Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

HitE TSt Clig2k CdTe BRI FREMSBEF MR
RTA @&k HLE KK

The twins structure and electric properties of Cl doped CdTe film by magnetron sputtering
Zhu Zi-Yao Liu Xiang-Xin Jiang Fu-Guo Zhang Yue
5| Fi{% K Citation: Acta Physica Sinica, 66, 088101 (2017) DOI: 10.7498/aps.66.088101

TEZ 7132 View online:  http://dx.doi.org/10.7498/aps.66.088101
AP 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/18

A R R LA S E
Articles you may be interested in

R HL 2 AR S B P Y S R R T AR LR
Transport phenomenon of anormalous carriers in ferroelectric-semiconductor coupled solar cell
PP 2EH%.2016, 65(11): 118101  http://dx.doi.org/10.7498/aps.65.118101

ZnSe/ZnS/L-Cys 5t 4k & 1 Ot A 5 R HDGARFF

Photoacoustic and surface photovoltaic characteristics of L-Cysteine-capped ZnSe quantum dots with a
core-shell structure

PP 27 4%.2016, 65(3): 038101 http://dx.doi.org/10.7498/aps.65.038101

Te/TeO,-SiO, & & B AR ISUR HE 2 1016 A P AE 72
Absorption and nonlinear optical properties of Te/TeO,-SiO, composite films
PP 2EH%.2013, 62(7): 078101  http://dx.doi.org/10.7498/aps.62.078101

6H-SIC (1) KR EOLHATS I T
Sub-diffraction-limit fabrication of 6H-SiC with femtosecond laser
Yy 22422013, 62(6): 068101 http://dx.doi.org/10.7498/aps.62.068101

SR ZnO PR RS (158 A B R
Ultraviolet photoresponse of ZnO thin-film transistor fabricated at room temperature
YE=4.2013, 62(1): 018101 http://dx.doi.org/10.7498/aps.62.018101


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.088101
http://dx.doi.org/10.7498/aps.66.088101
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I8
http://wulixb.iphy.ac.cn/CN/abstract/abstract67353.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67353.shtml
http://dx.doi.org/10.7498/aps.65.118101
http://wulixb.iphy.ac.cn/CN/abstract/abstract66561.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66561.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66561.shtml
http://dx.doi.org/10.7498/aps.65.038101
http://wulixb.iphy.ac.cn/CN/abstract/abstract52984.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract52984.shtml
http://dx.doi.org/10.7498/aps.62.078101
http://wulixb.iphy.ac.cn/CN/abstract/abstract52742.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract52742.shtml
http://dx.doi.org/10.7498/aps.62.068101
http://wulixb.iphy.ac.cn/CN/abstract/abstract51760.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51760.shtml
http://dx.doi.org/10.7498/aps.62.018101

38 % 4R Acta Phys. Sin.

Vol. 66, No. 8 (2017) 088101

FATETEST Cl35 4 Cd Te B BRI ZE SR L5

S5

x| 1 991

5T

\ﬂz}a‘i*

#HEED HED

1) (B R KA RE S TRE2ABE, JEs 100191)

2) (AR (RBRI i B

PEHEFCRT, bRt 102211)

3) (P IERHERE B LHE T, KPAREARIH KR R g mi s =, Jbst 100190)
4) (P EFRHEERERE, JER 100049)

(2016411 A 1 HU&HI; 2017 4 1 A 18 HIZRI&Bh )

CdTe HIEHEIERBH B BRI E 77 2 400 AL BE 4 REAS 21 DG R 0, Jerh CL JsL T IO ML
PSR SE AR, S0 & L CLJR 7 5 B IR AE CdTe S A AL, Xt fh FABALIE T, 1A 55—k R T 5
N CLE T8N CdTe @& BEHE 5l NIRBE RS B0 AL AR, O T3k CLE T 5282 5% CdTe (6 HIFE
PoReRAT 28, A SCB I RE IES H1 4 7 100 ppm (ppm = 1/1000000) Cl1Jf 4524 1) CdTe (CdTe:Cl) I
WEFC T MR i AR S 4 5 B A BT, [EJ B LG T IR AR B TE B 2% CdTe Wi 5 CdTe:Cl 5 2 1] ) 1 53
XA, SRE R I CLE F B 24 2 1E CdTe:ClH R R EAX H LA 5 5 B M R 22 i, # - H128 JXFE CdTe:Cl i
JR A 3 B A Sl IE, T AR SR HES (¥ Cd Te MRS L7 WY il A% 3, S oL N 3B A% 5. A AT
T CdTe:Cl 2 &5 )& T e BELADRE, 38 K AT 8 T 1T R AR, B K5 8 T IR FE AR B A IE SR 21, B
PR . CdTe:Cl AR FM R IR T 1E 5 SUAL BR (¥ Jo 45 2 CdTe AR VI R0 R D S5 1 46 1 =l 14l
FIB A CdTe:Cl £ f R ANIE A BV SR K BH 8 Fo i 1 i 2.

KR C135%% CdTe, CIALH CdTe, mnHHEH T BMEE, SR T 0 R

PACS: 81.05.Dz, 88.40.jm, 68.37.0g, 68.37.Ps
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AL HTEI5 2= CdTe I 1 BIR T 70 S AL L 5.
CdTe:Cl # JE B KT 7 IiE B R IR, B K5 %
TP PR, P Z T, CdTe: ClEJIE H it
HL 3 4 R R (K T IR SR B (1) 645 2 Cd Te W
H v, 25 SR B 4% DB 1) 4% 1Y) Cd Te: C 1 g T
e BELAA R, R R 0 S 51N BT 5 4k CLIR
X CdTe W= =2 FH 1.

