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Fig. 1. (color online) the figures (a)—(1) are the models of gain boundaries after structural optimizations:
the center gain-boundary plane is plotted with red dash-lines and the other grain boundary plane is located
at both sides of simulation cell. The star (*) and prime (‘) distinguish different the twist grain boundaries,

the others are the tilt grain boundaries. The parameters of grain boundaries are summarized in table 1.

F1 AFEEHFMERSERGE R (a) B 1) MRS REE (1) TES (a)—0) —2 259 (%) 85 ()
A7) FRebs i X 3 AN R e i S

Table 1. the parameters and grain-boundary energies of different grain boundaries. The (a)—(1) are one to
one corresponding to the grain-boundary models in Fig.1. The star (*), prime (') and double prime (")

distinguish different the twist grain boundaries.

X Axis GB-Plane Angle/(°) Type GBE/(J/m?)
(a) 1 [100] (010) 180.0 TI 0.045
(b) 22 [100] (012) 90.00 TI 1.134
(c) 3 [221] (110) 180.0 TI 0.845
(d) o3* [221] (112) 180.0 W 0.030
(e) o3/ [221] (112) 180.0 W 0.685
(f) 5 [001] (130) 36.87 TI 1.000
() 5% [001] (001) 36.87 ™W 0.673
(h) S5a [100] (041) 53.13 TI 0.788
() 6 [221] (110) 60.00 TI 0.935
() 9 [441) (124) 90.00 TI 0.839
(k) 13 [001] (150) 22.62 TI 0.774
) 217 [001] (120) 28.07 TI 0.774
(m) 23/ [110] (110) 70.53 ™W 0.660
(n) 6% [221] (112) 60.00 ™W 0.124
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Fig. 2. (color online) the densities of states (DOS) of different grain boundaries are plotted in (a)—(1). The

filled curves are the DOS in bulk of grains and the red lines are the DOS in the region of grain boundaries.

The black arrows are the positions of Fermi energies. The (a)—(l) are one to one corresponding to the

grain-boundary models in Fig.1. and Table. 1.
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Fig. 3. (color online) The figures (a)—(1) present the changes of the densities of electrons and the static electric

potential along the directions perpendicular to the grain-boundary planes. The filled curves are static electric

potential with above solid curves the densities of electrons. The (a)—(1) are one to one corresponding to the

grain-boundary models in Fig. 1. and Table. 1. The figures (m) and (n) are the scheme diagrams of a grain

boundary being formed by two touching surfaces. The (n) presents the mechanism of the formation of the

barrier of the static electric potential in the region of grain boundary. The W is escaping work function of

two separating surfaces and W'’ the work function after the formation of grain boundary.
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Fig. 4. The scheme diagram of the band-bending near
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fusing to grain boundary from p-n junctions. The dash
arrows show the holes diffuse into the region of grain

boundary by overriding a potential barrier.
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defects of S atoms.
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(b) and (c), the direct-view of top and bottom surfaces with the local densities of states near Fermi energy

plotted with white iso-surfaces. The (d)—(i) are the densities of states of different surfaces. The filled curves

are total DOS, the black (dash) and blue (solid) curves are the DOS of top and bottom surfaces respectively.

The black arrows present Fermi energies.

ST H CZTS 5 K FH A F L IR i Rz DR /)
AR BIROK B, FATE— D BRI T 3
A CZTS YK I i T 4548, FEEAT T ML T
SERITEEL — AR EE NP(001) Fl A1 v [001] 77
], 7 N 1.95 nm, (001) ##A5 TH f% KR EN 1.82
nm. 74h—ANGKEE NP(112) il 15 A [221] J7 1,
REABTH FT (112) TH ) K RJE 9 1.66 nm (1 9 (4
B). BT X O RATH R BRI (112) 0, PRFRAT
FI NP (112) KB 1 CZTS(112) 15 (1) df ok,
HREREENIFZ. 5REE%EEMLL, Sn-S A
() F B RE A FRINAL, T A 55 A o o 4% RE G0 AE
—it2 (E 9 (a), (b)), AR P BARA & 98 a8
(LUO). PIANG KN (1) 5 i i i AS e (T K BR)
AR —3.4 eV Fl —3.8 eV, MTE A N 3.7 eV. 3%
KR8 9 5718 Tt B R AR [ 7 Ak T R4S

Surface-Sn

(b)

86" 9I0° 10IO° 11I0° 12IO°
K8 (MTIE®) (a) (112) RHEL; (b) Kifi Sn Ji+
LM T2 H Sn J5 7 53T ABFL R T W 4% # S—Sn—S
BRAA I A R AR
Fig. 8. (color online) (a) The structure of (112) sur-
face; (b) the distribution functions of S—Sn—S bond-
angles with Sn atoms on the surface and beneath the

surface in the bulk.

