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Naf5 44X CIG ST I K BH B8 I PR RE R . FHER 1[12]
AT CHIBSHCRFIMED, FEA3 8B Nats 41 CIGS
A, HV MFFERAL, HIBSCRIUNS.8%. Fi4h —Fil
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Sample Substrate Back Temperature Voc Jse FF Conversion efficiency
contact (°O) (mV) (mA-cm?) (%) (%)

1 SLG Mo 540 678 32.48 76.0 16.8
(674-681) (32.29-32.68) (72.6-77.0) (15.8-17.1)

2 SLG MoNa/Mo 540 625 32.32 71.0 14.4
(605-634) (31.93-32.81) (63.8-72.2) (12.9-15.1)

3 Al O, Mo 540 480 31.46 57.8 8.8
(393-492) (29.15-32.17) (38.6-58.7) (4.7-9.1)

4 AlLO; Mo/NaF 540 698 32.23 76.4 17.1
(684-703) (32.02-32.64) (74.9-71.5) (16.8-17.5)

5 Al O, MoNa/Mo 540 590 32.42 70.0 13.4
(577-601) (32.13-32.72) (67.2-72.7) (12.6-14.0)

6 AlLO; MoNa/Mo 600 520 32.55 65.1 11.0
(507-529) (32.32-32.78) (61.5-67.3) (10.1-11.3)

7 Al O, MoNa/Mo 640 556 32.53 65.2 11.8
(525-574) (31.79-32.77) (63.3-69.1) (10.8-12.7)

Jsc: the short-circuit current density.
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) Ga,Se, I 7EMo/CIGS A2 Ft 1l EIE K 1 5 Ga & & i/
mn b, Xl R CIGS TR 77 J2 AR AR JEL A, T I A 2
BH I In 5 Galf A0 B4 8. E =B LR D 58k
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CIGSERCGSHIWE /N b 3 B h TR . T2
=B PO [, R 4H/ f b Z IR, X CIG ST i
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il % 58 % [ CIGSW W JZ= AE S et B3 LA Bl <6 J&
(Na. K. Rb. Cs) HHAT#ACEE, 1% 75208 ik A 50 38 W
W2 6 R Skl A S A B RR, H SRR MR B T B AR
M, T EBRER R SNARE. EREEPDTHE
TR I 1 B, AT LA [R) 4o i iR B2 3 i NaF -
PDT AR 1 CIGSH#IEE, IR 1 1 rE 2= e 1< 4. |
Bl4mrsn, MREEEBHR TR, R TIRERTT, KR
FE7EAT T250~350°C A1350~400°C P A XIS, #5977
WL FIMAT . 1E350~400°CHY, #m TIRESE N, i
MFH%E T . ik, ZENaF-PDTi e, CIGSH Kk
FEARAEEAE400°C i AT« A SCHRIRIE, 54 J8 PD T
I I H 9350°C F1400°C .



Chirila%s [ 1175 P JEC_ 328 i) 25 CIGS#iE,  CIGS
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K. CIGSHEIHE K — MAE/NT 30 nmiCu5 Galf
FER X . KI5 IR EIR KA EE BB T CIGSZH i)
Na, KUKE ST NaE FAAETEB .
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A b MR REAS BRI & (2)[2], AR s BRI EC R
B 17 12%, BRI AL PRAS 72 1B 2, Ak
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W3 (151, 5ZSW 2013444 () st 4 GE AR
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() 6 1% i B AT IR 35 B K [EIS(a)][15]. X EEZ KA
(NaF+KF)-PDT 253 T CIGSHR IS Z Fi e, CASZE 2= i i
A ABAF G, T H B ISR e A, E I IR T 2
MIRERE G, INMEER T Jsce H45, MSIMSKERE[1E]5(b)]
HRET I, 20144 HLIB IR Galh 5 B S LL 20134 (1] BEUY, 7
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1014
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R fc/IME AR . K, 20144F H B EQEAE Y K 1000 nm
DL E Pt o o3 R B R, I AR R R I FL s B R ) )
—ANEBERKE . & EPDTECEA T CIGSH Galf /%, H
b I U PR G a5 05 A7 R o A R B 110 38 0 T P2 AR Vo
AIFF, S0 R /Nty BB AR /N S s JE A, FH I
PDT L ZReW i Gath 5 5| RS I &5 My SR Ra . B2 2[2]7]
BT, E B ) I R BE R, S 2 1) VAT FRL IS, B SR 45 3
oo, RIS PDTAE 55 o7 45 R I IR P I o