2 % B
2.1 ER#AEIE

SEEGAH H Alfa Aesa 2 ] 8 T 1§ CdCly ¥
K (99.998%) 5 VU 1| 8% o fifi Mk A =] 1) CdTe By 44
(99.999%) TENJERL  JeH LW i CACLy #i K,
P55 CdTe 1R IR A, [FIFEfE FH & B 05 B i,
BRI, B Ja FHALAMT B T e 25 OB, R ik AE
F S E T R SRR, 7£600 °C, 5 MPaJk 77,
WMEAE S AR T K 180 min 75 %] CdTe:C1EE 47
R CdTe HIRAE 21 AL PR 5, X 540t B 7 RE
i (XPS) 25 RR BB CL 1R 2N
1500 ppm (ppm = 1/1000000), 7F & 54k C1 R+
WREAE 1% #2473 EDS st fg W52 ) C1 J& 11w
F 0L SR T HRIBEIN CLRF 2945, &% ClLUER T
AT, BEAF TR C1 B 1~ B HIE (100 £+ 5) ppm.
AR T 5 IE 5 & A B S 1) JE 45 2% Cd Te 5 H
xR, FRATH FFER T #1457 EB 2410 CdTe
B

2.2 ERTRERA

i FH 7059 3% B AE v B, B 3 2R K TS
micr-90 Y W 75 I U I AURWRT, A TR
SAE . 7R 7059 BEES oK FH AT (RF) I 5 1) 4%
CdTe:Cl'5 CdTe 8 i FH F B 504 RE M T, PTAR 4%
R T2 1.32 W/em?, $E2EER 12 em, Ar S,
SR, K 2 Pa, IR P 7 =i 2 267 °C 2 [A].
7t E-star RTP600 £ 3 18 K J7 71 53 3l XF CdTe:Cl
VIS 5 Cd'Te i S 3047 A A T2 4% F 1938 K A
B RATHETC T A [F BRI BE ) Cd Te: Cl i I8 £
340400 °C. SR EH AR E & 20% 4% %1+
IR K 30 min I 5 M Z5H 5 A, CdTe:Cli#
JEIR KR S 2 i #4600 °C i 30 min,
A B 1.5 L/min 9t 2 AW, B 2 5 ik
R CACL,. BN CdACL, 5 14, £E300 °C I 6T

M 1 RN 569 °C. A L 14 fE XS HE R TE 45 A4
CdTe i K Tk G AL, JeE BRI R M E 5
— )2 CdCly, CdTe # 5 CACly JZ X THCE, 4]
P 1.1 mm, CdTe MM T, HAh 2% A AH .

2.3 SHERRMEREMI

{# 1 BRUKER D8 ADVANCE #E4T X £k 17
5 (XRD) RAE, ZEISS SIGMA F# i85 (SEM) 5
WA fig i A (EDS, Oxfrod X-MaxN 100 TLE) iJ
JEOL ARM200F i% i} H 4% (TEM) B 5T #4 %} 1) 45
¥, ¥ H Carrying-5000 I i v 5 10 3% i 5 & 5,
W e 2= B i ACCENT HL5500PC
BEATEE R, A3 A e m LA 1018 Q 1 i PR
R FE. {8 I BRUKER DIMENSION icon J& T /1
BB AT S A (C-AFM) 5 I /R SCHREF
(SKPM) 8, #fF 5 v 5 1 28k U 1 4% B s 1%, C-
AFM IR EHREE En1 VRIE, C-AFM5 SKPM
AT B 17 R 77 AU A & B K 623 nm
I AMA A A M It R,

3 BR G
3.1 CdTe:Cl#E &R LEH

BATIAINHIE K F 267 °CIEHL T 5 MR
U CAdTe: CLI I, JFAEVL# N 0.5 L/min i+ 7%
T (20% Oz +80% No) U HIR K 30 min, 1B K
JEAERFTE 340—400 °C Z [ HEME. Bl1 AT
ANEVIRIRE T CdTe:CLIT RIS, B2 —AR
M EEVTRA ) CdTe:Cl i 5R K 1T f5 1 XRD A7 5
FE. XRD M 4h SRR ARG (=R 70 °C) R
FU) CdTe:Cl I & A5 75 J5 A8 5 3277 P RFAIE .
DURR FE R = 3 146 °C LLL, W JEA B A5 Ny 37
CdTe, PR A (111), BISFAT T 8 B 1 1) 7
TEARZHOy (111) & A0 75 77 FH AR AE 8
WISRAZAE, (BAEXE SE 5 AH [ HFAIE 06 555 P 7T LA 208

VR (1) ot A 65 A0 18R K S AT PR FE AN AR, = IR AN
70 °CARIRIE S PTAR 1) B 42 300 °C DA F iR B IR
2K 30 min 7S 7 HHREAE UG AN T 2R, I T s A 48 .
146, 204 F1267 °C i I 565 19 3 LR K 5 U 28R
FESLJT AR (111) FEPeEa), FF HiB K5 (111) FEALH
)4 BT s, @ NS T CdTe AT E M, A
REJSTAFALE, 75 25 A 07 V1] £ 1) Cd Te W JiE h
e EZ 2137 J5 A0 5 75 77 AH (U R R A B & FRL it
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B 1 (a) KA CdTe:ClLEIE SEM B F; (b) 70 °C JARK CdTe:Cl i SEM B (c) 146 °C TR
CdTe:ClH#E SEM I8 ;5 (d) 204 °C JIHH CdTe:Cl i SEM [ /; (e) 267 °C JIAHI CdTe:Cl [l SEM [
Fri (f) F{E CdTe HAEAPH&E LR IUZ I 267 °©C YIRS 2% CdTe HI SEM I F

Fig. 1. (a) The SEM image of CdTe:Cl film deposited without heating; (b) the SEM image of CdTe:Cl film
deposited at 70 °C; (c) the SEM image of CdTe:Cl film deposited at 146 °C; (d) the SEM image of CdTe:Cl
film deposited at 204 °C; (e) the SEM image of CdTe:Cl film deposited at 267 °C; (f) the SEM image of
undoped CdTe thin film solar cell absorb layer deposited at 267 °C.

