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EIGHTH EDITION

TS TR E Introduction to

Solid State Physics

CHAPTER 20: POINT DEFECTS CHARLES KITTEL

The probability that a given site is vacant is proportional to the Boltzmann
factor for thermal equilibrium: P = exp(—E/kgT), where Ey is the energy re-
quired to take an atom from a lattice site inside the crystal to a lattice site on
the surface. If there are N atoms, the equilibrium number n of vacancies is
given by the Boltzmann factor

n___ _
= exp(~Ev/ksT) (1)
If n < N, then
n/N = CXP(—EV/kBT) . (2)

If By = 1eVand T =~ 1000 K, then n/N = e 2 =~ 107%,

SRBR T RYERPE

?\a Primary Knock-on Atom
(PKA)
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Zhang et al., Phys. Rev. Lett. 110, 166404 (2013)

Freysoldt et al., Rev. Mod. Phys. 86, 253 (2014)
Grasser et al., Microelectronics Reliability 87, 286 (2018)
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AHf(a,q = 0) BROETHn BEFHED Y,
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HGa T E(Ga) = E(Ga)
Hea = 0
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AH¢(a,q) = E(a,q) — E(host) + Z n;(u; + E;)
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AH¢(a, q) = E(a,q) — E(host) + Zni(,ui + E;) + q(Ep + E, + AV)
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Semiconductor Defect Ab initio Simulation Code
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Limit to the element chemical

potentials

2Cu+Zn+S8Sn+4S — Cu,ZnSnS,

AH{(Cu,ZnSnS,)

Compound formation enthalpy

Under equilibrium:

2Iu'Cu + Mznt+ Mgy + 41”‘8 = AHf(Cu2anHS4)

No secondary compounds: No elemental phase:
My T Mg < AHI(CUS) l‘l’(‘ll < 0
EIL(‘U + Mg < AHI*(CU:S)‘ Mzn < O
Mgy + s < AH{(ZnS) s, <0

Mg, + g < AH(SnS)

s <(

Moo+ 25 < AH(SnS,)
20y + sy + 3ug < AH{(Cu,SnS;)

Narrow stable region in chemical potential space

@ Narrow stable region.
@ ZnS, CuS, SnS form very easily.

@ Difficult to synthesize
stoichiometric Cu,ZnSnS,

g (V)
-4 35 -3 -25 -2 15 -1 05
SnS

@
He, =020V

1y, (V)
4 35 3 25 2 -15 -1 05 0
sns v

®)
B, =0.55 eV
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Cu,Zn—IV—VI, (IV = Si, Ge, Sn, Pb, and Ti, Zr, Hf,

H, V) p =-02eV
By (V) Bo=02eV n o
3 2 1 0 s 4 3 2 9 o
0 “
1 L 1 O
-1
--1
L2 M
”'Sn Ti
'V
V) L g (W)
-2
F-4
(a) Cu,CdSnS, :
(¢) Cu,ZnTiS,
L5 -5
12 compd. phase separation AE ref. compd. phase separation AE ref
m“_“,s Cu,ZnSnS, Cu,S + ZnS + SnS, 0.56 40 Cu,ZnTiS, Cu,$ + Zn$ + TiS, 0.15
z“ 2CuS + ZnS + SnS 0.40 36 2CuS + ZnS + TiS 114
2 Cu,SnS; + Zn$ 0.08 35 Cu,TiS; + ZnS —0.0s
SEe | cucdsns, CusS + CdS + SnS, 0s1 » CuszZaZss, x CuS + ZnS + Zs5, —027
P
8 5| 2CuS + CdS + SnS 0.35 33 2CuS + ZnS + ZrS 120
Cd Cu,$nS; + CdS 003 41 Cu,ZtS; + Zn$ ~0.03
S Cu,Hg8nS, Cu,$ + Hg$ + SnS, 0.56 38 Cu,ZnHfS, CuyS + ZnS + HfS, —040
e | 2CuS + HgS + SnS 037 39 2CuS + ZnS + HES 173
B0 s Cu,SnS; + HgS 008 Cu,HfS; + Zn$ 004
= C. Wang et al., Chem. Mater. 26 3411 (2014)

RZF1: #E T 980MMUE AT St SRR EM

Chemical Trends in the Thermodynamic Stability and Band Gaps of
980 Halide Double Perovskites: A High-Throughput First-Principles
Study @ o

Tao Zhang, Zenghua Cai, and Shiyou Chen*

i ECM This: ACS Appl. Mater. Interfaces 2020, 12, 2068020690 I: IRead Online
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AH¢(a, q) = E(a, q) — E(host) + Zni(#i + E;) +q(Ep + Ey + AV)
® @ ® @ 66 @® ©