2.5. EIH4 )8 Rb. Cs XF CIGS F it 4 H 4 1) 5 i

201657 H ZSWE A tHE &)@ 8 (Rb) Fls (Cs)
REK, XFCIGSHL S )= #E4TPDT, i H il % ik
F|22.6%, F—RANE T HH R LF2]. aEl6e[2]HT
N, G EIRE B PDTH H R LE A 47 PD T L L
FPIIHET6.78%, FEYET Vo XFFRININ (TEI S
JE5) . 2 Rb-PDTI HLIB KT XK L & KF-PD T Fjth iy
2.42%, FEBLJFEDRAE T A # R () AR R DR ) B
fiK CE7) (2], RIHRIBI RIS 2 T 3, XK
A X FLVB AR 3R (4T EEKCBE S

FATHe [7] — RECTG ST JEFE i 43 Bleatn,  FHod 347 ik
ITANFICsFB 24 B[ PDT, LACsFZE K V5 1A [6) 36. & 18
NHBIEMZSE, BI320°C. 290°C. 260°C. L5

1018
' —A— Resistivity =
. D
10° ‘/A ' —@— Concentration g
g \ i /.'_. 110" 2
¢ | il
c A _® o I
Z 102} : 15
:‘g 102 /. : {10 ::(3
%] '
3 /. | §
Cool @ - A {10 2
i A—A S

50 100 150 200 250 300 350 400 450 500
Substrate temperature (°C)

B4, AN [A 4 R UL EE R OB NaF Ji= R 1 s 2Rk

Date Conversion Voc Jsc FF CGI GGI R, Ry, Jo A Jou

made public efficiency (%) (mV) (mA-cm™) (%) (Q-cm’)  (kQ-ecm’)  (mA-cm’) (mA-cm™)
September 2014 21.7 748 36.5 79.4 0.90 0.32 0.30 1.54 22x10" 138 365
January 2011 20.3 740 35.4 77.5 0.88 0.34 0.07 0.76 38x10" 1.57 356

CGI: atom ratio of Cu/(Ga + In) in absorber; GGI: atom ratio of Ga/(Ga + In) in absorber; R: series resistance; R,: shunt resistance; J,: reverse saturation

current density; A: diode quality factor; J;: photo-generated current density.

+|3  ZSW WA HLb ) LR A

Date Conversion efficiency (%) Jsc (MA-cm™)
2013 20.8 34.8
2014 21.7 36.5
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El5. (a) P CIGS L [T EQE X L1515 (b) P A CIGS Hiith SIMSRAE I GGIA A el . d(CIGS): CIGSHS IR s Epe WRIUZ HIHR /AR -

Conversion efficiency (%)

75

FF (%)

70

65 - ¥
None KF

RbF CsF
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600 T T
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34

32+

Jge (MA-cm™2)

30+

284 ¥ L
None KF RbF CsF

(d)

El6. 1858 PDTHI 5 5 K CIGS L Z G it AT L (2] (a)F& 4380 (b) JFER i E: (o) HARB T (d) Mg iR .

2.41 "

-
o
f

-
(2]
1

Diode quality factor

ey
IS
L

-
¥
h

1.0 T T T -
None KF RbF CsF
Alkali compound used for PDT

Zli REPDT S JUF HE B < )& PD TS 19 CLGS LI — A8 i 5 5 4
FHa 2]

— M ARHATPDTHIAE AEXT R . It At T 2 &3R8
[F4k. ZATFEM S B TR T ARRIFERRE, CsFO
RFERIATPDT. £487R, LCsF-PDFIIFES, HVoc
MFFERKKET, BT R CASEEZFITRA, Joik
HHWHEB. KK, CsBEXNVoew FFA BN
AR SRR T AR K5

