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Alafe AR AR E Mk B AT H E® EHRIREIRFEG—MAXTFR 2EHTFHRE, wikiyit

A Gty i st 0 B R B & R AT A KR AE 0, Q¥ FRER I8 A UL e B I AR B
MR RIS KB, A4 L5 A FILT A w4 BRI, A Science ¥4 “2013 F+ XA HF R 72—,

Ay BRTH R K R ey FF TR EZ —. FHA KR

A8 PR B A AR BE T A A, AR T 2T

HRRAZGER = A MBT RO, BET TEACARG XK R, LR A — 3755 6 b A b X XAt
AFIAFMRCHAR AR TR F AT, X b L& AR ey TN, XA BT S 7 @7 T
BB A KRB, SV L, B Gfe & LA KA AL IR RNAT R, AR5 A0 iR 2 IR A & 3 F

BN PN

R, BT A A I F & KA AT Rt & A0 L B it h e F 95 3.

FTR S TR i R S5 3R K FHEE

(B RSB ¢ EAERMEFLH  ERK)

yiuhas: i

iEnerid

REHE FHER HE

SR

(RHERZAL T 2ERE, KidE 300072)
(R AL LI FIGSHT b, RE 300072)

(2014 4E 10 A 20 A4 #; 2014 4 11 A 27 AUREIE SR )

BRI BH R R i A& — b 4T A A [ I . SR RE R AL RCR O 310 19.3%, OV T AR RE
VTR A TET7 7). 2 XA S R K v RS R K B E PRI B B 7 2 —. A TS ERET R
FH e HLH I BE AR G g, 0 22 XA R A R (9 73 4540 « REZRICT A A% A S0 A b Mk BE I S2 A EAT 17 PRI A

SERIPRA.

KR FHERDORRHAE I, ARSI R, spiro-OMeTAD, BEEFHAE

PACS: 33.15.—€, 88.40.H-, 61.82.Fk

|-

1 5l

AR, HER RS A Y AR S R
A 45 (CH3NH3PbX 3, XN X &) 1E N 6 WUk
R ] A LK BH AR R R AR TS M M
J&. 2009 4, Miyasaka /Iy 28 & U8 85 Bk 0 24 1)
CH3NH;3PbX3 1E 4 0t e e 71 51 N 21 44k 5 4k

DOI: 10.7498 /aps.64.033301

X PH AE v b, H ) AR R 5 0 (power
conversion efficiency, PCE) ¢ i 1A £ 7 3.8% [l
Hi T CH3NH3PbX 7£ HL i A2 2 14 22, 2012
%, Kim 5% 75 [ & o 0 8 L CH3NH3PbI £ £k
B K BH Ae B P AE A2, 20, 7, T-IU[N, N-
(4 AR OR R = JR-9, 9-BR 7 (2, 20, T,
7-tetrakis(N, N-p-dimethoxy-phenylamino)-9, 9’-
spirobifluorene, spiro-OMeTAD) X & W & H fi

* [ R R FUR R VR (HEHES: 2012A A030307) AR i T B SCHE VR B R BB H (LS 13ZCZDGX00900) Bt B
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R, B PCEILR| 79.7% 2. HHl, % T spiro-
OMeTAD 1F 73y A% i J2 5 £k HL it ) PCE
O 4R 1 19.3% 1) 7R B L7 7 10 30 P AT 5t
TEESERH Ft b, 23 Xk a2 B A LA S T
BERUC ISR L, A B T3R5 R RE E i 1k
ROER T RINFE. A SCE S AR R
BEERT K BH A FLL HP SR RF 7T HEAT M7 S 4, 1%
By T2 A AT 1 0 2, BT U
LI SE T R T J R 55 B S HOP AN L5 0t
MR EE A N

2 FEERH A FH &E B B A SE A
2.1 CH;NH3;PbX; By G IAEE K214 R

CH3NH;PbX (1) &n 14 45 14 J& T 25 8L 7 4L,
£ CH3NH3PbX5 (1) & Mg o, A& F1 8 K 184>
CH3NH; " 78 = 4E 25 8] N B B — > 5L 5 4, Pb?t
TRV N N S VA= B R = i - S (VA mi VAP
AT .

@ CH;NH}

Do
.‘- ' Pb2+

. o
@ 2 | @ @ X

CH3NH;PbX 1) 41 47 fig 2 #S AR #H ik, #7E
—54 VAL, KA TFHAREEZWILTH
REZR, I S BOLH IR B, fA7E— 8 E 5. UG
CH3NH;3PbI; F1 CH3NH3PbIs_, Cl, 7 B — A
1.5—1.55 eV Z [i]. Br 5] A% CH3NH3PbX3
(R BRI AR K 1)) CHsNH3Pb(I, _,Br,)s K
E, (V) 5z KRN

Ey(z) = 1.57 + 0.39z + 0.332>. (1)

CH3NH3PbI; 7 280—820 nm [ 7] I, X 1 i/x
21 A0 X 3L A 5 Z ol =00 SR 75 1 o i
7, CH3NH3PbX3 B A XM M A% f 4 v, HoA G
BE 7T DA% el (101 ST DA s e ) af
#3 CH3NH;PbX 5 7] LA F - 22 il AS 8] 45 74 1) K
FHRE L. Bt Ah, AH b T — A ML BH B8 H it
By 8K EREHT99KM 5, CHsNH3Pb;
I H TR A T K R R S T 100nm 12
CH3NH3Pbl;_,CL, 1 B ¥ 7 & 8K B2 v] o
1 um [l 12 F CH3NH3PbX g B LA K5 AT,
A S RS By — i R R FH B FELB GRS

—3.36

—3.75

—3.93

-5.3

_F -
—5.43 538
CH3NH3PbI;_,Cl,
CH3NH;PbI, CH;NH,;PbBr;

K1 CH3NH3PbX3 kg 4 fgggs 5]

2.2 358K KPHAEER MR B A LG
HOHT, #5 8k 87 K BH AE AL it A S WL A 45

P AW -S54 (meso-superstructured solar cell,
MSSC) -1 57 Jii 45 45 K A S BL 45 1.

I WAL 285 A6 (805 R R b L A ] 2 e )
BUAL K PH BE L (dye sensitized solar cells, DSSCs)
FRACL IR 45 44 21 5 B AT IR SO R SR 78 3 A L THO:
I BRN, 2 5 2 AR R R R AR ES R 2 2
b, A Ee R A SE I S R R . A
KRR g kg, TiO 31 3 # A0 AL 4 i 7 1) 1 H.
Snaith /N 1O fd QK AL Ao O3 ARE A WA A L 45
BRA HL L A AL TiO, A I PR it B AR 47 3 52
POt L e, At AT e 44 A W - &5 H (MSSC)

PR L. ST S JPT Ah A AL A R R Tl AN
AFUE, I AR D e R 0V [ 0 i, A4
ERH R AU TiO HAE %M, 2 Ja FuiRia &
o S AN < LR T S R 4 A BT LA T DAL R
J BT 3 DO il 4. FESX ARG M T, A B 7E Dl
Ja 7= A A G A R AR A RME R 2 TTO, 1 He
T L S ST A At B R AR, XX A
F AR EAE T AL A5 B A TiO, W] LU
o AR ok L2 D8] [ SR A R T R A
il %

FEIX e, B ER R AR A i 2 Rl
KBEG, @ P AR AT AR i 75 2 A 1 e e 0 1)
O TR IR S e EL R R AE — R 0 A AR
2) SEHRA LT /2O 73 B H T AR RS

I
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Au
o
)
% FTO
2
Au
—5.1
ht
FTO
(a) (b) (c)

B2 AR T 7 B ES 85 A0 AL S I RIS I REIZ R EL  (a) /BB EGERA™ FEVEE 1, (b) T 1H] 5 T 4545
BRAT RLIBEE A (c) A WL ANF TR A Bk r it o % DD e B e R

ALk
WP B
T

2R ARH AT

ITO
(a)

K3 RS ERAT K B AE AL 45 A R & D g )2 RE 2R 18
(b) REEERG AL h & Dyt = et

¥} /CHsNH3PbX 3 Al CHsNH3PbX 3 /% % A% #i #4
TR A == R Nl =l = : =R o L Rl
Vo I S| PO ER S i BN N 3 A5 A S
F CH3NH3PbX 5 A% & 1T LUAE 4 25 /X, Etgar 2 120
K 45 T CH3sNH3Pbls /TiOo 5 J5 45 K BH A%
t, Horp CH3NH3PbI 2 2 O W USRI 25 X A% i 1)
XUE AR FH, 3 b BT B 5 e 1 B AR B T 5.5% 11
PCE. i PR 45 18 i 5 FH 79 20 U o R 7 v il
7% CH3NH;3Pbl;, F4 31X Ffr 5 A4) (1) L it 280 3 42 1 3
10.49% 11,

NG AR AT KT B
A

e PR 1 2 SR B A RHE AN B BRI 5 )
HLBR 2 TR], BT LUK 473 (Schottky) Bl 21, {2
Al FL NS AR T REJZE JF I3 15, /b ri T R4,
[ N AR 22 X e i, v L b R

55 BR A K BH BE FL It i) PCE M % /£ AM 1.5
(100 mW-cm™2) BEUBH G T RAT, T A At A R
HLit (short circuit current, Jsc)~ F#% H & (open
circuit voltage, Voc) F1IH 78 Al ¥ (fill factor, FF)

PCE = (VOC X JSC X FF)/Pin, (2)

B

ITO/FTO

(b)
(a) RIELEGERH HL ith 45 443

Hrp Py REBEANHHIEER. Jsc, Voo M FF #AI
XA A RE ) 5T IR oG, BEAR B A AL
FERHRL A 73 7T R % B2 e 5 A 0 (high-
est occupied molecular orbital, HOMO) & 2% I 1%
fE —5.1——5.3 eV Z i), iX & [ 2 AL AR HE
HOMO fg ¢ ZAEE5 4R By ity RE 2 B A A
TSR R 7 2 AR i )7 e 7%, Polander
5 3L aF 9t 2 W 2 A A A RL 9 HOMO g RIS
T —5.3 eV & EE M LK) PCE, 1 HOMO fig
Gid Al Voo BRIK. I0Ak, 5 UE Skt B A
o B 5RO 2 1 o 2 A B T 4 v LT AR AR
SE M. R T LB S R A BRI, S AR
A RHIE 1% BE W A B 78 B/ FLAH LR & 24
LES

3.1 spiro-OMeTAD 7£ %5 K # EE jth
H Rz A

spiro-OMeTAD »& f 5 B F T 45 2k 0™ H it
N Ay MR A R &R AR S
EC [ B JF kOB 2 A A RHE L R B
% ) spiro-OMeTAD ] & /AL # % F1 v & R #0
bC B, BOE 2o B AE 1074 em? VLS AU AR
1072 S-em ™22 spiro-OMeTAD # %) FH 7€ [l &
Rk R K FH R HL I RN, R R IR A B
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Ja K@ I B A 4B T BLIERE (4-tert-butylpyridine,
TBP) Al = (= & 2 fil 1R ) I % 22 (lithium
bis(trifluoromethanesulfonyl)imide, Li-TFSI), {#
5 R AT ROl TBP AT LA A
il B 2 A, Li-TFSTH 5] N 2 4l 28 /AL i )2
B TEEZmM, lpB i, WMAHIERST
AL R R N GE R R R T R AT =
(2-(1H M e -1-2) AL IE ) & Bl (tris(2-(1Hpyrazol-1-
y1)pyridine)cobalt(IIT), FK102) th 1] DL 2 /A& 4
JE I R s ARG, R TR Y R R
FBH, AN T SRR R R B0l H oA, &
AR R v R A AR F T 22 SE 28 [ &S DSSCs
fIfifid:, % F TBP Al Li-TFSI #E47 p 5 4% ] spiro-
OMeTAD 1E A% AL G R 514,281,

20124, Kim % P O spiro-OMeTAD £
N7 AR A RE L T B B R AT H i
¥ 11 % 4 1) CH3NH3 Pblg iR 2L TiOo FAEN
FEIRIZ, 19 2241 PCE 1A £ 9.7%, A1 &I
B Voo M FF 224 4L TiO, ERRE R MK,
3% 5 1 TiO2 B2 M 0.6 pm.  F& 5 1 Ik 36 9,
BAR Jsc A BT N, (H/2 FF (139 0343 st 78
HAHINE 200 h /5, ¥)46 PCE #K £ 14%, &%)
29 8%, H.FMI 838 ) 500 b, Jsc, Voc, FF M
PCE {3 2EALRFF R E .

Snaith /> 2 f# F £ 150 nm JZ ff] CH3NH3Pb-
LCUE ot W e 2, ¥ o W 81k 45 1 i s
t i) A fLTiO, e AL O3, ] & 7 45 # N
FTO/E % TiO2 /44 K L. Al,O3/CH3NH;PbI, Cl/
spiro-OMeTAD/ Ag HIE5 K5 HLth, Hth ) PCE
% 5 10.9% 10 )5 ok @ ik A AL O3 2 1 5 B,
PCE# — b m #12.3% ), X FdbgE i S
I AL I AR AL, (R H i AL O3 FF A REE
F R FAERIVER, 1M /2 CH3NH3PbLCLES] T
WSSOI H A R A AR

2013 4F, Gritzel /N 4 24 3t 7 CH3NH3Pbl;
() H) % 97 % S8 ¥ PbI e & B A L TiO,
b, 2 J5 # % R N CHNHI W 43
F| CH3NH3Pbl;, f# 45 2K 85 2 10 2 % 56 i 7T
P, # % B 45 MM FTO/ /3% Ti0y /4 L TiOy/
CH3NH3Pbl3/ spiro- OMeTAD/Au [/ WAL A4S
B HL i PCE A 3 15% 1281,

B J5 Snaith /N 4 3% A 5 FH 44 K 3 42 45 1),
AR T R AR B ROk TRk,
#l % T FTO/$ % TiO,/CH3NH;3PbI,Cl/spiro-
OMeTAD/Ag 45 14 ¥ ~F- [ 5 Jo7 45 i, PRV 1) B
HPCEX#]15.4% ', X T/ER M, Sy 1
{5f N FH 7 7 BRL 4D S T S ol 45 vt g #g o i) DAAR
FR B RCR.

2014 4, Yang /N PR 3R 2583, 206 Wi
(polyethyleneimine ethoxylated, PEIE) X} ITO i
17T R EM, It 095 2R TiO, 1Y 5 H i T 32X
FAEHRE /1, A8 AR AL 298 24 (1) spiro-OMeTAD
VB2 AR S R R, T I 7E ARG T E 30% & 5%
ff) % 1 F {# CH3NH3PbIs_, Cl, T #2 %] TiO, I,
#1451 ITO /5% TiOy /CH3NH3Pbl;_, Cl,, /spiro-
OMeTAD/Au 45 K4 [#)~F [ 7 B3 45 85 R0 it 15 2
19.3% W PCE. #54> LA spiro-OMeTAD Jy = A& i
AR S AT L o R BB LR 1

i1 - spiro-OMeTAD 7 45 £k i i ith 7 75 2 1R
UF B REA, AN AT X AT A B AT T OB A
DA 13 2 3 47 B 2R Jeon 25 POI & B RAE T
= F spiro-OMeTAD I £7 2E ¥, 1@ i 24 4% spiro-
OMeTAD 1 PU A =55 fie 5 ] | > BAR FE 4 2
(AR 7 SRR A R F R . AR B
AR NT spiro-OMeTAD ] HOMO BEZK% A i Ak 2= %
1# (lowest unoccupied molecular orbital, LUMO)
Aegl =t 7 sem. AR Y pm-spiro-OMeTAD

1 E5 L spiro-OMeTAD N2 AL AR B RS R FE it RO PR RE 24

FEIR IR bR Jgo/(mA/cm?) Voo /V FF PCE/%  ## R
CH3NH3PbI;3 AL 17.6 0.888 0.62 9.7 2012 2]
CH3NH3PbI;Cl AW - 17.8 0.98 0.63 10.9 2012 [10]
CH3NH3PbI;3 WAL 20.0 0.993 0.73 15.0 2013 [28]
CH3NH3PbICl P 21.5 1.07 0.67 15.4 2013 [14]
CH3NH;3Pblz_,Cl, P 22.75 1.13 0.75 19.3 2014 3]
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BT A RE TP Bk e B LR 45 44, AH EEH FH B pp-
spiro-OMeTAD, H: HOMO #¢2¢ F I T 0.09 eV; 4B
AL HUAR T po-spiro-OMeTAD H -+ H 43 5 25 A 1Y
A, Wb T R BN, AR T
pp-spiro-OMeTAD, LUMO A% Tt 7 0.10 eV. =
P spiro-OMeTAD ffill £ [ K FH g B it Jse M Voo
ZEMAR /N, FEX HIAE T FF. FF 52 Lt 1) 5 B
H1 FH (series resistance, Ry) Ml I HLRH (shunt re-
sistance, Rg,) 5 M. po-spiro-OMeTAD HH 4 &
(I LUMO B& 2%, 18 H: g 58 47 15 & 2 fH 44 | 7 19
YRS, M A3 1) £ B FE T Ry, 52K, A po-spiro-

OMeTAD il £ HLI K] Ry f /), AT HEGE 87 L i )
20 2 ST PR D A VAN £ 1 B IR =N B
A, po-spiro-OMeTAD fill £ ¥ Hith PCE % /55, &
16.7%, AH[F 41 F i T pp-spiro-OMeTAD. =
Pt spiro-OMeTAD ] 73 ¥ 25 14 F1 G 2 S il £ (1)
M PERE 7> L 4 R 2.

4R spiro-OMeTAD 1 2= /A% Jai A4 KL 2
FERERAT F T RE B AR m R, 2 T HE
B A, Wb 203k A 10 45 B IR IOR R T 45
ERAT HLIB I P A HE S, A7 BT R FAt B v A%
23 A S RERACES spiro-OMeTAD.

2 ZHhspiro-OMeTAD (¥R K 4 1y et M i 2 [30)

spiro-OMeTAD  HOMO f¢Zi/eV  LUMO fZi/eV  Jgc/(mA/cm?)  Voc/V FF PCE/%
po —5.22 —2.18 21.2 1.02 0.776 16.7
pm —5.31 —2.31 21.1 1.01 0.652 13.9
P —5.22 —2.28 20.7 100 0711  14.9
=R N LA BT, TS Sy KRR &
R3 R3

R3 R3
pp-spiro-OMeTAD: R!'=H, R>=H, R?= OCH;
pm-spiro-OMeTAD: R!=H, R?2=OCH3, R3=H

po-spiro-OMeTAD: R! = OCH3, R2=H, R3’=H

K14  spiro-OMeTAD #iEM1 53 F 4544

Hi = KRN TR RE
$5EAH Bt AN A

ORI S AT — R E B AL
Bl — i B BRI HOMO 88 2 A1 35 i 1 25 70T
BE TZNHT AR AEIROCRE A
WL FH B8 HL B &5 18 2 4. spiro-OMeTAD il /& —
Pl =R BEATAEDD, & B EES SR Hth H BR HUAS =
. Rk, = ORISR AR A L R 1% AT 1)
iY==

LI TR A BT ) — A 28U 5 DL

3.2

KR H B AT 2 580 AU AL, FIN A FE
Y FE 1R - 45 1 ke 3 G s A e
77 AU 2 BAA B = 2 O .

By N NI e e e N WA )
FEL2TPA-2-DP B2, HTM; A1 HTM, B3 78 K45 4%
B OL T 23 0l 2 P TS KA F L b 3 =Mk
FE R pei A 5 W) 187 5 A RIS L BRASAE B

18 FH 76 34 AR %2 15 W 9 2TPA-2-DP [ HOMO
REZR (—4.96 V) JE % 43k spiro-OMeTAD (—4.95
eV), ReE 5 ERA B Re G ARIL D, H A iR fE KT
350 °C, BEFILIRE (glass transition temperature,
T,) N102 °C, BA RIFHAFEENE. tsh, 2TPA-
2-DP 27 GERE R N 1.09x107% cm?2- V1.8~ 5
spiro-OMeTAD fJ2 x 10~* cm? V- 1.8~ i, 7F
RGBT TE T, LL2TPA-2-DP %X
4R R A PCE A S 1 9.1%, #15 kase
PRI, Bt 7 RS RE DR FEWI G LR 1) 91%.
I 9% 6 W spiro-OMeTAD 2 %7 #1 ith &5 #) 31 3F
FEHOE S N TR b =B R R, B4R
T R I =R S A A R R R AE 2 3 H e
AARLF BRI, X 8 AL i RO R s v I RE TR
77 1A,

HTM; F1 HTM, HAE w2 7GR 2R, 73
N2.98x 1073 F1.27x 1073 em?-V—1.S~1, HOMO
B2y N —5.35 1 —5.23 eV, 5 CH3NH3PbI; 1

T HRE
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Au AR ) e L UL ECARF, i 4% 0 M vt 43 5l 453 31 1
11.34% F111.63% [ Lt &3, A R 2614 1 il 4% 1
A spiro-OMeTAD 4% 7 A% S A4 RH I LI 2803
12.08%. HTM, #tb & il 4 (1) 10 A~ &8 44 1~ 3 PCE
A F)11.30%. X HTM; Fl HT M, il 2% B B b i &
7 dJE, SR 0.2%—0.9%, # IR E
PER 4.

¥ = 2R S F A B AT H ey A e 1 ) R A
1T 4G 2 BTh T B 2 AR SR o — B 2R AR
WEWY & — P E 1) S UE A R, B RS OE
o, DAMEWy BULAT A S = 2R B P 15 2
BT A AR S A LR R T R R R B A

Krishnamoorthy % 34 3 id ¢ g wy 6 U A~ =
I B A E A T KTM3. KTM3 £ i 4 (110)
W& 2% SR T 5 5RF b, /537 11.0% 1
PCE, Jsc, Voc MFF 73575 13.0 mA /em?, 1.08 V
178.3%. AH IR % A4 T i 4% 1) LA spiro-OMeTAD
7S AL S A R IR E I R O 11.4%, 6 N #% A
(1 Jsc, Voo MFF 2 % }17.2 mA/cm?2, 1.06 V
A162.5%. KTM3KJHOMO 2 N —5.29 eV, b
spiro-OMeTAD ) HOMO fE 2% —5.22 eV ZE 1IK,
LK N 2% 4B B e ) Voo, T A A R 1 A% e
FHAHIE, FFR 2R FZBER T 3260 A R,
KTMS3 il % B a4 i &5 50, B FF .

