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#12.6% 4.

& 17X 2 i ZnSe, ZnS ALK £ o6 &
s, A —3K 2 oot TR 5 2012 4 DOk 5
& TR O, BV AR S AL - L E A
Sk CH3NH3Pblz M 5 2 [7 25 #) CHsNH3PbBry
A1 CH3NH;3Snls 5 =191 3% K FH B Bt 1) R &
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TR, PIANBREG Z [AAFAE—E fHEAE R, R, 75
B R B S, DA 40 A 4 AR B A ELAE
FHAT D2 (S0 22 e A 7 i R 2. SEbR
THECHR R T SR AT, AR AR SR A L
HEANET, Bk iRz, g s)

1 TH CuaZnSnSy B bé M5 fiir F ke JE B i Y ) 3
SN BN N EY R A

Fig. 1. Supercell used to calculate the defect proper-
ties of Cu2ZnSnSy, where the red circle denotes the

location of the defect.

TEMf E B R ML fS, P RATE M = AR kB, Dla
FEoRERE. lan, KR 1 L0 TR Cu R TR, Bt
TERLT Cu B ALk (Vew). Cu FALERFE AT A2 291k,
P AN I SR T, B Cu 23 AL AR R
Tt g = —1 . LA B B AL B, BT DL
SO i P P, IR R 2 B A T SR B AR
FPH el DR E. T ORI A i AR
AP, R B, 2 R EUE A R
(1) & H Coulomb AH HL/E F A, BRI, K2 50-F
T &R — R 2 a3n E— M50
T 5 FELAAT DA S P e v o O], R R
A DAL 5 68 5 R ) AR, O AR i B A R 1)
B, 2 5th ¥4 2 A 52 1 Hellman-Feynman /7 7] LA

T B T R e A 4 AL R SR A — M
U R bR R 45 A Rk BE AL (LDA) B4 gl

SUBEE AL (GGA) P e T B R, ik
RIS, 7 BN N2 ST R LA DAOR S T
R, (500,

N BB B o T HLOA g I B TE CRE AH (ov, q)
HERIT (B4L) B8 H ea(q/q), T ZETH A BB 5
HEIERE E(a, q), FITCHREE 1R R (host ) )2 AE
E(host). tEAb, &/ Z SRRk AN Tl ot R
(¥ AL R (B A1 A 0 T AH 0 g Bl T
PA_EBSE, AT BATH S SREE T B BE AH (o, q), B

AHf(Oé, q) = AE(O[7 q) + anuz + qEFv (1)

Heh, AE(o,q) = E(o,q) — E(host) + Y niE(i)+
gevpm(host). M (1) AT LLFE Y, BRFETE BRI
T TR I MO OKBE R Br. BOK
REZ Er L host BT (VBM) NS, X T-3EfH
I 3K, Er BA 2UE 7T AN VBM 22 4L 3 534 i
(CBM), RIA O BJHFBRAE; ps AETCER @ HIAL 3, A
TCE @ I BAR ([ AR SO BN R TS RE E(4)
N, ny a2 TV R B I 55 A0 5730 85558 8 1) iR 1
5, g R 5N RS H ETRL dn, X T
AN —1 )AL Ag (A B B), Mny = -1,
ng=1,¢=—1.

w B BR 1L BE i ea(q/q’) (transition energy
level, 4 FR #5426 9% 5525 1k BE %) 45 Bk Ff3 A 7
HI A g H) B A S B A8 s HiR o R B AL 3 IR ) 2
FR 2 K RE SR, LN 9 o 285 1) SR B 140 T2 R RE AH 55
Bl AH¢(cv, q) = AHe(ov, ¢') BT IR B Ep. NT7
FE (1), A3 IS T VBM [FERIE fE

q\ _ AE(a,q) — AE(a,q')
- <?> - (@ —q)
— Evpum(host). (2)

