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Figure 1 (Color online) Schematics of the charged defect calculations
within jellium model (a) and transfer real state model (b)
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Figure 2 (Color online) TiO, in terms of pseudo hydrogen (PH) and real hydrogen (RH) passivationm]. (a) The total density of states (DOS) of TiO,
for the cases of RH passivation, PH passivation, No passivation and Bulk material, respectively; (b) the charge density distribution of RH passivated

TiO,
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Copyright©American Physical Society, 2016

Figure 3 (Color online) Schematics of the diffusion path of atoms in Si (a) and CdS (b), and the energy barriers of Cu or Ag along the diffusion path
in Si (c) and CdS (d), respectively. Adapted with permission from Ref. [55]. Copyright©American Physical Society, 2016

3189



M4 %8 & 20205108 #$£65% 5282

BT A, MR SR ANEE. )P, s-dBLER A
W, R SR T3 AR A Bt T 9 s K
N BF TR AT, B R g, SE0L
PHUE. BT YANRIEER . BALRST, M
Feps-dB A, RORRRIE T MAREE:. B T Wb
FEASAR A S B0 R 5 T3 T, A A 1T
ROHREEEAA. T4 B3 AL B R 5 TR 4,
S5 Y s-aRE A 3R AR R AR &, PRI 5 T e RS
TR SR T AR, X4 2 ek SRR
ek rP T b VA B A VRS [ 24 20 S A e
H 2 A SO AR T AR B 1
5 45ie

A SUABERHIRAB 28 R A T2k SRR 5T
(AZ o (IR, 2 S A v 18 2 S RN B 1 42 B L B
T2 TR B 5 2 S B T DL T S - 401

SRR EAG. ACEEENG TH 2R B A
FISRBEERIE A A AL PIRB AN RER S RL

RIBREEATE ACRE T ES AL RERYTHAR. 1 LILA-4F, RHIIBE
JEASY B SRS = AR RLE T, EUR XA T Ak
BT ST AFTEAR Z2 AN,y 1 i sk S m) L, A7)
RATER I T — BRI RS R S BEE, RIAE
P BSOS, REAE BT = AR AR P Y
SREEVERT. HK, b TS SEAR R AR R B B 2,
frp B A LA PR p BB IR R IR ME, FRATRIA T
BAMIRERE. S XA SEAAT AR, 4 T LI
A2 J2 5 AL RE N ] A Mt 3 B B 1A T DU Py ke
PRI, AN, FIREAFRE SRR A 1Ak AR S AR
FEPE TS S LY Z B SRS
JR, B AR SE AR~ S A AT b A R B S S A
2SRRI B, Rk B 2R S R T
PR AT RS 5 DR T pRA A SR, B TOR
AR GET R, R, BATTHIRE I N A e 1
R BE TR i e BE 4B 2=~ S A BE AT 52 SUAY 1y B it 2.
wJr, A AR G IR 2R B A T B,
fi R T e A P BEAR I

Wei S H. Overcoming the doping bottleneck in semiconductors. Comput Mater Sci, 2004, 30: 337-348
Neumark G F. Defects in wide band gap II-VI crystals. Mater Sci Eng R, 1997, 21: 1-46
Geim A K, Grigorieva I V. Van der Waals heterostructures. Nature, 2013, 499: 419425

Saga T. Advances in crystalline silicon solar cell technology for industrial mass production. NPG Asia Mater, 2010, 2: 96-102

LiL, YuY, Ye G J, et al. Black phosphorus field-effect transistors. Nat Nanotech, 2014, 9: 372-377

1
2
3
4 Novoselov K S, Mishchenko A, Carvalho A, et al. 2D materials and van der Waals heterostructures. Science, 2016, 353: aac9439
5
6
7

Zhang S B, Wei S H, Zunger A. A phenomenological model for systematization and prediction of doping limits in II-VI and I-11I-VI, compounds.