1) CdTe #BA& L7 LG, ZIRA 70 °CARER TR
1] CdTe: Cl LA T 23 A5 400 °C TR K TE
20 = 27.5° ML I — A&, 5 CdTeO3 Y (111)
UG R, FRATTHED W] BELE 400 °C N — LA 1
7NJ7 M CdTe #5840~ CdTeOs.

ROE EXRD H M %A 3267 °CUt R
CdTe:Cli# R K 5 A S ALY i i, {22 7 SEM
T RE UL 52 BB K IR T H IR AR B .
B34 H 7 267 °CULELH CdTe: Cl i JE 75 A [F) iR
JE AR S &I AA IR K 30 min 5 SEM
M f. EDX 4 REWRTHY T EH O, (HIEEH
SENTH YR K. B AR KSR RS =R
2 4%, TP O, B K S R R T I R A
Fy. 0 4 Frs, 38 10 NS IO ST XS ER AT

5 (GIXRD) 77 #r ¥ B  1H1, &I ) Fr J2 4544
W2 3T AH CdTe, JFAEEALY. BS54 T H
1) CdTe i JEE S AL B 5 (1) SEM I8 v 55 S Ab ¥ A
Ji drcRL A AR AL, PR CdTe: ClLHEIRAE 4% Oy &
HIR K5 I SEM R Fv 538 JCHT 5 1 il R B ) A2
fb. Xt F LB AH CdTe, EALH G REH 228 5 K
G, CdTe dicki (111) BRI Y, X5 CLE T
R (2 1 CdTe B 25 i I 4510 2 —E . CdTe:Cl
1B K5 1E SEM ML SEA 228 G 1) & B, {HSEPR |
CdTe:Cl & A B R 22 8, & 6 (¥ TEM B
7~. SEM H & A 228 4 1 & B 22 B A CdTe:CL
2R i KT, R LK. JB K5 CdTe:Cl & i
(111) B m) B 58, 7] 2 BT3B K dhob AR K 2 5L
f). 267 °C YL CdTe:Cl i I 5 % L T 2 H
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SR FRATTE ST T 267 °C YA CdTe:Cl A
4% Og F5H400 °C FiB KRl J5 RS 45 ¥ 5 2

1 CdTe AL i WAOJZ A T2 B 6 Cd Te 3 5 AT A
AL RS 5 df PRI, (R D T 3 S 3R T A

IS4 } A4 = 3 S )
ISEIA, J5 5 R 400 °C SALEE) CdTe HREAT S
(a) Ambient grown (b) —— Ambient grown
—— 340 °C annealing
—— 360 °C annealing
w Grown at 70 °C —— 380 °C annealing
" » —— 400 °C annealing
> ﬂ Grown at 146 °C -
ey ey
=] =]
8 f\ G t 204 <C 8
3 rown a 3
Grown at 267 °C
111) Cubic CdTe
(111) ; ( | | 1
| | Cubic Cd'll’c | I | | Hexagonal CdTe
| | | [
| | | | | | Hexagonal CdTe | | | CdTeO,
T I T I T L II I I I T T I T T T T T IV T
20 30 40 50 60 70 20 25 30 35 40 45 50 55 60 65 70
260/(°) 20/(°)
(c) —— Grown at 70 °C (d) —— Grown at 146 °C
—340°C anneal}ng —— 340 °C annealing
— 360 C anneal}ng —— 360 °C annealing
—380°C anneal}ng —— 380 °C annealing
—— 400 °C annealing —— 400 °C annealing
12 12
~ ~
wn wn
+ +
o 2
= =]
1<} 1<}
O O
(111) | Cubic CdTe J L A A
1 1 .
| I | | Hexag(inal CdTe (111) | Cubic CdTe
| | | [ L L
| | | | CdTeO; | | | Hexagonal CdTe
T T T T T T T IV T T T I T T T I T L || I I T I
20 25 30 35 40 45 50 55 60 65 70 20 25 30 35 40 45 50 55 60 65 70
260/ (°) 20/(°)
(e) — Grown at 204 °C (f) — Grown at 267 °C
—— 340 °C annealing —— 340 °C annealing
—— 360 °C annealing —— 360 °C annealing
—— 380 °C annealing —— 380 °C annealing
—— 400 °C annealing —— 400 °C annealing
2 2
=] S|
3 3
o 5
®) ®)
L o~ A | . o
(111) I Cubic CdTe (111) I Cubic CdTe
1 1 1 1
| | | | Hexagonal CdTe | | | Hexagonal CdTe
T T I T T T I T L || I I T I T T I T T T I T L || I I T I
20 25 30 35 40 45 50 55 60 65 70 20 25 30 35 40 45 50 55 60 65 70
260/ (°) 20/(°)

K2 (MTIRED) (a) ARRETURE CdTe: CLEE XRD 74 EIFE; (b) AIn#IE R IR CdTe:Cl #BLIR K
J&i 1) XRD 74 EIFE; (c) 70 °C UL CdTe:Cl i IEHR & Ji5 (1) XRD fi7 4 EIFE; (d) 146 °C PR CdTe:Cl I
B KJE B XRD i BFE; (e) 204 °C PR CdTe:ClEEIR K 5 B9 XRD T8 BIFE; (f) 267 °C IR CdTe:Cl
TR R # XRD T4 IR, Jr HEHARAE 0.5 L/min Wi 3h T2 LB K 30 min

Fig. 2. (color online) (a) The XRD patterns of CdTe:Cl film deposited at different temperatures; (b) the
XRD patterns of CdTe:Cl film deposited without heating and with annealing; (c) the XRD patterns of
CdTe:Cl film deposited at 70 °C with annealing; (d) the XRD patterns of CdTe:Cl film deposited at 146 °C
with annealing; (e) the XRD patterns of CdTe:Cl film deposited at 204 °C with annealing; (f) the XRD
patterns of CdTe:Cl film deposited at 267 °C with annealing. All films are annealed under 0.5 L/min dry

air for 30 min.
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20%0;2 + 80%N, 10%02 + 90%N, 4%0, + 96%N,