FAAT R R /N £ 7 TR L - B8 i A 25 2 RS BRI
N AT BN X ) b fUEAT ARy, AR AR —
RO ERTFR kA (W 1) FEE R RTRR ks X PR
A5 B H A7 %5 B ALS BEUS SR B . (HR, 24 i
RN, 2k T E S SRS RS PR H0N
BER, BN, BT SRR RN N0 B BRIEASBE
BN D9 0, TR o 4 AR R 2 B i e R
FRY o7 4 5 LS 2 o i, X T A R ORI Y
i 0 v ok B 2 TRDAH HLAE P S B S RE 2 e 9
B, SRR TS AT ks PR IR UK. D Tk
G XA A, T —AN ks (0 R SR RS AR AT
GRIERED. X, GREAASBESR I 54 80T LAAS 3 1E
WA, SR, AT /NEE R R, BT U7 W
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P RETTRENCSIANGT. N T IR k B T 2y
B Wei 28 )k R T 1 5k [ KT g R 11
Jefb 7V, A T REER kS EUCE TS S A B
WOLE T A (CBM A VBM FTfE ) &) T B A RE
S, T LU PR R B 7S B 4 5 U e 4k 2 [l (1) 22 1F
Bty 7R FAARE IR ks B BE, X R K AT
2 CBM 1 VBM, A1 B 5 35 50nT DA IR 1E 4.
X T 52 W, HERIT REZAR X T VBM ) 2 7] LA
i A
£a(0/9) = e, (0) — ey (host) + [E(a, q)
— (B(a,0) = ¢eB (0)]/(—9).  (3)
T it BRI, BRIT e Z0E AR T CBM, U E
XEN
ag(host)—sa(O/q)
= eCpwm (host) —e5,(0) +[E(a, g)
—(B(e,0)—¢e1(0))]/g, (4)
o, ek (0) frel(0) 4 Bl 2 75 45 R ks (3% AL
HOR AN AT A BB RE 2 el (host) AN
elpm (host) 7373072 host 7E I" £ VBM #1 CBM fig
. el (host) /AL I R B HRIBRITRESS, T
7 LN g IRIBRIE TR R T DA HR SR (1 1 A%
BE  BRIE e RN B K RE IV R 2L
AHi(a, q) = AHg(a,0) — gea(0/q) + qEF,  (5)

Hi AHp(r, 0) A2 A 1 6B T2 BCRE. B IX o
W T7 9 E D B 5 T 2% b 2 AR A 2R ) e
;DTE [37744].

SRS, £ Rk I T SRR
REZ R AN REBA A T S, 5 EIOAS ()R D i v B PR AR AE
EARERE L. EETRE (D)), WEAAF
B P AR E R E R e, X TR ERH AN
ZERPCRXTFFAREE m. 8 H I B SR 0B
JR 18 Re g B0 X IR )~ 2 i AR N 5%

EH TR 5 M g v R T R A 1 R A, A
[F) 8 5 R e F R o R T R e PR PR AR T TS
5% B fuf [B] 47 7 Coulomb AH HAEH, 7% Z i Makov-
Payne & IF 2], {H & B 4 8 F§ Makov-Payne & IF
AP EAERRE. — B, X TR
I LT A5 BB, Makov-Payne & 1E 1] DL P01 1
R BEGAR VR I X ME TR TG BOR DTk

1 5 T %5 B2 bR BROR A 2 — P B BT B T v
T BN AT e R B gk AT BN, F LB LDA Al

GGA fEAARAG TR 1 B, T 5 1 VBM g
P B LA R R, T CBM g 2047 B A IR, SR
I B — M 23 75 VBM 8¢ CBM Ptz 7= A2 SR B 25 g
g, IXSEEIE A RE St A1 VBM, CBM — ¢, A] B
21E LDA Fl GGA T3 A 8 i £l Bl AT 551
THE PR ETE RBE A B Ab Be g iR 2. H Al &
BRET — RIVTTIERAG E X LR 2 B4R H
LDAHU V61, 458 e S BE B4 Aol i 5 [27,28,47—50]
. H R A SCHRIA I AR) THR G 242 AR R R
TR M 53 iR T LDA BY GGA T 5 1 5 B A A 25 1)
R R A S AR SR A R T A TR TR BE R SRR RE N
TR L TI0 FL AL AR BB, (HE, WFVR RERLBLIE, 241k
AT e S IR TR T B AR KR 1 58 0 AH ELAE FH 3 3K
TR BB AR IR T B 0 B o A R i 5 ) i 01,

BT IR A B A RO/ Y HL B A
VER S SRR 2, A5 PRI DR DK /N R A8 4 5 Tk
BT IR T R H A AR 2 1R 2%, #T5 BEHEAT AH BT
BIE. 52 4075 W22 Sk [28—31).