Li %5 R B MR B () — RV A R T — A DL 3, 4-
O R E W N R I =R T AR ) (H101), 7= 2R
15 82%. H101 (I HOMO e N —5.16 eV, T
spiro-OMeTAD [ HOMO fig 2%, A I 76 {5 F 7 A
BB 45 8k A W CHsNH3 PbIg 854K 5 it i), /i
H Voo /N E#H, FEGTE M PCE thim/h, R
10.6%, J6# N13.7% B2, k5 2 (1D (L&
FK102, P 7 H101 %= /A% % 2 19 HOMO fg 27,
A3 1 S, il 45 A5 Bk HL it PCE f
K F 13.8%. PMRA KL £ B HLIAE 70 °CTRE 7 d
J&, RORARLLAIAA I PCE BRIK T 15% £ 4.

FH T~ = 50 B A R — 2 A A ) b AL 1Y)
5T 45 ), Krishna %5 BOUKE =R DL = 8005 % 1
=R A AR R RRE, T101, T102 A1 T103 B 5]
AT EL Y . R R R R 1y R R IR A FH R
VT AR 2 RE AT B AL S e, =R AT RE
HOMO fg 44 5N —5.29, —5.35 1 —5.33 eV, i&
TN TSR s . =R R T, 4 5N
120, 140 #1108 °C. BAT101, T102, T103 Fl spiro-

OMeTAD Jy 7 5 AL Hi A4 B 43 il il & 7 45 5K
M, R E] T 8.42%, 12.24%, 12.38% F112.87%
) PCE.

1, 3, 5-—RE ARG TR M, BHE =
oK e Bk B 45 A, W BALE 42 F N T B D-A 45 1 4
#A. Do Z BT A s T R 4 ) LA E Wy A 2K
R, L1, 3, b-= NI = KGR R
= AR R, Triazine-Th-OMeTPA #ll Triazine-
Ph-OMeTPA, Jf44 3N A T 85 5k il rp. &
i1 AT spiro-OMeTAD (1) 7= 7CE # F h 7E [7 — %X
B2, ¥ X P Rk ORL AT spiro-OMeTAD 4y il i
17 p 5 A% )5 il % T CH3NH3PbIg £5 £k i H i,
H 1 P spiro-OMeTAD, Triazine-Th-OMeTPA F1
Triazine-Ph-OMeTPA N %5 7 A% S A4 KL 85 R0 1Y
A W8 B 5 A4 11 HL VB R 43 9 R 13.45%, 12.51%
F110.90%.

OMeTPA-FA 1 OMeTPA-TPA % # 52 PL °F
TH] JH& S0 = R i R O I P Pl = 2R AT AE ). Choi
S5 9 AR D A A B b R R TS ER AT
A, 453 T 13.63% F112.31% 1 PCE, i
1 FH spiro-OMeTAD 7E A [7] 25 £ 15 21 1) Fa it 2%
BN 14.68%, A8 73 74 S Rk ) 2% 1 R i 2K
FAU N 6.85% 58, OMeTPA-FA, OMeTPA-TPA
Al spiro-OMeTAD f HOMO € 2% 4 5 N —5.15,
—5.13 1 —5.22 eV, & T FESEH"JZ P S Au AR
REZZULAC. HOMO REZL A A 3 80T = FA kL
H % BAF 1 Voo AN, @ H iR 5, OMeTPA-
FA, OMeTPA-TPA Fll spiro-OMeTAD ) %% 7T %
RIEF—HER, 5 HN3.67 x 1074, 1.08 x 1074
453 x 1074 em? V1.8~ FRIEBERNER
BAE = P RE ) 25 1 2% R B B H AN ], B B
TFFMZES, dfisgm 7 &G ) PCE. iR 8
OMeTPA-FA il & ) F it 75 U E 500 hJ5, TIRETR
FF 9146 PCE 11 88%, 5 spiro-OMeTAD f{] 89.18%
P, =T OMeTPA-TPA K 77.69%.

IR T & B =R RSN G I R g S
e ~F- T R i 2 X 4 1) = R i G R 4 R T
DA 85007 12 AR i R S S R 2 [R] (1) R R
fiskt AT 98020 HLART A G A P X B =R i AT AR A
N7 AR AR, FEAH [F) 2% R #R 0] 45 21 5 spiro-
OMeTAD #l] £ ¥y H it PR BEAH 2 ) ds 1F, R =K
e 35 P e 3 FH T v 2808 R PR VL ) S AR i A )
BRI, LR LR =R G N T I1
sERgtniE 5, H ) bR RE AR 3
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F 3 HT =R T A AL 45 1 it (e B S 8
ALK R Jsc/(mA/cm?) Voc/V FF PCE/% Sk
2TPA-2-DP 16.3 0.94 0.597 9.1 [32]
HTM; 18.1 0.921 0.68 11.34 [33]
HTM, 17.9 0.942 0.69 11.63 [33]
KTM3 13.0 1.08 0.783 11.0 [34]
H101 20.5 1.04 0.65 13.8 [35]
T101 13.5 0.996 0.626 8.42 [36]
T102 17.2 1.03 0.691 12.24 [36]
T103 20.3 0.985 0.619 12.38 [36]
Triazine-Th-OMeTPA 20.74 0.92 0.66 12.51 [37]
Triazine-Ph-OMeTPA 19.14 0.93 0.61 10.90 [37]
OMeTPA-FA 20.98 0.972 0.67 13.63 [38]
OMeTPA-TPA 20.88 0.946 0.62 12.31 [38]

g

Qﬂku4¥.J¥.-
\//\Q

£

2TPA-2-DP

R

G

IS

R

Y Y \
T101: R==X_T102: R = < )N T103:R_':>_©_§§
. Q Q
/ / o}
/
\o \o

ao\ ow

O

N,

WSRO

Triazine-Ph-OMeTPA

— =

K 5

3.3 F=KBRLSANPFE
ST RIS A

B T =2 A AR A R, ot R
2 AR AR — AN EE AT .

S 7R R

R ()/ \O
/_\O
QO\ Qcﬂcg
& Y < O
/ XS o o
H101
HTM, : R= —CHjy
HTM,: R = —OCH;
~0 o)

N.
SO,

Triazine-Th-OMeTPA

©1

OMeTPA-FA OMeTPA-TPA

ZHRERTEM NG T2 AR R 2 T 454

R T R PR S UOR — Rl R = 2R %
28 7= AL M B PNBA B H F v XJMMJC I
CH3NH3PbI3 45 £k & K BH 6 23t 77 %), PNBA
FIHOMO fE gt N —5.42 eV, 45 7GE# E N 4.92
107% em? V—1.S~L @A HE R A TR IR, A

JE7 (1
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PNBA 7£ TiOo H1 707 B 78 AN 28 T 53 IC HL BH o
K, REERB RGN TH3 7 PCE N11.4%
I EL I, 17795 24 ) spiro-OMeTAD #i1l 4% [ Hi it PCE
F13.0%. e MR B, PNBA i % 1 fL il
10 d JE TS REIRFF BT R ZE 1 90%.

Bi %19 73 5 H spiro-OMeTAD #l 4-(—
4 BE o CEE) R O 2K JIE (4-(diethylamino)-
benzaldehyde diphenylhydrazone, DEH) {E 4 7=
FAL R R % 7 CH3NH3PbIs 15 5 i i
A WAL SE MR Fth. A B DEH 5 N #2067
i (173 T~ 4544, spiro-OMeTAD F L ih 44 1 20 1
SERTE AR HANES R B R S, AT PRI R
fof A TERL ORI S EG UL B (1) spiro-OMeTAD il
FE R ERK AR . BB TX
AN JE R, spiro-OMeTAD #il] % L ) PCE A 8.5%,
iz =T DEH #i] & Hith 43 201 1.6% 1) PCE.

Jeon 2 M & p 7 =R AN, N-—%F 4 L 2
RN BAR EATAEY) (Py-A, Py-B, Py-C), @il
il N, N- 0 FF 480 5 2 5 Jre R B8 1 L A9 Sk 18 15 72 4
IE LRI, K = b= MR s A A ) R
3| CH3NH3PbI3 1 A 5t W IS 771 ) A 0 B Ak 45 B8R0
A, AH BT Spiro-OMeTAD & Bi 1) & it 72
HES B A, BERT LR RE I TR SR, BRI 5
faiffi. Frf3 Py-A, Py-B, Py-C [ HOMO Rg 2% 4> 7
N —5.41, —5.25 f1 —5.11 eV. BT Py-A f HOMO
RE 28 F CH3NH3 PbIg B iy e 2 R i 433k, Sufd
IARELEN JIA 2, Py-A il % (1 it PCE XU
3.3%. % T Py-B, Py-C flspiro-OMeTAD il £ [
HL B e Jse 43 oM 20.2, 20.4 F121.0 mA /em?,
Ui I = FhoA RIS SR LT I RE TR ZE AR H
T Py-B Wt Py-C A #H BAK I HOMO fe g, [kt H
il % I I Voo (0.95 V) S K T Py-C il 2% 1
1 (0.89 V). Py-B 1 Py-C fill % B HEith 1) PCE 7] 5
spiro-OMeTAD il % ) B it 1) PCE(12.7%) A8 L,
S RER T 12.3% M 12.4%. 1% TAF U B B8 55 3
i A3 A0 AT AR A v 0 KT R b R IR A A
L

PAEJUR N T3 AR =R IR BN 1
HAEASERD i yth rp N I R BLZE R, W R
2K DET M Py-A 73 18/, F 2L XA TR
— P10, EATE AT AR R A B, AR A
TEEG G RS A = 1) R B e, A LA 2
hn, AR T st PCE; 11 PNBA, Py-B #ll Py-C (143
TEMECR, 47T EHEF IR 5, 1 2 AL 5

FOBHES, AT LU figer 245, AT 3RAS 5 ¥ PCE.
PAEJURPE =R & 2/ TS L 6, 3
S A A FERE MR 4 .

R4 ETARZRBESEE BN T2 AR A R R &1

VN 1S

Jsg/(mA/em?) Voc/V  FF  PCE/% CHR

R

PNBA 17.5 0.945 0.689 114  [39]
DET — — — 1.6 [40]
Py-A 10.8 0.89 0346 3.3  [41]
Py-B 20.4 0.95 0637 123  [41]
Py-C 20.2 0.89 0.694 124  [41]

iiij M
SRR e o

e O

X:_N

Na s TS
O_

Py-A: X; =X, X0, X3,Xy=H
Py-B: X\, Xo, Xs= X, X, = H
Py-C: X, Xo X3 Xy=X

6 AR=IRBERE EN D T A AR R 2 T4

3.4 BWMEENSF=IBEMREISK
et PR F

b 45 2% P 5 A b e 0 25
FERTFER 2 A S BN T, T NJECT i spd 2k,
B = Ay 4250 5 ) 5B 260 T80 LA B
GYF IR, BOAEEATH 2 T B % o  §
18 2425, R VE 25 4 B AR PR
£o95 4 Li-TRST S5 0170045 3 0 il (54290,
MR R AT MO 2 4 P B B e SRR U
Wy 142 [0 ST G M RS, 5 B
45T 0% 7 B T B8 S V790 6001\ 25
L, AT TR 1 A T B MM 2 ety
B,
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TTF-152 M IUBE G ATAEY), HHOMO 3k #]11.03%, &M 7 5 fF F & 4 7 Li-TFSI A
BE %N —5.05 oV, MRS IR m S IR RN TBP (] spiro-OMeTAD il % [ 45 £k #™ Ha, ith 28 %
0.1 cm2 VL8713 Liu % F TTF-11E A% N11.4%. 5 LA HLB i) PCE B& I 2 %] 46 PCE (1)
FAEHRRE, B % T 45K N FTO/BU% TiOs /At 80% 1F Jo iy il A 5 4 47 1, TTF-1%1 % A9 iy ity
fL TiO/CH3NH;PbIs/TTF-1/Ag [/ WAL K35 360 b, spiro-OMeTAD il % [y H ity 7T 4
B ORPH A MM, RSB AAMETF, MIPCE 120 W19,

CsHyr — S I S S I 8> CusHar
S 5 g ~CisHsr

CisHar < g

CroHay C1oHo

DR3TBDTT

[ I e Y AV G VA L2 2 D 4T 1
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DR3TBDTT & — Ff DA I — W& Wy oAy 1% (1) 168
W AT, HLHOMO B84 °h —5.39 eV, FIEGERH"
HIAN 5 BE S —5.43 eV ILHE K 47 Y. DR3TBDTT
WA AE R 7 4 KPR Re i PRI T
10~ *em?V ST G %, K DR3TBDTT
PV LEAS R b AT Bt S B e B (491,
EEAEBETFRMAAELT, BT LEE
T EREE S (PDMS) B DR3TBDTT fE 4 4% /X
fEH AR, Zheng %5 il % T FTO /8% TiOo /L
TiOy/CH3NH3Pbl3_,Cl, /DR3TBDTT/Au 45 4
(A W B0 5 EK A R BH fg F v, ) 4% 1) 88 1R IR
2 7 8.8% M PCE, A [H %4 T LA N T Li-TFSI
H1TTBP ] spiro-OMeTAD {F Jy 25 7 A& S b4 k)15 2]
fIE5ERH HL L PCE A 8.9% 4. AR A& F & 14 n
AR LA e AR X 405 AT 14D J5 ek AR PR Y (R MR K 2, T
DR3TBDTT 4 & st A 1R s 5 K P, 55 7K B % fi
ik F]107.4°, Xf#/3 DR3TBDTT A= AL Hikt
el 2% i vt B A TR G i AR E M. FEARGHE BE R T
50% 3Rk A7 3 d, DR3ITBDTT ] 4 (1] It 2 %
M 8.8% N &% 8%, i spiro-OMTAD ] 4 i) L it
B 8.9% F% %8 3.7%.

Fused-F J& — Ff DL V- [H] i 5 9 % 1) W 1wy 2K A3
AW, HR AR R, 410 °C UL B A TG4
fif. Qin & OLK SN T4 40 s i, iR &35
Z 1) Fused-F 1 A 2% /A% fa A R ) 25 191 FTO /8L
2 Ti0y /4t L TiO2/CH3NH3PbI; /Fused-F /Au 45
1 A W AL 5 BR A L, 7E 99.8 mW /em? [
SR, 83 7 12.8% M PCE, 14 it % 24 1)
spiro-OMeTAD 7£ A [F] 2% 14 1] £ 1 HE it 200K X
N11.7%.

DA B 3 [l 28 16 23 AR A R R A EK 0
Tt e N I 5 2R B L 2R A AR B v R R T 4R
e L B AE R Re e M. — T, A A% 2R A R AT B
WA T INRIR B 5— 07, &1
KAE S L 51 N T LAKG SR T A kLB K PE. DL =Ff
P SE )Ny T AR LB T, F S A PR
W5 .

25 BT ST BIN T2 AL R 4 0 rt b 2%

TRAEME Jsc/(mA/ecm?) Voo/V FF PCE/% SCik

TTF-1 19.9 0.86 0.644 11.03 [43]
DR3TBDTT 15.3 0.95 0.60 8.8  [44]
Fused-F 17.9 1.036 0.68 12.8  [46]

3.5 BMBAMTIREMRIEISKT B
PRI R A

B 7N T AR AR, SEE Y AR b
e} g3t I S AT DAIE FH 45 A S FH BE L.

¥ (3-C X B 1)(poly-3-hexylthiophene,
P3HT) J& — F 82 284 1) % Fl T K BH B8 HL it 11 2%
W AL A B SR T, Al spiro-OMeTAD —
FE, P3HT (1 H 5 255 T 159 21 =5 200 A W Bk
CH3NH;3PbI; 458K A™ K FH AE FL b ok 36475 28 KA,
HA1.56 x 1074S-em™. AN T 5 ARk X 4> B 4,
Chen % 7 i Fi] 22 BE iR 99K & (multi-walled car-
bon nanotubes, MWNTs) fl P3BHT &4, 45 54532
THZFEEAEME, BT P3HT A MWNTs ) - A1
HAEH, MRk PSHT B LA [ 3 0% B /£ MWNTSs
fIEE F. MWNTSs )55 —AME 23 MWNTs
JA I PSHT I &5 v, ULt PSHT H & 1
Al Sk, fk, PSHT/MWNTs /& R L PSHT H
SRES T —NER, XF1.79 x 1073S-cm L.
P3HT/MWNTs 20 73 1y 7% 7 A% iy A4 k) 1] £ 1)
X BH RE H it 1) P BB 15 2 B $E =, FF M 0.57,
PCE ik #)6.45%. Guo %5 "8I i Fij 5 24 B 7 %! Li-
TFSLAI ¥ ({1 D-TBP ) P3HT {E = A% Hir
Bl # 4% 7 1TO/TiO, /CHsNH3Pbls_,Cl, /35
JP3HT/Ag 45 16 1) ~F THI 3 JiG 45 B4 45 SR Fa vt
Li-TFSTH N T #i 7% B, D-TBP 358 7 P3HT
REWKEE G P, BT IXM =24 )
i 0 )2 45 W 1) FL I AS B T 12.4% B PCE, X R 4%
) Jsa, Voo AFF %) 5 °819.1 mA/cm?, 0.98
V A166.3%. Habisreutinger 25 49 { F 5 BE 5t 44
K& (single-walled carbon nanotubes, SWNTs) #
P3HT R &, HAIME S M A FE B IR Hp A M
i, & FAE R Bt R i S SR S A R
T&E i PSHT/SWNTs )2 1) F B 80 2 & )8
R AT DL B, 5 5 S BT B, 531U
11 FF Ml Voc, PLP3HT/SWNTs & & 1E A% A%
AR % 1 MSSC 4574 B85 5K Hiith PCE AN
7.4%. I AE A AR E EUURR B 5 A A R
I (poly(methyl methacrylate), PMMA ) 8¢ 5 ik B
I (polycarbonate, PC) A R4 M 3L Jit, BEA 2L
HiBH LB T KRN S AR R ARk, KRS S T
WA E M, I T P3HT /SWNTSs 442K W 4% h 1)
2RI, BH R TS ERAT RN 4 R A I B e A, R
M PCE A28 #8wm. b DL PMMA A
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)i, PSHT/SWNTs &4 MEHE N7 A& bt kL
FE5 20 HL it PCE 5 =y 18 #1) 15.3%.  1X & H #if 2t
T P3HT Ry 7 AR SA RE A5 R0 it BT I8 21 1)
IEE &S

Lee 25 0] ffi F % & %) PTB-BO fl — & % 1&
i 1 B8 & % PTBDCB-DCB21 1E A %% 7 A% i b4
KL 2 T A W B 45 14 1) CH3NH;PbIs 85 2K 6
Hith, 515 2] T 7.4% F18.7% H1 PCE. PTB-BO
A PTBDCB-DCB21 i) HOMO fig 2% 43 5 N —5.25
Al —5.22 eV, ABAE RIS LR 2 RE R IULEL, W& 11
OO R WA ZE A K, 79 8 5.30 x 107° Hl
501 x 107° cm?-V~L.87h  fEFH NN & K&
) 5] N f# 5 PTBDCB-DCB21 43 1 #% 14 3 Jin,
CH35NH;PbI; Al PTBDCB-DCB21 %3 T 2 |6 &
LF AR B, (R T AT AL S, b AT E A,
RSB T Bt R R4 .

PDPPDBTE /& — # HOMO R %% N —5.4 eV
()25 A% S M B, e AE 3 O A A IR R
S TR B2 2. Kwon % 7 f# ] PDP-
PDBTE ff /75 7 A& S A kL, il 28 1 /v W Bk 45
¥y (] CH3NH3PbIs £5 £k A i b, IF K 3 5 spiro-
OMeTAD HIP3HT 24 =% 7 A% iy #4 kL 5 A8 7] 5% 14
RS AELLEL 158 TR I Vo M FF,
PDPPDBTE #ill % 1) L yth 2% K 8 9.2%, & T Xt v
i) spiro-OMeTAD #1 P3HT #i| £ ) #4411 7.6% A
6.3%. PDPPDBTE #il| £ ) I Voo, Jsc M FF
43 5 N 855.3 mV, 14.4 mA /cm? fi174.9%. PDP-
PDBTE £ R 7 AL Sk B L R I ] R 5 A
B2 FGER R (1073 em®- VLS~ ) 5%, AR,
T PDPPDBTE HA Bk, ol LLA K BHE4KE
NBIESERAT 2, A5 FAE A2 AL S kA ek i) 4 1 5
ERAT LB TE 223 1000 h AR 2 AR S, PCE )
REPRFFTE 7.6%.

S PR B AT E b 3R A 5 M R 1T O/ 2 XAk Hin
JZ/CH3NH3PbXs /M T 15 i 2 /& J@ Ak, H f,

TP &5 K R I HL T AR A B — R Ceo ATAEMD, T
PEDOT:PSS Il & & % F (1) 2 A& Fi # K. You
26 DI ] PEDOT:PSS 15l 25 7R A% B #4 K, i
% T 45 ¥4 ITO/PEDOT:PSS/CH3NH3Pbl;_,-
CL,/PCBM/AL ) e BAES kA Ha i, BT Thie )2 4B
KHANT 120 °C IRIRALEE T2, fE33 /ITO ¥
Il 38 i A3 B B 85 5k Fith PCE A 11.2%, 1
EX I TR Z g (PET) /ITO F M3 _F15 2
AT HLI PCE N 9.2%. Seo 2% 921 S H 251811
ITO/PEDOT:PSS/CH3NH3Pbl; /PCBM/(LiF /Al)
g Ry, W VETE RN 0.09 em? i, B F] T 14.1%
I PCE, ff F A [F L 2 & # 5F M m AL A
6 cm? [ K 1 X 8% 4F, PCEX 3 7 8.7%. Chi-
ang % O3 R H I T WD VAR BRATS AR )2 15 31 45
¥ NITO/PEDOT:PSS/CH3NH3Pbl3/PCyBM/
Ca/Al ) R 445860 HL I, PCE N 16.31%, Jsc,
Voc FIFF 40514 19.98 mA /em?, 1.05 V #10.78.

Yan 25 P4 B B A (107 48 B R ey
FAE 9 78 AR S i R L T 45 4 9 ITO /58 88
Wy /CH3NH3Pbl3/Ceo/BCP/Ag I J 4 45 £k 5 L
orb. SR ey T AR ) HOMO AT LUMO fig 2% 5 5l
N —5.20f1—3.12 eV, 5 CH3NH;PbI; 455K 44 £l
IRE UL IC R 4F. =R T SR MEmy w1 i 5 0
5001200 S-cm ™t b Ah, 5wy R R R 1 R
Uf, Refdi Pbly 1 DMF ¥R 7E b THAR b thfg 7, A
SR Ry A A% A BT S R e R . DLIR Ey
R XA i A Rk % ) T R R A R AR N
11.8%, X M FF, Voc M Jsc 437179 0.707, 1.03
V#116.2 mA /cm?.

DA B LR i L A 3G W, DAME Y Sy i A B
JCHIEEEYy . P3SHT M PEDOT: PSS ZE454KH A FH
AE Lt () B #5453 2 T 10% LA B PCE, Xt
RHEW R ik A R G R 2 o e B 2 5 ). DA
FILME AR EMM S ILE S, MR E
il & I B ERE MR 6 .