238801-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 R  Acta Phys. Sin. Vol. 64, No. 23 (2015) 238801
A/nm
O T ] E8ggsggss
[ -NP(112 - 1 =
AQSOV(a)() n | 16 T 0 © ¥ % B » A
% 200f 4 ©)
= r g 14 Crystal-a
< 150 s . — Crystal-b
8 I 1 12l — GB
A 100? —— Surface
—— Nanorod
B —— g
r (b)-NP(001 e 8 E
250 [ PN OOD =
N t [ Total 5
o 200+ — Cu 6
> —Zn
g L —— Sn
g 150 — Al
A 100k s-S
L ol
t J\//\A\/\u
0 . I e | 0 : "
—-22 —18 —14 —10 —6 -2 2 0 1 2 3 4 5
ﬁE%/eV ﬁ‘éé/ev

Ko  (MTIRL) (a) 1 (b) MRS L UL S A F 70 % R TR, (a) NP112 F1 (b) NP001 AL T
N (112) F1(001) FIgKER. RO FOKRENE; (a), (b) PR HIE: M0 [221) J7 1, TN (112) 49
KRN0 [001] 7 18], THTE Y (001) [ HIAREE; (c) eI R E: Mk R ERE)- DY K753 Sk (RIE0R
Fo)- PR TE AN A S S (LS A RIRI () FIPUOKHEER (Stf); S0 T WOt Ak B AT K

Fig. 9. (color online) The figures (a) and (b) are the densities of states of the two nano-rods contributed by

different types of atoms. The inserted figures of (a) and (b) are the structures of two nano-rods, with axes along

[221] and [001] and with top surfaces facts (112) and (001) respectively. (c¢) The optical absorption coefficients

of the crystal (gray filled)-tetrahedron-method, the crystal (with hatching)-Fermi-smearing, the different grain

boundaries (red lines), the different surfaces (blue lines) and the two nano-rods (dark-green lines). The filled

yellow region is the energy (wave-length) range of visible light.

FATHE— BT R 12 R0 R 2 Rk
A6 AR T L R EL, tH RS R B EEEI ()
L SRV ER U A A A e AAIREE, T
FLAE S — A BLI DX R R B A B 0K E 4 B 3T e
FETTER TGS RA — . X T — SRR
PR SEHATT I3 R T vt Bl oK e o A 1 4 55
RO RS RAFRIUE, X A ek
JE B, eI REAE 0.6—0.9 eV A — /NI I,
FORUE R BN W T _LJ7 A — > Sn-S b =
BRI REL. AR T IR AL AT X L K 70 A5 7%
BRI ELT, (HEA D EBATCOKI L. &
I CZTS PG KL T 0.6 eV B— ARG, 7l g
SRR T4 T 2% o A 2 P41 T SR PR W T Ak 7
IR IR N REA IR . X R
RETHSAR R, 55— A BN X R B RE R 987
125 1A 30 RORT T 550 45 R AR 52 i WY O/ AVIET 9 (c)
Hh BRATT R S R TR i 58 S 0 T BB R Y O
WAL, (EAS 2 T OGRS e A D e g, Tl I
Bt e A LA X, B AR DN I RE A T REE T
K. AET WG AMVE A XK, 2 10 AN 240 K AR 1R D6 MR
58 9k />, 33K 52 PR DA S M AT 2 R IR A RV BRI,
T R BRI T R AR AT SR it

AR A RE B H . 0 B0 BN IR A7 A
JEEANZREL, O R BB IR =0kl AT A T
JOARBEA. M RRL U L A 2 B A 3R A2 S RL AN AN
YUIHEB I FITIE F P AFLREE. it X RL S AR 1) S
FEFCMIAK, (B2 IR #BF0 BERAE, e ol & A [ A
sty I LB [ — ol i S AN [R5 7 1) Jm 8 B0 i
ARRZES L R T AR AR, (R 3
FLA G HUR RO 22 40FE 1 T2 2 A 5 A0 oAy A 57
T 7 2, DAL A 5 B 3T 1 ) 80 PR X Dl AR e ik
R B ELRL .