& AL
EZEAFNEFNE
& B)f5H: FEHKELEM

FIGRIE [BIBRERPE

fit E-Z EHHEAMEEREERR

1. HERANSRMEIFREE, X457 HiEEMZEHRE
2. BREERSHNREMZEMREEAS, BRESRER

CuZn + SnZn CuZnJrann
acceptor donor cluster
~, ”
~, Cd \\ I’
CBM “oe-" .-
electrons

hole

Chen et al. Appl. Phys. Lett. 101, 223901 (2012)
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npj |":urru)'m:i\=,n:1‘ Materials s mature comiopicampumats
npj Computational Materials 3, 12 (2017)
REVIEW ARTICLE OPEN
Computationally predicted energies and properties of defects in
Ga-rich GaN
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(b) w V)2 |

(c) —VuJ -3 [ [
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(e)

V)5

Defect-pair configurations

Initial distance (A)

Formation energy (eV) PBE-relaxed

Formation energy (eV) HSE-relaxed

(Vn-Vn)-1
(Vn-Vn)-2
(Vn-Vn-3
(Vn-Vy)-4
(VN-Vn)-5
(\-Vn)-6

3.18
3.19
451
5.18
5.52
5.53

4.67
4.90
6.83
6.72
6.85
6.85

4.58
4.81
6.39
6.57
6.42
6.41

GaNZSiE = SR BE XS BYTZ BY RE

(a)

(b)
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Conduction band
(0/+1) m (=1/0) (-1/0)
{(-1/0)
3 b 0] o) =
(0/+1)
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Journal of Semiconductors 41, 032104 (2020)
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Gallium nitride (GaN) is the world's second-

favourite semiconductor, present In devices
ranging from Hght-emitting diodes and
photo to high ure electron

mobility transistors. When these devices are

p toirradiation from high Ey particies -
as they often are in fields such as satellite

communications, asrospace, defence and the

nuclear Industry - they are prone to developing
—eee

13



Mg. HZRBRS ARAEGRBEAR, BRI ER PR

Mag, MgV, Mgg,-Mge.V,
(a) (b) acceptor ik dasr:arN £ c%mplg 5

= not studied
o studied

B - i

electrons T

A, A

AEHENEL

Formation Energy (¢V)

z :
‘g-:; 6 Mg 4 | MIaaMaeaHy 41 4
E p
s 4 L Mag-Mg, | |
g /
E 2 L ME._‘-I_-.ﬁ.
He F _— Mg, H1 f_
Ga rich | — Ga rich ;
¢ I 2 & 0 t 2. & 0 | 2 3 unpublished
Fermi Level {eV) Fermi Level {eV) Fermi Level (eV)

2020/11/11

14



eV)

Formation Energy (

—
w
S
-

2t a
(0/+1) (-1/0)
Mgc.-Mag, Vi

Fermi Level (eV)

unpublished

(6)4
3 3}
&
2
m 2 d
g :::::::::::::c::.;:
I h_C_]
E 1 a
2 Mge,-Mge.-Hy

0 ! ' ;
_— 3‘ b
Bal——— |
o

2020/11/11

15
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(El) (b ) 4 (Mg,-Mgg, V) +e

(Mgi,-Mgig, Vi) »

Generalized coordinate

(MgGa'MgGa'VN)- (MgGa'MgGa'VN)O

GaNZR L FNLL SE U SR TR PRV FN AR A

Yellow luminescence: 2.2 eV
Ultra-violet luminescence: 3.25 eV

Blue luminescence: 2.7-2.9 eV (low temperature)

PL Intensity (a.u.)

Red luminescence: 1.8 eV (extremely Ga-rich)

Green luminescence: 2.5 eV (extremely Ga-rich)

Photon Energy (eV)

M. A. Reshchikov and H. Morkog, J. Appl. Phys. 97, 061301 (2005)
FIG. 13. PL spectra from undoped GaN at 15 K. The spectra are ploted in
logarithmic scale and displaced vertically for better viewing.

Blue Luminescence: Mge, 2.7-29ev Cy: (0/+) Cy+H;: (0/+)
Ultraviolet Luminescence: | Mgg,-H; |3.3 eV

Green Luminescence: Vy 2.5eV CNHN 5 (+/2+)

Red Luminescence: Mgg,-Vy | 1.8 eV CyVn: (0/4)  2(Mgg.)+Vy
Yellow Luminescence: Gy 22-23evV Cy: (-/0)

2020/11/11
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Solar Cell Device Architecture Ideal light absorber

Ta LS SRl (D Band gap: direct, 1.1-1.5 eV
A\

e (_’ _ @ Suitable band edge
Light Absorber |

High carrier mobilit
Layer | ©Hig Y
@ Environment friendly
® Earth abundant, cheap

1@ ...

FYa¥.