3 CupZnSnS, 2k W 7T+ 7 K By &
s 1 St

CusZnSnS, R E 1.5 eVHIHEW . LB
SR S5 B 45y o6 BB B JC B AR A2 3
Jz oRvE P2l BT AR A N AT . B,
CupZnSnS, A PH ¢ H it ) 25 R 5A 238 51 8.5% 1.
B A A T — PR AL EE, BL CueZnSn(S, Se)s
SRR JE B FE I R R 3 12.6% 1. 4R
] @52, CueZnSnS, X BH BE HL it 28 26 M DL gk —
B4, o — A 3B JE IR X R A (Y
6 LR (Vo) 3 1% T 315 B AR 6254, AR 4 Shockley-
Queisser H i (091 5 25 I B 8 L vth (1 318 5 KT
B LR (Vooomax) 29 9M B A 7 BRIK 25 0.25 eV,
Voe/ Vocmax 18 7T LA J B IX il b4 R} Sy 2K BH g Ha
W E e, WRITUER, —xF
& CulnSey EHEE Voo /Voc-max; M CugZnSnSy
(1) Voo MIZAK T By — 0.25 eV, T3 H Voe/Voe max
Z HANF] 60%, KT CulnSey. A UL, FHX T H52L
H) CulnSey L, V. ™ B 457 2% 52 .5 CuaZnSnS,
FI ORI — AN SR R AR 1 s e LG
F], CugZnSnS, HMMPIE T K F7EFTHI1) 5 FhGAR
FL b H 2 B AR A
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#1 GaAs, CIGS, CdTe, CZTSS 1 CH3NH3PbIg % K FH B it i) F I A7 B (Eg), JFEEHUE (Voc), Fi 6 HLA
(Jso), AR T (FF) FEE (n). RPaazH 7 B w Bl fARYE Shockley-Queisser i #3 £1 1) 5 K1H,

DU FEEL (51 B 225 30k [66])

Table 1. The room temperature bandgaps (Eg), open-circuit voltage (Voc), short-circuit current (Jsc), fill
factor (F'F) and efficiency () of GaAs-, CIGS-, CdTe-, CZTSSe-, and CH3NH3Pbls-based solar cells. Both

the experimentally achieved and theoretical maximum values by the Shockley-Queisser limit are shown for

comparison. Reprinted with permission from Ref. [66].

Eg/eV Voc/V Voc/Vocomax  Jsc/mA-cm™2  Jse/Jsc-max FF/% FF/FFnax 1/%

GaAs 1.43 Exp 1.12 95.7% 29.68 94.0% 86.5 96.6% 28.8
SQ-limit  1.17 31.56 89.5 33.0

CIGS 1.14 Exp 0.752 83.9% 35.3 82.5% 77.2 88.5% 20.5
SQ-limit  0.896 42.81 87.2 33.5

CdTe 1.44 Exp 0.872 73.9% 29.47 94.6% 79.5 88.7% 20.4
SQ-limit  1.18 31.16 89.6 32.8

CZTSS 1.13 Exp 0.513 57.8% 35.2 81.3% 69.8 80.1% 12.6
SQ-limit  0.887 43.3 87.1 33.4

CH3NH3 1.55 Exp 1.13 88.3% 22.75 83.6% 75.0 83.2% 15.4
Pbls_,Cl; SQ-limit 1.28 27.20 90.2 31.4

wiRg A, BARZ o AR E N E,
HRHEARKG B EMANAE. A R E
(1) AAIE & b6 SR P A AR A 22, 3 A2 52 ) LA 9 8
FIE R ZR. X T CuaZnSnSy, 24 A1 AE B ¢ &
EHugz e 7 HOGARIERE, J2 R Vo $7 2% 1) 0B IR
DRl T 8 e 3 ek 5 — 1 Jil B O SRR Bt
FEAAE BRBEAPE 5T 0 B & b Sk B o T 06 AR 1 A 1

AU

3.1 MRH$FFMERFHETENFS
SEERYHAE

CuzZnSnS, W& 4FICER, f£5 K CuzZnSnS,
FE SIS B T 0T BB T BTG 2 I S5, 38 R R AR B A4
ICERIEIZ R — 6. =0 ARV IC A, B
CuS, CusS, ZnS, SnS Ml CusSnS3 5. NTHKH
FHI CuaZnSnSy FE i, 75 B0 AE K KA 4k 2
RGUHATFEH, ETHEAL A, X ] DU % P
Tt R AL 2 AR e m . FER TR A 2E 3
S, WZ oo 3R BIREE (BRI ) By ik
FE v 2] DU % To 2R ) 5N, 3RATTRE IS 1 7T
FWFEBE SN, Fk, mRAFEH KR
HUH.