I=VA
5

5 % b
A T 14 Fh CZTS & F 19 45 ¥ F0 e 1~ 45

), 4 5 IILAFAE — S i S RE LU UK B9 L 5% dm 5
(23,56), EATHI & F 047 T 5 B (112), H
LT 25 0 5 A A P 5 R T S R AR, XA R PR RE S
Mo LEAS /N, X T HEL -, 7E B 5 P T J86 52 21 1) i L 34
Bl A P R L Ry, 7R SR T b o S M B R T
WL /N, B RE P B 1 S B A b e v 1 L
PR FH BB S A R —1b. Ermhed
BB, BB s S AR SR L S R

238801-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

4 I % 8 Acta Phys. Sin.

Vol. 64,

No. 23 (2015) 238801

FAF IR T BB — AN 2, — B2 R YE
P, AE R 2B, H— 63‘555?%%&%%’5
G, AR AR BRI B AR, R T A
BRIA: 1) FRMp-n 45X #ud k=98 2) 17F
NIRRT B EIE. 25 E R E R
[ CZTS(Se) F1 CIGS ¥ JIEE (1) 3 [A) 4 a2 dm A R
SR, AR RIS K % 5 H R BB g AN )E
s 1960 S ST AT LA LT S A, AT 1S
TSNS p-n S5 AT FHAR (FH)Z) 1 RE R 1 187 ¥t 10 Je
1, AR T 2 HE0 1 (270 s 1) M p-n difiis
BIRHAR. SR _E A S R K AR T80 14
iz, R SRR BRBE/ A s5 5], BUmvELs, &5
B 1) CZTS T A 0T B 1A B ey 1 6 AR i 4
A BT @ A AR S AL R AR AR O
W 23, AT IR T A B (A FLER ) CZTS
VIR, ST N 2 e BRI I NFT I Re g, A A
AR A A LT AF TR R R i . thab
e L PR 2 2 B A L (1) e i R 3 R T 1.3 eV,
AFERTILOE), PR T AR R B .

AU B TE [ BB A R TR} 2 B R
SERR, G5BT T Materials Studio 3K, fhfk4h i)
Ji VESTA Bof22i 129,

S CHk

[1] Tto K, Nakazawa T 1988 Japanese Journal of Applied
Physics 27 2094

[2] Shin B, Gunawan O, Zhu Y, Bojarczuk N A, Chey S J,
Guha S 2013 Prog. Photovolt: Res. Appl. 21 72

[3] Xu Jia-Xiong, Yao Ruo-He 2012 Acta Phys. Sin. 61
187304 (in Chinese) [VFfEAfE, BE# T 2012 P22 4K 61
187304]

[4] Guo Q, Ford G M, Yang W C, Walker B C, Stach E A,
Hillhouse H W, Agrawal R 2010 J. Am. Chem. Soc. 132
17384

[5] Wang W, Winkler M T, Gunawan O, Gokmen T,
Todorov T K, Zhu Y, Mitzi D B 2014 Adwv.
Mater. 4 1301465

[6] Chen Q M, Li Z Q, Ni Y, Cheng S Y, Dou X M 2012
Chin. Phys. B 21 038401

[7] Strohm A, Eisenmann L, Gebhardt R K, Harding A,
Schlotzer T, Abou-Ras D, Schock H W 2005 Thin Solid
Film 480-481 162

[8] Jiang C -S, Noufi R, AbuShama J A, Ramanathan K,
Moutinho H R, Pankow J, Al-Jassim M M 2004 Applied
Physics Letters 84 3477

[9] Azulay D, Millo O, Balberg I, Schock H W, Visoly-Fisher
I, Cahen D 2007 Solar Energy Materials & Sollar Cells
91 85

Energy

[10]
[11]
[12]
[13]
[14]

[15]

[38]

238801-11

Azulay D, Balberg I, Millo O 2012 Phys. Rev. Lett. 108
076603

Li J B, Chawla V, Clemens B M 2012 Adv. Mater. 24
720

Jeong A R, Jo W, Jung S, Gwak J, Yun J H 2011 Applied
Physics Letters 99 082103

Haight R, Shao X Y, Wang W, Mitzi D B 2014 Applied
Physics Letters 104 033902

Kosyak V, Karmarkar M A, Scarpulla M A 2012 Applied
Physics Letters 100 263903

Mendis B G, Goodman M C J, Major J D, Tayler A A,
Durose K, Halliday D P 2012 Journal of Applied Physics
112 124508

Persson C, Zunger A 2003 Phys. Rev. Lett. 91 266401
Persson C, Zunger A 2005 Applied Physics Letters 87
211904

Schmidt S S, Abou-Ras D, Sadewasser S, Yin W J, Feng
C B Yan Y F 2012 Phys. Rev. Lett. 109 095506

Yan Y F, Jiang C S, Noufi R, Wei S H, Moutinho H R,
Al-Jassim M M 2007 Phys. Rev. Lett. 99 235504