More and more elements

1950 1960 1970 1980 1990 2000
Si  GaAs CulnSe, GalnP/GaAs/Ge Cu,ZnSn(S, Se), CH;NH;PbI;
CdTe CuGaSe, Sb,Se,
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Crystal Structure Mutation

zincblende-derived wurtzite-derived
(a) zincblende ZnS ( )GaN ®sme)
a2 9 2 3 8

(c)ZnGeN, (Purc2,)

W

()LIAIGe N (Pmn2))

s
(b) chalcopyrite (c) CuAu
CuGaS, CuGas,

(d) kesterite (e) stannite () PMCA
Cu,ZnSnS, Cu,ZnSnS, Cu,ZnSnS,

W Qﬁﬂ eee
poree m o
SIS SE8 SRS "

] o Ch t al, Phys. Rev. B 79, 165211 (2009)
@% Wﬁ m Caie zteal?Cher}r,: M:t\;,r. 22,7757 (2015)

Beyond Tetrahedral Coordination
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Outline

€ Cu,ZnSn(S,Se),
ZLFFF
€ Cu(In,Ga)Se,

® Sb.Se,, Sb,Ss, Bi,S; (EXIERM % Sk
BEHIE T

Easy formation of Intrinsic Defects

Cu,ZnSnSe,

—a Cu

— Zn'

o—z VSJSe
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Ionization Levels of Various Defects
3 2 Conduction Band
= [ Veu| Vza| Ven|Cze Cusq Zng,
T 10k e
Cu,ZnSnS, S —
= —
N e 0 ot 6 s s R B
0 170y (-0
00 Valence Band
o Conduction Band
; 0.8 Nc“ Vz“ Vs“ C“z.- Cusn ZnSn . —
o (+2+4
Cu,ZnSnSe, Al o — ]
(+3+)
02? ':j:‘ ™| |7 | T M Snc,[Sn,, | Cu; | Zn; | VT
002 o i
' Valence Band

Defect Formation Energies

3.0

E 23 @ Accepters have lower energy
Z20f than donors, explaining the p-
2 type conductivity

§ € Cuy,, antisite has the lowest
E formation energy, even lower
£ than V¢,

0 I 0.5 I 1 1.5
Fermi Energy (eV)

Chen et al., Adv. Mater. 25, 1522 (2013)
Phys. Rev. B 81, 245204 (2010)
Appl. Phys. Lett. 96, 021902 (2010)
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Defect clusters Cu,,+Sn,, , 2Cu,,+Sn,,

Cuy, Sny, . CugztSnz, 2Cuy*Sny,
acceptor donor cluster cluster
Donor-acceptor \/ \/ \/ \/
passivation oo’
hole electrons

%M/\/\/\

Three factors lower the formation energy:

@ donor-acceptor passivation: donor electron goes to acceptor level
@ Coulomb attraction between charged donor and acceptor

@ strain relief

Chen et al., Appl. Phys. Lett. 101, 223901 (2012)

Band edge shift induced by defect complexes

—
o

S
.

_ZnC“ ZnCu ZZDCU

2Cu, |Cu, | Zn

=
n
<

Cu CuZl'l ZnSn CuSn 2Vvl:u VZn Zn

Sn

Band Edge Energy (eV)

CuQZnSnS

=
=

® Vo, +Zne,, Zng,+2Zn¢, do not cause obvious CBM downshift or
VBM upshift, and thus do not trap electrons or holes.

@ 2Cu,,+Sny, causes large CBM downshift, and thus can trap
electrons.

2020/11/11
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Defect and Carrier Concentration

AH(ug,,uy,,, ug,,E,) ) c! ) E,_

Defisct Density

Haole Dt

Element Ratio

D fiect Densiny

= ]
ST T T

n 1 n
4 03 0.2 -1 [}

By 16V

=12
wy, (2V)

stoichiometric, Cu/(Zn+Sn)=1, Zn/Sn=1: Cuy,, 2Cu,,+Sn,,
Cu poor and Zn rich, Cu/(Zn+Sn)=0.8, Zn/Sn=1.2: V¢, Vcu+ZN¢y, Zng,+2Zn¢,

Non-stoichiometry leads to high efficiency!

- —T
o CZTS.n: 0-1%
Lef~ * CZTS, 1: 1%-3% ||
Stoichiometric Cu,ZnSnS,: i O CZTS.1: 3%-5% |]
Cu/(zn+Sn)=1 L3 O e ]
Zn/Sn=1 - (o] »  CZTSe.m: 1%-3% |1
n - 1.4F & CZTSe m:3%-5%H
| @ CZTSe 5%
13- B CzTsse.n>5% |
51| ®°
High-effici lar cells: gmr ]
igh-efficiency solar cells: S| e
Cu/(Zn+Sn)=0.8 L1 [+ | 4 g &
Zn/Sn=1.2 i o°
1 e A i
Empirical rule: i
- . 091 n
Cu poor, Zn rich condition is s "
required for high efficiency. 0zl oo
o
Y - P s N
05 06 07 08 09 1 11 12 13

Chen et al., Adv. Mater. 25, 1522 (2013)