J Appl Phys, 1998, 83: 3192-3196

8 Yan 'Y, Wei S H. Doping asymmetry in wide-bandgap semiconductors: Origins and solutions. Phys Stat Sol B, 2008, 245: 641-652

9 Koizumi S, Watanabe K, Hasegawa M, et al. Ultraviolet emission from a diamond pn junction. Science, 2001, 292: 1899-1901

10 Tsukazaki A, Ohtomo A, Onuma T, et al. Repeated temperature modulation epitaxy for p-type doping and light-emitting diode based on ZnO. Nat

Mater, 2005, 4: 42-46

11 Look D C, Claflin B, Alivov Y 1, et al. The future of ZnO light emitters. Phys Stat Sol A, 2004, 201: 2203-2212
12 Wei S H, Zunger A. Thermodynamic stability of (AlAs),(GaAs), superlattices and the random Al sGa, sAs alloy. Phys Rev Lett, 1988, 61: 1505—

1508

13 Hazarika A, Layek A, De S, et al. Ultranarrow and widely tunable Mn”"-induced photoluminescence from single Mn-doped nanocrystals of ZnS-

CdS alloys. Phys Rev Lett, 2013, 110: 267401

14 Sze S M, Ng K K. Physics of Semiconductor Devices. New York: John Wiley & Sons, 2006
15 Baklanov M R, Adelmann C, Zhao L, et al. Advanced interconnects: Materials, processing, and reliability. ECS J Solid State Sci, 2014, 4: Y1-

Y4

16 Zhang S B, Northrup J E. Chemical potential dependence of defect formation energies in GaAs: Application to Ga self-diffusion. Phys Rev Lett,

1991, 67: 2339-2342

17 Zhang S B, Wei S H, Zunger A. Microscopic origin of the phenomenological equilibrium “doping limit rule” in n-type III-V semiconductors. Phys

Rev Lett, 2000, 84: 1232-1235

18 Deng H X, Wei S H. Comment on “Fundamental resolution of difficulties in the theory of charged point defects in semiconductors”. Phys Rev Lett,

3190


https://doi.org/10.1016/j.commatsci.2004.02.024
https://doi.org/10.1038/nature12385
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1038/asiamat.2010.82
https://doi.org/10.1038/nnano.2014.35
http://arxiv.org/abs/1401.4117
https://doi.org/10.1063/1.367120
https://doi.org/10.1002/pssb.200743334
https://doi.org/10.1126/science.1060258
https://doi.org/10.1038/nmat1284
https://doi.org/10.1038/nmat1284
https://doi.org/10.1002/pssa.200404803
https://doi.org/10.1103/PhysRevLett.61.1505
https://doi.org/10.1103/PhysRevLett.110.267401
http://arxiv.org/abs/1310.3630
https://doi.org/10.1103/PhysRevLett.67.2339
https://doi.org/10.1103/PhysRevLett.84.1232
https://doi.org/10.1103/PhysRevLett.84.1232
https://doi.org/10.1103/PhysRevLett.120.039601

19

20
21

22

23

24
25

26

27

28

29

30

31

32

33
34

35

36

37

38

39
40

41

42

43

44
45

46
47

48

2018, 120: 039601

Wu Y N, Zhang X G, Pantelides S T. Fundamental resolution of difficulties in the theory of charged point defects in semiconductors. Phys Rev
Lett, 2017, 119: 105501

Wang L G, Zunger A. Phosphorus and sulphur doping of diamond. Phys Rev B, 2002, 66: 161202

Wang D, Han D, Li X B, et al. Determination of formation and ionization energies of charged defects in two-dimensional materials. Phys Rev Lett,
2015, 114: 5 196801

Richter N A, Sicolo S, Levchenko S V, et al. Concentration of vacancies at metal-oxide surfaces: Case study of MgO(100). Phys Rev Lett, 2013,
111: 045502

Sinai O, Hofmann O T, Rinke P, et al. Multiscale approach to the electronic structure of doped semiconductor surfaces. Phys Rev B, 2015, 91:
075311