E— BRI EA M T, CusZnSnS, AT LR E
1M & P 2 MHAS 2 TE 8, % 2644 8 B A CugZnSnS,

MAEKFSE E2hRBAXEREH T pcn =
—0.2 eV PN CusZnSnS, b ##Hfa e X. wl LA
FEH, HT MM TEE, A CuaZnSnS, ML 2EFH
FaE XAEH 2, XRERYES B CuaZnSnSy F i
HARZS Dy ik B A A0, U H R pgn B, Zn i)
1 A R HIAE — A S B JE A B — BAR T
—1.2 eV. XA KN Zn F1 S 1R 25 5 45 45 4 K ZnS. 1E
B In KA ZnSIRE 5 R, MTES Zn A K
WEEH, CupSnS; IRAE %K. X E W] CusZnSnS,
25 5y R A4 B AR B ZnS F CuaSnSs 671, 15
SEIGHERR B, KA CupZnSnS, —ZnS+CuySnSs iX
AR 2 55 BT 75 BE AR, 4 0.08 eV 1981 3 2 R il
W R AE KR G R R, — LA
1 CugSnSs Ml ZnS K FAK L5149 5 CuaZnSnS, K4,
FARARA, 5 AR XS 2 AT 56 e LR B A 2 5 A7
75 109701 FEHE— B S ie F BOR X 4, nh 8
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Fig. 2. The calculated stable chemical potential re-
gion (black area) of Cu2ZnSnS4 in (uzn, Hsn) planes
with pucy = —0.2 €V in the (o, #zn, Msn) chemi-
cal potential spaces. Reprinted with permission from
Ref. [18].
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Fig. 3. The change of the defect formation energy in
Cu2ZnSnS, as a function of the Fermi energy at the
chemical potential point P (from Figure 2). For the
same Fermi energy, only the most stable charge state
is plotted, and the charge state changes at the circles
(open for acceptors and filled for donors), which show
the transition energy levels. Reprinted with permis-
sion from Ref. [18].
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Fig. 4. The formation energy of low-energy defects in Cu2ZnSnSy as a function of the chemical potential

(growth conditions) along APQM N PG lines surrounding the stable region as partly shown in Figure 2. The

Fermi energy is assumed at the top of the valence band (p-type conditions), and thus the donor defects are

fully ionized. Reprinted with permission from Ref. [18].
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Fig. 5. The calculated ionization levels (relative to band edges) of intrinsic defects in the band gaps of

Cu2ZnSnSy. The red bars show the acceptor levels and the blue bars show the donor levels. Reprinted with

permission from Ref. [18].
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PR, BS A it 32 R B 0] BB 7E CuaZnSnSy iy
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2% it 3 BRI A FEL R I A I L, BT R ] T
O -2 7O B A L. N T X R RS
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6 IEH I ol MAPDI3 o & Rl a] BE AAE S BRIGE (2) BEIR P (upra = —2.87 €V, ppp, = —2.39 €V,
ur =0eV), (b) FE (upra = —2.41 eV, upp = —1.06 eV, pu; = —0.60 eV), (c) I & Pb (upa = —1.68 &V,
upp =0 eV, ug = —1.19 eV) ZFLEFAF T HBIETE BRI S PR RER (o8 R IE (5] B S35 STk [86))

Fig. 6. The calculated formation energies of various possible point defects in cubic a phase M APbl3 as a
function of Fermi energy in three different chemical potentials: (a) I rich and Pb poor (uapa = —2.87 €V,
upb = —2.39 eV, ur = 0 eV); (b) moderate (papra = —2.41 €V, ppp, = —1.06 eV, pug = —0.60 eV); (c) I poor
and Pb rich (uara = —1.68 eV, pupp, = 0 €V, up = —1.19 €V). Reprinted with permission from Ref. [86].
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Fig. 7. The calculated transition energy levels of various (a) acceptor and (b) donor defects. Reprinted with

permission from Ref. [86].
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Fig. 8. The calculated formation energies as function of Fermi energy levels under different chemical poten-
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defect levels exceeding 1018 cm ™3, and the green filling area denotes that with concentration of deep defect

levels below 10'® cm™3. Reprinted with permission from Ref. [93].
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Fig. 9. The €(0/—) and £(0/+) transition energy levels of 12 kinds of intrinsic defects in 8 phase M APbl3.
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Fig. 10. (a) The Pb-Pb dimer structure nearby Vi; (b)
the Pb-Pb dimer structure nearby Pb;; (¢) the I-I-I
trimer structure nearby Iy; 4. Reprinted with permis-
sion from Ref. [94].