Cu/(Zn+Sn)
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Carrier Transition Rate to Defect State

nonradiative decay probability

Wi =

probability that the system is

in the m?
Z Z pi,m)

x 8(AE + E,,

L. Shi, K. Xu, L.-W. Wang, Phys. Rev. B 91, 205315 (2015)
L. Shi and L.-W. Wang, Phys. Rev. Lett. 109, 245501 (2012)

4 ) 14
c
() @ Conduction
=2 . + Band
% 3l i 3_———|Cu_,_n-5n_,_"1
— - 0
. —[Cu, -Sn, ] o
= 2 A transition rate  ,
2af.7- 2} 7 Be=WyV Vo
= 7 defict level l
S ---sn,’ - B
k= £ 5 : = 1@ eEsEEsoas Fermi level
W 1F - sn,’ 1+ 5
E soe| b
uC_) Nzn Valence
0 " s 0 " L Band
00 05 1.0 00 05 10
E. (V) E.(eV)

electron-phonon coupling

matrix elements

l

Z vmaQ 1) (| @il Xon)

lattice transition matrix

()]

elements between the initial

and final phonon states

Calculated Carrier Capture Cross Sections

\/

Nom=—"

2_
Sny,

B, = 2.4 X 107% cm?/s

N

/\ . =88x%x10"M¢ /\ =47x10718¢ /\

1+
Sny,

Large Cross Section

[CuénJr SnLn

B, = 1.2 X 107% cm?/s

S ‘

/\ L, =45x10"1¢ /\

Large Cross Section

Seg-—"

0
Sny,

\/ B, = 1.3 x 10710 cm3/s\/

~~e-0--"

Smaller Cross Section

[Cu,,+Sn,1°

\/

S=———"

@ Large cross section when Sn
is in +4 charge state,
@ Small cross section when Sn
is in +3 charge state
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Phonons that induce Non-radiate Recombination

20

15
10
5
0

10

Phonon DOS (a.u.)

5

0
0

Huang-Rhys factors - s
electron-phonon
coupling matrix

elements

transition rates

Phonon energy (meV)

10

(a)

N o

12 (10%a.u.)

k
fi

(b)

S o

o

k -8, 3
. (107cm™/s) [ C

B
5

(©)

"
0 10 20 30 40

50

€ 41 meV phonon mode is localized
around the defect and is the
stretching mode of Sn-S bonds

@ Overlapping of the defect electronic
state and phonon mode, thus strong
electron-phonon coupling

Phonon Mode Softening

zv
Sny,

[Cuy,+Sny,]*

243 A

41 meV
phonon mode

Sn 5s state unoccupied

I+
Sny,

2.57A

26 meV
phonon mode

Sn 5s state half-occupied
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Limit to the Lifetime of Minority Carriers

10°
10™
107

——IC UZn_Snan

10" el
-14 Pa— | AI AI. P | Pa— | P | Pa— i
1013 1014 1015 1016 1017 1018 1019 1020
. -3
Cu poor and Zn rich N, (cm™) Stoichiometric or
Cu rich

L XARE &L RFEREST 10 om 3BT,
LFHFWHRET Ins

Li, et al. Phys. Rev. B 96, 104103 (2017); Chem. Mater. 31, 826 (2019)

T RS AR AERE & 0B HRIRER B

J. Phys. Chem. Lett. 2019, 10, 7929-7936

Origin of Band-Tail and Deep-Donor States in Cu,ZnSnS, Solar Cells
and Their Suppression through Sn-Poor Composition

Suyu Ma,”" Hongkai Li,"" Jin Hrmg,-:'ﬂ Han W\_ang,-" Xiaoshuang Lu,” Ye Chen,” Lin Sun,*"
Fangyu Yue,®' Jens W. Tomm," Junhao Chu, ™ and Shiyou Chen* !

(a) Sn-rich, Zn/Sn=1.0 (b) Sn-poor, Zn/Sn=1.25

10' E Sn-rich - " a3
conduction B (a)3
band -~ LN 5
Eionfpfo® 2 4
- A g E [ defect =
_— (e P o 102 [ related
Sny, deep === ) E. (1.48 eV) =y
donorstates | ———— E; (1.34 &V) .
deep-donor-valence donor-to-valence donor-to-valence 10" E
transition (0.85eV)  transition (1.17 eV) transition (1.25 eV) Defoct-related 14
s ¥l "
v =——=Clny ¥ Cug, Sy g 10k it E
valence band valence band : 10~ -;'
T=300 K (b)]
. = ic of detai d ind . 107 [ R |
Figure 4. Schematic of the band-tail and donor states induced by Sny, 0.8 1.0 {a 1.4

and the related defect clusters 2Cug, + Sny, and Cuy, + Sny, in the
bandgaps of (a) Sn-rich CZTS with Zn/Sn = 1.0 and (b} Sn-poor
CZTS with Zn/5n = 1.25.

Energy (eV)
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Defect control for 12.5% efficiency CuzZnSnSe, kesterite thin-film solar cells by
engineering of local chemical environment <

a Half-selenized S-Ref b Fully-selenized S-Ref
can::l:: as:dz‘zar:l(;(%:zl;glenu?rerlﬁfmon With S, $200, defect clusters .gm [Allcrying umcesau Sulcnlzai'?" Dm:ﬁs
o0 | | | s50
@@@@@@@ _@e@e@e@ N /
20%085° W) %0%0%02 - i
fuli ! 5-Mod
@ @ @ @ @ @ @ @ 2 | ——S-Ref
9 @ e ° Cu site e @ @ tg s :
e e © o0 O @ _0O0_0 :

9 e e 9 ¢ 20 30 40 S50 B0 70
@ e @ @ snsite Time {min)
@ sesite

C Half-selenized S-Mod d Fully-selenized S-Mod b

with Sn#*, Cu?*, Cu vacancies
and unlform Iocal ccmpcsmon

with ionized Cu vacancies
and hole carriers

Current dansity (madem?)