JacksonZ%[ 2] SIMSX} CsF-PDTHE M (5K, Na)
HEAT 7 HIm R A (9. HE9R &, EiSEECL

R4 RLCSF-PDTH AN CsFB 1) CIGSKRH BE Rt G R Z 00 Ll
Sample Conversion Voc Jse FF
efficiency (%) (mV) (mA-cm™) (%)
CsF 320 15.78 670 30.9 76.33
CsF 290 15.44 646 32.0 74.63
CsF 260 15.19 634 32.1 74.63
CsF 0 11.43 550 32.6 63.71

The numbers in the sample names are CsF evaporation temperatures,
where CsF 0 stands for “no PDT.”

B T RE R B 2 R e )| (NaTKD, CsE 7t
TNa, K& 7AAAET b X0 < 7 ) H fdk
AR T HALE, DU B SR R T (B S
FERICu. Ga) WL, H A& B # U,

3. 18 /& PDT XY CIGS &RE M FHRITERA D

3.1 IR )ZE CdS B, $RTHHUR Jgc

Adrian ChirilaZ&[1]fdi I XPS/#1 T 4 NaF-PDTHI
KF-PDT CIGSFE i R [ L2 o o 45 R B, Naph
K&, LUK CuflGasks HIE RS —MAEE/NT 30 nmff)
Cu. GafE/RIX, TECIGSJEARHFINERHE)Z (OVC) #&
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680- 1 781 1
x E
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- 640 S :FI T 141 1
> 620 . —~ 72 1 o
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= < 70 i B13
g 600+ L 68! c
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560 _ 1 64 $ Z 111 @
5401 -~ 1 1 - 8
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520 ‘ T ‘ T 0 . . : : . . . ,
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(©

8. CsFi5 i X CIGS AP RE HLl At S EHISE A . () JTER LT (b) TR 15 (o) FeHRR

-
o
Gl

=Y
o
=

==== Without PDT
=== With CsF-PDT

=9
o
©

Intensity (counts per second)

102
0.0 0.2 0.4 0.6 0.8 1.0
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E]9. SIMS/3#T CsE-PDTH 5 )5 Wi Z N K. Nalfj384k. d(norm.): 14
—ALJE IR R (BR DA D,

XG0T 22 FEE Ve E . 2% (CBD) il 4%
2 CdSH B R, IIRTRME (Cd BT EM2
TRV B NI E B Cdey s S E T REPDTH
MR, SECRMEMETRAEENEL, 514k T CIGS
R0 R IRIRLE,, R AN 75 2258 JE (R 2% v 2 B AT S8
= I CIGS/CAS sl &5 h etk Y4k, & KF-PDTHIF:
mn(ECASYTAR ) CBD R AR B A R i @ v, 1 H.
T INEIE) (E10) [15], MITAECAS T 52 75 5 4,
0T ORI, BT T IR s

3.2. CIGS Z¥ UK A 242 =

20144F, Pianezzi%$[9RH =B ILZEAEPIFTEK b
DU AT I IR B2 DA CIGS i 2, i@ i NaF-PDT. KF-
PDT. (NaF+KF)-PDT =/ B8 &8, Lma-fEk
(C-V) MR, H5ARZPDTHICIGSIZE B4 7 Ei
TIRERAT L (1D, S5REKW, BEEPDTHIFE M
(73 7R IR B 35 4 s NaF-PDTAE i L (NaF+KF)-
PDTHE i 23 7 TR BE i AN g (NaF+KF)-
PDTAHE it LU KE-PDTHF it 1 2 T LR 1 o

15 RUCIGSH b W I J2 2R TH HOVCH B, K & 1 7%
BE 52 E BB Ve, 5 i 3 BB InS A B b T R A B

(b)

& 10. PDTAHE i 75 CASTTAR I MY B SR IR I AL B 14 [ 150 (2)PDT
Hi: (b)PDT/G.