Li J W, Mitzi D B, Shenoy V B 2011 ACSNANO 5 8613
Medvedeva N I, Shalaeva E V, Kuznetsov M V, Yaku-
shev M V 2006 Phys. Rev. B 73 035207

Dong Z Y, Li Y F, Yao B, Ding Z H, Yang G, Deng R,
Fang X, Wei Z P, Liu L 2014 J. Phys. D: Appl. Phys.
47 075304

Bao W, Ichimura M 2012 International Journal of Pho-
toenergy,ArticleID 61982

Xu P, Chen S Y, Huang B, Xiang H J, Gong X G, Wei
S H 2013 Phys. Rev. B 88 045427

Kresse G, Joubert D 1999 Phys. Rev. B 59 1758
Bloéchl P E 1994 Phys. Rev. B 50 17953

Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett.
77 3865

Gajdos M, Hummer K, Kresse G, Furthmiiller J, Bech-
stedt F 2006 Phys. Rev. B 73 045112

Sutton A P, Balluffi R W 1995 Interface in Crystalline
Materials, Clarendon Press, Oxford

Balluffi R W 1982 Metall. Trans. B 13 527

Fan W, Liu D Y, Zeng Z 2014 Physica C 497 110
Grossberg M, Raadik T, Raudoja J, Krustok J 2014 Cur-
rent Applied Phsyics 14 447

Henkelman G, Arnaldsson A, Jénsson H 2006 Comput.
Mater. Sci. 36 354

Yang CY, Qin M S, Wang Y M, Wan D Y, Huang F Q,
Lin J H 2013 Sci. Rep. 3 1286

Fan Wei, Zeng Zhi 2014 Acta Phys. Sin. 63 047503 (in
Chinese) [Ju#i, %4 2014 MF IR 63 047503)

Liu Hao, Xue Yu-Ming, Qiao Zai-Xiang, Li Wei, Zhang
Chao, Yin Fu-Hong, Feng Shao-Jun 2015 Acta Phys.
Sin.64 068801 (in Chinese) [Xl, BETHH, FRAEHE, 254,
JkiE, FrELL, W/ 2015 64 068801]

Sun KW, SuZH,Han Z L, Liu F Y, Lai Y Q, Li J, Liu
Y X 2014 Acta Phys. Sin. 63 018801 (in Chinese) [l
3, AR, EE D, XIOF R, BUET, 256, XL 2014 1)
4R 63 018801]

Momma K, Izumi F 2008 J. Appl. Crystallogr. 41 653


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1143/JJAP.27.2094
http://dx.doi.org/10.1143/JJAP.27.2094
http://dx.doi.org/10.1002/pip.v21.1
http://wulixb.iphy.ac.cn//CN/abstract/abstract49774.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract49774.shtml
http://dx.doi.org/10.1021/ja108427b
http://dx.doi.org/10.1021/ja108427b
http://dx.doi.org/10.1088/1674-1056/21/3/038401
http://dx.doi.org/10.1088/1674-1056/21/3/038401
http://dx.doi.org/10.1016/j.tsf.2004.11.032
http://dx.doi.org/10.1016/j.tsf.2004.11.032
http://dx.doi.org/10.1063/1.1737796
http://dx.doi.org/10.1063/1.1737796
http://dx.doi.org/10.1002/anie.201507246
http://dx.doi.org/10.1002/anie.201507246
http://dx.doi.org/10.1103/PhysRevLett.108.076603
http://dx.doi.org/10.1103/PhysRevLett.108.076603
http://dx.doi.org/10.1002/adma.201103470
http://dx.doi.org/10.1002/adma.201103470
http://dx.doi.org/10.1063/1.3626848
http://dx.doi.org/10.1063/1.3626848
http://dx.doi.org/10.1063/1.4862791
http://dx.doi.org/10.1063/1.4862791
http://dx.doi.org/10.1063/1.4731875
http://dx.doi.org/10.1063/1.4731875
http://dx.doi.org/10.1063/1.4769738
http://dx.doi.org/10.1063/1.4769738
http://dx.doi.org/10.1103/PhysRevLett.91.266401
http://dx.doi.org/10.1063/1.2132537
http://dx.doi.org/10.1063/1.2132537
http://dx.doi.org/10.1103/PhysRevLett.109.095506
http://dx.doi.org/10.1103/PhysRevLett.99.235504
http://dx.doi.org/10.1103/PhysRevB.73.035207
http://dx.doi.org/10.1088/0022-3727/47/7/075304
http://dx.doi.org/10.1088/0022-3727/47/7/075304
http://dx.doi.org/10.1103/PhysRevB.88.045427
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.73.045112
http://dx.doi.org/10.1007/BF02650011
http://dx.doi.org/10.1016/j.physc.2013.11.012
http://dx.doi.org/10.1016/j.cap.2013.12.029
http://dx.doi.org/10.1016/j.cap.2013.12.029
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.7498/aps.63.047503
http://dx.doi.org/10.7498/aps.63.018801
http://dx.doi.org/10.1107/S0021889808012016