= n=12.50%
Vo = 4908 mV
“ Jse = 3757 mAvem?
s Fr=eaies
Total area = 0.2397 cm?
10
s
ol i

\«mgem

by

b (s,5¢), | OD25€3 1.2 eV
alloys 1Gb,S;  1.6-1.7 eV
Bi,S; 1.3-145¢V

M. Huang, et al. ACS Appl. Mater. Interfaces 11, 15564 (2019)
Z. Cai, et al. Solar RRL 4, 1900503 (2020).
D. Han, et al. Journal of Materials Chemistry A 5, 6200 (2017)
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quasi-1D Semiconductors Sb,Se; Sb,S; Bi,S;

Sb,Se; Sb,S; Bi,S;

@ TN

quasi-1D structure

-

Zhou et al. Nature Photonics 9, 409 (2015)

Highly miscible Sb,(S,Se) alloys

AH (meV/atom)

'(a)

Q=27

(=

Sby(S,_Se,)3

Temperature (K)

350

300 -

150

100

L L I I
0.00 0.25 0.50 0.75
X

B The Sb,(S,Se); alloy is highly miscible under room temperature.
B The mixing enthalpy is 27 meV/atom (or 45 meV/mixed-atom), lower than that of
Cu,ZnSn(S,Se), (52 meV/mixed-atom) and Cu(In,Ga)Se, (176 meV/mixed-atom).

M. Huang et al., J. Chem. Phys. 153, 014703 (2020)

L
1.00

X
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Linear dependence of bandgaps on composition

13

(a)

n

b=0.266 eV

Band gap (eV)
Band gap (eV)

09

h S'32{81'4(8'3)(}3

gL . : - ]
0,00 0.25 050 0.75 1.00 0.0
X

B0 : T = 120

s e— S—5—19 @

il il ; = [ £y Lattice parameter along [100] _#]
—T0 ‘_. sbispi| | = sk ;
e | o sb2sp2l | B D
= o Tk
= a0f £
& & 16k &

o 3 ] -

o 13 PRF 4
= 50t Sb2(81-xsex)3 N L e
=] 2 onar 1
B s = 5 sz(ST_xsex)a

wp—= & = —&  F uaf 1

e . N . s 2l A .

“oon 0.25 0.50 n7s 1.0 o 0.25 0.50 0.75 100

X X

Sb,Se; X THlF S

SbZ(Slse)3 alloys { Sb,Se;  12ev

Sb,S;  1.6-1.7¢eV
Bi,S; 1.3-1.45 eV

Very flexible properties,
but many defects!

M. Huang, et al. ACS Appl. Mater. Interfaces 11, 15564 (2019)
Z. Cai, et al. Solar RRL 4, 1900503 (2020); J. Appl. Phys. 127, 183101 (2020)
D. Han, et al. Journal of Materials Chemistry A 5, 6200 (2017)
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How many point defects in Sb,Se;
Sb,Se, Cu,ZnSnS,
VSb
l "/\/g_ sl
g
SbSe 5
Ph g
onon SeSb E
Sh, | &
Se;
0 02 04 06 08 1
Fermi knergy (eV)
Deep defect levels acting as
non-radiative recombination Only 6 defects Dozens of defects
center limit the photovoltaic
performance. X. Liu, et al. Prog. Photovolt. 25, 861 (2017)

Defects at non-equivalent Atomic Sites

3 Se sites and 2 Sb sites!

Se sites: Vsela Vseza Vse3a SbSela SbSeza SbSe3
Sb sites: Vg, Vg, Segp1s Segpy

Huang et al. ACS Appl. Mater. Interfaces 11, 15564 (2019)
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Three different Se vacancies in Sb,Se;

Vb Vse
Sb, Se,

25 T T T
20 | -
&
2, (0/2+) Vses]
>\1.5 - -
o0
5 / P
5 1.0 V g
o Se1
.
=05 -
&
—
Q
0.0
05 | ! '
0.0 04 0.8 1.2

Vs, and Sbg,

25 — 11—

20} v 1 2°F 014 Setl
% 15 | (012+) Se3 4 15 —/(%/1+ (0/1+) B
= | (024) sl Sb ]
g 1.0 [ //?zw)_ 1.0 : Se?

w

eaau sy
®

£

5 0.0 | 4 00} .
= VSe2

-0.5 4 -05F -

10 L, g 1.0 Loy 1

0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2

Fermi Level (eV)

Fermi Level (eV)

@V, is a deep donor
for all Se sites: Vg,
is much deeper
than Vg, and V.