(2Ve,tIny), X CIGSkHRHI FLPE A LT3 A 0. NaF-
PDTHE M AT i KB (2V,+Ind,). Na®QInks jti - B
WAInZ. % g b P e W N, WA 7t 2 B M In 2. 2
M 25 R v 52 A8 JUE B NalfURInf) 2= 462 (V) TE
R LB NaG,, TR Cul ER IR RS, S BT
JEHA R . Na'7E CIGS R 7 AR O, N IR T4k
BARSeAT (Vo) (HEE) HmOs, T CIGS
FEMZ IR . B2, Narl W% 07 T 84 i 7
WS

3.3. ¥ & CIGS Wit /= Ry BRANBRARAN 1Y
Handick5 [ 16 5% H [5] 25 i &% i X5 28 o6 i1 R

it (HAXPES). #4MGHFRERE (UPS). ROGHLTRE

% (IPES), WMHA 7 #EPIE EITAR ) CIG S N S =
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El11. C-ViIll £ {1 CIGS%S 7R 437 . (a)RZPDTHIRE dh: (b)2
NaF-PDT. (NaF+KF)-PDT. KF-PDTHJFE 5o
RIS SO B 45, UPSIGE (Hellik, b
TREE N21.22 V) g AR HBURMER, HAEME
¥ E B OMFP) K#Z)°~40.6 nm. 38 id £ 2 keV
I8 ke VK & fit B, HHAXPESH & [IMFP{H 7 5l
BN T4 nmAT12 nm.  H1 A3 HRE S R TH = AN R
rar T (VBMD) #ME, SR F FHIPESI AN 70 B B
M F 7K (CBMD #{H, /515 HNaF-PDTH: i %
AR AN1.61 eV(+0.14/-0.51 V), Ha5uE12[16]
Fizs (NaF+KF)-PDTHE Sz 32 10 A7 i 09 2.52 eV (+0.14/
—0.51eV), iy B 5 i B m o2 i 5 9 oK RE R B, Y
BR&E R W1 13T

HandickZ5[ 161\ A fig 77 & 5 /2 th 22 1 X 3804k 2
J8 5 B 5D L A A5 A AR A S AR . M A3 BT 2R,
(NaF+KF)-PDTHIFE & R TH FZ K. InfliSefy e, F
G In,Se, A B 5 R FEA G 4)EFEREF2.6 pmibf,
HAFBREE2.5 eV; KinSe,[Hi i 82.7 eVe HEMYM
X EEEG T o R il — M 5, H2 AT
HB 5 AW 2 ) (NaF+KF)-PD T it 2 [ 1 77 B -+ 70 AH T,
Al REE PRI A, S E AT & e ek 1S A0

FRA 12 16] 9 [ £ 4 1| NaF-PDT (1) CIGS/CdS 5+
Ji 45 g5 B Je (NaF+KF)-PDT) CIGS/CdAS 5 i 45 RE iy
(13>, BT CIGS/CAS i 45 ) p/mf% 2 & i3 N 2] CIGS
IR X, G AL 7 O N D BB T, 2 R
ERME SN E13%8, (NaF+KF)-PDTLENaF-

NaF-PDT (NaF + KF)-PDT
1.42
CBM [+0.10/-0.50 eV]
1.03
A
CBM [+0.10/-0.50 eV]
R e —p———— L e T eppp—
[}
=
w
055 _058 VBM [+0.10 eV]
-0.66
-0.95
VBM [+0.10/-0.15 eV] 110
-1.26
+——— IMFP «—— IMFP
12 nm 4nm 0.6 nm 12 nm 4nm 0.6 nm

T T T T
1k J
CIGS
0
S
L 1 —E
> —
o v
5 —
§2f —€
NaF-PDT surface
-3 B
_ 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
Position (um)
(a)
T T T T
1}
CIGS
0
s |—e
L A —
= -
= fn
2 —
w -2r ®
(NaF + KF)-PDT surface
-3 B
_4 1 1 1 1
0.0 0.1 0.2 0.3 04 0.5

Position (um)

(b)
E13. 74 JE PDTHICIGS/CAS 7 i 45§77 €. (a)NaF-PDT CIGS/CdS;
(b) (NaF+KF)-PDT CIGS/CdS. E.: Siliik; E,: il E,: T
HECKBED; Eq: 2 UEHCKAES
PDTHE KM B FRA T St 4 CIG Sy TR /b 1 2%
TOREE, MNTHE— B4 7 A E S, HERIA VS