®6 ETEHRESYHIRK MRS 5

IR AEHRRL GRS HBERE Jso/(mA/cm2) Voc/V FF  PCE/% ik
P3HT CH3NH3Pbl3_,Cl, ¥ -# 22.71 1.02  0.66 15.3 [49]
PEDOT:PSS CH3NH;3Pbl3 S 19.98 1.05 078  16.31  [53]
PTB-BO CH3NH;3PbI3 A AL 14.35 0.872  0.62 7.4 [50]
PTBDCB-DCB21 CH3NH3Pbl3 e L 15.35 0.888  0.64 8.7 [50]
PDPPDBTE CH3NH3Pbl3 e A 14.4 0.855  0.749 9.2 [27]
SREYy CH3NH;3Pbl3 S 16.2 1.03 0.77 11.8 [54]

033301-11


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

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 3 (2015) 033301

OR!

(CH,)sCH, /\

/ o o0

[ s ] / S\ T\
Sy s” I,
P3HT PEDOT

OR!

PDPPDBTE

CroH21

K8 —seS R R AR AR TS

3.6 RRARAMTIREMEIESKT B
iy DA

Xiao % 051 Fij W % & 13 F % 2K I% (polyani-
line, PANT), ¥ A R 2 5 A% i # KL B2 A 2
CH3NH3PbI; 25 2k 5 fa b ) 18 2] 7 7.34% ¥
PCE. X Jr #3 #& £F #4742 %€ 1% 2 #fr, 1000 h J5 H
WREN 6.71%, TREF T IR 91.42%, PANI
FE AR A5 B0 it (1) B AN 2 /AR S A B D T B A
E K],

HeoZ5 POl LA 7 = R ey R &
(P3HT, PCPDTBT A& PCDTBT) Al PTAA {E N7
TAG SRR A WA ER A H Vb (1 PERE. AR LG
By FE R S, PTAA #4519 it i) PCE 5
i, 15519.0%. PTAA B0 7RI AT 52 BT AL
T HAh = FhEwy Befb &4, PTAA FESERN 2 [0)A
HHE NP AM A, SR, 72— Do
KT 7 X AR R 1R AL 2 A AN B X o A R R AN
A &SR, B 25 U # 2t & PTAA
VB 723 A% i AR R AR S 1 B Rl 22—, PTAA
27O R L4 10721073 cm? V-L.S7H K/
iy = b g wy B A AR A R IR R AL N
107* cm?- V1.5 L

Ryu %5 BT 43 51 F = Ff HOMO fig A [F] 1
SRS (PTAA, PFS-TAA Fl PIFS-TAA) {E
N T AR R, CH3NH3PbIs fl CHsNH3PbBrs
VERESERTT JZA B, 52 7 AN 2 AR R RS
BRI AN TR e Zont T 45 R0 F it 4t L 1R S
B 70 3 B F Tt At PRS2 B ERAT R 3 RE O

FUERIIEL HOMO BEZ 2. PTAA, PFS-TAA
A PIFS-TAA {1 HOMO gk 73 5N —5.14, —5.44,
A —5.51 eV, CHsNH3PbBrs {E 5 ERE" ZF1 R,
=R AR AR B LT Voo 439N 1.29,
1.36 111.40 V; CH3sNH3PbIs /E AN 45480 2 4 Bl
I, =2 AR S R 25 B HIB ) Voo 20 5iA
1.04, 0.92f11.04 V. R4 PFS-TAA 1 PIF8-TAA
17 7O B # 4 x 1072 em?. V-L.S7HAI
2 x 1072 em?2-V-1.S~1 i PTAA 1 25 JUE B %
A4 x 1073 em?-V-1.S~1, {H & HOMO fE 2% 1
7 5 15 PTAA il 25 1) B 45 2] 1 5 /& 1 Jsc
MFF. il 4 16 P8 £F h, PTAA N X AL i i
KL, CH3NH3PbIs /E N 45 800 /2 4 kL 15 21 1 45 18
PCE % fm, N 16.2%, SR FF Al Jso N 0.73 Al
21.3 mA/cm?.

PLEJLF A S BRSS9, 5%
B & AT RE LR 7

#£ 7 PANIFI PTAA il % LA HERES 2L

RAEME Jsc/(mA/ecm?) Voc/V FF PCE/% CHk
PANI 14.48 0.78 0.65 7.34 [55]
PTAA 21.3 1.04 073 16.2 [57]

3.7 M= REHMAESKT B
IR F

M LE T A7 L3S A% i #4 8}, Cul, CuSCN
NiO 5T AL p B A4 R 9 BAT RV SR AL 2E
2GR A AT R TE SR A R, o TN R
NS GG i R Rt A ER B
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O<y<1

PANI

LT T

CsHyr

PTAA

CsHi7

PF8-TAA

CsHiz CgHir
[* 0.0 ‘ ) < L
CsHi7

o4

PIF8-TAA

K9 PANI, PTAA, PF8-TAA Fll PIF8-TAA )5y F 45 #

Christians 25 P ¥ UCK Cul 78 8 25 AL S A4
KBERH F CH3NH3 Pl 852k 8™ it f, mh 3 2] T
11k 6% [ PCE, X Ri8$F 1) Jso, Voo MFF 735l
H17.8 mA/em?, 0.55 VAI0.62. XF B 2 14F il %
1) spiro-OMeTAD A 7= /A& S A4 KL ) HL b 1) PCE,
Jsc, Voo MFF 20518 7.9%, 16.1 mA /em?, 0.79 V
F10.61. BHBTHE 50 5R B Cul 1] £ 1) it 55 spiro-
OMeTAD il % f Bt A Lk, B AR E A B
BH, #H4FM IR 2 G2, SO R Vo
B, Cul B S E spiro-OMeTAD fHL 5 5
2N 2, PR Cul il £ 1 88 1F 5 B = I FE.
BEAR Cul 1] £ 1) 88 48 (1) 52 A AT LAE Cul JCA spiro-
OMeTAD 7E£5EA Fth A 4 9 23 AR S R A
JI5eqe .

CuSCN 7& 7] WL F T 40 4k o X A 555 1 W)
W, R B A0.01-0.1cm?V-1S™HH & A2 X
TR K. Tto %% P3LK CuSCON 1 A 25 7 A% % #4
kR 2 A 80 CHsNHPbIg 5 8k A H it
H 2% 1 Rt O 25 M N FTO/ 3% Ti0o /At
FL TiO2/CH3NH3PbI3/CuSCN/Au, % & W& T
4.86% M PCE. 1@ i Xy B SL 36 R I, fEAN N2 /X A%
BZESLR, REEER) CH3NH;PbI; £54k0 )2 7E
AM 1.5 G (100 mW /cm?) Y68 R IR %5 5 28 N i 0
1] Pbly, 1 CuSCN [¥178 75 7T LAI 2% CH3NH3Pbl;

)0 fift. 3B ILAE TiO, M1 CH3NH3PbIs /2 2 Al A\
—JZ SbyS3 0, {#i45 Hithf¥) PCEIA R T 5.24%, [F
If A AR G IR AR E AR B T ORIE SR e AE
AM 1.5GO6M 12 h /5, CH3NH;PbIs #54k0 2
) XRD 7% 45 254k, 1B SboSs A 24P 1 T TiO4 Y
EAEH, 2K 76T CH3NH3PbI; K754, bl
J& CuSCN # FAE 23 /AR AL 2 FH 21 45 74 9 P i
S 5 4 3R A5 AR R 50 i R vt 5 R R
FTO/TiOy/CH3NH35PbIs_,Cl,/CuSCN/Au, i#
MR & T2, 53T 6.4% I PCE. Qin %% 61
i F W 515 00 CHsNH3Pblg, B CuSCN 1E A%
TRAL SR 1] £ 1R WA 485 4 ) 5 R FL L )
PCE =ik 2] 1 12.4%.

Subbiah % 92 43 il {3 F NiO #1 CuSCN 1E A
AR AR, 4 T B S REERT .
4 #) N FTO/NiO(CuSCN)/CH3NH3PbI;_,Cl,/
PCBM/Ag, il & B E, NiO f1 CuSCN H H T
BOTEPIRBEIFTO R b, B4k 2. B 1%
JEFN Ag HIRK 35 F 72895 U7 A3 3. J A NiO il 45 1
P LA 1R RN 7.3%, MR Jsc, Voo FTFF 43531
N14.2 mA/em?, 0.786 V F10.65, 1M CuSCN il £
) EEL b % 1 R AN 3.8 %, IX AT RE AN HL X CuSCN
il 2 B T EA AT 6. AT TAEE— S
T SRR L R AT P 2 AR AR 3 L
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WEFe N G R [ L2 Ak #ENGO, K 3
AN N T A 2K N A 1 SN = SR
MIPCE % AR K. Jeng 25 1031 {fi Fj 4 4h- 5L &4
4k # 3 FNiO, 1R % PEDOT:PSS 1 Ay 2% 7 A%
Ll S A I R T N A
(ITO/NiO, /CH3;NH3Pbl;/PCBM/BCP/Al). i
o AR AL, T T NIO, T R, 2
& B 5 8GR AR UL BC 1) —5.4 eV Gl T I
U AT NiO,, J2 I (0 e o, (E 45 8k 0™ 2 10 78 o &
B, W TR R 5 ITO 2 IA) Y B 45 2 i,
FIT 45 FL 3t 1) B e A0 260k B 7.8%.  Zhu % 104 ff
RV IR - IR L2453 T NiO 42K i 2, 1E N
ST BT IR oA R, HL T
FTO/NiO/CH3NH3PbI3/PCBM/Au. NiO 44K i

JEBAH W aCRE T, FREHAREHER LTS
BE7E NiO M b 8 i 2 3%, 45 @ 1 R I 10
CH3NH;PbI;.  NiO 442K i #1 CH3NH3Pbl; B 2
(] f 2% 74 B AN AL Hir e ) L PEDOT:PSS A HLJZ
HE. NiO g4k 45 G I AE 30—40 nm I, 3L RS B
I, MG NIO 92K & B ) Dy R E —5.36 eV, it
1) PCE X2 9.11%, %R Jsc, Voo M FF 45K
16.27 mA /cm?, 0.882 V f110.635. Wang % 091 [ k¢
15 FH NiO /B 5 ERH i (1) 25 AR b il il 2% T
£5#°5 FTO/NiO/CH3NH3Pbl; /PCBM/BCP/Al
() B AL H i, 5 R 23R A 31 9.51%, KR 1)
Jsc, Voo MFF 43524 13.24 mA /cm?, 1.04 VAl
0.69.

8 JURMENLA AR R 45 ) FiL Rk e 2 4

AR IR iR Jso/(mA/ecm?)  Voo/V FF PCE/% Xk
Cul CH3NH3Pblg WAL 17.8 0.55 0.62 6.0 [31]
CuSCN CH3NH3PbI3 WAL 19.7 1.016  0.62 12.4 [61]
NiO CH3NH3PbI;3 2t} 13.24 1.040  0.69 9.51 [65]

GO CH3NH3Pbl3_,Cl, KA 17.46 1.00 0.71 12.4 [66]

A A £ (Graphene oxide, GO) C&AE N
T WL AR AR R AE A LR 6 R R AL
DK BHAE I . W 55 (56 95 R GO 1 S B4
ERA F L 0 7 AR Ha b kL, ) A% 1 R I 2 A
ITO/GO/CH3NH3Pbl;_,Cl,/PCBM/Zn0O/Al,
HL Tt 2K R B o 12.4%, R s, Voo FIFR
439N 17.46 mA /em?, 1.00 VA10.71. XRD i3k
R GO S b i) % 15 BT IS &5 o PR 19 38 I 25 3
o, HABEM (110) HEA, GO BERIA7E7E L3
TR IR 7E 56 2R, [RIB BE G AT A s AR L.

PA B TE B AL S A R A5 KA FE it R
F, NS ARE H Dl AR AR SR A T T R .
o T ARSI R ) 2% R B PR LR 8

4 HHERE

BARE BT K P AR HLI [ PCE $2& /R R AR, (H
B, fRAERRE VR ZE M BUAr Bl S VRN 2 U b Rl
] spiro-OMeTAD HJ & L L E R 4, k& &5, A
T o e ) R AR R LR ) e AR
BRI B AN AT B A BG4, AT AE TR Bk

v\ B AL B AR spiro-OMeTAD ) 2% AR i A4 L 7
T T AR 22 A, (ELH Al & B Lt ) R T AR A7
FEZR. P, Bit & BRAERERE S spiro-OMeTAD
FAGRESE L L& AT (58 L 22 XA S i R S AR
KRR RE B E BRI T M —. IR E RS
ERAECLT U5 1) F 2ot 5 &
TR S, Wit & R AT A @ i HOMO fig
e B AR R UL IR A A S e R R e
R L AL AR, X e UG bk i i B
RN [>T 45K, o FTT B DA RS A 7, BAIR
&Y, RN EATHKE, DL R85 8k0 7R,
S R RIRSE TE. 2) H AR A AR FS ERAT FL v
A BL2 AR A R 2 AN 3 72 R AR S b R
N RS MBS R f i, LS AT 2 AR
T R A5 E5 RN Lt Sl 3) 4R insm e £k
B TAEHUEL WT 5T, $ 3 2 0E S AR it
(2 AR AR 2 B4 (PR, DUE it 3
SAERR R B TE ATE$. 4) ARELT SRR 1015
A N FE S BRAT HL R R 1 JE LB AL/ LB 2k i
AW AR AR
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Abstract

Perovskite solar cells with a solid-state thin film structure have attracted great attention in recent years due to their
simple structure, low production cost and superb photovoltaic performance. Because of the boost in power conversion
efficiency (PCE) in short intervals from 3.8% to 19.3% at present, this hybrid cells have been considered as the next
generation photovoltaic devices. It is expected that the efficiencies of individual devices could ultimately achieve 25%,
which is comparable to the single-crystal silicon solar cell.

In this article, the perovskite absorber, its basic device structure, and operating principles are briefly introduced.
Since most of the high efficiency perovskite solar cells employ hole transporting materials (HTM), they could benefit the
hole transport and improve the metal-semiconductor interface in the cells. This perspective gives analyses of some effective
hole transporting materials for perovskite solar cell application. The hole transporting materials used in perovskite solar
cell are classified into six categories according to their structures, including triphenylamine-based small molecule HTM,
small molecule HTM containing N atom, sulfur-based small molecule HT'M, sulfur-based polymer HTM, polymer HTM
containing N atom and inorganic HTM. Emphasis is placed on the interplay of molecular structures, energy levels, and
charge carrier mobility as well as device parameters. A critial look at various approaches applied to achieve desired

materials and device performance is provided to assist in the identification of new directions and further advances.

Keywords: perovskite solar cells, hole transporting materials, spiro-OMeTAD, power conversion

efficiency
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SPECIAL ISSUE—New generation solar cell

Recent progress in graphene and its derivatives as
interfacial layers in organic solar cells”
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Abstract
This review surveys the application of graphene and its derivatives in organic solar cells, used as interfacial layers:
including anode interfacial layers, cathode interfacial layers, and intermediate layers in a tandem device. Research
work has be done for increasing the electroconductivity by reducing the oxide to partially oxidized graphene, as well as
chemically modifying or making composite interfacial layer. Additionally, the researches on graphene derivatives and
combined interfacial layers used as a cathode interfacial layer or an intermediate layer in the tandem device are discussed.

Finally, this review suggests that graphene and its derivatives are potential to be used in perovskite solar cells.

Keywords: graphene and derivatives, organic solar cells, perovskite solar cells, interfacial layer

PACS: 81.05.ue, 72.80.Vp, 85.60.—q, 88.40.jr DOI: 10.7498/aps.64.038103

* Project supported by the National Natural Science Foundation of China (Grant Nos. 20904057, 21374120), and the Bagui
Project of Guangxi Autonomous Region.

t Corresponding author. E-mail: jianzhang@dicp.ac.cn

1 Corresponding author. E-mail: canli@dicp.ac.cn

038103-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.038103

Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

CH3NH3! #E51#& CH3NH;Pbl 5, Cl, $5$KF K BAAEEL it A A1 A

A 2 &Y

Effects of CH3NH;! on fabricating CH3;NH3Pbl 5, Cl, perovskite solar cells

Xia Xiang Liu Xi-Zhe

5| 115 & Citation: Acta Physica Sinica, 64, 038104 (2015) DOI: 10.7498/aps.64.038104

{E2615%)1% View online:  http://dx.doi.org/10.7498/aps.64.038104
AP %R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/13

AT RERCL B B L&
Articles you may be interested in

e R B K B PR 2 e v 1) S B ) Rt
Key issues in highly efficient perovskite solar cells
Y= 4.2015, 64(3): 038404  http://dx.doi.org/10.7498/aps.64.038404

FHERAT K BH e H it Hh F A R AR AT T R
progress in electron-transport materials for application at perovskite solar cells
PP 7%, 2015, 64(3): 038802  http://dx.doi.org/10.7498/aps.64.038802

PHERA AR HL it £33

A review of the perovskite solar cells
PP 22 4%.2015, 64(3): 038805  http://dx.doi.org/10.7498/aps.64.038805

Tilde & e 1 RO 4 R R T UK P i
Pre-synthesized quantum dots deposition approach to obtain high efficient quantum dot solar cells
YnE = 4.2015, 64(3): 038806  http://dx.doi.org/10.7498/aps.64.038806

< JB SEAL B AL B TR 5 WK B L A

Hybrid polymer-based solar cells with metal oxides as the main electron acceptor and transporter
PP 2E4%.2015, 64(3): 038804  http://dx.doi.org/10.7498/aps.64.038804


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.038104
http://dx.doi.org/10.7498/aps.64.038104
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I3
http://wulixb.iphy.ac.cn/CN/abstract/abstract63370.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63370.shtml
http://dx.doi.org/10.7498/aps.64.038404
http://wulixb.iphy.ac.cn/CN/abstract/abstract63371.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63371.shtml
http://dx.doi.org/10.7498/aps.64.038802
http://wulixb.iphy.ac.cn/CN/abstract/abstract63408.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63408.shtml
http://dx.doi.org/10.7498/aps.64.038805
http://wulixb.iphy.ac.cn/CN/abstract/abstract63405.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63405.shtml
http://dx.doi.org/10.7498/aps.64.038806
http://wulixb.iphy.ac.cn/CN/abstract/abstract63406.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63406.shtml
http://dx.doi.org/10.7498/aps.64.038804

32 % R Acta Phys. Sin. Vol. 64, No. 3 (2015) 038104
El FBKPHRER I E R
CH;NH, 1758 CH3NH;3PbI (3, Cl, $55KH
X PRgeR AP RMER"

E# xEgHl

(FHKEET 55 TR, K& 130012)
(FHRZEE MG RET 540 FOUSE LR =, K& 130012)
(20144 10 H 20 HI&ZH; 2014 4F 11 A 28 HILEIE Sk )

RS EAT B BR A 45 140 (A BL-TE AL A% A6 p A0 1 25 K K BH B Fi v, by T B AT Y VAT I R D e
e, 2B T T R, AR H AT RS K st R R AR 8 E R, R T CHaNH3PbI(3_ 5 Cly
i SR G 85 R AR N OL R, IR E A MR O YRR AT U 1T pm. A SCERR T
£ CH3NH3PbI(5_,)Cl, 77l BLA B0 7 T AR, 5 1 3 5 o) 46 2% 01 (0 35 224k, JFF 70 7 CHaNH3I £
PbCla/CH3NH3 I #Afi#idi il # CH3NH3PbI 35 Cle WOGEHHIER]. 34 7 BBt 7 & W] CH3 NH3I i
NN PbCla () 2 531 2.75 {55, CH3NH3I A GG LLSE i CH3NH3PbI 3, Cl, WO 2 17 52 EEAN
450 %, CHaNHT AR — B8 N2 3 5, TEHARAK. X G0 it 7 RE i AR IESE 7 CH3NH3I N
N 8 5, IR R ORAE CH3NHT AR K T PbClo 19 2.5 1% LS, CH3NH3PbI(3_,)Cl, & Z
NE SR IR SRR A 2 REBE CHs NHST i\ 248 i 8 0, 78 CHsNH31/PbCly 24 3/1 ik 2
5, DN /N T 3 /1 XHERERZIAA K.