1 ®Sbg, has almost the

same formation
energy for all Se sites
at neutral states,
however, their

transition levels (0/1+)

are different.

Huang et al. ACS Appl. Mater. Interfaces 11, 15564 (2019)
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Defects on Different Atomic Sites

(a)

25

|-
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{Q2+)
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oo o4 o8 1z
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(©)
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.
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“no B4 0B 1.2
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@ Defects at non-equivalent sites
have quite different properties

@ Seg, and Sbyg, antisites can
have high concentration
@S¢, is an acceptor

1.2
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—~
0/2+)|(072+))
> (
> 0.8
N—
>
on
=
2 o4t
23] (012+)
0.0

Sb,

Set|
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(0/1+)

(01

@1 | (219

Se,,[Seg,,| Vs, | V.
+)

10) (3-/2-)

(-10)

More abnormal defects with high concentration

(a) Se rich (b) Sb rich
T T T 25 TV T T
5 b Vsbi = h gSeSb,
ubstitute N - 2 ! ~
SeSel| =7 . A LR Sbser___ | ,,[2S8sedy \.
Sesp
R 1107
v N N
- S - -3
gts _______ 151 Semd N 10
o I * Vspi Y 10°
[f] SN || o Sy 1.0 -Sbit_f ?E’S_ﬁ_ -\T‘:::; 10°
g : S 110°
2Se ZSe S A NGseg N sed |- A G
Shi Sh2 g, ® o5 R0/ Ve Y g
g VSels;' Vapo\ 110"
2 00 ol Ay
’ Se2
® 2Seg,, can have high : . n-type
concentration under e 0.4 08 2 oo 0.4 08 12

Se-rich condition. Fermi Level (eV) Fermi Level (eV)

@ There are high concentration of recombination center defects under both the
Se-rich and Sb-rich condition, so the passivation of these unavoidable defects
may be critical to the further optimization of Sb,Se; solar cells.

@ Defects are as complicated as those in multinary compounds.

Defect Concentration (cm)
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3 3 3
e [0/1-]
e (@) Sbe, (b)
- (1-f2-) (1+/0) (0f1-) (1+/0)  (0/1-)
. @13 2439 2 Sb, ;
i (2+/0) Vg;]
= by
= .
g o
w g 1 .
=
= (1+/0) Spp
o °
E (1+/0) S
i ok |

o

i1 L L 1 ] 1 1 -1 'S L L
0.0 0.4 0.8 12 16 0.0 0.4 0.8 1.2 1.6 00 0.4 0.8 1.2 1.6

Fermi Level (eV) Fermi Level (eV) Fermi Level (eV)

& Cation-replace-anion antisite defects can act as acceptor (Sbg;,
Sbe,, and Sbgs).

€ Formation energies of antisite defects and S; can be quite low.

& Defect complexes are easy to form in Sb,S; (2Sg,;, 2Sgp,)-

Origins of High Resistivity of Intrinsic Sb,S;

(b) S-rich 25 (a) Sb-rich
X ~20 \ ~25552
i . ~a g
18 z “\ §
o & Sby YA\
2 & A
=e D1 N Y
8 2 |
. w08 £ i :
W™ E ' &, D Ve
:um .\.\ Loo i Eu a3
Vs ' ' Vaua, ez | "
T i L A 05 Y -1 . Pl do
11} 04 [R:} 1.2 16 00 04 08 1.2 00 0.4 0.8 1.2 1.4
Fermi level (V) Fermi Level (e¥) Fermi level {eV) Fermi Level (eV)
S-rich Sb,S; Se-rich Sb,Se; Sb-rich Sb,S; Sb-rich Sb,Se;
poor p-type p-type poor n-type n-type

€ High concentration (low formation energy) of deep-level defects.
€ The electrical conductivity of Sb,S; is limited by intrinsic point defects.

Z. Cai, et al. Solar RRL 4, 1900503 (2020); J. Appl. Phys. 127, 183101 (2020)
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Defects in the Sb,(S,Se); alloys

L] 0s

(a) Vs Vs3 Vs2 (b) Vser Vse3 Vse2

04

03

02

01 (3]

0o 0o

Relative formation energy (eV)

01 Q1

Configuration Configuration
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Defect formation energies
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M. Huang et al., J. Chem. Phys. 153, 014703 (2020)
R. Tang et al., Nature Energy 5 (8) , 587-595 (2020)
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Strategies for increasing carrier concentration

Unintentional dopants: O impurity
(a) Sb-rich (b) S-rich

r

Formation Energy (eV)

(=3

.1 1 1 1
00 04 08 12 16 00 04 08 12 16
Fermi Level (eV) Fermi Level (eV)

@ Low formation energy of Og,.