SoFF 2 FARAT IR B, 584 J8 Na & 52 m 2804 Fa e
PEFIE B LR R, 1 H e TS et
R TFE R HI . 20120 904EMX, HF AU R R B 4
JE NarE A 520 a4 14 Fe e PR 1 5 0 R 8 2 i CIG ST i
X PH BE FELth ) 250, XA AT E BT T 4R A IR Naxt 2 ot
&Y SRS E LS. BT CIGSH R Z P It
Zingiry, 5L s AN E T R SR (SRl
Ge). 2 F 5t 5 B H T e R EL = A 45 0
TR DA oG ER I B A AL R FL R R S5 A
MG 51 S R AR . a2, B4R TSI LA A 5
KiBa, FREBAESZ BN 7 R B e T+, (HA
FHB 07, WRZE 2 SEE A, RS
HLI AR

Bl 4> JB PDTHE A 2038 CIG S 45 ¥4 1 175 1 T 7T LA %4k
AR BRIA,  FRAR AR b 5T DR S ) LR LA, AN
MG s ERE . 5h4h, & BPD TS 8 TR B4
EHAR MR ZE, Rl 2 TEH RS R E CIGS
RS A2 5] A S5 R B 2 . R 8 AR I
H A1 BT LA R CIGS R 2 AL S Rl oy A, 38 K52 32
BREA VTR, R R 2 (M CAB T 78 52 - 6k [E
Vo I E GG Cde, 25 B . SR 7 R A Inas 2,
SR T CIGSKZRIF Rk IE4s . R4, HEiMEEPDT
PR T CASHIL T M, 15 CASTH AT i, 1%
IS, XTI RCR W EE RN —, &
Bl JEPDTHN % 7 CIGSK AT, FEM% T CIGSZK Y
W fi B, @ g A — 25 T ORE, B
THRMTFERTMME S, XTI V5 8eR
(1) — B EJF A

HHE 4 JBPD T H 7l K 1 CIG ST B K BH fig b
(R IR M B Ji s R OR i T TS BH R F vt 5 . it e K
FH fiE LV 2L RE 22 0E, BRER 8 @2 Cu(In,Ga)Se, i [IE
KPHBE AR 25%” [ Sharc25iXIFRH, CIGS
T AN T 4 P o v LB R R IR 25 % 5 B R, [
I, FEARARKE R 2E B2 AR R .

L)

RIAERENT “HHitR)” 512t a0H a0 B H
(2014YTO2NO37) (1) %5 ) .

499

Compliance with ethics guidelines

Yun Sun, Shuping Lin, Wei Li, Shiqing Cheng, Yunxiang
Zhang, Yiming Liu, and Wei Liu declare that they have no
conflict of interest or financial conflicts to disclose.

References

[1] Chirila A, Reinhard P, Pianezzi F, Bloesch P, Uhl AR, Fella C, et al. Potassium-
induced surface modification of Cu(In,Ga)Se, thin films for high-efficiency
solar cells. Nat Mater 2013;12(12):1107-11.

[2] Jackson P, Wuerz R, Hariskos D, Lotter E, Witte W, Powalla M. Effects of heavy
alkali elements in Cu(In,Ga)Se, solar cells with efficiencies up to 22.6%. Phys
Status Solidi-R 2016;10(8):583-6.

[3] Hedstrém J, Ohlsen H, Bodegard M, Kylner A, Stolt L, Hariskos D, et al. ZnO/

CdS/Cu(In,Ga)Se, thin film solar cells with improved performance. In: Pro-

ceedings of the 23rd IEEE Photovoltaic Specialists Conference; 1993 May 10—

14; Louisville, KY, USA. Piscataway: The Institute of Electrical and Electronics

Engineers, Inc.; 1993. p. 364-71.

Bodegard M, Stolt L, Hedstrom J. The influence of sodium on the grain struc-

ture of CulnSe, films for photovoltaic applications. In: Hill R, Palz W, Helm P,

editors Twelfth European Photovoltaic Solar Energy Conference: Proceedings

of the international conference; 1994 Apr 11-15; Amsterdam, the Nether-

lands. London: James & James (Science Publishers) Ltd.; 1994. p. 1743-6.