KB AHL-TCHLAAATRL, A5ER0™, P RE -, CH3NH;I
PACS: 81.07.Pr, 83.40.H- DOI: 10.7498 /aps.64.038104

BRI AR, JFFE IR &5 284 3RS T 3.8% It HE
AN AH T X — AR F AR R A AE T
], B RS E EASEEAE [ 20124, Gratzel BF
58 2H H [ 25 F HL 2 7T 4K spiro-OMeTAD X & i)

15 =

X BH BE HLIBATE Jy— b a] 355 SR 3 5 RE TR,

ARt T RS2 2 0. BHal, X —45
FELEI B im0, S 28 A A e — 20 BRI, DA
fH R BT L SR VR A oA, Ak X —H
B, B T T R B K BH B8 A4 RHRT ¥ 11 B K B
e S -0l 28 90 4R AR, IBM AT AT
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B AN & 8w A TE B R B Sk, R B
AL A YR LAFEmTE AL SR ST R
MU AT va i T %, 2009 4F, Miyasaka 25 A\ &K H
PR Jhe 4 2% 000 1 A A R A A G BB A K FH A FLIt

AR, H) 45 7 5T CH3NH3PbIs IROG A 2
SEARGE R PH AR HLL, OGO IL 2] 9.7% P [H]
F, Snaith B FLAR 2 4L AL Oz 1E NS R, U
CH3NH3PbI(5_,)Cl, NWEIGIZ, il 2 HARH g HLit
()6 F B Ak R 1k 31 10.9% (1. ik, 45 8kH™ ALK
FH A8 IR T a8 32 22 R 0E, FFE] 7 REHTEA
GO — U 7 A 720

Hil, ©F 2 Mk 2 &8 s 7L 45 £k
B8 R T ) & K PH BE R, B TR B
CH3NH;3PbI3 f CH3NH3PbI 5, CL, P 7 45 K

* R HARAEG (HHES: 51273079). FARE R R RIFRIE (#tHES: 20150519021JH) % BIAJERE.
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e, BERN RTER ST &RBIET. KRR
TR M T — R YTk
e A% D B RS (O BR ), 8 22 HR R (MA) . H Bk
(FA) /N7 Lv 5 NFIH FAPDIL 5, Cl, fF
WEJZ, 33T 7.51% B e AL ZR 7). Pellet
S Nl i 7E CH3NH3PbIs H1 I A FA 47 & W Wi i
FEL, A% T O H R b kR Tk 14.52% 1A B B
Choi %5 7f CH3NH3PblIz #1524 — 52 & 1) Cs ] %
133 Csu MA (1) Pbl O 2, Jl i i35 5T e 2%
DU P 7E (5] B P 1 45 2841 H 3RAS T 7.68% HIOL HLEE
2% 1. Han B 75 4004 5-ammoniumvaleric acid
(5-AVA) 51 NE5ERA 1R &, F A AR 45 A Fn 2
FAERIZ, LA (5-AVA),(MA);_.PbIs {E AT,
AT T 12.8% 6 HL B 4 20 2 F0 R 4T 1 2% 1 A2
200 &) R 7 o B 5 DU 3 % (1 Pb AT Sn.
Kanatzidis iff 7 2H F Sn BUR P, #1415 24N & Y
JCE [ CH3NH3Snl(5_, Br, WOt =, a6
AL F)5.73% 1. Ogomi % A LA —%E i Sn
HUAR Pb il # H CH3NH3Sn, P Is B JZ, K
U S w DS e i i S L, 88 T 4.18%
6 Ak R 12 R R 7 DR R 28 L 3 ik
(1, Br A1 CL. Noh % A\ DLIRHUACES £ H (1) il
i 2 AN [FJ ORI EE 451 1) CH3NH3 P 5y Bry
M, Hi st LR IL ) 12.3%, R AR
U R FE Ra e 1E U3 2014 4E, Zhou %5 Al i1
67T AR KL RE, K 2+ CH3NH3PbI (3 Cl,
S = I TR R U Sl N S G S 3
5 $19.3%, & 7% th CHsNH3PbI (5, CL, 4 i
e R pEfE 14

PbCly A1 CH3 NH T WU B 2% 78 & 7 72 1] LA
- 15 J9U B 1) CH3NH3PbI 3y CL, £5 8K 87 5, 1] %
{11 T 45 2% 41 1T LLIK 31 15% ' B 5 4k % B
pe. &I e Sl £ N =T N B B R (A
A, HHI7E CHzNH3PbI (5, CL, K FH fif FL it 473K,
W0 R BRI T . Lee 5 KT
PbCly/CH3NH3I #77 fif# il # CH3NH3PbI 5, Cl,
MR T7 %, 752 L Al,Og SCHE B 20 2 1 45 11 7T LA
K13 10.9% )6 L 5 4 2 R 10 Zhang % & BLAE
A BN SR T, AT LA BRI T R
#fe 19 Bt )5, Ball Ml Wojciechowski 5 X AR iE T
Al O3 % fLJZF1 TiOo 8% J2 AR IR H1 £ 7532, 1E
PRA S A T O HL I 5 3 2 08 15.9%, IF BRI
TR 4 119 CHsNH3 P 3_ ) Cl, 7T LA 3 A

2B T 45 2 U617 2013 4F, Docampo 25 %
AL BH it B 1F 75325, BLPEDOT 78 78S 44,
PAPCBM Hl TiO,, Jy L 344, K 5] & 7 [ 25 1)
i) CHsNH3PbI(5_,)CL, K FH A L, 281 R
$9.8%, X — iR HAE T2 5 H T 2T,
TV B E e L B M R N 6.3% 1181 2014 4F, You
S5 I P45 B ST T 5 P /2 M B A 0 R 4 i
PR 11.5%/9.2% 1), Stranks 2538 i i 8] 43
JEIERF LR B, CH3NH3PbL(3_,)Cl, KT 1 pm
{4 B B2, T L CH3NH5PbI (3, Cl, 7T EAUF T
il 2% 7 25k 0 O T 45 B 4 P01 xR L AR S
i #sF, BR A 2 £l AL, O3 SC B4, Hm] BLASE H
% fL TiO2 %8, Roiati 55 & IOt HL 7 AT LA A I 7
TiOo % FL 45 F4 FOE5 K07 A4 KL 1 AN A% H J8 18 4%
#1121 Ogomi %5 Fl Y203 £ 4k TiO, £ 1, PFRIEE
AR, SRR T 7.5% MR 22 [F4E, Shen
SRS I H 18 nm TiO, PRLAREE, 30 nm )
TiO, BT 5l 1) 2 & A AR, 2T 5 e R
= (1531 9.54%) . CH3NH3Pbl3_,)Cl, ABH %
FL Y 1) 22 A% A J2 38 8 {8 A spiro-OMeTAD 1E Ay
TR, ARIX B RS A AN B, BT A
— LB AU R IR IE, 1 CuSCN 4 P3HT P71,
A S POV 5 2y AT LASRAS 6.4%, 9.3%, 12%
M U R, Ak, BRI R DT R4, S
W 55 1 2 i) %% CH3NH3Pbl 3, CL, H—Fh A5
X5, Barrows SR FIX — 77 vkl 4 7 {8 B 458 1)
SFTH 45 38 1R, b U R IR B 11.1% BT R,
CA T CH3NH3PbI 5, CL, ¥ K BH A L b A5 3
AR IE, PR AR 16.8 cm?, b HL S I 50K IE B
5.1%, A4 H Sprio-OMeTAD /£ A% 7SR K 25
P, F£254 100 mW /em? AM1.5 Y608 N1k 335
h, SRR A VG BRI 60%, R TAREF )
o7 P i 5 28

32 K PbCly / CHsNH T #8473 il 75 155 1] 4%
CH3NH3Pbl(5_,,)CL, BOLJZ, MO RE AR &%,
I B 5 2R B ARG, A L BT IR A L.
Eperon Fl Dualeh Z&HF % 1 1B K 25 A5 85 R0 I 1)
T o A MR Re g 950) Liang %5 & FLLE AT
ORIV P OION D B 1, 8- o e T DU R R
BIA B e g I B Colella 48 HI BT Cl1 5
THIE TR 20K, CLEERL Y S 5k b (1035
ANEIRA R B2 Park %418 CHsNH3Pbl(3_,) Cl,,
Hh [ B S A R T R S A S R R

038104-2


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

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 3 (2015) 038104

53 B3 BT, #1145 CH3NH3PbI 3 CL, 1 AT 2R 44
VAW, W 2 PbCly AT CH3NHSI BA 1:3 B 2R HL B ]
FIN, N-—H 3 HEEIZ (DMF) %, T DMF %
fRPERE BRI, 5% F CHsNHI{EH I s, 18
AR, FATEL LK (DMSO) AR 7,
7¢ 7 CHsNH3I il A & % CH3NH3Pbl(5_,)Cl,
R WIS, B8 T CHsNHI7E #4405 ) %
CH3NH3PbI(5_,) Cl, B 1E .

2.1 TiO, EHHI%

FTO T HL IS 73 0l FH N . 2 MK & i 7
10 min, T )&, 7 450 °C B & #H# 50 mmol /L [
Ti(OPr)3(ACAC), BT Ti0, |2, R 2
40 nm. ¥ #HJE, 5000 r/min 30 s i £ BER R
TiOy 2%k} (18NRT, Dyesol), £ 70 °C #1125 °C F
{5, 7€ 500 °C K245 30 min, 53 TiO, ZILZE. Kike
SE15 3] % FL TiO4 32 A\ 40 mmol /L ] TiCly /K
Wi, 70 °C FALEE 30 min, FHEE TKYE3 REWR
T, 450 °C ke4E 30 min.

2.2 BiRBVECH

CH3NH3I &2 % W X Wk[5| M 7 & &
J%.CH3NH3PbI 5_ ) Cl, H 3% ¥ Fl DMSO Ay i# 7,
TR F5 ¥ 0 PbCly (13K £ 1.3 mol /LA AR, g 4%
CH3NH3I 3 £, PbCly 1 CH3NH3I ) JBE /K E 41
RN 12, 1:2.25, 1:2.5, 1:2.75 F11:3, Bl CH3NH3I
TN S350 2 £ BE /R e 3] 3 A5 R /R i, VTR
WG, 24 h. Spiro-OMeTAD SR IE R I EL A
72.3 mg Spiro-OMeTAD, 28.5 ul 4-F T JE Mt ng,
18.5 uL 520 mg/mL LiTFSI ] Z f§ %A1 1 mL
SR, WA REE 70 °CHid: 24 h.

2.3 HthERHHIAER

152 1 TiOo M6 _E 5373 T i 5 Fh A [5] L A7) 1 45
BB RT BRI, #43 N 3000 r/min, BFIA] 30 s; SR G
A 100 °CHRFAT b 7E NP IA]) i f B
(SRS E SR 2 SEAW R V() = A o o)
EHERH R I g i spiro-OMeTAD W& AR, Foik
N 4000 r/min, AN 15 s, 8 GFE R ARAE 2 A,
LR R £ Ag HELAR, K PH R HL i 1) 45 4 7 =
W,

R Spiro-OMeTAD

FTO £FLTi0,/CHsNH3PbI (5, Cl,

B SR A B R R R
2.4 MHEENE

F 14 BT B 08E (SEM) (Magellan 400) &
CH35NH3Pbl(3_,,)Cl, BRI L TES. XS4
TREHE ] (XPS) B VG scientat =173 #F% XPS R4t
M, PN tatb i) AIK . WO i L5S (IN-
ESA) A a] W43 6ot B v 2= R A5, O iR
J -5 E s il 2% i CHI660D H Ak 2% T AR5l &, i
ABB 2K B A A0, 25 52 i AML.5 M0, I A RE
2 EE LB G R AL HE S 100 mW /em?. B LR T
77 # (IPCE) £ HLm s T E, Bt e 5
AL 53 6 1) 500 W aLKT 6 (Solar 500) #2 4. Ot
H, 1 08 9k it 2 A0 ' P v e 9 it 28 B CHI660D HLAE,
S TAESE R SRAF, 206 LED (1 W, LUXEON) 1
NI G, AYELED (9 W, B ) IR 5
B, R AR IR e .

3 ZRERFITH

K 2 /& K [A PbCly Al CHsNH3I B 451 /5 Bl 5K
T A& S BRI 2 SEM B . 2 £ B R
& CH3NH;I il % ff) CHsNH5PbI 5, CL, " % 2
(K2 (a), W] LA BIHORES B0 5 140 51 1) 7 K
FEZ AL TiOo IZRTH. AT IR PN 2.25 £ BE /R
B CHsNH3I B (B 2 (b)), 7% L TiO, i H B
KREARBE/NE SR 5K, CHsNHPbI5_ ) Cl,
(78 55 A Bt . TSRV CH3NHs Lt — A2 4
TNE] 2.5 £ BE RSB (B2 (c)), & NHORE T &
PR EE AR AL — 2, CH3NH3Pbl(5_,Cl, 78 i
Bt AT IR NN 2,75 £ BE R F
CH3NH;IBf (€ 2(d)), CH3NH5Pbl3_,)CL, ik
TERFEE, BHERD Ao A (AR BAE — 2, TB R AR 45
H4). CH3NHzI I & ik — 5 38 0 21 3 £ BE /R & B
(F12 (e)), {3 CH3NH3Pbl (5, CL, ITESRFHE S
AR5 2.75 A5 AR TR S bl o i OR7 f &% H fA
BRA B T AT DA B, B9 00 A 3R CH3NH;1
(R ELAB, A7 B T 4R v A B IR 4 o R R N7
THIAA.
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- \:'-' i ’: Q m .
K2 AIFE PbCly Al CH3NH3I L T AR 45 45 5k
TR SeZE SEMES  (a) 1:2; (b) 1:2.25; (c) 1:2.5; (d)
1:2.75; (e) 1:3

PbCly: CH;NH;I

SR /arb. units

800 600 400 200

HRARE /eV
PbCly:CHNH;I (b)
— 1:3 I 3(15/2

—— 1:2.75
—— 1:2.5

JBJE /arb. units

640 635 630 625 620 615 610

RAYRE/ eV
()
Cl2ps/2  ppCl,:CH,NH,I

jg .

‘g

=

S

-

@

~
by

=

208 204 200 196 192

HRAGRE eV
3 AN[E CH3NHsI A0 & 1 HT 9% & A5k 1 X
L TRE  (a) CHaNH3PbI(3_.)Cly [ X £
JGHLFREE; (b) T X SFEOLHTFREN; (c) CLIM X 4
JeHLFRE S

F1 AF CHNHaT IR AT SR ) & A5 4657 T A1 C1 ¥ L)

PbCly:CH3NH3I?) 1:2 1:2.25

1:2.5 1:2.75 1:3

L:CI?) 1:0.64 1:0.15

1:0.04 1:0.03 1:0.02

2) FiiH PhCly AT CH3NH3I B /R il D) £54K8™ 0 T4 C1 ) B /K ELf5i.

B 3 AN [ I SRV ) 46 (19 CH3NH3 Pbl 5y Cl,
FRERD I X SR e BT REIE. MR 3 (b) F (c) AT A
THEHT, CLHMIGE S EMIE, FIfER L H. 7]
DA Y, B AT 9K CHNH ST E 38 i, 45
ERA R CLIC 3 B sl PR AR, 5 L7 Al 9k
CH3NH3I 27 2.5 i BE /R & % 3 {5 BE/RE I, Clut
RN & EHAR DN, EHA CLT RAFE, I
P3RS & CHsNH3PbIg. B4R XPS & 3 H

BT JE R C R 5 S, (AE L Re R 5
A~ CH3NH3Pbl 3, Cl, IR 76 ZH 4L ibE CH3NH;1
N AR A B CH3NH3Pbl 5, Cl, 72
I8 3 PbCly 5 CH3NH3I7E in #4 o 72 1 J 87 A=
J ), 1 CH3NHsPbI (3, CL, i I/CLEL B2 1
L) 5 7= WA IS A T I 4 o R R E Y (0
CH3NH;3Cl, CHsNH3I 1 PbCly I K). TIA 2 1%
JEE /R B I CHsNHI I, Cloe & & BBk, " fig
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M CH3NH3If — & #5 K; 2 5 CHaNH3I A A
B 3EERE, ClER/NT 5%, nlRedH TR
JZH CH3NH3CLAI PbCly FI# k. thAk, 72 3 (a)
(1) X 4 46 6 LT e, R AR 7E 530 eV b N O
JLE, WA RETE 460 eV &b N TiL &K, 1l LLE H|1X
PR AN 1) R /INBE 11 9KV P ) CHNH T B2 ) 3
BTN, FEIIN 2.75 f5F0 3 £:% B8 /R & ) CH3NH;31
¥ 2%, R B CH3NH3Pbl (3, Cl, 7E TiOo F M)
7 5 AR A ORI CHNH LU FER i A2 K,
X5 22 A T AR 1 2 SR UL .

P 4 52 AN [ AT 3R] 26 (1) CH3NHs PbI 55 Cl,
5 EK BT K PH BB F T 1R e FR U B R O H Tl
o, RSBy R2P. WTLUE W, 773K+
CH3NHsI Il & 75 2 £% 3] 2.75 % JBE /R & 22 [8] i,
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SPECIAL ISSUE—New generation solar cell

Effects of CH3NH3I on fabricating CH3NH3;Pbl3_,)Cl,
perovskite solar cells”

Xia Xiang Liu Xi-Zhe'

(Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)
(Jilin Provincial Key Laboratory of Applied Atomic and Molecular Spectroscopy, Jilin University, Changchun 130012, China)

( Received 20 October 2014; revised manuscript received 28 November 2014 )

Abstract

Perovskite solar cell, which is prepared by using the organic-inorganic hybrid halide CHsNH3PbX3 (X = I, Cl
and Br), receives widespread attention because of its solution processability and high photon-to-electron conversion effi-
ciency. The highest reported photon-to-electron conversion efficiency is that using CH3NH3PbI(3_,)Cl; as an absorber.
It is reported that the diffusion length is greater than 1 micrometer in this mixed halide perovskite. The method most
commonly used in preparing CH3NH3PbI(3_,)Cl, film is the one-step pyrolysis method, which has a complex reaction
mechanism. In this paper, we review the work about CH3NH3PbI(3_,)Cl, perovskite, in which emphasis is put on the
importance of the preparation process, and analyze the role of CHsNH3I in the one-step pyrolysis method for fabricating
the CH3NH3PbI(3_)Cl.perovskite layer. Scanning electron microscope images show that CH3NH3I can improve the cov-
erage and crystallinity of the perovskite layer for precursors in low CH3sNHsI concentrations (CH3NH3I/PbClo=2.0 and
2.5). For precursors in high CH3NH3I concentrations (CH3NH3I/PbCl,=2.75 and 3), this change is not obvious. X-ray
photoelectron spectroscopy confirms the change of coverage, and indicates that the content of Cl in CH3NH3PbI(3_,)Cl.
will be less than 5% for precursors with high CH3NHsI concentrations (CH3NH3I/PbCly > 2.5). Perovskite solar cells
based on CH3NH3PbI(3_$)Clz with different Cl dopant concentrations are studied by photoelectric measurements. Pho-
tocurrent density-photovoltage curves show that the performance of the devices increases with the increase of CH3NH3I
concentration in precursors. And the incident-photon-to-current conversion efficiency (IPCE) measurements indicate
that the devices fabricated by using precursors with high CH3NH3I concentration have a relatively high external quan-
tum efficiency. These results imply that only CH3NH3PbI(5_,)Cl. with very low Cl dopant concentration will be effective
material for photovoltaic application. To further understand the difference between these devices during working con-
dition, transient photovoltage/photocurrent measurements are carried out to investigate the carrier dynamics in the
device. Transient photovoltage decay curves indicate that high Cl dopant concentration may decrease the photoelectron
lifetime in CH3NH3Pbl(5_,)Cl., and results in a relative low open-circuit photovoltage in the corresponding photovoltaic
devices. The charge transport time in the devices of various Cl concentrations are studied by transient photocurrent
decay method. CH3NH3Pbl(3_,)Cl,with low Cl dopant concentration has relative short transport time, which can avoid

the recombination process and increase the charge collection efficiency.

Keywords: organic-inorganic hybrid materials, perovskite, solar cells, CH3NHj3I
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PRV . AT DURRAE B BT MR BE T 73 A7 B 38 1A B Rr I, ORUE 3% RE Z0 AT B IAE 1% i T 5 B DN UG PE (1 4% %
FORE. ARSORAG ERA™ IRRHRFE, 1 10 55 5 45 45 4 (4 B R SR R adbAT 1 1) RO LR . P il 11 i
JREE G ERAT R FH FL A G5 AR AIE  TAERLER S ERH™ / rfir A% = O St ek, DA At P e DL A, B4 0 4k
B VAR % 22 SO A 2 IO DAL S 5 o 5 A PR b PR R RT3t S AT AE I EAT 1 13, D% Ja i

R A PSR K BH B I FE S 2%

KRR AHERETORRH i, PR, TR, 2 e

PACS: 84.60.Jt, 79.60.Jv, 84.60.Bk, 82.45.Yz

15 =

HE YR PR 52 2 24 AT\ ST I F) i 38 V1) 75 22 A%
DR TR, IR PRI AR AT P A BE IR R [ B
MR, KB AE AL BT 215 JCT5 % B Vi
J AR AT R 21 28 A B R BT REIR 2 —. K
BH R 6 PR A HL R AT 47 SR K BH BE T M v i F e
PRy B BSOS 7 5. DA B b D AR TG L
JOAR K FHOR H 23 e, S seil 7 dkie. T
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2R, BN N R PH LI ATEHT R T A

FEART# B CHsNHsPbls B A & 180k 13T
B R R BB T R AERE . T8 RSO 1S AN v R I
W R B, XTSRRI 78 4 I ROSOR BE Y, I HL %
IRAE S A et A2 P ) RE SR, 70k B JuRHgL
FA LR BH H s 79 A F 70 AT AR T A 35 ) 3 R
HEBN R, FBARE ABH FL it i PE e 75 3 G
2009 41 UARIE LK, MOt LR E 4% P,
2013 EME T 15% (491, I H A 2 19.3% ) 5
FL A 40 380 S ) A AR 3 15 3% Science JA TIIKg <45
BRAT K [ H i R 8 2R R 15% 7 Pk 2013
R KR gz — 7). A5 ARE A B H it — B,
TEFSE M 77 T Ak — 20 98l W A oK Hh e A% H i
MREIR S5, 51 R — i Re iy, KT an it
T ER. ACE W ENA T BN MR R
B, BRJE A AT T ST TH] 5 5 4 AR 1) A R R S T 4
THI ) T e RS L R, 5 AN T T S o 4 5 Ak
NG R T T b SRR Y R S VA S
MERHRIE T 2, 5K fLit i ' DR M B 1 gl £
Rl R, MEZCRENS G R Fa e SR n™
K BH Lt A e SR (i S 2

2 SHERA AR

PR /48 B ABX M B s kA R H
AT, LA F K BH b A A 4> 79 A, BRI X 4
HARE— N BIAHLE S T (CH3NHT ). — i & @k
BT (Pb2F, Sn?t) fil Z BB 7 (C1-, Br—, 17).
ABHE 75 124 X BT 7 RCAL T BLT7 )\ HTAAR 45
), B FHEF5 6 A X B &S 7R B E A 4
1, s — R B KA T s A RL i = 4EE
0], JCHUAE SRS HLLH o0 A P Hh 4 & 0 — N o T
AL R S5 4, B L BTR. S5E L
G RM B (B HLYRL JLHE R &) ML, A HL4
e BT A BT R ) BT JFL e A P B PR 3 5 4 T
R RRIR a2 R 2R 1 1) BT R4 /.
FRERA AR BT R 4 Re E /)N, CH3NH3PbI; 1
MTEa A1+ 3meV ] FHIbHZ 0 A
JE 7= A T R A IR R B RE o S T R E
(1 EL - RN 2SO T AT AL 5 b R R BT AR 4
— = T 250 meV, 75 B4R Z 44 1 LUMO
RER 2 ZAE NIREN i A Re i LA & 8. 2) BT
R4 K. CH3NH3PbBrs 5 CH3NH3PbIg HI 3
IRAAR4 5 20 F1 224 101 T A B2 SR BEK

2901 AL 3) MEE B FERE AR A B
¥, CH3NH3PbBrs 5 CH3NH;PbI; (41 i H %
Gy A8 6.5, TG AL T AR A o £
KLEBAK(BEE 24 E4), FHBTHTRA
Rerm, e SR, AR mE, R T
FeHVEREMIE R 4) B T RURE R, §EE
B, 1E CH3NH3PbIg H1 7 A ) HL 7 A2 O 3%
Jo RN D TR e e R0 2 GE RS R 4 i ] LAIA )
7.5 cm? V- ls 1112566 cm2 V-1~ Hy
TR IO B FRBE R el AR S5 A A4k,
A DU B OKR R ) dm T T L
AR R B B (~10 nm). 5) MR E 198,
HW i #2385, CH3NH3PbIg N B #2255 2 Sk,
BT E N 1.5 eV, W £97E 800 nm, 7EREANT]
6 DX #B A AR 47 1 W dig 051, CH3NH3PbI; 7E 360
nm Ab KGRI R B E ik 4.3 x 105 em ) am
FHYL SR (~10%). FEERH BRI X Lo kR
PEAS AR T AR R o e 78 70 WBOR B, I IR
I L G R R RE AR, AR SRR A
X P H it o 2 R B AR S M BE. ESEKAT K FH H
T 1) S 3 R P A LA v T T B P R B FL VAL
5T CH3NH3PbIs 258K W2 (1) K FH HL it I 2%
HL 3 7E 0.8—1.0 'V, e LA 1.1 v (1614
DAZE A 55 B 3K () CH3NH3PbBrg Nt i 2 £
Z 0] DK I R R SR e B 1.3 VIOl phAh, A5k
A X6 K BH % 1) 78 20 WU A R T 3 iR KA
AR E T FL AR A8 B A B R, R DA I