4 The dominant donor Vg, is filled, making the p-type doping easy to be realized.

Strategies for achieving high hole concentration

Method II: Using the unexpected effect of O doping

Ee Acceptor Donor  Eg Accnpto

Direct p-type doping
(suppressed by V.,)

Y S

Intrinsic Sb,5; p-type doped Sb,S;
(weak conductivity) .. . (strong p-type conductivity)

Acceptor
Step 1: O doping E (& IJZ p-type doping
CBM
b

b,
(filling the V) ’ "’ ; (using Pb)
1S @ .

ped 5b,S;
(slightly Impmwad p-type conductivity)

Z. Cai et al., Solar RRL 4, 1900503 (2020).
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Intrinsic Defects in Bi,S;

Bi-rich S-rich
af @ Biich - H‘\M 3| ) Serich Conduction Band
-~
- -~
VB, < N 07
3-/+ 0/+
PR L ) ol
s b-7 - 1of o+ -
o2 < ¢ 2 (+/2+)
> Q
E’l ~—
g & (2+/3+
£ 1 o 05} e 02+
pr=} L
[1:]
E
£ 00 Vgi | Vs | Bis | Sgi | Bi S
p ’ Valence Band
00 04 08 12 00 04 0B 12
Er (eV) EF (eV)

Abnormal characters:

@ S, is a donor, and Sbg and Sy, have low formation energies, similar to those in Sb,S,
@ Almost all defects are donors, so Bi,S; is always n-type intrinsically.

@ High concentration of deep-level defects, so the minority carrier lifetime is limited
and thus Bi,S; is not a good light-absorber semiconductor

Cu, Ag, F, Cl, Br and I doping in Bi,S;

() Bi-rich 2o (b) S-rich

Adgi \‘,/1 3 . _

3

2 -

Formation Energy (eV)

2 F, Cl, Br and I interstitials between
atomic ribbons can also act as donors

@ All these dopants prefer acting as donors
@ Cu and Ag prefer interstitial sites
® F, Cl, Br and I prefer the anion sites, replacing S

@ Very good n-type conductivity can be achieved by doping with Cu, Cl and Br
@ Bi,S; may be an ideal n-type electron acceptor or counter electrode material
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Band Edge Position and Doping Limit

-4

5.4

-3
I411I E IH

_ ‘ szse3 » szS3 » BizS3

p-type n-type

Energy relative to vacuum (eV)
&

Conclusions

€ Cu,ZnSn(S,Se), Multinary
Complicated Defects

€ Sb,Se;, Sb.,S;, Bi,S; Low-Symmetry

Chemically Binary, Structurally Multinary
Complicated Defects
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P-Type Conduction in Mg-Doped GaN Treated
with Low-Energy Electron Beam Irradiation (LEEBI)

Hiroshi AmMano, Masahiro Kito, Kazumasa HIRAMATSU
and Isamu AKASAKI T —

PRz
Department of Electronics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-01

JAPANESE JOURNAL OF APPLIED PHYSICS
(Received October 6, 1989; accepted for publication November 8, 1989) VoL. 28, No. 12, DECEMBER, 1989, pp. L 2112-L 2114

LEEB| treated p—GaN

AR-electrode:500 um¢
/ Af-electrode
o 'l‘
=

GaN:Mg :~500 nm

‘ KA ToRIBRSH LS
i o T RERIGH = FIRIL, T
eraiom BIiR R GaNAp R S e 1

The Hall effect measurement of this Mg-doped GaN treated with LEEBI at room temperature showed that the hole con-
centration is ~2-10'® cm ™3, the hole mobility is ~8 cm?/V-s and the resistivity is ~35 Q-cm. The p-n junction LED
using Mg-doped GaN treated with LEEBI as the p-type material showed strong near-band-edge emission due to the hole
injection from the p-layer to the n-layer at room temperature.

S. Nakamura, N. Iwasa, M. Senoh, and T. Mukai, Jpn. J. Appl. Phys., Part 1 31, 1258 (1992).
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Radlatlon Damage R. F. Egerton et al., Micron 35, 399 (2004).

(Electron Beam Induced)

-
Knock-On Electrostatic X Radiolysis- . Hydrocarbon
. X Sputtering A Heating o
displacement charging lonization contamination
0. Ugurlu et al,, D. Radostin et al., L. E. Thomas, R. Henderson et al., M. Liu et al., S. Charles et al.,
Phys. Rev. B Ultramicroscopy Ultramicroscopy Ultramicroscopy Scanning Microscopy Today
83, 113408 (2013). 88, 243 (2001). 18, 173 (1985). 16, 139 (1985). 16, 1 (1994). 20, 44 (2012).

HILTENE AR ZEBH - TMANLSHE (CHNH,PbL,) AR

B FSRARER S AU M A A LR AR L

Knock-On DISp|acement @ |n0rganic Conducting
*Electron-nuclei driven process Materials
*Elastic

@ Inorganic Materials
Radiolysis-lonization X Organic Materials
*Electron-electron driven process @O
*Inelastic

Q @,
Molecules
o

R. F. Egerton, Microsc. Res. Tech. 75, 1550 (2012).
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Knock-On Displacement

*Electron-nuclei driven process

*Elastic
Finding the efficient ways to
overcome these two main
radiation damages is vital to
the application of TEM.
Radiolysis-lonization I

*Electron-electron driven process . . .
Exploring the mechanism behind

* H . . .
Inelastic these two main radiation damages
is urgent !!!