) I8 % 48 Acta Phys. Sin. Vol. 64, No. 23 (2015) 238801

First-principles studies on the properties of Cu,ZnSnS,
grain-boundaries due to photovoltaic effect”

Fan Wei' Zeng Zhi

(Key Laborarory of Material Physics, Institute of Solid State Phyics, Chinese Academy of Sciences, Institutes of Hefei physical
sciences of Chinese Academy of Sciences, HeFei 230031, China)

( Received 13 May 2015; revised manuscript received 16 August 2015 )

Abstract

Microstructures and electronic structures of CuzZnSnSs (CZTS) grain-boundaries (GB) are studied by the first-
principles electronic structure method. Some special twist grain-boundaries have low grain-boundary energies and exhibit
similar electronic structure as that in a perfect crystal. The twist grain-boundaries such as X'3[221] and X'6[221] have
grain-boundary planes parallel to (112) plane, the easiest cleavage plane, so that they have small damages to the crystal
structure and small influence on the properties of the materials. Grain-boundary plays two roles in CZTS thin-films:
(1) capturing and trapping holes from p-n junctions, and (2) providing fast channels for transportation of majority
carriers. As the majority of carriers, the positively charged holes need override a barrier before being trapped by a
potential-well in the grain-boundary region. For the minority of carriers, the grain boundary is a high barrier to prevent
electrons from transporting across it. The intrinsic nature of the potential barrier is not very clear. By calculating
the distributions of static potentials across different grain boundaries of CZTS and also by comparing them with those
across different surfaces, we find that the potential barriers at grain boundaries are the remnants of the potential barriers
of surfaces, which trap the electrons in the bulk and prevent the electrons from escaping from the bulk to vacuum.
When two surfaces get contact to form a grain boundary the corresponding surface barriers will be merged together
as one potential barrier of the grain boundary. It is obvious that if a grain boundary intersects with the surface, the
escaping work function near the grain boundary is lower than that near the prefect crystal surface. Experiment shows
the coexistence of Sn*" and Sn?Tions. The Sn** ions are located in the bulk by bonding 4 S atoms as neighbors. Our
results show that Sn®" ions can appear in the grain-boundary regions, on the surfaces or in the bulk with lattice defects
so that Sn®T ions have the lower coordination number by bonding 3 S atoms. The Sn atom is favored to be at the
center of S octahedron with six neighboring S (or O) atoms in most sulfides (oxides) of tin. In CZTS, Sn atom is at
the center of tetrahedron with 4 neighboring S atoms so that Sn atom is very active to move by structural relaxations.
Most importantly the conduction-bands in CZTS are formed by the hybridizations between the s electrons of Sn and p
electrons of S so that the conduction-bands of CZTS are sensitively dependent on the distributions and properties of Sn
atoms. The appearing of Sn®" ions and the strong structural relaxations of Sn atoms in grain-boundary regions and on
surfaces induce extra in-gap states as a new source for the recombination of electron-hole pairs that are un-favored to
the photo-voltage effects. Generally, the grain boundary plays a negative role in brittle photo-voltage materials such as
Si and GaAs, and the positive role in ductile photo-voltage materials such as CdTe and CIGS (Cu(InGa)Sez). It means
that the growth of the hard and brittle films is very difficult, the micro-cracks and micro-pores are easily created. Our
calculations show that CdTe, CIGS and CZTS are all ductile with Poisson-ratio greater than 0.33. This means that
CZTS can be used as the absorber of flexible solar cell. By comparing the optical absorption-coefficients of crystals,

grain-boundaries, surfaces and nano-particles, we find that the internal surfaces in thin-films with high pore-ratio can
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create new energy-levels in band-gap, which enhances the recombination between electrons and holes and decreases the
optical absorption-coefficients (>1.3 eV). As a result, the high dense CZTS thin-film is required for high-efficient CZTS
solar-cell. The positive role of grain boundary is more important if the CZTS film has the large, unique oriented grains
and the uniform distribution of grain sizes. The simple and regular grain-boundary network is more beneficial to the

coherent transport of majority carriers.
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