20 mA /em? [6:16:17],

(b)

1 AVl R a s Bl (a) BXe
T\ RS, (b) AXqo S5 )\ TS (8]

3 TWRRELEMTHRT KRR
HY B R
5 B oL Y B ol 2 K R

WAL k. 2009 4E, Miyasaka #8241 K
CH3NH3PbBrs F 1E 24 804k 551 W Bt 78 TiOo 3% 1,
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il £ T VA ARV T BT BB K BH FE I (4
B2 (a) FT7R), Jer s R IA 51 3.8% Pl b5,
Park %53t — R AL 7 45 8K A I 11 ) 45 T 20 DA
T FEL SRR B, 175 FE M 2 R B R 2 T 6.5% (18],
B i1 F CH3NH3PbX3 (X = Br, I) & T8 1% 741,
SEMABRSHEBRR AL EEERE N
T i e R R A M 2 1 1) B, Girdizel %5 L spiro-
OMeTAD [F 7 75 7L S i RL U AS FLAR TR, &5
4 CH3NH;PbI; il {17t o 5% 46 20 2 8 i 9% 1
[ 25 A5 ER A A BA eR i (190, i v 5 ) e B H A
TiOy B2 WKL) TiO, IR A5 KT 25 A%
)2 M 4 JE AR ALK (B 2 (). TiO, 3% 2 F 2
1 R USCER - B P 23 7, 9K 4544 TiO, )2t

[ | 4wtz

BF RSCIRES R MR, R T R R AR 4
B 9K BT 15 D 6 BT U A% 4 B0 6 BRI F
£ TiOo H2RJZ £, WO I3 HL T A% 4
AR A R 78 31 2 L Ti0o /85 k0™ J2 i 4L Py
G VE 2K 15 e SN K (B AR d - R B S
IR RS 2 AR AR R KSR = 1 A5 8RR
B et P PO (DR TR e M B, i T
il % T Z BRI, AR MEAE 2 AR S A kL 78 2 S e 21
Z AL BFLIE A, DR A i 2 S A B
AETE T, B INCER R T . 1 R I 43X
FREARLTT LU TiO, H R E ki, T B0 i
DYRgs o

—

)

B <z
B itk
E:ijz
 —
Cdureme

P2 ESERDT IR ALl 2 A 45 ) R R AR AR

Snaith 55 18 35 0 A FLARE B85 BT A R B
i, 90K Al,O3 2 LE IR TiO, 2 1LIE, 1
BT AL S AR AR B B, K CH3NH3Pbl;
BB TE Al Og B AL SR 1, K HE I 25036 N 7.8% 42
FE T 10.9% ML BRI, 2 4L Al O3 TEA5EET
H Yt o R B R S AR, LR R/ aT A
B )45 BB O &5 R ST, 7R T AlLOs B 4L 1 H
M, Al,O B 1R BE I 254 58 B2, R I H 4 24k
FIREPE, ANREALH 1. AR Y6 1 Bkt iE
52, F Al,O3/CH3NH3Pblg L1, BT B R R
S Re R ASILAED, £ CH3NH3PbIs H 7= A4 i [
HL 7 IR AN REFE F2 3 Al O, 3 B0 F far 5 B 7E 45 R0
W, JFIE B8 1E Al,O5 K2 A5 ERH A B 4% fi.
i FH AloO5 18 18 M 16 B 22 1T DL 40 f 1 45 4K

W 1) TiOo i 78 3 72 70 i R ) e R 401 FE, Rk, 78
CH3NH3PbIz e % R A 1.5 VIR, 1]
LK Lyt A A E I FE AR = ) 1.1 V BLE DL R
FH AR ERE P A i %Az 1 T AE TiO9 H 1)
flefid %, KL, BLALOs & 42 m) DL/ B 51
i 51 D AL RE, A 15 A8 1 F AT USCBR A R I  v T
TiOs ZfLIZ MM, H— DRI AR, PR
N ALIE B R B AT 25 R i AR o FR AL B 2R il
T Al O3 HAR S 4 MPE R, DA 75 2 i
B KA ERSEHLE A A e P sEEEs, B
R B T AR A T B 1 R R S AR i 2
S5 5 A A TR IR, R R T S T
F LR AT 78 IR 7 4R v 091, 4L Zr O sk FH SR A
N B A AR v 222 B TAENLEE S
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BT Al Oy B 245 I 1 FL AR AL, PR R 241
B 7 AR R A2 DL % FL TiOo Al ZrOg WU H 242
J2, LR FHES TS 4K0™ (5-AVA) . (MA)1 _, Pbl;
TERFIRUZ, i Al 4 T 205 e ik ek
AT DA R ) 12% P4, X SR AL HES) T A AR K B
Hith 8 RS M i — 20 R

Grétzel SR A5 AR 70 A 2 2 41 TiO,
B, FERGESH (B2 (c), FHBIRES
W AR F A R 15 20/ 2 £L TiO2 /CH3NH;3Pbl
JZ JB B KA A 200300 nm, fE 9 78 4> W IR K
BHOG, #5106 % e e vl LIS B 12%. %%
6k R EoR, BERDT R O AR BOR T E A
CH3NH;3Pbl3/TiOo 51 S I 73 55, 1 R AR D> —
#r 7E CH3NH3Pbls /25 AR E SR 0 B 0
(1 HL T BRW8 IUR (1) 4% 33 1) TiO, 2 S35, 7 B 4s
B KB A2 N2 5 T B AR 2, A I B U
)z POl X — 45 Hh PR S, (planar hetero-
junction)” FHERH Bt Y HH BLFR AL T AT A 14,

N T HE D T R IR R A AR R, T
FLN K CH3NH;PblI il £ B I & AR (TFT),
S 45 B R W] CH3NH3 PbIg B A UM P B 17 4%
Rk, JF o p BUAE SRR SE B B ), Xt
WA, BT TE AR TR T AR 2R RO K1)
TEF, [RS8 REARH FL 7 R0 2 SR S 2 If Thgg. B
T RE AR I T 5 22 M Al > 54 2 PR R 1
Etgar 25t — B0 T b i 4549, 7035 I fa Al -
il £ TiO9 2, iz 5 J5 2L % 1 CH3NH;Pbl; JE
BT T SR 4, SR 2 (d) BT, TiOq J21E N
R AR =, CH3NH3PbIs 1 Gl = e 25 7 ft

S STA

i) AR S VAN T % S T E.Y L WA .11}
JZ2 B -1 2SI SR B A A RO BH FLI R4S T 5.5%
[ FL 4 i 120) BUAR HR LR AR i, (HAR X
b1 3 o1 45 25 M AN 77 2 AL & e S B 48,
fai At 7 BB & T, N8 n-i-p X p-i-n B 1
A E AT FH AR B8 1 LA

TLHER FH 45 0 7 BRI~ 1 S T S A5 4, 2 H AT
PR R K BH MBI 7T — ST R R T R). ST
0T 25 B R R BH FE R AT LA 23 n-i-p B (2 (e))
Fp-i-n 4 (B2 (f)) PRI S5 . n-i-p B 4544 2 7F n-
i YA T e 0T 5 R OK BH RV A R B B R K
JETM R, X BT A4k 45 AL/ R AWK H
IR B2 Ir) 8 AR 25 440, BT AN [B] 1 2 A0 FH 405 BK ™ A Kk
REESZ. ST ES&REal L A—
B2 R E, A BT SR A T T U
££. Snaith SR FH ORI 28 R E5 6k 2 Bz
K AETiO2 BU% 2 2 b, FF 5] A spiro-OMeTAD Ky
AR E, H4 75— A n-i-p B TH ST 45
FSARET H I Pl i TAENLE A 3 (a) BT, 24
K BH 't T S 381 oL vl N S, A BRSO R AR BB
¥, W TEES R/ TiO FESERH /2 /AL Hi J2 5t
S B, BT S ERHT J2 B 37 5 7 21 Ti0,
B, [FINE, 2B B 2 O 2 5 AR A% 3 2
BERAT /23 AR i 2 BT, RS B A B =
HOMO fegl, S )@ Tl e, e F-F- i
R RN L TR ek = B S I VAN TP i =
AR T PR B 58 R, A
TE RSN Z L& BEA YT RE, EEHET

K3 (a) n-i-p & (b) p-i-n BP0 BT 45 E5 T A KH At RE R 45 1) K% T4 S BER 2=
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23 AL B A R R 3 BV SR D T R, ET R
AR 5 Bk M ORE I B o AT K B T A A
PE, i £F e 20 AN B A% i 22 5 D UL IS
MRl LW, Yang R A54H 8 O 1k 4 gk
R A KRR R T R, A
4t #) N FTO/PEIE/Y-TiOy/CH3NH3PbI3 /spiro-
OMeTAD/Au ¥ n-i-p B4 [ 5 Joi 45 Hth, Kot
FERBoR =B 7 19.3% 9.,

Z n-i B4 P TH 7 R 45 45 M 10 B K, Guo 55
YR A WK BH HL U A p-ien P T R 45 A R,
UK & B IE AT A ([6, 6]-2K 3 -C61-T R H ik,
PCgoBM) 1E N HL T 1% i )=, FF%f LA PEDOT:PSS
PE N2 AL )=, )& 3 — > p-in 28 45 K
08 B 0 7 TR 45 OK BH b, 45
ITO/PEDOT:PSS/CHsNH3Pbl3/PCgBM/BCP/
AP TARNLER AN B 3 (b) Fros, A5 ERH W6 Ja 72
A AR B AR /23 A i 2 A R/ A%
= SR A B, BT R E R
F| PCgoBM B LUMO fe g, 1 = 7 o i 5 860~
JZ £ PEDOT:PSS/CH;NH3PblI3 %t [fif % # %] PE-
DOT:PSS 2, f&H ITO UdE. B7E p-i-n BLAHEL
W et () ] &t A2 7F PEDOT:PSS 2R i 1R X i@
I — 2B e Rk 4 5 50 B B A R R S R
FERUSZ, DR HI45 FAS AR 2 R A 20—30 nm ),
178 376 AN R T K BH O 78 43 WAL, A1 Ik i v 1 R 3R 82
MK, RA3.9%. FIFHAHFE AL, S8 E
P JZ 0 5 B2 T DU 0 i R BE G R i R
B AR T JEL B K B 110 nm, %1 6 B
R DR B 7.41% ). 3K Bl p-ien B P T S
gERVE LR st HR S TiO, B PR 2, A R
e TR RSB R . thAh, & IR )=
P RE A AEAMGIR N &, AR T SR A K AR
PG BRI PH FE b 1) 2. 20 3k DA H vt 65 40 380 i %
T2 AW, HAET, p-i-n B2V 0 5 5 45 KB
FL Y ) ' L B e R DT T 12% PR3 @t
BB ARAK, RS R HI R DR T £ 16.31% B2,

4 PSRRI R

A n-i-p A p-i-n PP 100 5757 45 45 R R BH F
b, AR AN F i, B ek /2 d J= A
FHERE" /W7 A a2 X S N e AT 1
BORI LA A B OCEE B VIR TR A BRI R
A DG R 1, 32 IR B AE T 45 8K /2%

&40 2 VS ERAT / L A% 2 S i A A k) 2 TR) e 6%
TE R R AP RE R UTEL. DL p-i-n 5 A 45 6K HL it N
%, MEER A EH, PCgoBM 1 LUMO fE 2% (~3.9
eV) 585k CH3NH3Pblz 134 A6 (3.9 eV) dE
HULHD, fgfE BRI o7 R 45 58 2] PCeo BM 3R
B E GRS, [N, PCsoBM EHREH
HPEBR, 2081 cm? V- 1s™1) 3L 455 A 1)
L7 B PR 7% 31 8 W AR T pl Wi g

T2 9% O o6 Bk R0 B[] 43 9 2% % O i AR
AT DAL %2 B S R AE AL . BN B IS
B [6,12,36=401 - Gratzel 25 A Snaith 25 %5 A) FH  JA]
PR OCCE T T A F MR (B3 AL A
BEPCooBM 175 AL 444 Kt spiro-OMeTAD) X 5
KRG K AE R, BT T T 7R S A T
2 R B RS IR 9501 4 spiro-OMeTAD 1 A%
TR KZ, PCeoBM AE N H 77 K JZ PUFLLE B AH
[) 2% 4 1) %% 1) CH3NH3 PbIs 55 £k 8 26 . i i i)
R = AN FE i (CH3NH3Pbl;, CH3NH3Pbl3/spiro-
OMeTAD 5 CH3NH3Pbl3/PCgoBM) )% & 1
P (B4 (a) ATHIL 24 spiro-OMeTAD 5t PCgoBM
5 CH3NH;Pbl; 2 filt % 5% 5 2 45 7 1 )5, fe
fig K W B AR CH3NH3PbIs () 2% % & 7 77 &,
CH35NH;PblI; 5 spiro-OMeTAD J¥ i 5 i 45 45 #)
J&, W5 B K TR 46 5 1) 8%, T PCeoBM
Xf CH3NH3PbIs i ¢ Ot %% K fg 77 B 58, v #4
POt wh R OCK N R 46 2%, o ok 5E i 9%
I B K i B #E CH3NH3Pbls /spiro-OMeTAD 5%
CH3NH;3Pbl3/PCeoBM 57 [ 4b it 5 I3 T- ) 151 24
BP0 9. PAJR KON 600 nm bk b & 6 I X =
ASRE 3R AT BOK, IR L AE 760+£10 nm Ak %O
25 98 (I 4), 15 % CH3NH3PbI; 8] 5% )% 7 7 N
4.5+0.3 ns. MR % 0 B B A TR
H D, ALK Lp = /Dt HET i M2
HI 9 H#CK 4 950 8 130 nm A1 110 nm, P& K3
A4, 47E CH3NH3PbIs £ H T spiro-OMeTAD
8. PCooBM K = J5, e A 800 85 kA (1) %
B, v LUK 26 7 A 4 o) B K 3 0.64£0.03 AN
0.37+0.02 ns. X 8 i ¥ £ CH3NH3Pbl; /spiro-
OMeTAD Jt il 8% CH3NH3Pbl3/PCgoBM F ],
CH3NH;3PbI; 52 2 UK JT 77 AL 1T g 6 s
B HHAE T AT 2 5 spiro-OMeTAD 5, PCgoBM
JE G R AR HAeT o B (R TR B L AR =
PCBM I, 2250 3 25 5 UE i 2 spiro-OMeTAD
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@ ey »—.CH3NH3PhI; (a) |
T} somower
=] piro- e
) sw
Sosf T Cu-a50V
% CH,NH,Pbi,
B
® 0 . -5.43eV
700 750 700 850

Pk /nm

=

VbR
o

I

0.01 ¢l 1SN
e w10 15
18] /ns

K4

(a) CH3NH;3Pbl; a5 615 (b) 76010 nm ALK R 43 #5661 (c)

electron

Jom

(e)

S PES

BEHED T 7 A RO G R BT P A R i e (36

). I 2 R (1 Theterojunction = 1/ TPerovskite +
1/7or) AT LATHE H R ST Ak 1 H e B RS I ).
214 TS 43, CH3NH3PbIs/PCeoBM F1H 1
T B ok B2 R R P, R A O ME #E 0.4 ns B
Xt 5 O I K Sk R AT LA A 92% B i@ v
TiOo X 85 8K 7% 6 (38 K AE i (47%) 1. 1 78
CH3NH;3PbI; /spiro-OMeTAD F 1 45 /¢ 1 85 4k 1
% 3% 3] spiro-OMeTAD 75 % 0.75 ns, KW HE N
86% 131,

Snaith %58 F A [F] 1) 75 160 78 T R RS R /4%
B2 S AL B PR S X R R, R T A
[ 1] £ 7 ¥2: %) CH3NH3PbIg I #3371 13T 7 K
PHLEE B Re . L [A) o) B O e a5 B
. B SURT I A ) 4% 1) CH3NH3 Pbls %%t 75 iy
N273.7 ns. THEAS R & S AT (PbClLy) il &
3 2 ff) CHsNH3PbI3 _, Cl, /1 HL 7 A1 4 S [ 37
PRE AT T 1 pm, & T AR GRS B
378 =T PA Pbl, AT 9K AR ] £ 1 CH3NH3Pbl
LR 2 O BEE B (~100 nm). %45 SR
] THTAIE 52, 75 57 9K M o 51N B S A P e oo
CH3NH;3PbI; B 45 di A2, FEACES AR T8 B ) e i
A, M REHE S B 9 U .

7E p-i-n Z5 FI A ER T Bt b, B AR N
HTAEHZ. B3GR T it S8 2 M i 57 i
g8 JLH, (R TR R AN, IR RE R B E LS B2
I B oo [B) S PRI B B D20 ok 4 % (1) 2 24
. IR BB R 7R, PCooBM HIEEALAE F BE
Wee AR5 A VR v VS YRR B T 5 0 ) AR AAE
TR, HK B IR IR m 345 P T a0t

(thermal admittance spectroscopy, TAS) #%) 72 H

(2) CH3NH3PbI;_,Cl
100 Hrog, 3 3 3—zClg
N i e
d o sprio-OMeTAD  — ™7§
0 & 2 PcBM 0
=4 Ik - 10TENG 7= 2727 ns
B s .
T 10 c %_J 1071 ]
iy n b=
= I o Te = 9.6 ns
- —o L E 1 1
| 10779 50 1000
o] N
% 729 o4 18] /ns
10-2 "’::_‘» D 8900 OOO O. ! L 1
0 50 100 150 200
18] /ns
() CH3NH,Pbly
100 |
5 o PMMA
i u O sprio-OMeTAD
1 - A
= I . PCBM
ﬂU\ '“--;,_.
K -
irg 1071 1
o -
10~2 ! ! A !
0 10 20 30 40 50
18] /ns
5  HATIEfA CH3NH3I 5 PbCly (a) f1 CH3NH3I 5

Pbls (b) #4452 CH3NH3Pblz R TR AFRKZ
(PCgoBM HL T ¥ K 2+ spiro-OMeTAD % 7R K JZ) )
B ] 43 3% 7 S 6 B 2 LY HOBE AL IDLA I il 2% (S54k). WX
D¢ R T TE IR N T HR B 1) 1/ e Xof 7 (bt TR S 94 't 75 iy
(Te). T WA AKX CH3NH3I (50, ¥eAT &
HHRZN CH3NH3Pbls JZR ek — 25 (R ARG
1% HIE) (PMMA) SRRR 4623 S Ak 4y 12
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oK 73 A I R b R AT B R TB h B BB, Huang %5
T 9N 2 B B 1 PCeoBM A Coo A 45 K
BB AS BT AR A B 45 S 6 (b) fiow, &
A B P& AL Z 1 A5 F B B 0 B PR A
(DOS), 71 x 1017—1 x 101 m—3.eV-1iu[H. ¥
e IR 25 3 P AR AR e ) s (I T 23 9 =AM X)L FE A
ERA R TR — J& PCooBM B Ceo HE 1 B I {8 45
BRAT Th B ERBE A BEAL. FEAF R REE X IE], A E
e R A R R PEAL RE 7, JF B 2P EAME B
PCeoBM = 244k i 2 ¥ [H /£ 0.40—0.50 eV [ Bt
A, T Ceo 7E B 1 5y H 3 [ 3 I L 0otk AR B Ak
J1. A PCeoBM/Ceo M JZ £ K4 e 8 12 BRI g
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fis (GBL) ¥ Lb 518 & — H JE W3R (DMSO) 1
AT IR YA 77, 4 T 35 50 B0 B ek 7 it 1°7)
(B 7). DMSO i 3 ZAFE F 72 5 51 9K 44 A A i
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X FLATHEEE; (b) CHsNH3Pblg E R BRER (GRS P SR ); (o) Bk xUE T ) Bas
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re K 2k L AR A L R P AR 2. BT ICBA
I LUMO N 3.74 eV 17 & F PCgoBM ] LUMO
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B, AT 0 e ) R B B A R B AR, &
WK EK. PCqoBM JZ J5 5 1E 24 i, H it (1) 31
70 PR R B IR AR AR B T iR AL (R 4R AR AR
JELJE 258 PCoo BM X E 4R 2 I 5 A 52 42, H
WS 2 B, SEURRRT . &t
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Tu
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W2 (R oy Sl B S, AR T3 R R .

Lee 258 FH PBDTTT 5 () 74 45 (R 3L 50 K &
PTB7-Th At # spiro-OMeTAD, il 4% T n-i-p AL 1)
S TH] S 3 45 B 01 PTB7-Th B A 10 5 1 45 7%
& i 1 B RN B g 45 4, L OT B ] DLk B
1.5%1072 em?-V— 1571 5.2 eV ) HOMO fe 2 fdi 55
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SPECIAL ISSUE—New generation solar cell

Recent advances in planar heterojunction
organic-inorganic hybrid perovskite solar cells”
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Abstract

The development of highly efficient and low-cost solar cells is the key to large-scale application of solar photo-
voltaic technology. In recent years, the solution-processed organic-inorganic perovskite solar cells attracted considerable
attention because of their advantages of high energy conversion efficiency, low cost, and ease of processing. The am-
bipolar semiconducting characteristic of perovskite enables the construction of planar heterojunction architecture to be
possible in perovskite-based solar cells. This kind of architecture avoids the use of mesoporous metal oxide film, which
simplifies the processing route and makes it easier to fabricate flexible and tandem perovskite-based solar cells. Planar
heterojunction perovskite solar cells can be divided into n-i-p type and p-i-n type according to the charge flow direction.
Two interfaces are formed between perovskite film and hole/electron transport layer, where efficient charge separation
can be realized. Hole and electron transport layers can form separated continuous paths for the transport of holes and
electrons, thus beneficial to improving exciton separation, charge transportation, and collection efficiency. In addition,
this planar architecture avoids the use of high temperature sintered mesoporous metal oxide framework; this is beneficial
to expanding the choice of the charge transport materials. In this paper, we review the recent progress on the planar
heterojunction perovskite solar cells. First, we introduce the material properties of perovskite, the evolution of device
architecture, and the working principle of p-i-n type and n-i-p type planar heterojunction perovskite solar cells. Then, we
review the recent progress and optimization of planar heterojunction perovskite solar cells from every aspect of perovskite
preparation and the selection of electron/hole transport materials. Finally, we would like to give a perspective view on

and address the concerns about perovskite solar cells.