R. F. Egerton, Microsc. Res. Tech. 75, 1550 (2012).

Knock-On Displacement

(Molecular Dynamics, MD)

[ f i F

J. Kotakoski et al., Phys. Rev. B 82, 113404 (2010). 2

S. T. Skowron et al., Nanoscale 5, 6677 (2013). T. Susi et al., ACS Nano 6, 8837 (2012).
TEM Images MD Simulations
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Radiolysis-Ionization Induced Molecule Dissociation
Radiolysis lonization prc] Disspciabion Peths
y Fragments
Hot Carrier
Cooling SIDW Dissociation
) M Electron Beam CHeO, driven bv
10 eV Ion Kinetic Energy
10 keV Radiolysis 3
Ionization CHsO* E> CH
Shallower
C,Hg0,* Ejected Levels Fast Dissociation
62
Electron
¢ GHg0,
Dlssoclatlon _.
/ Auger
o—“ - Cooling
+ Levels _
GO Fast Dissociation
driven b
M.Y. Myll(yla et al., Ukr. J. Phys. 56, 116 (2011). Cuulcr;lb g}:p\'lfosion
D. Bouchiha et al., J. Phys. B 40, 1259 (2007).
R. Vélpel et al., Phys. Rev. Lett. 71, 3439 (1993). CHsO* + CHO*
F. L. Arnot, Nature 129, 617 (1932).
L. Sanche, Mass Spectrom. Rev. 21, 349 (2002). ——
lonization Cross-Section
[ ]
Binary encounter-dipole (BED) model ®) .Jm -
e Lovel 14
TEM Electron Beam 0.90 v
10 eV- Kinetic Energy T N — o 1
10 keV % 51 T S
%“ E 6.7 eV
g 12 - - _:-?19;‘5# Electron Energy E
C,H:0,* Ejected R
Electron P
Ejected Electron: W € 4]
=,
(t-1)/2
Total Cross Section o S =4naiN(R/E)*  p(p) = N-lf 1 AW,
w+1l dw
s N, t—1 Int _ odfw) o df(W)
— N N; = [ ——dw; pacSids 2
o) = g [P@Imt + 2 - -y 1=l “aw =N/(w+1)

t=T/E w=W/E u=UJE

d _
L) — (Ew + 1)/R) (qa0) 2L le(@)?
Y.-K. Kim et al,. Phys. Rev. A 50, 3954 (1994).
M. Inokuti, Rev. Mod. Phys. 43, 297 (1971). e(q) =< ¢1| X5, exp(iq - 17) [0 >
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Calculated Ionization Cross-Section

Cross section (x107 m?)
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|
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Index of energy level

o
—

=
I E
3
i

LUMO
-------- Level 14
-0.90 eV

HOMO
asmspmne Lovel 13
-6.20 &V

@
P —

6.97 eV

_ Level 5
13.17eV

Energy (eV)

Level 1
-25.97 eV

Decreasing monotonously from Level 13 to Level 1.
Decreasing as the energy of the incident electron beam increases, except for the

very deep levels (Level 1-4).

Quite small for the high energy electron beam due to the short passing time.

Simulating Radiolysis-Ionization Induced Molecule Dissociation

Radiolysis lonization

TEM Electron Beam
10 eV- l
10 keV
CHg0;* Ejected
Electron

&

/Disscnciation

}-# s 09
CHO

CH.0*

Hot carrier cooling

Vacuum

Mo
HOMO

PWAT

rt-TDDFT

(Ehrenfest Dynamics)

Detailed Balance Restored
Decoherence Restored

J. Kang et al., Phys. Rev. B 99, 224303 (2019).
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Hot hole Cooling

Ehrenfest Dynamics Simulation
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Dissociation Fragments

Mass Spectra

. 70 eV

o . 100
el Dissociation to different fragments sol
Level ©
1 C,H¢0,* = C,H;0* (CH;CHOH*) + OH £ o

£
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@ Highest peak of CH;0": explained

€ C,H;O": strange, less at high energy

beam energy.
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al., Ukr. J. Phys.
(2011).

Auger Decay

CZHGOZ2+

Electron beam: T

/

[ ]
Ejected electron: W

Auger Decay Rate JU, k1, m)

LT lJG, k, 1, m)|? = j ¢; B0, ) —— 1, P (', )drdPr’

T  (AE)*+(I'/2)?

L.-W. Wang et al., Phys. Rev. Lett.
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91, 056404 (2003). phonon broadening factor I' = 30 meV
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Time for Auger Decay
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C,H;O*is not produced due to the Auger decay
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Slow Thermodynamic Dissociation
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The underlying mechanisms of the main peaks to different dissociation
channels under the illumination of electron beams with different incident

energies is assigned.

Cai et al. Chem. Sci. (2019) DOI: 10.1039/C9SC04100A
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