band gap

at room temperature.

Figure 3.2: (a) An alignment of the VBM and CBM relative to the vacuum level,
calculated using di�erent functionals with the e�ect of SOC included.
(b) The planar-averaged electrostatic potential along the slab direction
of CdTe structure obtained by using HSE(� = 0:33), where the black
line is the microscopic average potential and blue line is the macroscopic
average potential.

In addition to the band gap, a alignment of the VBM and CBM relative to the

vacuum level is an important factor, particularly for evaluating the ionization potential

and electron a�nity of CdTe. Here we discuss this aspect in more detail. Figure 3.2(a),

shows the VBM and the CBM of CdTe referenced with the vacuum level, calculated

using di�erent functionals with the e�ect of SOC included. The vacuum level for

each system was obtained by constructing a CdTe slab with a vacuum region. The

planar-averaged electrostatic potential was then computed along the slab direction, as

illustrated in Figure 3.2(b). Since the the VBM and the CBM is referenced to the

average potentials of the bulk, the band edges can be aligned relative to the vacuum
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level by comparing the potential di�erence between the vacuum and bulk-like region in

the middle layers of the slap. Among the functionals considered, HSE(� = 0:33) yields

a VBM position of -5.27 eV, closest to the experimental value of -5.8 eV[81], while GGA

(-4.76 eV) and HSE06 (-5.13 eV) predict higher VBM energies. It is worth noting that

GGA trends to give poor predictions of the ionization potential of semiconductors,

while the HSE hybrid functional provides some improvement but still does not fully

agree with experiments. More accurate predictions rely on excited state methods such

as GW approximation.[82]

To more accurately predict the experimental band gap of CdTe, a higher fraction

of exact exchange in the hybrid functional is necessary. Therefore, we adopt HSE(� =

0:33) in this work. Figure 3.3 shows the calculated band structures, highlighting the

SOC-induced splitting and the resulting band edge shifts.

Figure 3.3: Bandstructure of CdTe calculated using HSE(� = 0:33) with SOC.The
right panel illustrates the SOC-induced splitting of the Te 5p-derived
valence band states at the � point, where the threefold degenerate states
split into a lower-energy 5p1=2 and a higher-energy 5p3=2

3.2 E�ective mass of carriers

We also calculated the electron and hole e�ective masses of CdTe along high-

symmetry directions in the Brillouin zone|�{X, �{K, and �{L|using standard DFT
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(GGA) and hybrid functionals (HSE06 and HSE(� = 0:33)), both with and without

spin-orbit coupling (SOC). The results are summarized in Table 3.2. These e�ective

masses were obtained by �tting the curvature of the respective bands near the � point.

SOC has a notable e�ect on the hole e�ective mass due to the splitting of Te 5p states

at the top of the valence band. In contrast, the electron e�ective mass is only slightly

a�ected by SOC, since the CBM is primarily derived from Cd 5s orbitals, which are

weakly in
uenced by the relativistic e�ects.

Table 3.2: Calculated e�ective masses of heavy hole (mhh ), light hole (mlh ), and
electron (me) in CdTe (in units of m0) along di�erent high-symmetry
directions, using GGA, HSE06, and HSE(� = 0:33), with and without
SOC. Experimental values are included for comparison[1, 2].

GGA HSE06 HSE0.33 Exp.

no SOC with SOC no SOC with SOC no SOC with SOC

�{X

mhh =0.504

mlh =0.064

me=0.063

mhh =0.440

mlh =0.060

me=0.053

mhh =0.533

mlh =0.103

me=0.100

mhh =0.474

mlh =0.133

me=0.094

mhh =0.522

mlh =0.113

me=0.110

mhh =0.471

mlh =0.129

me=0.106

mhh =0.72

mlh =0.13

me=0.094[1]

�{K

mhh =1.554

mlh =0.060

me=0.065

mhh =0.797

mlh =0.060

me=0.055

mhh =1.556

mlh =0.090

me=0.102

mhh =0.865

mlh =0.105

me=0.096

mhh =1.566

mlh =0.097

me=0.111

mhh =0.860

mlh =0.117

me=0.108

mhh =0.81

mlh =0.12

me=0.096[2]

�{L

mhh =1.083

mlh =0.056

me=0.062

mhh =1.112

mlh =0.055

me=0.051

mhh =1.132

mlh =0.085

me=0.100

mhh =1.024

mlh =0.101

me=0.094

mhh =1.127

mlh =0.092

me=0.110

mhh =1.191

mlh =0.111

me=0.106

mhh =0.84

mlh =0.12

me=0.095[1]

3.3 Summary

The SOC has a signi�cant impact on the band structure of CdTe, e�ectively lift-

ing the VBM by approximately 0.3 eV. As expected, conventional DFT underestimates

the band gap. While HSE06 without SOC yields a band gap close to the experimental

value, the inclusion of SOC reduces the band gap. In this work, we include SOC and

employ a higher fraction of exact exchange (� = 0:33) in the hybrid functional to more

accurately reproduce the experimental band gap and capture the SOC e�ects in CdTe.
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We also �nd that SOC modi�es the curvature of the valence band, which in turn a�ects

the hole e�ective mass.
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Chapter 4

GROUP-V (P, As, Sb) DOPING IN CdTe AND (IN)STABILITY OF AX
CENTERS

This chapter is reprinted (adapted) with permission from: I. Chatratinet al.,

Doping Limits of Phosphorus, Arsenic, and Antimony in CdTe,The Journal of Physical

Chemistry Letters, 14(1):273{278, 2023[83]© 2023 American Chemical Society.