340 °C

360 C

380 °C |©

400 °C

B3 AR KBS IR KSR FIB K 30 min B CdTe:Cl #E SEM H fr

Fig. 3. SEM images of CdTe:Cl film annealed at different temperatures and under different atmosphere for 30 min.
Bl 6 25t 7 CdTe:Cl i 5 A M ¥ TEM 5= 43 %
Ji 714, fETEM T~ AJ DLW %2 21267 °C UL
CdTe:Cl iR A KEAUH JUAE T2 B 148 &,
JE I8 AN 2 nm. JLT BT A SR B 5 R
M HEAXFEE LN AR, B A R4
BKJERETRE TR XFEZENHEES TS
Cubic CdTo Cl B RE k. — i CLEF L Cd &7
Te JE T /M3 Z, 25 54 dA& 51 RIS AL E.
L S UL CATe £5 F B B M OURF o5 48, 2

—— CdTe:Cl after annealing

20 30 40 50 60 70 — N .,
20/(°) £ CdTe miFf 5l AR B B, T RES T TE AL

AN —F ok 173 3k v i) Z P
4 CATe:CIBUE AR ) GIXRD G A . 53— 7 TR RO 51N CLUR T2 02
JE 400 °C B KR 4%02+96%N2 IR K [ 30 min BV #5 44, CdTe siA% A A ) CLR IR B
Fig. 4. The GIXRD pattern of the layer structure on 1S A s 4 =
the surface of CdTe:Cl film after annealing at 400 °C T Cl JE\%%E CdTe EF‘ H’J:F@i]{ﬁﬁ#f;:, Eyﬁ CdTe s
under 4%02+96%N2 atmosphere for 30 min. %%W?ﬂiﬁﬂi%, ﬁfﬁ%%%@ﬁﬁﬁkﬁ%’ 2 EIEE[I lﬂiﬁl‘,
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S H AR (R E CdTe E L5 &, 1EUUA AR A e 24
A il B CLE F Al Re R FERE 08 3 BUEE A KT
CdTe &t R & AR B 038, AT P2 AR T R B PR 29 i
B 7245 T IEH S AR B S 1) Cd Te 8 i H it A8 T 1)
TEM /&3 HE R T1%. 267 °C TR 400 °C AL FE 1)

100 nm  gwrarzoow
WO Rimm

Intensity

CdTe i i i BT dob B A7 7R 28 i, HLAFAEZR
s 14 R P 30 VR 2 8 AR B S, TR
JGF L CATe:CLH ZE oK, % EERIK. /£ CdTe
55 OdS 171 Ak AT DA 5 3 55 5 SR 128 o, (H B A
X DX AR i R SH R 8 3 2 nm.

(b)

= CdTe:Cl as-deposited
—— CdTe:Cl after annealing

A

Cubic CdTe

20

Intensity

30 40 50 60
20/(%)

70

—— CdTe as-deposited
—— CdTe after Cl treatment

Cubic CdTe

20

60 70

40 50
20/(%)

K5 (MFFEMQ) (a)iBKEH CdTe:ClHE SEM M (b) iBKHTfE CdTe:Cl b FARAL; (o) FALHE I
57k CdTe #iiE SEM I J; (d) SALPLRTE CdTe ki m 224k

Fig. 5. (color online) (a) The SEM image of CdTe:Cl film after annealing; (b) the orientation change of
of as-deposited CdTe:Cl and CdTe:Cl after annealing; (c) the SEM image of undoped CdTe film after Cl
treatment; (d) the orientation change of as-deposited CdTe and CdTe after Cl treatment.

10 nm

(b)

10 nm

El6 (a) BRIV CdTe:Cl AT TEM #fr; (b) iBAJ5 1) CdTe:Cl #E#E T TEM M f1
Fig. 6. (a) The cross-sectional TEM image of as-deposited CdTe:Cl film; (b) the cross-sectional TEM

image of CdTe:Cl film after annealing.

(@) =

500 nm

B 7 (a) &4 EH CdTe HE Bt #E H TEM B 5 (b)

2R 451 TEM BE v

(b)

SALFLJE 1) CdTe # B Hith CdTe/CdS Ftifi b

Fig. 7. (a) The cross-sectional TEM image of Cl treated CdTe thin film solar cell; (b) the TEM
image of twins at CdTe/CdS interface in Cl treated CdTe solar cell.
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BAREDIR R BN CLR 75 REITR G
P CLUEFHRE LR, CLE T CdTe 22 F I
WA ARNFEER. A5 & AFIEAL CdTe # IR G
Ry #r 77 G NE CLUR T, 7T LA Bl 5
T 7 BREL R B RVE A S YR, A SR 52
B CURTF1E S A A m R U2 S AAb i O R 7] LA
HUAR Te Ji 7 T A Clpe 2% 57, T C1JER T 7F CdTe &
A I BOR FEAR /N, I B AE S R 0L [,
B T AL I Clpe ST LA 51 &L o 38 1 8 S 1 2 7
Vea, TEHCA F 0 (Clpe-Veq), MR EME R &k
PR ER A VR . (BT AE CdTe VTR FEH B A
1) CLE -, FTATTEAWE R CLJEF17E CdTe R &
FHAR BRI R SR, RS SCER i, BN CL R
TAE CdTe F T B R AR /S, BIMEAE J5 HA g
A SRR MERE B, H 8 5 RO st Se it 7R E
() ARG, R, BEJCVATE CdTe: Cl s Hh oW 4 21|
CUET ISR, S o 3K 5 R S A (S 8 T B I 5
EIZE .