Keywords: perovskite solar cells, planar heterojunction, electron transport layer, hole transport layer
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Z LR B v 350 nm B, HL I T S FEAR 24
PE, Wk 4 (b) B, SR1M1% S TEARFAE ENAS A T LA |
RIS, R BE T B/ R A,
A A5 TiO, /Pbly/CH3NH3 PbI F T A4 ) A
gERIA 5. R, 0T ESERET K BH A8 FL I, S BH K
LA R I H AT i R 2 S R VM R S RS
il ST 2 R, W R S A % e A, X TR
kR B B

®1  AREBFEFUEHREIN Jo/J1 Z2H8E
R pn#ETERIE AlO, AWZE 50 nm JKZ
Jo/J1 3x 1073 7.5 x 1073 4x107°

R4 TAFBBFEETIEREIN Jo/ N
SHUE. AT, 2 i T A s A2 R, &
LB 3 1 S FEAR e sk, HLLRRAERE A Jo/ T
I T 5, 5 IR AR A S 18— F

4 % B

AN EAR AR S A BT AT 78S Bk K
FH fE ALt AR 22 Rp I, IR BRI T i T S T
iz 2 IR AR STEARAE. PLIBRURE,
b T F Ay i 3 P T PTG, L T e £ AR
K, Wi R e, SEIRWT TR, S HE
T A%, O FH Bl S5 T T R AT a1 R A2 BR N, B
LS TEAR 225k, PRAR FI AR ORT, el T HL AN
25N S T s TR Jo 5 T R 2 5, DA K R R ] g
AFAE IR ) 5T B8 7 2544, AN [R] 7 1] R A s 52
BRI 2E 1 S AR 22 i 26 3035 BLRFAE, 5 it Y 78
K AR FLA 70 A LU TS 05 T304 9% SCAR IR FE 45
SRAT By 1) B BRAT A B RE FRLIHL FR A7 £E Y 5 1 H
TS ) ST R 3R 3k T DN B T s E A AR AL £
LR IKE.
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SPECIAL ISSUE—New generation solar cell

S-shaped current-voltage characteristics in perovskite
solar cell”

Shi Jiang-Jian ~ Wei Hui-Yun  Zhu Li-Feng Xu Xin  Xu Yu-Zhuan Lii Song-Tao
Wu Hui-Jue Luo Yan-Hong Li Dong-Mei Meng Qing-Bo'

(Key Laboratory for Renewable Energy, Chinese Academy of Sciences; Beijing Key Laboratory for New Energy Materials and
Devices; Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 23 October 2014; revised manuscript received 24 November 2014 )

Abstract

Analysis of the DC current-voltage (I-V') characteristics is an effective approach to investigate the charge transport
properties in a solar cell. The perovskite solar cell attracted wide research interest in the past two years due to their
outstanding photovoltaic capacity. However, the charge transport characteristics and working principles of this kind
of cells have not been clearly clarified. In this work, the I-V characteristics of the perovskite solar cell have been
investigated from the experimental and theoretical perspective views. Moreover, the S-shaped I-V feature coming from
the limitation of interfacial charge transport was focused on. With a series connected diode model, the I-V characteristics
of the solar cell are investigated and simulated. It is found that the charge accumulation appears gradually when the
interfacial charge transport velocity is decreased, lowering the output of the cell. When the interfacial charge transport
decreases gradually, the short-circuit current density and the fill factor of the cell also decrease obviously. In experiments,
limitations of charge transport at the front and back contacts of the cell have been designed, successfully producing varied
S-shaped I-V features. It is found that both in the hole transport material-free and in the p-i-n perovskite solar cells,
the S-shaped I-V characteristics can appear. Moreover, the origins of these features in various experimental conditions
have also been discussed, which can be the energy barriers or large charge transport resistances in the cell. These energy
barriers and resistances will lower the charge transport velocity and may cause charge accumulation, thus leading to
the appearence of the S-shaped features. Meanhiwle, the emerging S-shaped I-V curves all have their own features,
which may be due to the specific interfacial energy band structures. Thus, to promote the cell performance, the charge
transport and interface energy barrier should be attached importance to and carefully designed. This work directly shows
the interface factors that can significantly affect the cell performance, and gives a theoretical guide in cell design. By
considering these limiting factors, the cell fabrication has been carefully designed with the control on the thickness of the
mesoporous layer and the perovskite absorber film deposition, and a forward-swept efficiency of 15.5% can be achieved

without any modification of the cell.

Keywords: perovskite solar cell, interfacial charge transport, S-shaped current-voltage characteristics

PACS: 84.60.Jt, 79.60.Jv, 84.60.Bk, 82.45.Yz DOI: 10.7498/aps.64.038402
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TRl FIAKFHRER L &

RIS A S R SRR LE S M AU 5T

RV AHED ALEY IEMY) BENY
EHF ERED

1) (hEFREERY:, JERT 100049)

2) (P EREGE BAEMGIR S LB, B 266000)

(2014 4E 10 A 20 HY®; 2014 4 11 A 23 AUREIE 56 )

TN E AR K P BE FEI B A A B EE AW, T HATE AN N, N-ZHEFBZ (DMF) A1 T
W (GBL) %57, — BRI B AR A FLH b 5 44, )& (05 B TR (0 T30 45 Al e, DL IR 28 (M A
HLE AR ARAE IR ORI 22 57, R DMF 1E RV, 800N 2.8%, 1hi2& T GBL B HLIB AR AT LUA $ 10.1%.
4h4r SEM, HRTEM, XRD 1 UV 2R AEF B, 2007 785560 I DMF ¥ A1 GBL ¥ ¥ F 45 &b H I AS TR AL
B, WIRG T IR Pblo (RO VE XS R IR g b I AR I 20 PE L, J8R 7 38 i aR R OR 2 SR AR

KRR EHERAKRH R it 51, P Ao
PACS: 84.60.Jt, 85.30.-z, 61.46.-w, 81.07.Bc

1 5 =

AL -TCHLTR & 555K AR B AT & BRI
ARG R R 45 A, 7 K BH B FEL I R T 9 R i
S UL T AR R, T oA B R ) 4 [ 2
K B B b 25 R M 3.8 9% I (1 48 K 3 19.3% 271,
ERES4RE™ (CH3NH3PbX 3, X = CI, I, Br) /&2 —
T B2 7 B R A2 BN T WO B R I T
SRR A VL A R U 1), AT TR A
e v A0 O BRTT AT AR T 4 IS ) K FH
A =70 R A R H b R 3 B Y A A
BE, &7 UERE (HTL), B &% 2 (ETL) ik
. Forb, A R JE T8 SR R T BRI AR,
spiro-MeOTAD, P3HT %, X KM kLB A &2 /UL
B B R )2 5 B S A AR BB R IT I L
HAT R AP s TS RE, W TiO,, ZnO % 12-14),
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EHERAT 2 IR TR S R0 5 I R R T 3 PR 1 A
554, MR H O A g 11916,

HAT SR IEA 2 M) 4 T 280K, B0 L
R R 2 N TP 2 e M’ 27 R o S R
A VEBIRIRTE LR RIESE, MRk F R R,
PP IR IE BB ZRIESE. ZRIE TR RN
A 3R & PbI, Al CHsNH3I(MAT) 7% 8% 3 8 )i |, 48
o T [ K SN A P B e (01 xR v B
BT S ST AN 2 e P AR AR v HR i T vk
XA EOR B, HSBESRIEHIRE . W20 ek
AR IEFIRARAE T2 RS e, 75 Z b A
REZ. MHENTE, —PERERABIR, #1E
i 5, AR T RO ] 4% 290 Gt T P
2 I B EE T HT 1 A PR S B 1 T
SN 5 0 M 52V R B e A K 62T TR A AR R T
SURN &5 i V2 1] 29 06 2 BOR T AE S SR A BE R Y
O3 S R A () S 25500 DR IR NIRRT

* [EHE HRBA RS (HHES: 51202266), L ARE BAR -34S (HHES: ZR2013FZ001) A1 & T B H B Al 0F 76 56 4 (v 5
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MAS R T 25 B FOPLER, A5 Bh T 48 7R T U AE 5 4K
W R R VR, IR Sk — P A — TR
ERUEE T 25t E R IR TR S

AL/ N, N-Z B L (DMF) AT
W B (GBL) P9 Al A [\ ¥ 7, e ) T H i Y A
(CH3NH3PbI3) #5850 W, 70 7l A H — 22 ¥ W
L& T A FLAS R OK BH B FEIBER 1, 3 1S 2 T
2.8% F110.1% KOG BB . AR BT 2
TWUBE (SEM) H 5 43 #6325 H 7 B3 8% (HRTEM)
IRNTIEFL T AR L B P R 45 ik e, S5 6
X I 26407 5 (XRD) #4840 0] WL S 6 1E (UV) il
W, M T TR Ph2 B T B RS LA AR AT
KA )V AT R R R

2 Eh#a-
2.1 WLERR (MAI) AR

B, B e A5 ) R i 7K R S R e . 1 45
1E 5 A W IO BRI 15 mL(27%, 0.078 mol),
= HUEMLER 12.5 mL(45%, 0.066 mol), Y fRE I
I S N T ARIE SR 76 4 R M. 36 = FIbeiii g
TOK A P T S AR R M B VR S R
VERE N = VRS A IF R R N SR
PR R LIE N Ny S CARIE R A B MR OB
FEAa, IR . KRR RS 2 e 28RN
1 60 °C/KUTIEZE. FEZ& I FE 2o b Hh 1 B ik,
FREEie 28 RN A KE AR, FIERA
N B RTEK S, DO FHE R IR L. =)
AFFEARZET, A AR B IE TR ARE, B4
WWEZE. I K& 1 TG /K Tk 87 e e 25 7= 4,
I AGEPYAE R A G, KAV 60 °C K
FHEAEHT 12 h, 33 A kR, BIBE .

2.2 FERSAHESIAN AL

FREUZE BE IR LU ) P, 1 MAI, i\ DMF &)
FEBLFE 1 hy 3843 40 wt% M58 DMF ¥, FREY
5 B IR EE IR PbIg A1 MAT, hi N\ GBLAE R, N &
60 °C H-4HE 1 h, $£15 40 wt% FIF54KH GBL %K.

2.3 BHHE

R B BIES BRAT HLtAE FTO B AL i b ) 25
B Bk AN 3% 1 h B K I ZI vh, SR K

81 25 B 1K, TRTER RN G 7K 2 T 7 3 e I T .
2130 nm JF 1] TiOy % 2 H TiO, &K 7E 550 °C
A BB 0.5 hifil5. TiO HER 1] £ % F
sk B fEEUE R AR AL TiO,
B (K G EERRE 2.5 %), 16 550 °C 23S H ke
Fe/NE ) 43 29 500 nm & 1) TiOo /M FLE. 7E TiO,
A FLZ A8 4000 r/min §E4: H FEEBL DMF ¥
W, FEFEF N 100 °C I 0.5 h 73 2 B & 45
BRI, 7E TiO /L2 L A# H 4000 r/min g ik
TR B H AR L) GBL VAR (60 °C), HAEFEHM
M 100 °CHN# 1 h 15 2 B O R854k M. 153
() 5 — 384> 3£ 47 XRD, SEM, HRTEM F1 UV il
W o A R e B L, A AR E R
7 spiro-MeOTAD WIS RIEW (B¢ 7 BUT Hent g
tBP F1 = (=4 TP AL R T ) 22 Li-TFSI), 3000 r/min
e AP RERAMN 12 h. ZJEES UL H)Z
APEZ 100 nm B Ag LK.

2.4 MR K FRAE

XRD K % 7£ % I ff H Bruker-AXS T 5 4%
AT UV I AE A Hitachi U-4100 #1384
SEM 1418 Fi] Hitachi S-4800 $34t B 53 3k15. J-V
5V 1 28 18 ] Keithley 2400 £ 371 013400 1, K
BH G R RL2% 48 F AM 1.5G 3E% Fr, KA e Th it
B 658 100 mW /em?. F5ERA HL It AR o T AR
F20.16 cm?. FHENTJZ 1] & KB JORETF-EHH N
FERIR, JE SRR AR S S AT, R i A A
40% LR

3 #R 5%
3.1 5T BRIFER KRB hR

R W IR AE A FL)Z L R R P 5 an 1 1
. B (a) A FSERH DMF ¥ 7 4000 1/min JE i
FEFEH 4100 °C 1B K 30 min J5 )3 TH 50
WERT N ILE R L T — EAEH A B
78 @ (capping) JZ, %ZHIFZKE3—5 um, %8
0.5—1 pm FIEPIR AR R, N FLUEA KB E.
FEFE KRB ECT (B 1 (b)) /T LLE R, £RIR ik
oAy, BRI GE E A B M ZER. MH &
PSR TR RS, St A I R B S B 5. AL rp 4
F2[1 A FL)Z 1T LATE M 0 E H TiO, MkL. 32— 25
R (B 1 () R AT LUE H, PR S AR 16 5 24 200
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nm, HEBR PR —FHOREE M. T EE S i A T
BAORS. ENTLED, TiO, Bkl 2 714G B & 114%
B, 0B DR 0 X 30 A S R B . DR T A
SKVFES R DMF W RAE N FLIZ bR 135 5 A
S LR RE 2, AR THIR FEH K
B A 122

Kl1(d), (e) RAFIBORAEE T 55K GBL
#4000 r/min € ¥ I 7 F £ 46 11100 °CIB K 30
min /&5 R ETESR. S FLIERIE 1 capping JZ H—
RIS BPRES KA b A ZH B, 5 v 8] X 3
B AR 2 TR R, U B SR THD v ) X 3 ) JE R R R
B2 18] & TiOo M FLIZ 4514, TiO MUKL 18] 54K
B Se AT, AT U AR RRAE M. IR B A AR
capping |2/ ¥ 5), RIS, HRETE = fE
FUE b REIE I L 2] A R4 h, R BAA R
UFROLE . DT (B 1 (F) Pk — b Wl gg 3],
FENFLE EIRRCT BB 51 capping |2, JFREZ
200 nm. 7E TiOo /- FLJZ 1 P 55, 45 BRH™ 45 70 % 5K,
FSERAT I TiOo FIURLHE fish K 4T

B T EERET BT, L4k ah M R e AR

(a) (b)

(d) ()

FTERAT I 3 — RN 2, A P R0 1) R s HE A 6 SR
AR THRFKEBNERTAEE S, RITK
B, ARV 7R R L8 S e 5 R0 T S0 TR B,
VBB s S, T JINRTRR L RE R KR
VR, SR FH B A R D R T ) R R R
AR, EH B ESERE DME %A GBL ¥R 2 51
S b PR e T, AR5 RS IR 100 °C i
PPN, X R 2R B E S L TiO bk
It A2, AT BRI ORAIE T AT A3 BB B8 S
ARG R 7 v = L U S W < P S N bl - i
BERH I = o ENE. B2 (a) 2 ESERET DMF
TV R ) v oy R RS . AT rR AT DU B AR e —
BE T ERIA), RS YRR, HR M E T
AT DL B S U8R B 7 AR (A7 A, IX Lk B 1 7
AT REER P 1A B R G R — B X B R P )
FEAE NG AR T B0 1 A% i I 189 K F R0 2 XY
SEMER. B2 (b) ZFEN GBL VAT )
o PHER. H R, B A
o Pe. 2B GBL V3 VR RS () sk P vk B B R AT
DMF ¥

(c)

()

1 58k5" DMF ¥R (a), (b), (c) MESEE™ GBL AW (d), (e), (f) 7EAFLJZ bk A2 i A i 50

10"tim

10 nm

2 FHERHT DMF AT (a) FIE5EEE™ GBL AT (b) BUBE K & 7 HEE
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T b 3R 85 BRI 1) R Al B, i 3R spiro-
MeOTAD, 785 Ag Hitlk, HAEpi i, Hik#
VESLR NS I0 30 oy BT ik, waith J-V 2R P 3 fir
7N, A% FH GBL ¥ 7 i) % (9 F vl 28 26 1K 10.1%,
TF % B (Voo) N 0.85 'V, 45 B L (Ise) N 20.5
mA /em?, HAFTF (FF) 5 0.58 (K 3 £1.2k), 1fifdi
DMF ¥ 711 il 2% (1) FL it AR AN 2.8%, Voc N 0.75
V, I, 410.3 mA/ecm?, FF N 0.37( 3 HB4). X
FEATVREL TS BRI A8 A0 1k AN 45 P o e Tt R
SR E TR, F5EKNT (1 GBL & W 4% 1 I 18
Sk, BRI AL TiO, #8220, B 1k ETL Al
HTL B2 filids s i daff & 4 191, Br LA A GBL
T % () FELVB T B H 1 B R s T8 DMF V39
1) % 1A EEL b v ) S 34 50 R DAk D FLTR &5
P A7 75 5 B0 05 R o [l 8, 2 o R 1 ok
K, BRI HE s I L. $FH GBL 571 4% (1945
IR T SR B R FEAIR, T DA v P A AE TR )
i, WRER 2D i S5 0ER. S
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SPECIAL ISSUE—New generation solar cell

Effect of solvent on the perovskite thin film morphology
and crystallinity”
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Abstract

Due to their high efficiency and low cost, organic-inorganic hybrid perovskite solar cells are attracting growing
interest recently. For the most commonly studied perovskite CH3NH3Pbls, optimization of the morphology and crys-
tallinity of CH3NH3Pbls thin films can greatly improve the efficiency of perovskite solar cells. A homogenous and
uniform perovskite film can prevent direct contact between the hole transport layer and the electron transport layer,
and thus can significantly reduce charge recombination. And the high crystallinity perovskite film facilitates fast charge
transportation and injection. Various studies have proved that solvent has a critical influence on both the morphology
and the crystallinity of perovskite thin films. In this work, we thoroughly studied the influence of the normally used IV,
N-Dimethylformamide (DMF) and r-butyrolactone (GBL) solvents on perovskite morphology, crystallinity, as well as the
solar cells efficiency. When using DMF as the solvent, the efficiency is only 2.8%, while the efficiency of the cell obtained
based on GBL can reach 10.1%. SEM and HRTEM are employed to study the morphology and crystallinity of these two
kinds of perovskite films. The perovskite film prepared using solvent DMF shows a rough capping layer consisting of
strip-like perovskite crystals, and the filling of meso-TiO2 is poor. Compared with DMF, the GBL perovskite film shows
a better capping layer structure consisting of large perovskite domains, and the filling of meso-TiO, is improved as well.
This great difference in capping layer morphology and meso-TiO: filling is one reason for the different performance.
Besides morphology, different defect concentrations in these two kinds of perovskite films are another crucial issue. By
Combined XRD and UV techniques, the mechanisms how perovskite precipitats from DMF and GBL solutions can be
disclosed. In DMF, because of its low spoiling point of 153 °C, most of DMF solvent volatilize by spin-coating, and an
intermediate MOF structure of Pbly: MAI: xDMF is formed. During thermal annealing, the unstable MOF structure
breaks down and a large amount of dislocations form in perovskite films, which highly restrict the charge transport.
However, the spoil point of GBL (206 °C) is higher than that of DMF, which makes it hard to be fully volatilized by
spin-coating. During the following thermal treatment, the solubility of perovskite is lowered with increasing temperature.
So perovskite crystallites precipitate from the GBL first and then gradually grow up with the volatilization of the excess
solvent. We finally find that coordination between the solvent and the Pblz plays a big role on the morphology and the

crystallinity of the solution-processed perovskite film, and this is responsible for the difference of the device performance.

Keywords: perovskite solar cells, solvent, coordination

PACS: 84.60.Jt, 85.30.—z, 61.46.—w, 81.07.Bc DOI: 10.7498/aps.64.038403
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Abstract

Preparation of Perovskite solar cell, an emerging low-cost photovoltaic technology in rapid development, has provided
a ray of hope to solve the energy problem. However, its low reproducibility and stability limit the wide application of
this potential technology. In this review, we summarize the recent progress with a focused discussion on some key issues
in the development of perovskite solar cells. Starting from the analysis of basic structure and working principles, we first
discuss the perovskite-based light harvesting layer and the general strategy to control its spectrum response. We also
demonstrate the effect of film morphology on the device performance and the reproducibility which requires very uniform
thin films. Then we discuss the major function of electron transporting layer and hole blocking layer, and point out the
importance of compact hole blocking layer with less nano-scaled pinholes. For the hole transporting layer, we focus the
discussion on the stability problem induced by widely used dopants that can improve the hole conductivity in the hole
transporting layer while the dopants’ deliquescent behavior also can induce the decomposition of perovskite-based light
harvesting layer with a rapid degradation of the whole device. The potential approaches to solve this stability problem,
such as using a dopant-free hole transporting material or making device without any hole transporting materials, are
also discussed. Finally, we are in prospect of overcoming the main challenges in the future research for high performance

perovskite solar cells.