Device modeling simulations suggest that by increasing the hole concentration in

the CdTe absorber from 1014 cm� 3 (for typical undoped CdTe �lms) to 1016 cm� 3 would

lead to e�ciencies reaching 25%[40, 39]. Adding group-V impurities, such as P, As and

Sb, would constitute the most straightforward way of controllably increasing the hole

concentration [45, 25, 3]. However, previous results from �rst-principles calculations

have suggested a discouraging scenario, where under equilibrium conditions, P, As, and

Sb would form donor-like AX centers as the Fermi level approaches the valence band,

severely limiting hole concentrations [5, 49, 51, 53, 45, 46]. These calculations, however,

did not include the e�ects of SOC. Such e�ects are crucial for a proper description of

defect levels as discussed below. For example, hybrid density functional calculations

(HSE06) predicted band gap of 1.476 eV, very close to the experimental value, yet the

e�ects SOC were not included. As discussed in previous chapter, including SOC would

lead to a band gap of only 1.18 eV.

Recent calculations emphasized the importance of including SOC in the descrip-

tion of some defects in CdTe [18, 19], as well as in PbTe [84], CH3NH3PbI3 [85], and

CsPbI3[86]. In the case of CsPbI3, including SOC changed the behavior of some of

the intrinsic defects from deep to shallow donors [86]. In particular, SOC is expected

to a�ect the total energy and thus formation energy and transition level of defects
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with partially occupied states derived from orbitals with l 6=0 of heavy atoms. Most

importantly, it was shown that these group-V substitutional impurities in CdTe would

be converted to donor-like AX centers (see Figure 4.1) under equilibrium conditions,

resulting in rather low hole concentrations of less than 1010 cm� 3 at room temperature

[49, 46].

Experimentally, it has often been reported that doping CdTe thin �lms with As

lead to activation e�ciencies of less than 1%, i.e., hole densities are two or more orders

of magnitude lower than the total dopant concentration [25, 45, 44], which, in principle,

corroborates the self-compensation scenario from previous DFT and hybrid DFT calcu-

lations [5, 49, 51, 53, 45, 46]. However, recent measurements of temperature-dependent

Hall e�ect on CdTe single crystals show room-temperature hole concentrations of 0.4-

1.1� 1017 cm� 3 for P, As, and Sb doping, with �tted ionization energies of 87 meV, 94

meV, and 103 meV, respectively, and estimated doping activation e�ciencies in the

40%-50% range [3]. Higher dopant concentrations (i.e.,> few times 1017 cm� 3) were

reported to lead to activation e�ciencies of less than 1%. It is yet unknown if the

activation e�ciencies are limited by the formation of AX centers or other unknown

compensation defects or mechanisms. Therefore, understanding the fundamental as-

pects of group-V doping and self-compensation is still needed for controlling doping

levels and hole concentrations in CdTe.

Here we use hybrid density functional calculations including the e�ects of spin-

orbit coupling, that reproduce experimental value of the band gap, to investigate the

formation energies and the acceptor transition levels (i.e., ionization energiesEa) of P,

As, and Sb in CdTe, and explore the possible formation of AX centers. The details of

the computational setup are in Appendix A.1.

4.1 Group-V substitutional acceptors and their AX centers

Group-V elements such as P, As and Sb have one less valence electron than Te,

acting as acceptors when substituting on the Te site in CdTe, as shown in Figure 4.1(a).
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Figure 4.1: Local lattice con�guration of (a) substitutional Sb on Te site in the
negative charge state (Sb�Te) and (b) Sb-related AX center in the positive
charge state [AX+ (Sb)].

Our calculations reveal that for substitutional group-V atoms on Te, there exists a low-

lying a1 state buried deep within the valence band (well below the VBM), along with

a three-fold degeneratet2 state located near the VBM. In the neutral charge state,

the defect introduces a hole state, which can be �lled by an electron from the valence

band, thereby contributing to hole conductivity.

The AX-center model for group-V acceptors in CdTe consists in a large o�site

displacement of the impurity towards a next nearest-neighbor Te atom along the [110]

direction, as shown in Figure 4.1(b) in the case of SbTe . The Sb forms a bond with

one of the neighboring Te atom, while breaking/weakening one Cd-Sb and one Cd-Te

bond. Without spin-orbit coupling, the formation of the AX center splits the otherwise

t2 state under Td symmetry into a doubly degeneratede state and a singlea2 state

[49, 46]. Our calculations show that thee state is completely occupied (with four

electrons) below the VBM while thea2 state is in the conduction band. The same

picture holds for the three group-V dopants. The electron that would be occupying

the a2 state is transferred to the CBM, making the AX center a donor. Since the

a2 state is empty in the positive charge state of the defect (AX+ ), the system gains

electronic energy despite the loss due to strain energy and breaking/weakening of two

bonds. To infer on their stability, the formation energies of the AX centers have, at

the end, to be compared with those of the substitutional acceptor con�guration.
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