Komsa H P, Pasquarello A. Finite-size supercell correction for charged defects at surfaces and interfaces. Phys Rev Lett, 2013, 110: 5

Xiao J, Yang K, Guo D, et al. Realistic dimension-independent approach for charged-defect calculations in semiconductors. Phys Rev B, 2020, 101:
165306

Taniyasu Y, Kasu M, Makimoto T. An aluminium nitride light-emitting diode with a wavelength of 210 nanometres. Nature, 2006, 441: 325—
328

Teukam Z, Chevallier J, Saguy C, et al. Shallow donors with high n-type electrical conductivity in homoepitaxial deuterated boron-doped diamond
layers. Nat Mater, 2003, 2: 482-486

Cao R, Deng H X, Luo J W. Design principles of p-type transparent conductive materials. ACS Appl Mater Interfaces, 2019, 11: 24837—
24849

Lee E C, Chang K J. p-type doping with group-I elements and hydrogenation effect in ZnO. Phys B-Cond Matt, 2006, 376-377: 707-710

Liu L, Xu J, Wang D, et al. p-type conductivity in N-doped ZnO: The role of the N, -V, complex. Phys Rev Lett, 2012, 108: 215501

Chen A, Zhu H, Wu Y, et al. Beryllium-assisted p-type doping for ZnO homojunction light-emitting devices. Adv Funct Mater, 2016, 26: 3696—
3702

Taylor M P, Readey D W, van Hest M F A M, et al. The remarkable thermal stability of amorphous In-Zn-O transparent conductors. Adv Funct
Mater, 2008, 18: 3169-3178

Emin D. Amorphous semiconductors. Science, 1977, 198: 881

Kuznetsov V L, O’Neil D H, Pepper M, et al. Electronic conduction in amorphous and polycrystalline zinc-indium oxide films. Appl Phys Lett,
2010, 97: 262117

Deng H X, Wei S H, Li S S, et al. Electronic origin of the conductivity imbalance between covalent and ionic amorphous semiconductors. Phys Rev
B, 2013, 87: 125203

Alivisatos A P. Semiconductor clusters, nanocrystals, and quantum dots. Science, 1996, 271: 933-937

Li J, Wang J. Shape effects on electronic states of nanocrystals. Nano Lett, 2003, 3: 1357-1363

Xiang H J, Wei S H, da Silva J L F, et al. Strain relaxation and band-gap tunability in ternary In.Ga,_ N nanowires. Phys Rev B, 2008, 78:
193301

Huynh W U, Dittmer J J, Alivisatos A P. Hybrid nanorod-polymer solar cells. Science, 2002, 295: 2425-2427

Chen X, Liu L, Yu P Y, et al. Increasing solar absorption for photocatalysis with black hydrogenated titanium dioxide nanocrystals. Science, 2011,
331: 746-750

Kim Y H, Kang J, Wei S H. Origin of enhanced dihydrogen-metal interaction in carboxylate bridged Cu,-paddle-wheel frameworks. Phys Rev Lett,
2010, 105: 236105

Deng H X, Li S S, Li J, et al. Effect of hydrogen passivation on the electronic structure of ionic semiconductor nanostructures. Phys Rev B, 2012,
85: 195328

Geisz J F, Friedman D J, Ward J S, et al. 40.8% efficient inverted triple-junction solar cell with two independently metamorphic junctions. Appl
Phys Lett, 2008, 93: 123505

Scanlon D O, Walsh A. Bandgap engineering of ZnSnP, for high-efficiency solar cells. Appl Phys Lett, 2012, 100: 251911

Ma J, Deng H X, Luo J W, et al. Origin of the failed ensemble average rule for the band gaps of disordered nonisovalent semiconductor alloys.
Phys Rev B, 2014, 90: 115201

Zunger A, Wei S H, Ferreira L G, et al. Special quasirandom structures. Phys Rev Lett, 1990, 65: 353-356