Holz ], Karg F, von Philipsborn H. The effect of substrate impurities on the

electronic conductivity in CIS thin films. In: Hill R, Palz W, Helm P, editors

Twelfth European Photovoltaic Solar Energy Conference: Proceedings of the

international conference; 1994 Apr 11-15; Amsterdam, the Netherlands. Lon-

don: James & James (Science Publishers) Ltd.; 1994. p. 1592-5.

[6] Granata JE, Sites JR, Asher S, Matson R]. Quantitative incorporation of sodium
in CulnSe, and Cu(In,Ga)Se, photovoltaic devices. In: Proceedings of the 26th
IEEE Photovoltaic Specialists Conference; 1997 Sep 29-Oct 3; Anaheim, CA,
USA. Piscataway: The Institute of Electrical and Electronics Engineers, Inc.;
1997. p. 387-90.

[7] Contreras MA, Egaas B, Dippo P, Webb ], Granata ], Ramanathan K, et al. On
the role of Na and modifications to Cu(In,Ga)Se, absorber materials using
thin-MF (M = Na, K, Cs) precursor layers. In: Proceedings of the 26th IEEE
Photovoltaic Specialists Conference; 1997 Sep 29-Oct 3; Anaheim, CA, USA.
Piscataway: The Institute of Electrical and Electronics Engineers, Inc.; 1997. p.
359-62.

[8] Rudmann D, Brémaud D, Zogg H, Tiwari AN. Na incorporation into Cu(In,-
Ga)Se, for high-efficiency flexible solar cells on polymer foils. ] Appl Phys
2005;97(8):084903.

[9] Pianezzi F, Reinhard P, Chirild A, Bissig B, Nishiwaki S, Buecheler S, et al.
Unveiling the effects of post-deposition treatment with different alkaline
elements on the electronic properties of CIGS thin film solar cells. Phys Chem
Chem Phys 2014;16(19):8843-51.

[10] Laemmle A, Wuerz R, Schwarz T, Cojocaru-Mirédin O, Choi PP, Powalla M. In-
vestigation of the diffusion behavior of sodium in Cu(In,Ga)Se, layers. ] Appl
Phys 2014;115(15):154501.

[11] Caballero R, Kaufmann CA, Eisenbarth T, Unold T, Klenk R, Schock HW. High
efficiency low temperature grown Cu(In,Ga)Se, thin film solar cells on flexible
substrates using NaF precursor layers. Prog Photovoltaics 2011;19(5):547-51.

[12] Salomé P, Fjdllstrom V, Hultqvist A, Edoff M. Na doping of CIGS solar cells us-
ing low sodium-doped Mo layer. IEEE ] Photovolt 2013;3(1):509-13.

[13] Giittler D, Chirila A, Seyrling S, Blosch P, Buecheler S, Fontané X, et al. Influ-
ence of NaF incorporation during Cu(In,Ga)Se, growth on microstructure
and photovoltaic performance. In: Proceedings of the 35th IEEE Photovoltaic
Specialists Conference; 2010 Jun 20-25; Honolulu, HI, USA. Piscataway: The
Institute of Electrical and Electronics Engineers, Inc.; 2010. p. 3420-4.

[14] Brummer A, Honkimdki V, Berwian P, Probst V, Palm ], Hock R. Formaton of
CulnSe, by the annealing of stacked elemental layers—Analysis by in situ high-
energy powder diffraction. Thin Solid Films 2003;437(1-2):297-307.

[15] Paetel S. Roadmap CIGS towards 25% efficiency [presentation]. In: 7th In-
ternational Workshop on CIGS Solar Cell Technology; 2016 Jun 23; Munich,
Germany; 2016.

[16] Handick E, Reinhard P, Alsmeier JH, Kohler L, Pianezzi F, Krause S, et al. Po-
tassium postdeposition treatment-induced band gap widening at Cu(In,Ga)
Se, surfaces—Reason for performance leap? ACS Appl Mater Interfaces
2015;7(49):27414-20.

[4

[5