EDX 7t % 77 il 471 4t A W %2 3] CLE 1 11
R, (5 H AR WX 2 CdTe:ClLH BERE 5 (1) &
SERER. BATE AL TAE R B, K (A S0E K
AbFE I () CdS-CdTe R A I WL 5 2] CACL, ‘& &
TE R AN K kL, (HIX 28 CdCly 92K Sk 7 BT 3R
FRAF N 208 2k, TTREE T CdCL, [THE. [F
FEE T AR AT 8 &k A= 78 K i8] BT 3R R 1 EDX
L FE A, B A A7 AE S 5 1) CACl, AT BERE HE
FOnFAT AR T

3.2 CdTe:ClERHNAFERSBEFMR

B8 45 H T CdTe # I & AL # T 5 5 CdTe:Cl
VIR KR R 2 BRI AR 4k, CdTe /& B H#: 7 R
PG BEE S LA, WP 1.45 eV
Je A BA=161 0 267 © C 4% Wk S U AR 1) 4% 1) a5 2
CdTe # 5 2247 BN 1.5 eV, FF H & A B 5 )6
A RRCE A, 267 °C BEEE Ik S IR & 1Y
100 ppm Cl#5%% CdTe:Cl #5227 [N 1.53 eV,
1B K G 6w A BT BEAR, (H & T 6 28 1 CdTe
L. CLJR 54E CdTe s B H 3l LA Clpe (C1 JR 1
B Te JR 742 B ) 8 A dts (Veg-Clre) PIRHE
REE. BATSE T CURE T £ 3 LA Clye 17 75 I
1 A n 2 55 1] 5 1 SR 35 42K FE 5 CLJR 423 LA
A vt 8 SUAF A IV 3 A p AL 55 87 O 1 iR K95 kiR

i, BARGERA TR 1, AT R WA e A
KL B4R 100 ppm (3.22 x 108 /cm?) {1 C1 R 745
PR FEREIS T Clre 18 AR n Y 55 18 I 1 iR MK 5 A4 ik
JE . A AR I A S P S M TR (PVD)
B — TP AT 5 A, AR T B N IR B AT LA
ron TR AR PR A, SE R TR A A R S A
AR A0 & B — 3. NIORR ) R O R 7T
BE T L) Clye I RAFE T CdTe SFEH, FHn
RIS R I, {f CdTe:CLAAT BRI K. B K5 AT g —
# 4y Clre #42 Ay p AL A ly, 5 80 K5 H B
BEAR. R AR AT SRS 1 A PO IR B AR T p B 55
{81 3.53 x 1021 /em® B F AR A IR . T o35 2%
CdTe #i 11 UL FE T 20 & — PP s 5 2%, Ik 5E 2R
JoRIR P Hh B D B2 B0 R 4B N CLR ¥, i
() C1JE 1 24 i & B F Cd'Te A v 32 31 75 R 5 1)
BRI ClLER-T/E CdTe A A I HOLEE, $7 K
WS RETE 0.63—1.32 eV Z 1], 32 /& F 5 #h Fit pi
ZFJRFT(0.21—0.28 V) F1 Br (0.14—0.26 eV) [
FECBGEEE 17 =i R CLE T CdTe I F 8L
FHON6x 107 cm~2.s7, Wim/N T TRF YK
FH (107 em2s71) 81 AH BB £ B CdCL,
55 CdTe [H AR 58 4 A L% 101 DRk C1 R 1 1R HE
FEPGZENME CdTe fi & h #3). FEL G AL IR
KILFE, CdTe 1 9 CLR TR AERE L SRS
8, WA R 1 CLIR B AR BT S5 61 9%, F A
CdTe £33 SUAL IR 5 7 BRBSA KA.

#1 CLE T4 Clye VAR 2E 31 n A58 1 110k

M35 2K IE N 55 CLUR T4 4L Voa-Clre (A Hb) 6

SRAFTESIE p 53 IR BB AR FE Ny

Table 1. Minimum Cl atom doping concentration Np

of weak n-type degeneration in the form of Clye and

minimum Cl atom doping concentration N of weak p-

type degeneration in the form of Vgq-Clre (A-center).

Electron effective mass m}; /mg 0.11 [20]

Hole effective mass mj/mo 0.63 20]

Effective density of conduction band N¢/cm?3  9.15 x 1017

Effective density of valance band Ny /cm3 1.25 x 101?

Activation energy of ClTe donor AEcy,, /meV  53.0 (20]

Activation energy of A-center AEy . cClr, /meV  120.0 (20]

Minimum weak degeneration Np /cm? 1.72 x 1018

Minimum weak degeneration N /cm? 3.53 x 1021
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(a)

— CdTe as-deposited

— CdTe after Cl
treatment

0 1 T T T T T ‘.' AN B S E e —
1.42 1.44 1.46 148 1.50 1.52 1.54 1.56 1.58

hv/eV

10
(b)
—— CdTe:Cl as-deposited
—— CdTe:Cl after annealing
0
g
% 571
>
R
3
<
O e A s e S S
1.42 144 1.46 1.48 1.50 1.52 1.54 1.56 1.58

hv/eV

8 (MTIR) (a) Ft54: CdTe MBI MOV, (b) CdTe:Cl MR K HIJE H ) 2240 B
Fig. 8. (color online) (a) The optical band gap of as-deposited CdTe film and CdTe film after Cl treatment;
(b) the optical band gap of as-deposited CdTe:Cl film and CdTe:Cl film after annealing.