Hjalmarson H P, Vogl P, Wolford D J, et al. Theory of substitutional deep traps in covalent semiconductors. Phys Rev Lett, 1980, 44: 810—
813

Walukiewicz W, Shan W, Yu K M, et al. Interaction of localized electronic states with the conduction band: band anticrossing in II-VI
semiconductor ternaries. Phys Rev Lett, 2000, 85: 1552—1555

3191


https://doi.org/10.1103/PhysRevLett.119.105501
https://doi.org/10.1103/PhysRevLett.119.105501
https://doi.org/10.1103/PhysRevB.66.161202
https://doi.org/10.1103/PhysRevLett.111.045502
https://doi.org/10.1103/PhysRevB.91.075311
http://arxiv.org/abs/1411.2781
https://doi.org/10.1103/PhysRevLett.110.095505
https://doi.org/10.1103/PhysRevB.101.165306
http://arxiv.org/abs/1910.08762
https://doi.org/10.1038/nature04760
https://doi.org/10.1038/nmat929
https://doi.org/10.1021/acsami.9b01255
https://doi.org/10.1016/j.physb.2005.12.177
https://doi.org/10.1103/PhysRevLett.108.215501
https://doi.org/10.1002/adfm.201600163
https://doi.org/10.1002/adfm.200700604
https://doi.org/10.1002/adfm.200700604
https://doi.org/10.1063/1.3533382
https://doi.org/10.1103/PhysRevB.87.125203
https://doi.org/10.1103/PhysRevB.87.125203
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1021/nl034488o
https://doi.org/10.1103/PhysRevB.78.193301
https://doi.org/10.1126/science.1069156
https://doi.org/10.1126/science.1200448
https://doi.org/10.1103/PhysRevLett.105.236105
https://doi.org/10.1103/PhysRevB.85.195328
https://doi.org/10.1063/1.2988497
https://doi.org/10.1063/1.2988497
https://doi.org/10.1063/1.4730375
https://doi.org/10.1103/PhysRevB.90.115201
https://doi.org/10.1103/PhysRevLett.65.353
https://doi.org/10.1103/PhysRevLett.44.810
https://doi.org/10.1103/PhysRevLett.85.1552

4

8 & 2020045108 H£65% Z£2829H

49
50

51
52
53
54

55
56

3192

Alberi K, Blacksberg J, Bell L D, et al. Band anticrossing in highly mismatched Sn,Ge,_, semiconducting alloys. Phys Rev B, 2008, 77: 073202
Deng H X, Li J, Li S S, et al. Band crossing in isovalent semiconductor alloys with large size mismatch: First-principles calculations of the
electronic structure of Bi and N incorporated GaAs. Phys Rev B, 2010, 82: 193204

Rehman A, Lee S. Review of the potential of the Ni/Cu plating technique for crystalline silicon solar cells. Materials, 2014, 7: 1318-1341
Lloyd J R, Clemens J, Snede R. Copper metallization reliability. MicroElectron Reliab, 1999, 39: 1595-1602

Ma J, Wei S H. Origin of novel diffusions of Cu and Ag in semiconductors: The case of CdTe. Phys Rev Lett, 2013, 110: 235901

Pandey A, Brovelli S, Viswanatha R, et al. Long-lived photoinduced magnetization in copper-doped ZnSe-CdSe core-shell nanocrystals. Nat
Nanotech, 2012, 7: 792-797

Ahmed S, Reuter K B, Gunawan O, et al. A high efficiency electrodeposited Cu,ZnSnS, solar cell. Adv Energy Mater, 2012, 2: 253-259
Deng H X, Luo J W, Li S S, et al. Origin of the distinct diffusion behaviors of Cu and Ag in covalent and ionic semiconductors. Phys Rev Lett,
2016, 117: 165901


https://doi.org/10.1103/PhysRevB.77.073202
https://doi.org/10.1103/PhysRevB.82.193204
https://doi.org/10.3390/ma7021318
https://doi.org/10.1016/S0026-2714(99)00177-8
https://doi.org/10.1103/PhysRevLett.110.235901
https://doi.org/10.1038/nnano.2012.210
https://doi.org/10.1038/nnano.2012.210
https://doi.org/10.1002/aenm.201100526
https://doi.org/10.1103/PhysRevLett.117.165901