0
Ina

without
I trimer

forming
I trimer

r A T A

11 (a) Vi~ M (b) 1S, 4 WIRETFEEH, DARARERIERES, MARTR SR B TRIREY, SELRMTP L IEHIREN.
HEVER], T VT, B Pb-Pb R Z AT, BT GHEE CBM E, BRI Z )5, BREGREHR M
CBM #HARE s B P BOIRBES, FFRPAS LT G T 19, 0, TR I Z RS 25, 25 SR IS AN

VBM IR B R TR RE S (3] B 5% S0k [94])

Fig. 11. The band structures of (a) V;~ and (b) 19, defect. Red lines denote defect levels. Dash and solid

lines denote unoccupied and occupied levels, respectively. For ;™ , before Pb-Pb dimer structure forms, two

electrons occupy CBM, while after the dimer structure forms, the defect level is pulled downward into the

band gap, forming deep defect level occupied by the two electrons. For I?\/I 4> after -I-I trimer structure

forms, the unoccupied defect level is pushed from VBM upward into the band gap, forming deep defect level.

Reprinted with permission from Ref. [94].
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Fig. 12. The calculated formation energies of Vi, Pb;, Pbjs 4 and Iy 4 defects. Red and green points denote

deep and shallow transition levels, respectively. The arrows point to the change trend of formation energies

before and after Pb-Pb dimer or I-I-I trimer structure forms. Reprinted with permission from Ref. [94].
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Abstract

In the past 60 years’ development of photovoltaic semiconductors, the number of component elements has increased
steadily, i.e., from silicon in the 1950s, to GaAs and CdTe in the 1960s, to CulnSes in the 1970s, to Cu(In, Ga) Sez in the
1980s, to Cuz2ZnSnS4 in the 1990s, and to recent CuzZnSn(S, Se)s and CHsNH3Pbls. Whereas the material properties
become more flexible as a result of the increased number of elements, and multinary compound semiconductors feature a
dramatic increase of possible point defects in the lattice, which can significantly influence the optical and electrical prop-
erties and ultimately the photovoltaic performance. It is challenging to characterize the various point defects and defect
pairs experimentally. During the last 20 years, first-principles calculations based on density functional theory (DFT)
have offered an alternative method of overcoming the difficulties in experimental study, and widely used in predicting
the defect properties of semiconductors. Compared with the available experimental methods, the first-principles calcu-
lations are fast, direct and exact since all possible defects can be investigated one by one. This advantage is especially
crucial in the study of multinary compound semiconductors which have a large number of possible defects. Through
calculating the formation energies, concentration and transition (ionization) energy levels of various possible defects, we
can study their influences on the device performance and then identify the dominant defects that are critical for the
further optimization of the performance. In this paper, we introduce the first-principles calculation model and procedure
for studying the point defects in materials. We focus on the hybrid scheme which combines the advantages of both
special k-points and I'-point-only approaches. The shortcomings of the presentcalculation model are discussed, with the
possible solutions proposed. And then, we review the recent progress in the study of the point defects in two types of
multinary photovoltaic semiconductors, CuzZnSn(S,Se)s and H3NH3Pbls.

The result of the increased number of component elements involves various competing secondary phases, limiting
the formation of single-phase multinary compound semiconductors. Unlike ternary CulnSes, the dominant defect that
determines the p-type conductivity in CuzZnSnSy is Cu-on-Zn antisite (CuZn) defect rather than the copper vacancy
(Vcu). However, the ionization level of CuZn is deeper than that of VCu. The self-compensated defect pairs such as
[2CuZn+SnZn] are easy to form in Cu2ZnSnS4, which causes band gap fluctuations and limits the Vo of CuzZnSnSy
cells. Additionally the formation energies of deep level defects, SnZn and Vg, are not sufficiently high in Cu2ZnSnSy,
leading to poor lifetime of minority carriers and hence low V,.. In order to enhance the formation of Vc, and suppress

the formation of CuZn as well as deep level defects, a Cu-poor/Zn-rich growth condition is required. Compared with
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Cuz2ZnSnSy, the concentration of deep level defects is predicted to be low in Cuz2ZnSnSey, therefore, the devices fabri-
cated based on the Se-rich Cu2ZnSn(S,Se)4 alloys exhibit better performances.

Unlike CuzZnSnSy cells, the CH3NH3Pbls cells exhibit rather high V. and long minority-carrier life time. The un-
usually benign defect physics of CH3NH3Pbls is responsible for the remarkable performance of CHsNH3Pbl; cells. First,
CH3NH3Pbls shows that flexible conductivity is dependent on growth condition. This behavior is distinguished from
common p-type photovoltaic semiconductor, in which the n-type doping is generally difficult. Second, in CHsNH3Pbls,
defects with low formation energies create only shallow levels. Through controlling the carrier concentration (Fermi
level) and growth condition, the formation of deep-level defect can be suppressed in CHsNH3Pbls. We conclude that

the predicted results from the first-principles calculations are very useful for guiding the experimental study.
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