BRI S5 KRR W5 24 (1) Cd Te A
Kb B FLRH A AR, SR TR BRI, 1 BRI
RN FRAK, w3k 2 frdl). AR T CLJE J1E
CdTe f AL FEH). — B0y CLR T4 AL &
FHAF R BGRAE fi SR AT B T pn-p 4. B R BN
7 R 8 1 B 7 A8 R T P S AR I I
Fr, E AR 2 BT R TR T NITAR
CdTe:ClH BRI B 7 11 W IERE AR, B TIRE
i, B K BRI 1 AN ECR S, B TSR
B2 B, HZA R TR R EAE SR
2. CdTe:Cl{EIR KR I b A AR I 2R i, JF H.
PR, FEREHAAWANETRE, BT T
PHOP 2 Z BRI ZLEUN, 70BN, IR 2k
AR TIE R AR, 1B KM KR, RRE
A7 I A, o BT A HIOR 888, B T HOK
S, IR ARG . 1B K B TR R AR B
Al e 5 CLR 3 1E CdTe &g 1R SR B
KA 5. IR KR 5 A BR A AL AT DA

— B3 Clpe it F IR K5 H AR T Vea-Clre (A HY
) ZE. ARG E B E IR BE, T Clre
it TR AE E T BB EE. AE CdTe diks o [H) I
HIN Clope Jiti A1 A HhoCa N AT DL i ) EUk Ot (PL)
W2 E| DAP (donor acceptor pair) . ZHI T
A HE CLE 7 A\ CdTe 5. dn 1 PL U, 25 5 K I
M CURFRENEIL 1 x 1017 /em?® B (L9424 F
10 ppm BE L), WEH] 1 mEZ R DAP & 2751
PL i 201 [ s 38 i R 45 W S 45 44 16 1 R
FE CdTe st s B s LA 3y, AS2x Bt AvE
fige T 16 i O AT, DR RTS8 L BE 50 50 i 23 A £E St
H. B Veq AR BT, 76 ks h R 5 #5350, it
B K AT LU RE Vea-Clre (A Hty) BITERL. C1 i1
BRI L, CdTe:CLIR K J5 Clye Al Vg FIALE
MUEERIT, DAP 26 R M E, K g e
AU T A A7 3R BE Bk, AT 3 SO TR
R, HIHERR .

#2 Tk CdTe M AI AT 5 CdTe:ClHMLR K1 J5 1 HLBH 2 B 7k BB T %

Table 2. Resistivity, carrier mobility and carrier concentration of undoped CdTe film before and

after Cl treatment and those of CdTe:Cl film before and after annealing.

Sample name p/Q-cm Mob/cm?.V—1.s~1 N/cm~3
CdTe as-deposited 2.54 x 109 26.8 —3.99 x 1010
CdTe with Cl treatment 4.87 x 10° 1.18 —5.41 x 1012
CdTe:Cl as-deposited 7.99 x 10° 0.282 —1.39 x 1013
CdTe:Cl with annealing 2.66 x 106 22.6 5.20 x 1010
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90.5 nm 189.0 pA

—88.8 nm 5.3 pA
0 Height sensor 1.3 pm

81.7 nm 6.0 nA

—81.7 nm —1.2 nA
0 Height sensor 1.0 pm 0 C-AFM currrent 1.0 pm

Ko (MTIRE) (a) MIVIEIITEE 2 CdTe HIE AFM H /5 (b) 5 (a) A — X3 C-AFM # )7; (c) SALHEI
4B CTe Ml APM Y (d) 15 (c) [Al— K3k C-AFM BT, (b) 15 (d) b A Hiides i 7

Fig. 9. (color online) (a) The AFM image of as-deposited undoped CdTe film; (b) the C-AFM image of the
same area in (a); (c) the AFM image of undoped CdTe film after Cl treatment; (d) the C-AFM image of the

same area in (c). The positive current in (b) and (d) is electron current.

169.1 pA
—38.3 pA
0 Height sensor 1.2 pm 1.2 pm
133.2 nm 163.1 pA
—133.2 nm —3.4 pA
0 Height sensor 898.4 nm 0 C-AFM currrent 898.4 nm

10 (MTIEE) (a) MIVTEE CdTe:Cl1HE E AFM M fr; (b) 5 (a) [l — X4k ¥ C-AFM M J7; () IR KJEHY
CdTe:Cl# R AFM I Jv; (d) 5 (c) F— XK C-AFM I v, (b) 5 (d) B9 IEAE iR &R BT iR

Fig. 10. (color online) (a) The AFM image of as-deposited CdTe:Cl film; (b) the C-AFM image of the same
area in (a); (c) the AFM image of CdTe:Cl film after annealing; (d) the C-AFM image of the same area in

(c), the positive current in (b) and (d) is electron current.
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C-AFM 5 SKPM iR &5 K B CdTe:C1 5 &
Wb S I TE 5 2 CdTe 1 26 B 5 7] L (10 #m 1
fE SRR R E AR, B9 2 CdTe fEA L HT 5
fI R ARAS AL, B 10 /& CdTe: CLIB K AT J5 O HL AR
AL, B 12 EA S S % CdTe 5 CdTe:Cl
RS, ERE 95 E 10 F B s i X 35
REF T, 1R R XK T
e MRS B T AFM A K 623 nm U EOE
AMBEA TINAME IR, o35 4 CdTe 75 AL B AT &1
Fi- 55 ohr R AT I S PR EL IR A0 A DX, T S Ak B
Jo HL H pA K E nA 2, SR RIE SR
T8, dRL AR S A Sl TE, R T
T kL 6T CdTe:Cl, #838 K AT G ki 5 &

138.2 nm

—138.2 nm

0 Height sensor 1.1 pm

236.4 nm

—258.7 nm

1
2.3 pm

0 Height sensor

0 Potential

HOBA (L XOA, F L2

A SRR B AE AL B () CdTe HH T 2IEE
CdTe ] i -5 28 di A% 3, DR 2% i iy 57 B0 AT IR
BegR, T2t R 25 il f i A s 7o 21
ZRTBATE DAL FAL S ) CdTe , $3 25 i
R BT S8 IE Pt FAE CdTe:CLAZE iy
FEH I H L, MR TURINE SR SRR
0 A XA AR PN A T, HL R R (] R B
SARHIL, BEREATZ B S R,
FREEAEE, F5n FE CdTe:ClH BLLE
T+ i RL AR A W LR DO, B AR E
= LR

520.9 mV

309.1 mV

1.1 pm

632.3 mV

8 481.3 mV

0 Potential

2.3 pm

11 (MTER) (a) CdTe:CLEEM AFM 5 (b) 5 (a) Fl—XIRH SKPM &, 1B KHi 5 CdTe:Cl i
TR RSB (c) MABFRK CdTe HBK AFM 75 (d) 5 (c) F— X8 SKPM My
Fig. 11. (color online) (a) The AFM image of CdTe:Cl film; (b) the SKPM image of the same area in (a), no
obvious electron potential difference in CdTe:Cl film can be detected whether with annealing or not; (c) the
AFM image of CdTe film after Cl treatment; (d) the SKPM image of the same area in (c).