Summary for “3-F{ i RN B BRFE RIS A L

Defect physics and doping engineering in semiconductor
optoelectronic materials
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Semiconductor materials play a central role in the integrated circuits, photovoltaics, information and communication,
microelectronic devices, lighting, and so on. However, the performance of semiconductor optoelectronic devices depends
critically on the dopability and defect engineering of semiconductor materials. In this paper, firstly, we introduce the doping
properties in semiconductors and the theoretical progress of charged defect calculations over the past decades, including
the traditional jellium model. To overcome the disadvantages and limitations of the traditional jellium model, recently, we
propose a straightforward and universal theory, i.e., transfer real state model (TRSM), which can calculate directly the
charged defect properties in both bulk and low-dimensional semiconductors. In the jellium model for a finite supercell size
calculation, it suffers a serious problem to determine the defect properties in low-dimensional semiconductors due to
charge distribution in the vacuum region. However, our TRSM method by putting the ionized electrons or holes on a real
host band edge states naturally keeps the supercell neutral and provides clear physical meaning. For three-dimensional bulk
materials, the defect formation energy and transition energy level calculated by our TRSM method are almost the same as
the results obtained by using the traditional jellium model. For low dimensional semiconductors, however, the TRSM
method cures the divergence issue that occurred in the jellium model due to long-range electrostatic Coulomb interactions.
Secondly, we discuss the wide band gap semiconductors. By analyzing the doping limit law, we elucidate the effective
methods for defect engineering in oxide wide band gap semiconductors, and then how their p-type conductivity can be
improved. Those methods are based on two rules: (1) Reducing the ionization energy of acceptors; (2) suppressing the
formation of compensating donors. Further, the physical mechanism of the difference in conductivity between ionic and
covalent compounds in the amorphous wide band gap semiconductors is introduced. A band coupling model is employed to
clarify the difference between pseudo-hydrogen passivated and real-hydrogen passivated low dimensional wide band gap
semiconductors. Thirdly, we discuss the semiconductor alloys with high doping concentration. In the nonisovalent
semiconductor alloys, due to strong wave function localization of the band edge states, the physical properties of
nonisovalent alloys do not meet the statistical average law, distinct from the isovalent alloys. The band crossing
phenomenon in large mismatched isovalent semiconductor alloys is often misinterpreted by a phenomenological two-level
band anti-crossing model. Fortunately, this phenomenon has now been properly explained by the band broadening picture.
When doping small concentration of Bi or N impurities into GaAs, the defect levels are localized due to the weak
interactions between impurities. The band edges of GaAs,_,Bi, and GaAs, N, consist of the host atoms. The impurity level
gradually broadens out with the increase of the impurity concentration, and thus the band edges of defective GaAs are
dominated by impurities. Finally, we focus on the diffusion of metal impurities in semiconductors. The fundamental reason
for the differences in the diffusion of Ag and Cu atoms between ionic and covalent semiconductors is clarified. The s-d
coupling between the d orbitals of the diffusors and the s orbitals of the host materials are responsible for the behavior of
diffusive atoms. The deep understanding of metal impurities in semiconductor materials offers effective theoretical
guidance for controlling the diffusion properties of impurities in different types of semiconductor materials.

semiconductors, defect, doping, alloy, diffusion

doi: 10.1360/TB-2020-0346

3193


https://doi.org/10.1360/TB-2020-0346

	半导体光电材料中的缺陷和掺杂调控
	1�� 半导体掺杂和缺陷计算理论
	2�� 宽禁带半导体掺杂
	3�� 半导体高浓度掺杂
	4�� 半导体中的金属杂质扩散
	5�� 结论