Keywords: solar cell, perovskite, reproducibility, stability
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S FEHLAA AL, W CuSCN Al Cul £, ] /E 3 HTM
N EIDSSCs . HEHTFRKEAWH THEL
FLA SR A LB, HE T X SR DSSC 4%

1R M 45 spiro-OMeTAD ) R 22 =141 5 AT 5 2%
L AR E KPR GERHBAL TR £E 5] 25 DSSC A ith
T EABENY, BIbREEN 6% —T7.2%.
FRES B LA, 1725 DSSC HLM R EUIL,
P R e ] 2 AR BT R 2 [ R A AR AR, DA
S 2 HTM AR EASBE 78 731218 21 TiO, M FLH
R, IR BRI T AR AR R R, DK R
WA SR RE . EAL G DSSCs Y, T fiE
5 78 73 WM B R BA e, 23R 2 L TiO, R )7
FEIXFN10 um, AT AT LS AL 4% L 3% i AR B
ok 001 Rk, 4R s R B B B
W AT BB BB A ) o 1 B SR 2 3B 1T R
VE. MREEEIEY, v T 3R PCE, [ DSSC
BRGNS A $ 0.5 x 10* em 101,
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LiZFE H I, A 2R R A R Qe RHE i
AR, PRI A FE N 7 R T A 2% 1 K BH R FE
(hybrid solar cell, HSC) SRIE & 1% Hh. — LEhf
FeN G R F 05 (B0 SboSs) MU S e 24 1 il
H I HSC B R IL 6.1% 6.3%1017), X T
PRI b B FE 2 B4k S I3 25 K BH B H vl
AR TR D 10) B R S SO R R
CsSnls [ HL it 2 8 8% 200, TifE AN &R
16 45 5k 7 (CH3NH3Pbls B, CHsNH3PbI,Cl)
B Ak 7 B TISC 88 1 250 3 S 9%—10.9% 1. 45
ERA IR 6 A R LA B AR, ST L
W E AN HL AT 3 8 1, AT AT 3K 45 5 41 R R
S JoRAF S BBk 1) 45 A R AIE, $R IS T B 5T HSC HL it
HIB A 4A 2 18] 2009 4E, Miyasaka 25 N B K45
£k CH3NH3PbBrs f1 CHsNH3PbIs 75 A4 i 1k 71
J7 35 A% Gu i i R VIR AS DSSCs i, 75 2]
T PCE 4 3.8% HI#sfF2% P2, b5 2011 4, 16
Ik /D TiO, 52 22 3.6 um K1 0L % PCE 12 7= 2
6.54%, HE B HLAET 55 R0 B4 FRI7E 550 nm
ARG R BOEF 1.5 x 104 em ™, I 2w RCR [
A DSSCs a5 14F 1 B 3Rk 231w e R A LAY
B R R A SRR R T T S K BH B R T T R 2
AN BE 78 5 W WA B s 1] 8, 9 8 R O 45 R AT L v
(PSCs), FF B A RRIE IR A FL #2012 FFHET
0.6 pum J& TiO, HREL)E 5K H CH3NH3Pbls J6M
W)z« spiro-OMeTAD 1EN HTM 4 [ 4 55 2k A~
R SR T 9.7% B UG e R0 I P UL 5
(Joo) B 17 mA-cm=2 24, WITT IS T A HLLH
F AT 25 K BH fig L T AT 5B AR

I = AR, RE SR AE 4 £ L 45 1 [ PSCs B 15
TKEMKE. BT WP IES RN CH;NH;Pbl;
H1 % 5L TiOo JEE 1) PSC 2% 14 & 31 20 % 0 & 14
16.7%1°) M FHHLE B ERE B & 1058
Rk, A5 G038 1 v H ar A5 B A4 R 0 TiOo Al spiro-
OMeTAD CUASZ 241 A i 3 o 12120), T %
FL Al O 5 A1 HTM f PSCs ¢ i R0 4y )ik
BT 15% A112.8% 27281 [&IIF, W98 Kk LA WA ki
SR AAUAT DAAE Jy p REBOEA R, AT n
RIS RL, W15 NiO BL PEDOT: PSS 2 )% p
R PSC 932 AR 57 it 45 PSC 1 i 2 il 4 3IF BA
T AV SR PR T R, 2R ROR
IR PIEF] 15% LA _E. 1231 3 19 58 [ in ) 48 1) 30K 2
Yang #4875 TP AR B 45 1 PSC, g i
PB4 2, BRI 3 19.3% P fir#ioE

FHERH K FH BE F i ARG 216 5 20.1%.

ALEIR Ty A CA WU 55 BR 1 o
MRS R Rr I, ISR AR S5 H 0, 6
162 LG PR BT 4G SRS DL TE 2 A%
ARG, JEN A& BRI, MR E
S0 B ERAT R O PR R .

2 HALEE AR T LU A5 R A A
RE B o A B 45 5 R

2.1 AHELISIE RS ST

B5 Bk LA [ B4 5% X Perovski 4 - i 44,
H A 5 CaTiOs Ml 8L 57 J7 & 14 45 ¥, fh 2% 50N
ABX3(BI1). LT Rougifh, & 7TALT
SO\ TR R AL, TR TR g 12 T X
Fres i, BH & B AL T 325 g poly, Bk e A
AL LT RS TH G IR X BB T BT LR, AT A4 AR
TN [BXe]4™ #£09) fEiZ454, A, BIHES T
AN TEHLIA B 1 B AR, TR AR 2 A AL
FHE 741 CH3NHS, CoHsNHS, HC(NHy)F %5, M
A A HLTE LA AR RL. 8 WK 4 )8 B A & 7
A Pb?t, Sn?t, Cut 4%, 1 X J 8 1% N & koo
Z, WClm, Br, I- )RR EMRZ A&
Z AR, W R PH RO S Tk L ORE | BR B A BA
F s RS A, Herb i ol NI B & RIF I3 HLRR
e BOST FEASCHp, JRATTHE A A HAE PSCs Hh R
& 2 1 CH3NH3PbX;3 (X =1, Cl, Br) (K3),
DA B AH K BH i L (8 A

B3 LRy ABXs 4R 55 85 6k 1 ST
1Rk
CH3NH3PbI; H T H &R ir i 06 2 DL K L
PR, AR E A ERE NG R
BT T, HE BN 5L N 1.55 eV (K3), XM
) W W A% 1E % K 800 nm, 7 15 T AN AT Ok
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T XS PR, A AR e R A R 2 — Bl E
6 Wi IR 75 31 CHsNH3 PbIs W SOk 77 42 1k
AT B A BN R AT RE (29830 meV), HEE
TRIZ G A FIR T RENE AT 200 B AR i ER R ey 9,
CH3NH;3PbI; H HL 7 I 97 K B2 1) 213 100
nm PA b, X BR A H R TR AR A R T
B (104 Ak o R L Al ok G R B AR R
BT MRz W 7L, HoH CH3NH3PbBrg 1
CH3NH3Pbl3_,Cl, 32 K.

5 CH3NH3PbI; EL#E, Br ()51 A2 & 45 4k
T4 (CB) A7 B B A, B (VB) A7 &, A
¥ CH3NH;PbBrs ) B #4557 %6 FE 1R T+ N 2.2 eV
(BWa)ysl m SR da M T HRy 581
36 1 2 fok P ARG R) R AT DS ON, TT A SUER T AR

PERITT B LR (Vo) 244 {58 2571 2 0k )R/
1 BE W U 3 5 Bl CH3NH3PbBr W Ui
1B KN F 550 nm (B4), FR&IT 24 0okf
W (B 5). M4 CHsNHsPbBrs p2 £ AR T4
KB R SR, 299150 meV. Al CH3NH3PbI; Lt
B, RER T AR A AT E DL Rk, H
A % F CH3NH3PbBrs [ PSC 0% — HAL T2 T
CH3NH3PbIz %514, 5 Brfisf £ 5%, Cl& FHI5|
N, AT DA TR] B 4 v 45 B 1) 5 A AL L
I A 28 L 3R A 98 2 i CH3NH3Pblg JL T % 48
A = P3O s A= T R el
DARR KR HE 6 AR 3 T AR i S5 . SEERIE A,
CH3NH3Pblz_,Cl, 1 7 20X 8K E KT
1 um 1,

> A
i 3i3
= =33
41 =39 =3 ~3.9
—
oy =62 —4.9(V)
54 oz TROSR s
MAPbI; —5.6 °PHe NiO
MAPbBr; =
MAPbI371-Clz PCBM PEDOTPSS
73
—
TiO,
B4 ASERTT R AR R AR AE . ) B 27 i
TiOo ZEHAMTENE. FEARTTH, TA VA T 7
FEAGER AT H v 45 & DL B =20 ALk SRS #
B .
I s e
8 N (a) X} Hi X}
T./ S A
\ B R
ﬂ” Btk
TR B313323313)
Bk /m - faal

F5 BT LR T (22

2.2 rFLEYSEAT KPHAER M

i T 54£ 4 DSSC Hijth B A ML 450, 2T
% L. TiOo I I IEESERA K BH B Fith i e 2 21 1T
2R3 (K6 (a). H T CH3NH3PbI; [A] i H %
T2 SRR, Rl S p AL SRS
NiO —#e e p B 2. CH3NH3Pbl; H S 1E N
i AR RL, AT A P e A AR A1, O3 B AN

K6 ey itgit  (a) ZFLEERD HMt iy S 2544
(b) AR BT 45 F5 BIH ™ FRL i ) S TR 5 4

2921 HETFAILTIO, 89454k 5 K R4 &

2012 4 Griitzel % B X HRE T F208 B = 80 %
CH3NH3PbI3 Hth 458 P4 75 I ek B 14 fL
TiO, WA CH3NH;Pbls, 356 /53 78 spiro-
OMeTAD 1E N UL 2. fEARUHESEINR T, AT
SRHE 2% LI P AR 17 mA em 2, TS HLE N
0.888 V, LK T H0.62, 881FRFE N T%. &
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I BN A7 5 MR T, R A R R Y
FF A2 TiO, 5 CH3NH3PbI [8] 47 £ AT IEN 7]
A ST 2 A O HTM [ Dy ek s i 1 2844
(P % L. CH3NH3PbI; 5 spiro-OMeTAD F1fi
FE b AN 78 73 B S HTML B LR T PR AIS 1 28 A 1
7K F. B 5 Burschka 28 N\ J# i o B 85860 3T
PRI %1, B3 CH3NH3PbIz 54 fL Ti0, 2 ],
CH;NH;Pbl; 5 spiro-OMeTAD 2 [A] fit) Fi 1 4 fit
A R AR e FLAT R NI Sl R, R AR AR
1 E115%(20.0 mA-cm~2, 993 mV, 0.73)[7],

N1 R A SRR, K HTM X &
11 i HL R DA R 3 78 TR 1 1 5 ) B B IR A1, AR 2
HTMs # K} LA K 2 R 77 1545 240, W1 80% spiro-
OMeTAD - — 285 52 [41 1 o7 B 5 AR 4 B fg
(AT A Ak & 0 1t P B0 A5 2K s it AR 191 Jeon
2 N33 4 2% spiro-OMeTAD H HISE 47 B 384
HTM 75 70A% FE RI a0/ 38 40 1 2R B L BH. R, A
i} 4] HTM 5 CHsNH3Pbls 8] (2 &, A&
K 23 RCR B 5 81 16.7%. B spiro-OMeTAD 4F,
— B R A AR S AR A B 2 PSC . Jin 5§
NH 5 =K% poly-triarylamine (PTAA)(K 2 (d))
VERZS AL SR R, 2% (S KA Fth 28 44 £ JCFH.
P54 Qem?, BiHk T spiro-OMeTAD 25 14 1] £
BCFHHT12.7 Q-cm? /NMF 2, T AT DORE 3E 78 K
FEE0.73. [FIHT PTAA [ 15 D ek o] 48 i 2 4R 1 %
LU 191, Nam %5 A\ 43 38 ik & 5K 47 pyrene-
core arylamine fiT2E %)+ ¥ quinolizino acridine.
PL M 3, 4-ethylenedioxythiophene Z54F J %% 70A% i
2. X Le bt Rl spiro-OMeTAD L, R H 5
KUF 0 25 AR SRR (10291 b A — e s o
SR Cul PV tetrathiafulvalene A4 B1, 3
F carbozle i1 /N4 1 P21, PDPPDBTE P?l, S, N-
heteroacene-based oligothiophenes!™! 2t 4% 7
B PSC 1, (HEAF AR,

AR A A% A DA S A o) A2 e R R B R AR
THPSC g3, Horh A 578 BUE 3 4%
A S F B Z M. Kim S AR &0
TiO 44K F& A1 001 [ (19 TiO 44K F 1 N A FL A,
A Rk T AR B R TR, J8 ek b i AR
B TAREEM: 5550 Snaith 25 AN B4 B2 &
B2 L TiO2, HT HAHLERZNE $iE 2
A6 H A R B EUSOR R, BRI W] R 3 TiO,
AR 2 8] L BN, [E A R e 2 A
NP e T = SN O (7 NN IR L R

BT AU, Yang 25 AAE TiOo MVSERH™ 2 H) 4
A — AN A B E T A (GQDs), 74
SR 2 W AT AT 204 3t i A 9 N A A A 2 R 8,
Seok 5 N i8I 76 85 BK 0 TR BT ARV W I bu-
tyrolactone Fl dimethylsulphoxide K SCGEE5 B Y
DURR, AT B AT () B, ] 284 2 R 4 v 3
16.2% 9.

Bt —30, Snaith & A\ 7EAR R 2% A 1] 2 TiO,
HEEMZAL)Z, [RREE ZE R S B
i Ab B 2 1 30 R S R A A BL R, X R
KEERE T o far WSCER, LR H T A5 AK0 F it R0
1A 15.9%, IS A FLES R Bt i = AR 2 —,
[i) i K 8 1) % 5 A P S B AR A R e 1 fE v R i
MR RE, R — D A5 Bk i it ) 8 7.

BEOXE T B R 8K 18] &, CH3NH3PbBrs
1 CH3NH3PbBrs_, Cl, tH#% 5 F 2] 4 FL TiO 55
(5T ERN N S EP O <[ o S 2
1.4 V—1.5 Vit [ [00:61],

2.2.2 ETFAILALO; 4554k K A A% o 5

Snaith T 2012 FE 4R 8 7 2 T Al,O5 A FLE
S SR K BH BB FEth, % FRLFE #3008 10.9%.
T Al O3 1M T b B 5 ARG B, 255K
I FREAVLES, AReiEAT o7 LR 25
. BRIk, A 5T UKAIE B AE DSSC HR AT i
P FAE U TiO2 HAE PSC HA T Bl 5k 1 241
B P RN TR, BT AR A S KA
SRR e BT AT E AR R A B A
B J5 A TR IE R . R S RO R
e WITE 2R A TR e AR 2 T IR I 2 AR B A LA Bk
Sh. BN B R A o IR R RO R AR I TR A T
AlyOs 281 FL 3T TiOo #3114 . 4% 58 4 1) i 1 i
e R PR A Z G, BRI T 2 2 FLIB
il &, AlLOs M8 1FBCR e M £112.3%. 8K E
TUTRH SBIEGUKFr, P80 R ) 5 B BE e [ B
) 55 2 ST AR R LA B G, RTE— DR AR AL
I F] 15.6% (62031,

5 Ti0y 3 PSC AL, 7 Al,O3 % PSC 284
K Fl CH3NH3PbBrs tH 7] 5 24 $2 = 85 144 JF i
T (69T 3 1M ) B R, SR T A & LA A A
ZrOy TENSCBRE B AL O, TR A] 3R1F 1L 10%
(1 28k 2 1050,
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223 A TFAILNIO G545 KB & b

£ OPV A DSSC #1, NiO 1 K p 4% S %1
P ALk T L A X I HA A A R T A
ERA™ M RE R U, At p B v AR R SR E AL
VIR A T . Chen 28 A 7E % £ NiO 3 it E
TR CH3NH3 P £5 K4 7E e W s p R, 75 H
PCe BMAE AT 2, it e BUR A
A LAIEPATE NiO 545850 8] 77 75 35 FELAe7 R A& 4, 5K
LT 2R N 9.51% i p RS ER H it 301 SR
IS NiO, /ENEEE Z, AL NIO, 1 O H& &
B, 3 — B d ORI = B 11.6%, oIS A
13T 2 FLAR p FAG AR st ) B e R0 122,

p B ERET HIh IR B ) 2% E— 2D PR R T 54K
W HLI R 7L, AR R 1) S RS AR F it B B AL
T — & FI 5 A,

2.3 FIRELF REGTSIAT KPRRER M

FLIRAE & A BUE R LR IR Bk, AT K
SRR ST T 2 A R Lt (K16 (b)), fEiXEi M, R
BUNEUCE R N T B 2R R

2.3.1 AT TiOy B % & 64 -F AR 7 i 45 5 4k
K T8 e W

SN T E B BT R I R R N 1 AT
M, Snaith &8 N & Sl 2 7 2 T FTO/compact
TiOy/CH3NH3Pbl3_,Cl, /spiro-OMeTAD/Ag %
T4 ()~ AR S 5 45 PSC, {H 2 BT 4 i il & T 200
REE, 2R H A 1.8% 2. #E-F U R i 45 PSC
T8 H 2 LA, JOAR A5 4k 78 5% F 5K
[ A e P e 22, PR T S R 3R ). Eperon %5
NGB i TR S AE B RS R o, B T A AR
TR, RO SRR S B 11.4% 00, Bl )5 —
A FR S SORE DU RR ) 7 B 7 V24 87 FH 21 4 5 o
SEEGERT HLVB ] A5, SRR AR — D R
F15.4%. HEHEHEMEE N 21.5 mA-cm™2, FFi%
BN 1.07 V, A HF R 0.67 ). Snaith 25 A
WEE Wy AN IHE I b AT AR, A B S Bk 5
WA 2 DA K 2 AR E T E IR A, BN
16.5% (07, iy 3@ ok Xt 2% F: 1) 2% 25 PE R 4% i), R
% 20 W (PEIE) B0 ITO /E LK, 544
SIREL TIOL TEABUR 2, A S 8580 1 ik
L A [) S 2 v FEL AT OB AR I 2 G, Yang 553K
27 PSC &4 A1k [ i 3% 19.3% 4.

TEFHR 57 R 45 B 4k st o, % 1R FH spito-
OMeTAD 1E 75 s A& S ek b, FoAh i an PSHT
# Li-TFSI 1 P3HT, 8(# CuSCN #4473 T 4%
e, BF45 Li-TFSI I P3HT 15 23 5Ltk
(28 E H R B R T I B 12.4% (05-71,

232 EATFTNORKFEEGFRFMLEH ks
A 8RR &

Subbiah %5 A\ % 46 £ FTO £ i I #3711 NiO
YERECE 2, BUTARES SR CH3NH3PbI;_ . Cl, 1
OEI TR R, I 1-(3-FF AR R o 3t ) TR ik 12K
% [6, 6]C61 PCBM(F 2 (e)) 1E v oL T 1% iy #1 K
g 1 B 3 p AL P B S 4 A BRI, R
N 7.3% . Tang 25 N 3 e A TTO [F IR A
CH3NH3PbIs 1 RIS R 3RS T 7.6% 6
B R, TP L E N 1.05 VI Chen %5 A4
BIARHINIO, MENEUE 2, A B3R & T8 m L
B L, Yang 25 A ¥ i i i 12 A 45 21 1
NiOTENEUE 2, 4 0R 5 = £19.11%, & H A
T NiO TR 5 7 45 PSC s e 2 — 291,

2.4 FMI5EE KPRRER M

TP X Mg E ] & T2 A R RIR B, -
S H AR B 1) 5% TR T A A A B FR v B R A
PEPSC BN AT RE.
2.4.1 X FPEDOT:PSS 8 & 454k 5 ¥ i

Chen % A/E1TO LY PEDOT:PSS fE N7
S KR, T CHsNHsPbIg F A )6 W Ui #4 8
PCBM N HL 1% % A4 R} 1) 2% 1 p 24 45 2K 0 FEL 3t
RN 3.9% M. fE LM BT, CH3NH;PbI,
7E PEDOT:PSS I ) 5 i i 5 42 v e 2% 1R 1) TAE
FEPEM OCHE. Jen % Nl it £ CH3NH3PbI;_,Cl,
AR W A 1, 8-diiodooctane (DIO) 3K i 5%
B EK T 7E PEDOT:PSS R TH & 1 45 &, [7) I 2 A&
CH3NH;3PbI;_, Cl, # 5 7 AL 4= A S 1A%
fign = A0 L 4% R U IR ok, A AR b R T Adk 1) L e
P, ¥ 55T % 450 1 2R 1R OR SR R B 11.8% 7).
1M Huang &5 A i {1 i Ad BR A ERAT B 15 21 1 42
() — SUME G S BRI, R I X2 1) 5 0 0 v
JEL L AL R R T SR A A, T — DG R AR AL
FIRF ) 12.2%, FRH A& =IA 0.8 f3E 7S [H 7 7).
ML HE— 2 WA, Huang 258 A\l i 83— 25 o &
FERH DAL 2, 15 8] —BUE SR I,
S ERA IS, LN F7E Bk g5 i b, A3 2308 N
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15.4% IS4k H 2848 7 Sun %8 A 7E o AL S A4
K PCBM 5 4 J& s AR [ 4 N\ ZnO 4K kL, B ik
& ) H R 5 S R 2 1A) T BE A TE I B A, A
MR 81, KR — IR E ] 15.9% 5.
L, Wu 5 NGB At 75 3 T 208 N 16.3%
R
2.4.2 HALLEAEY E W5 E K AR E L
ZnO 1) HL 7% SRR T TiO,, AT ELE PSC
AR Z M. ZnO AR IR AL BE 2R 85 DL K 5 T
{147 RS A G sy 2 T AU B AR PSC 1 1 3.
Liu %5 N\ Gl 78 B 9 90 P /K A I 8 6 72 TTO 3R
THI ] %% ZnO 9K JURL L, P50 CH3NH5PbI,
RENT RN 15.7% 14 A, F b B i
920.4 mA-cm™?, FFEHE1.03 V, DLEIERR T
0.75 59 BR T ZnO 9K AT LLAL, ZnO 9N KAR A B
FE PSCH, JEUE T T 11% s fF ke 5182,
T M ARkt A E Sy 25 I FH 28] 2 1 05 A L vt
H. Sun S5 N B IR AE A A SR 0 S R A A
N AL E, M T R p B R H
i, CH3NH3Pbl;_, Cl, 1F AW s b B3R AG T
12.4% B 6 IR, (R8s, B 85
VB Ry 23 A% i 2 P A 0 B SO 5 R e IR
FEAE R R R T A5 BRI Bl I — S5k DL
Wi R, A BT a1 ex 58]
2.4.3 RERAEMEOFHKY KM w b
BT8R MR A B R ) 5 L, RIS ER
W IR = A G B S RO T IE R [ B AR e,
WL AR SRR E O L R ) 45 2 T AL, Os 1Y

AR FE LR B, G A O R T T T
TAE SRS R 35 14k R AUE B 2928, Laban %
N LT n B FLAS BT H It 5 4 () R il b, AR
Mz G52, BB S B0 R g &
J& Ag FE AR, HEL R N 8.04%, oA AH % H IR %
¥ 418.8 mA-cm—2, XA 4% AL i )2 % FLAS Bk
e R A S A B S AR B e o R AL
YRS ERET, RS T ROCR N 8.54% 1 2% 1 2% [#11,
T 3E— 0 BN B B AR, RS B TR
N 10.85% I #3 A4F R, [R) B o B R I 2 4 o 2
19 mA-cm—2 8],

BRI & FAR, B LR A R 3 e 2 A
JEAERT it R . Mhaisalkar 28 A7E CH3NH3PbI;
BT 5 1 H R FH B oK A 0 rE AR S B R
BLRE R, B RCR Y 6.87% 50, Han 25 A\ FHBRAE
T LR, 2 FL TiOo NEEIR, [F B ZrO {F A b 4
JZ B 1B AR S TiO B B ik, 193] 7 808 A
12.8% HITE 25 AL f A5 R0 2R 1 8],

3 RHEERZ

WP w, 2T A S5 1 PSC K #B 3k
BT VESLIFS A, J% R E BT
20 mA-cm ™2, AWK F 4T 0.6 £ 0.8 2 7], &
AT 15%. (RIS 2 n RS IE 2 Je S p B
A, HRZEMMZREEUS KRR . TR
% PSC [RHE R &, Y g 28R R0 I T LA B R 5L
NS B3,

#1 BT ARSHEECREAD A2 E S

yp— FEE ML Joe/  JTERHIE Jize ME ik

(mA-cm~—2) Voc /V ¥ FF
FTO/cm TiO2/mp TiO2/MAPDI3 /spiro-OMeTAD/Au 20.0 0.993 0.73 15.0 [25]
FTO/cm TiO2/mp TiO2/MAPDbI3/spiro-derivatives/Au 21.2 1.02 0.776 16.7 [45]
FTO/cm TiO2/mp AloO3/MAPbDI3_,Cl; /spiro-OMeTAD/Ag 21.5 1.02 0.71 15.9 [27]
FTO/cm TiO2/mp TiO2/MAPbI(5_,)Br, /Triarylamine/Au 19.5 1.09 076 1622  [59]
ITO/cm NiO, /mp NiO/MAPbIs/PCBM/BCP/Al 19.8 0.96 0.61 116 [32]
FTO/cm Y:TiO2/ MAPbI3_,Cl, /spiro-OMeTAD/Au 22.75 1.13 0.75 19.3 [34]
FTO/cm NiO/ MAPbI3/PCBM/Au 16.27 0.882 0.635 9.11 [29]
ITO/PEDOT:PSS/MAPbI;_,Cl, /PCBM/Ca/Au 19.98 1.05 078 1631  [79]
ITO/cm ZnO/MAPDI3/spiro-OMeTAD/Ag 20.4 1.03 0.75 15.7 [80]
FTO/cm TiO2/mp TiOs/mp ZrOsMAPbI;3/C 22.8 0.858 0.66 128 [28]

##¥: cm A compact layer(¥% 2), mp A mesoporous film (/M fLiE), MA Jy CH3NHs (H 3% ET).