3.3 CdTe:ClEp=E 1AL

FA 1 428 W 3 77 1 DT AR 1) Cd Te: CLIE B, 24 Cl
JRF15 2% 8 AE 100 ppm B XF CdTe HEth ) 6 FLFE
MERAEMN. BRMNERTSEMHLE, B30 K
UF B CdTe:CLHLIM R R A 1% i 47, @ik T FIFE

Hath &5 44 1) AL B TE 5 4 CdTe HEI. BRI H
MR -BE (I-V) 4, 48T 3808 (EQE) i 28
AT R S HO0 LL LB 12 53 3. mEE R 5
N HIEEF 5 CLJE T 45 22 1) CdTe: C1 i 5 A8 Bk FL [
IR BRI 2 20 f i 1H CdTe:ClHE i &5 X AL FHL
L IE SR L TE 45 2k CdTe MLt & — A e
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9%, Bk JE IS 2 R m— N ER, SR
A LR /. CdTe:Cl ALt ) 2 T 3R itk 2k K AE
810 nm A — AN, 390 nm Ab — AN 59U
U 810 mum A PR VR WA W X 7 L ¥l 5 L A BT 4] D
TR, 390 nm Ak 1) 55 TR LUk B pn 451 ZR AL 1)
YT, FEF| CdTe:ClLE# I A A mH b, R

1
30 - : (a)
a i
g 20 A .
3 I
< 1
ERRTR !
~ 1
2; I
B 0q---=== -ty thE L EE R
g |
T _10- :
5 \ —— CdTe:Cl1
E _9 4 E after annealing
o ) —— CdTe after
—30 4 ' Cl treatment
1
T T I| T T T L T T L T T L T T T
—-0.4 0 0.4 0.8 1.2 1.6

Bias voltage/V

K12

TE pn 4510 % BT e A FEL 7 R HR BRI () e 2R
VA E DL AN N BN ISR AN E L
1M 7E QE 5 28 Hp = 2B B, Ak, CdTe: Ol i
b () T 8 HEL S B CLARBE T 5 44 CdTe 1 5 Hi b
[T 4% FHE BIK 100 mV A5 A7, 2 B B F PELSE vy
T .

100
—— CdTe:Cl after annealing (b)
—— CdTe after Cl treatment
801 — cdTe:Cl
X 60 A
~
e
c
M40
20 A
0 —
400 600 800 1000

A/nm

(IR ) (a) FRHEZAE R 100 ppm Cl% 4 OdTe:CLIE Kl 5 1 #2015 153 C1 AL ¥y Od'Te it J-V il

LR (b) CdTe:CLIE Kl JG (1 L b A1 3 7 30 R 55 CLAR ) CdTe HLth Ah B 7 2056, # Tt 3 i 45 /) 41 & TEC15 3¢
#/Sn02:F /80 nm CdS:0, I HM A 2 nm Cu/20 nm Au, MiF! 0.07 cm?, CdTe 5 CdTe:ClJZ BN 2.3 pm

Fig. 12. (color online) (a) The J-V test results of CdTe:Cl and Cl treated CdTe solar cell under standard test
conditions; (b) the EQE curve of CdTe:Cl cell and Cl treated CdTe cell with the same structure. The substrate are
both TEC 15 glass/FTO/80 nm CdS:O, followed by 0.07 cm? back contact of 2 nm Cu/20 nm Au, the thickness of

CdTe:Cl layer and CdTe layer is 2.3 pm.

*3

PRI T CdTe: CLIRKHT /R A P RE S B0 IE W CLAREER) CdTe HMLEFESHL

Table 3. Cell parameters of CdTe:Cl cell before and after annealing and CdTe cell with CI treatment under

standard conditions.

Sample Afem?  Voo/V  Jso/mA-cm™2  Rg/Q-cm? Ry, /kQ-cm?  FF/%  Eff/%

CdTe:Cl without annealing 0.07 0.65 7.36 75.56 0.18 32.27 1.55
CdTe:Cl with annealing 0.07 0.40 0.51 696.50 0.93 26.81 0.06
CdTe with Cl treatment 0.07 0.76 25.31 5.45 0.78 64.78 12.49

i

Fid 4% D B ) 4% (1) Cd Te: C1 AR T R LR 75
B RS 7S T MR A AR, i B Ui 4
B (110) B pA) B9S2 7 FE ARG . 3B K AN 18 B 7
H 2R R ORI, AR R AR AS 2 & 2E B B XA,
(111) By 2= 34 5. 11 o5 4% CdTe £ 40T S AL £
Ja (111) U =5, maR e RIBKERT4
CdTeOs, RS & ®IB KGRI KA ERE M
(111) BL[A) CdTe. 7£ CdTe:Cl &4 HAERN LA

4 %

JER 1 S A6 R R T2 5, 7R IR K 1K P AR 11 2R
SERMIBERS IR ROk, EAMTEE R BT CLUE T3
F51EE I, — 7 CLUETARFUR /N, TRV 2
255 R A s R, MM BTN R R SRS, 5 —
J7 T AR 45 22 1 CLE TS T 78 CdTe fn i
(P H VAR RS | 22BiR CdTe ShAk 4546, e Bk B o
B )RR AR

o} EE G 2 I S TR 1 Cd Te: C1 38 ISR T 45 2%
CdTe 5 JIE 1) 6 2475 B B0 TIE B R i 7K
FELEIR KT JE 24T LLA KN, CdTe:ClH iE L AE
PB4 B N IR CLR T 33T Veg-Clre(A
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HL) BT B, AT ASE Cd Te: C1 i F 1) 80 3L -k S5K) 5 HETERT, 100 ppm B 24K EER AT C1R

FEPRAR EARNE R . PRI S S50 v BH R 4 v, T 150 CdTe G AL B A F I, FEAGAE

T PR T AR B T BSCIRAT HL L ) B R P15 2% K CLE 115 2% IR B W] g ) AR Rt FL A
Z5 6 5 R WA WM DT AR ) CdTe: CLIHEJBE i 14 R, BRI

fifx  Cl#d CdTe BERKEHA L RKETE

Al £ A5 H

CdTe B TA BT E M’ = 0.11mo; CdTe & 7H RUR
it AEvgy-clp, = 120.0 meV.

A2 it ETAE
A2.1 & C1E2ZLL Cly. EREFTE

300 K S A S EE

m}, = 0.63mo; Clre B AE AEc1,, = 53.0 meV; A L HLE

e

mmikoT] 2 oy [2X314 %011 x9.11 x 1073 x 1.38 x 10723 x 3007 "°
h? N (6.626 x 10—34)2

=9.15x 10 m™® =9.15 x 10'” ecm™%;

No =2

n BRI KN Ee — Er < 2koT;
B A% n LG TRI 45 K

2N, AFEq
Np = 1 Te F —2
D e [ + gp exp ( k0T )} 1/2(—2)

_2x9.15 x 107
V3.14

=172x10%* m 3 =172 x 10'® em3.

53.0x 1072 x 1.6 x 107?
0.1
1.38 x 10—23 x 300

X |:1+2><exp<

A2.2 ZCIE£ELLA FLb R EFE

300 K M 7 &% 15

1.5

ommpkoT] % oy [2X3.14x0.63 x 9.11 x 107*! x 1.38 x 10~** x 300
n (6.626 x 10—34)2

=1.25x 10" m™® =1.25 x 10'° ecm™%;

p BRI I 45N Er — Ea < 2koT;
A% p B SGRI H45 AR B2

AFEv, .. _
2Ny [1 + ga exp <M)]Fl/2(_g)

N
A koT

2 x 1.25 x 10%°
:WX 144 x exp

=353 % 10> m™® = 3.53 x 10*! ecm ™.

120.0 x 1073 x 1.6 x 107'° <01
1.38 x 1023 x 300 ’
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Abstract

CdTe is a promising material for fabricating high-efficient and low-cost thin film solar cell. To achieve high energy
conversion efficiency, polycrystalline CdTe films must go through an annealing process in an atmosphere containing
chlorine. Numerous researches of the mechanisms of chlorine treatment have been conducted. It is generally believed
that chlorine treatment can increase the quantum efficiency of CdTe, cause CdTe grain to recrystallize, and reduce the
defect density. In 2014 a research discovered that after chlorine treatment, Cl atoms are segregated at grain boundaries
of CdTe and form p-n-p junction, which can separate electrons and holes, thus inhibiting the carrier recombination at
grain boundaries. Another first-principle calculation research claimed that Cl atoms form Vcq-Clre complex, which is
also named A-center, and provide extra shallow p-energy level to improve shallow p-doping of CdTe. It seems that both
segregation and doping of CI atoms can enhance cell performance.

To test whether chlorine doping can contribute to the enhancement of cell performance, in this work we study
chlorine doping in CdTe absorption layer by experiment. We deposit chlorine doped CdTe (CdTe:Cl) film by well
controlling the chlorine concentration ((100 £ 5) ppm) to investigate the effects of Cl doping on device performance. In
this work, we also compare the lattice structure and electrical properties of CdTe:Cl films with those of conventional Cl
treated CdTe films.

The CdTe:Cl film deposited at low temperatures consists of both cubic and hexagonal phases. CdTe:Cl film deposited
at high temperature consists of only cubic phase with (111) orientation. Phase structure remains stable after annealing.
Serried twins can be observed in all CdTe:Cl rods and the twins each contain only several atom layers. The ultra-thin
twins can be found in both as-deposited CdTe:Cl and post-annealing CdTe:Cl. There is neither separate conduction
channel of electrons nor that of holes in CdTe:Cl. But for chlorine treated CdTe, grain boundaries are the conduction
channels of electrons and holes traveling within grains. The resistivity of the CdTe:Cl film is found to increase drastically,
and carrier density reduces to intrinsic state after annealing. The efficiency of CdTe:Cl cell is lower than that of chlorine
treated CdTe cell. It seems that non-balanced heavy chlorine doping by magnetron sputtering is bad to CdTe absorption

layer.

Keywords: Cl doped CdTe, Cl treated CdTe, high-revolution transmission electron microscope, conduc-

tive atomic force microscope

PACS: 81.05.Dz, 88.40.jm, 68.37.0g, 68.37.Ps DOI: 10.7498/aps.66.088101

* Project supported by the National High Technology Research and Development Program of China (Grant No.
2015AA050609), the National Natural Science Foundation of China (Grant No. 61274060), and the CAS Interdisciplinary

Innovation Team.
1 Corresponding author. E-mail: shinelu@mail.iee.ac.cn
i Corresponding author. E-mail: zhangy@buaa.edu.cn

088101-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.088101

	1引    言
	2实    验
	2.1 靶材制备
	2.2 薄膜沉积与退火
	2.3 薄膜性能测试

	3结果与讨论
	3.1 CdTe:Cl薄膜晶体结构
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7

	3.2 CdTe:Cl薄膜的光学带隙与电学性质
	Table 1
	Fig 8
	Table 2
	Fig 9
	Fig 10
	Fig 11

	3.3 CdTe:Cl薄膜电池性能
	Fig 12
	Table 3


	4结    论
	附录
	References
	Abstract