038405-7


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

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 3 (2015) 038405

W ESCHTIR, ESERET I DTAR IS R e T 3
() — Bk DA S 78 76 F 55, s S F 1) AR R, R
2 DU RA R ST i 77 vE #4582 FH 21 PSC | i) £
AR, A H 12— I0sE S H A AL S AU
5. Rk, TS PSC & 1h H Fh i 3h ) 2 T AR,
WA 7 B TEN BEA S LS A A # 2
X1 Ji6 VB B R A 1 ol 2R KT B O IR
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Abstract

Recently solid-state organic-inorganic hybrid solar cells based on perovskite structured materials have evidenced
a great breakthrough due to their perfect light absorption and charge transfer optoelectronic properties. The power
conversion efficiencies have exceeded 20.1% during the last 5 years, since the first report on perovskite solar cells with
an efficiency of 3.8% in 2009. Remarkably, perovskite solar cells with a planar-heterojunction structure have achieved
an efficiency of 19.3%, and the perovskite solar cells with conventional mesoporous structure have achieved a certified
efficiency above 16.7%. This review article first introduces the development of the third generation of solar cells from
dye-sensitized solar cells to the perovskite solar cells, and then focuses on the optical and physical properties of the
perovskite materials and their application in solid-state solar cells. We discuss the performance characteristics and
advantages of the perovskite solar cells having mesoporous, planar heterojunction, flexibility, and hole-conductor-free
structure respectively, and the charge collection layer which is applied in perovskite solar cells, such as semiconductor
oxide (TiO2, Al2O3s, ZnO and NiO) and PEDOT:PSS, etc. More over this review article introduces the charge transport
materials, including P3HT, spiro-OMeTAD, PTAA, and PCBM, as well as different photoabsorption material, such
as CH3NHsPbl3, CHsNH3PbBrs and CH3NH3Pbls_,Cl,, etc. aiming to analyze their performance characteristic in
the perovskite solar cells with different configurations; and the main factor related to the performance. Finally, this
review elaborates the perspective and understanding of the perovskite solar cells and points out the critical point and

expectation for improving the performance of perovskite solar cells further.

Keywords: perovskite, solar cells, power conversion efficiency
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(bR R, PO E R E R E (&), R 430074)

(20144 10 A 20 HIH; 20154 1 A 15 HIWEMEEH )

AL B (SbeSes) /& —Fh —JC AL AW, JEURMiE &K . F5MEAR AR (3 B (RN L4847 96 8 53 (~1.15
V), WIERHOK (> 10° em ™), KRR AR, 33 A 1557 LM A 25 0 K BH g L Tt BRI i e
HRGARAE 30% VA L. H AT SCHRIRIE ) SboSes MBI AE LB AR CIk 3.7%, WP UEW] T SboSes A EHEH
15 A B i FEL It P 5 T LRI 7. AR SCERIR 1 I 4R R ShoSes A BH HE HLIB AU BT FUREJE, 5 HA4H T SbaSes
(IR A ] % S AR SR BRI, R T AR S5 ) ra e s AR IR FU stk e, SR X R e 3t A7 1 I .

RBRI): ALEE, WA FH BE Ft
PACS: 84.60.Jt, 78.56.—a, 85.30.—z

IR, AP IE K BH g FRb R B A Ak
/0, il REFEAR. 39O R R PR R LT
BRG] S S, AT 9 K BH R F it R A
SO FCAE. 2 HT A A ) T R K BH B H i 3
A AR (CdTe) AR AR A (CIGS) oK FH B H it
CdTe K BHRE HLh 52 58 2 3 1k 5% 8 21.0%, FF 7T
SCHL$0.55/Wp B4, IR TT 4 /), B
Cd A il #5 H. Te 5% Y5 A 1 B8R, M LR FE .
CIGS K FH fitg Lt (1) s FL e 3 22 T8 31 21.7%, 8
it % Rk E R AT SR (20.4%); HEAE In 5 Ga
g e or, HHCAVUTCR R, B T 2ER, PR
EHFRGE.

I JLAE S B AR EF Bl (CZTSSe) APHRE
b, A B BRI BRI Zn F1 Sn A # CIGS
H ) In, FEEUAS T 12.7% (15 F 88 e 3R i s ).
{H CZTSSe N Iu &R, # )R X B /), 5
253 AR BRI B4R T 2R, S EORL 2% 5
Mgkt 2, AR — S5 WA il 5T
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FHEE T 13 B R 0E TE B0 LR ISR B R,
SboSes M B} R AT 25 T8 L &3 WOt RECK. W)
BT B SRR RS B B K R AR B 5,
AR AT A 22 ) 6 i RO AR A 1Y) T K B BE R
. A SORE 85 A J LA K SboSes HIAH S FL AR,
X SboSes A BH fg L it 1 BIF 70 3k Jg AT 250k, L35
SboSes It LIRS | AR 1 2 AIAR 5C B BT
T~ aAEWT AR e S5 LB 70, frJE e T 3
KIEHYs.

2 FRALGRATR ROt RN

SboSes f& — M L HLAL & W0 FARM B, %
H5.84 g/em?®, Al LLE B AR T LU B AT T A7 AE.
KRR E T IER MR, BN Pima 62,
s B B N e = 11.6330 A, b = 11.7800 A,
c=3.9850 A, FRIIARIN0.524 nm3. ka2 —
R AL, B VF 2 —4E 1) (SbaSes ), 49K # 2
Fly 77 1) 38 3 A Ay MERR T A 17— 4 (SbaSeg ),
YK AT N O 5 IR LA B, H SbySeaSes = J5 HEHS
SboSeoSes A2 VU J7 HEAE B HEHE M Ak (& 1).

Top View

[001]

Main View

ADY ATV ATV ARV

K1 SboSes [ iALit 7R 2

SboSes HAT — FRFIHRr AL 7 106 B AR RHE
JE (2 1), A AR S0l 3 & T i) AF K BH R HL I,
AR

1) a5t SCHERHRIE SboSes A HAZERIL F
SRR, AR 58 B SCERARIE BN 1.0—1.2 eV,
AREEANRE LI N 1.15 eV, HEER) 1.12 eV 25
vi B AEH FEUT. AR5 Shockley-Queisser H i 11 5.
25 K BH A6 FRL I BRI ' LA i R R Ak B 30%
PLE DU T ShoSes N E KT SRR, H
XA AT LG IR U B > 105 em !, R R

5 22 500 nm R AL P LIS S R BH DG R AT 78 73 T
e, Rk WAL R, (R I 4 A B T AR AR /T
B PR, 3R 3R TR AL R, SboSes
AR v A, WOEREOK, & A A OK FH BE
SERLR

2) B RFE: SboSes MR — N p Y, HLT-AN
FIERE RS BN 15 cm?/ Vs F142 cm?/V-s B
RIEHAEE CdTe X (1, = 60 cm?/V-s). [A
FUAR A L BOOR, 153 15, & T CIGS(e =
13.6) M1 CdTe(e = 7.1), {758k e ) 45 & BEAH X 4L
/N, R B HT T AR SR AE TR, A B PR AR SR
R SRS HR, A ROKEH RE .

K1 ShaSes KOG RAMELL AL

23
23
IS

PR Kl SCHR
a/A 11.6330
LY b/A 11.7800 (7]
c/A 3.9850
AR Pnma 62 (7]
% /g-cm 3 5.84 8]
B /K 885 8]
Rl YR FE eV 1.0—1.2 [9]
WU R EL/em ! > 10° [10]
FHRT A 8 4 15 8]
2 -1 .—1
R te/cm*-V—isg 15
R pp/cm?.V—1l.g71 42 15

3) MEVRFE: SboSes N HH) —Jeib &4, 1
WML R T R A —FP A, T 6% A AR = o
A DLRE G 5 4% 1) 40 70 R0 A 42 i HE . SboSes 1
1 5 885 K, @ik T CdTe 11366 K. STk iE
SEUG B 7R 300400 °C Fegh il E15 2 ek R
~}f ShoSes ki 121 JEH & & AR TE W A% (PT) M
o A M K PHRE B . [RIRS, SboSes Y JE A4 KL
ST, EFEE, MISIKEK. SO vEaLEE, &
AR/, TEH WA R AE ZINA, A (=
A ) SR PE A A BRI AR R 1 E 2
JE KL SboSes 7F H1 [ | & [ AN KK B 35 Kk 51 Ay o 25
BCHBUEYR. S A Se 7 3 H [ 0 2 4 il
40.2 ppm A1 0.05 ppm, #B&E T In 7 0.049 ppm Al
Te 110.005 ppm, A SZHLLE GW HIK FH g it 2
FEO s b HE B A R R B R (2014452 A 10
HARAT), Sb AT Se HIt & 4351y 6 F1139 J5 7t /M, 2t
T In 4 480 J5 76 /M Fl Te (19 79 J3 76 /M. W12 4%
1 m? (19K FH AE HLth SboSes I VR A 21 4 2.6
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56 (L2 pm B THSE), MO, L, SbySes ¥
MR, KSR G, S0 (2, AL, 45503
B A TE BB B B H .

3 WA IR & KR T MR
b3

% T ShoSes £ K FH A8 Lt 37 F 7 T ) B K 7
71, E A E BR#E 5% T SboSes BRHKTE T 4RE. AT
W T A 32 BAE 7 SboSes AN [F S 9K M4 KL 1 &
% TS () ) 46 AN R AE L, AR A AKBH A FL it 231
J7 THI (4R 3E, 0 Muscat B8 ZH 7 2009 45 FH % W
PUEFA BT SbaSes & Sbo(S, Se)s RFIE & 9K
131 Golberg 13 4 75 2010 4F 38 1 /K #4: & &
T SboSes gk £k 14, I 5 1, Bhosale B f5ZH
E 2000 FEARIE 1 3B HOE R T2 % 1) SbySes 1
JE SRR T T ASTR] Se Y5 X 7 R A 35 2 e 2B M BE 1Y
s (191, Bl-Sayad A5 4H 7€ 2008 4EiH L #v7% &k T
2145158 T SbySes M Shy(S, Se)s R A& 4 E
v (160 g R S A 3 TR 4 7E 2012 46
HL TR % T ShoSes WK, 48 4b 7T UL 3% i > i il
K ZM N B RRE, 28 54N 1.04 eV,
A XA U R > 105 em Y, FRRILH —E
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PIER VA AETR, Se Al NaBH, 1 2.l V5 7 N,
T S IR (SILAR) v:4E 2 L TiO, %
J&E_E il & 1 7 SboSes W, Jf 18 ik Bk A W WSO
WEFT T 3 8] () g % A ML, AT 9 SbaSes
K BH B BB 7T 3858 T — 2 B R A 07

. I - | ]
—4.0f ShoSes ]
ShoSs

> BiyS3

< 5ot ]

_@ TiO,

i

il

& —60F ]
—-7.0F W ]

2 T YRR A E K SbaSes 5 TiO, &
B B (5] B SR [18))
i 1 F 3k SboSes i JIE il £ (1) SC ik # 1 LA A1,
KT SbaSes HLT S5 M 78 1) TAE A 1% 2 4iE.
2011 4F, Giustino H8IZH 5 T 55 — M R BT 5
733 SboSes 5 TiO, AIE B type 11 [F e 4544, JH
5 4 N AT DU 6 AR B i AT A R
53 (B12). 5 SbySs HIMBAALL, SboSes fIZAHS 55
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b
)
2.25 (_‘_b 1
]
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% _—_— S ag— — Total
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—=SbyS3
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3 SbaSes MR 4544 K KB 45 1) SboSes HITBIH R FE 4 k% & (51 E LR [9])
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(1.2eV) B 4230 B A7 B, % LAEE M T SboSes
LK 237 T F O FL i 3 3 [ [MI4E ) Marin
TR HBRDT T SboSes M4 RHE G K S5 44 K FH fig HL it
H R 73, 2 BT SboSes A AT KL 44
KA AR (95 1.1 nm) RS S5 IR, 25 SR e
T 8 T PR IR, SboSes 40K 27 58 FE M
AR 1.21 eV IREE 1.66 oV 19 [Hi 4T
B 12 TR R B, 290K TE SR SbaSes #EHE
500 K B A7 B R4FpIfa e . 2013 4F, Giustino
R ZH ) B — 1 TR B U5 ShoSes N EBERIKIE
SR, BTN 1.3 eV, E A T HIEGIK S
K BH B8 FEL I, J5E B0 45 F4 1) SbaSes K BH BE FiL th

FRR G U RO BRI 25% ) (1 3).

4 B GR A P RE Lo A 5T B R

1 T ShoSes £ it HL I T B AL 5 45 1k, %44
B C R oy B Y R OK B BE A T A B 7T A
(%2). 20094, 2874 +F Nair 55 il 1 {b 2 K 6
77 [ #1] % T SbaSes_S5:SboOs W H M 2 T
TCO/CdS/ShaSes—.S.:ShaO3/PbS A FH A Hi. it
TR 0.66% 12, BT HAL 2K 15 31 () 2 6
B AR RIR G, e ka5 B R 2% HACR
BUR, BETAR AR S AR 51 SR A [ AT E= AL

%*2  Sby Ses KFHBEH M FTLE

45 4 WE /% SCHR R )
HENEEE AL TCO/CdS/SbaSes—Sz:Sb203/PbS/C 0.66 [12] 2009
B4t FTO/bl-TiO2/mp-TiO2/SbeSes /HTM/HTL/Au 3.21 [20] 2013
FTO/bl-TiO2 /mp-TiO2/Sba (S, Se)s/HTM/HTL/Au 6.6 [21] 2014
FTO/TiO2/SbheSe3/CuSCN/Au 2.1 [22] 2014
LS AL FTO/CdS/SbySes/Au 1.9 [25] 2014
FTO/SbaSes/CdS/Zn0O/ZnO:Al/Au 2.2 [27] 2014
FTO/TiO2/SbhaSes/Au 2.26 7] 2014
FTO/CdS/SbaSes/Au 3.7 [26] 2014

b J5, 75 &7 Sk b U, 52 3 SbaSs
A, K BH BE H 1 R 52 00, 2014 4F 35 [F SanglISeok iR
AL ARE TR A B 5 T R A e U Ao i
il £ SboSes I LA B4t 2 £L TiO2 4 & FTO /b1-
TiOy/mp-TiOs/ShoSes /HTM/HTL/Au A BH fig
(40 B4 (a), (b)FT7s: bl-TiOy A % TiO,,
mp-TiOs A I L TiOy, HTM N & 7 T & 7N
W=, HTL 4 % X A% 3 |2 PEDOT:PSS), W15 1
3.21% K % 1F R R PO B S, % R 4L A
JE A AL H Tt B8 1 45 M), T7E SboSes I T HE
— 5l i A A K I TR SbaSs /=, I #£ 300 °C
Ar S5 R K Smin JE B Sba(SSe1—x)s & & )=,
4% ) B8 R IL ) 6.6%, Voe = 474.8 mV,
Jee = 24.9 mA /em?, FF=55.6% 2 (118 4 (c), (d)
Frn). [FHH, FAPE ) R. Tena-Zaera ¥ 2H iz &
T H TR 4% SboSes HI M E IR DL B T
FTO/TiO3/ShsSes/CuSCN /Au 1k K B i H i,
A3 T 2.1% gk 122,

M B L= SboSes I BH & HLith FIAF 5 SCRR AT LA
H, H AT O A A AR 1 SboSeg HL L #R 2
BT ek b oS, BRI R IZ (ETA)
PRI 25 JE BE IR A 5L TiOs, FEE RKPBHAE Hi v, 3
512, K BH BE FEL T 34 25 R T T B AR e T A R Hp /b
TR BAE: RO 7P B ETE 1020 nm,
U5 L A T ALRL, WFR SR AR S R 4 4, BRI
PHCK B, BRI T 4 B R AR i SR D
TP BUK BELE 100 nm PA_E, A0EeH RIS R 3R],
SR P T3 SR P~ THI S 0 45 485 4 5t mT SE B 78 40 IR N S
FER ORI BIR TR, SEBLE IR R, T
SbeSes 1 &, 0T (HF) ML %R 15 cm?/ Vs,
e b 7N 1 ns (S H BB CZTSSe N
1.2 ns[*3], CHsNH3Pbl3 4 9.6 ns P4, ] DLt
TR B B 197 nm. BRIk, SboSes £k
A5 38 B T H 2T T S R 44 4 A T RO B
. F AR A K PH AE F v L A R, 5T
i 14 s 86 K ] i P L A 7 T 45 88 1) SC iR LT
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BOA . DI, AR S T RS o) 2% AN g8 1 45
PIJT T ETT T T2 W AR, R T ARLZ
f¥) SboSe; i il % 5 2k, 25k 1 AN [F 454 (1) L Tt

Sb,Sej; coated mp-TiO, HTM HTL

TiO,-BL (@)

FTO
Au

(c) — 1 sun
B PCE =6.6% —— 0.5 sun
g
L
<
g
Z
X
s
18
=

B/ V

L — HTM/Sb,Se3/mp-TiO,

G, B AR T I o) A s 5 R R R AL A,
PR HH — 2 45 1o AU SboSes 1B K BH BE FEL i 114
[ IEE.

[V
o
T

PCE=32% (b)

]

—
~
T

u

HR%E /mA-cm—2
o =
T

. e
0 0.1 0.2 0.3 0.4
HH/V
100
L (d)

80 -

60

IPCE/%

40

20

Il Il L
600 800 1000
HWHE/V

1
400

K4 SIS SbaSes KB AE ALt & 17 2 B A G il 2 (51 8 SCHK [20] A1 [21])

= = Dark
- AM1.5G

—+ AM1.5G bake
at 60 °C for 24 h

Jso/mA-cm—2

—02 0 02 04 06 08
v/vV

B5 AR R 2% 1 SbeSes /TiO2 IR A BH &8
WA g R B K J-V R I 2R (51 B STRik [7])
T ) 6 T B S B T U (N L)
Y45 08 1 ) 26 ShpSes L. LI VA T 15 AL 1R
KT 2, A28 NC, 0, N SR&F5 L 5
TR AT 45 2 S, Se 414, T H

FOEE 00 53 2 8 B T o) 46 HH Ol F 3 i ik R
13.6% 1) CIGS K FHBE AN 12.7% 1) CZTSSe X
FHAE FELIB (24 FT CZTSSe HE it 200K (1 1 L %) [,
2014 4E2 H, F 9 U@ o i . WS IR M T
JHE R 15 21 HT SR AR T, SR S B IR e 4 ] £ 15 2
gl AL K 5B B0 SboSes M. 28 4 ] WL E
Tk 1% W 4K 3R B AT i) 45 16 SboSeg T IR D Bz BR
i, 259 N 1.06 eV, 7E 953 nm Ab 1R I R B
6 x 10* em~t. JF IR 22 MR 2 B SboSes 1
W S AL E BN —4.92 eV Al —3.90 eV, 3
H B TiOy 5 2 T i type 1111 BE 7 45 F #4257 Joit
Gh.HH TV R B IR ) £ T1O0 T B T B e T #
Ab R PR TR BR A A5 A BOE SR T 4 L CdTe Tl
T 45K, % T SbySes/TiOq S J 45 T 4 45 1)
1) 3 M5 K BH e LB, B4R T 2.26% (Ve = 0.52 'V,
Joe = 10.3 mA /em?, FF = 42.3%) (6 LR
(BSAEMIAN 0.45 cm?), [FIR B AF RS e Mk AT, A3
A FAEZ A H 60 °C A 24 h R T A B3 I
(El5).

BT LR, B R R & T
ShoSes M. 2 At LAk BE#GE KIE, &N SbaSes
FIPAR T B, AR oot S H R IE RS —F
FH; 4 5508 885K HZ&E AR K, 1E 600 °C H S
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JE W]k 3.54 kPa, MITAEH &G T #ZE K. 2014 4F
57, B s PR AGE R4 T ShaSes T, 5
KU CdS B E A M T CdS/SbaSes
T Ao} 225 46 K B B LI, B3R RRIA B T 1.9%, JF H.
S EA RSttt (B 6). @k P nT A
e ] 1) 0B 85 1 1 A 1) o3 3 EAR BN Ve I3
K, FERHT OB EER T (A) BRI LR
IFi) VLT LA B FE (o) BRI IE K. A5 Jo (B
/N HCE — B B) S5, p-n 45 5T o 2 2
BN, AT AEJE K /& CdS 5 SboSes JZ HIAH .
PHL, BE 2 SN )R BB, AT IR A
% 1) 45 1) TiO2 /SbaSes A BH fig Mt 0.52 V [ FF
% R AR B, #ZE R 1K CdS /SbaSes HLI T
FEA AU (0.30 V), HER AR AT GEZ CdS 1)
AL B, 3E— 20 38 AR B 53 B 4 7 PR A 254 1
RE I 32 2L R 3R A2 SboSes 5 ) 44 ok b A1 E B AR 1Y
p-n £ RE T A, AT Ak — 2P A 2 A R A
TSR

0.5 — e — 3.0
2 - J, 80 g V. 05
I ° WM PCE
0.4 60 < c
< g
1 40 12.0
0.3 = X
> 20 = =
) 0 o = 11.5 5
N 0 50 100 g
0.2 IRfTE) /d
11.0
o1r 105
b
0 (b) 0
—100 —50 50 100

0
i) /d
BEl6 AR R T 2544 SbaSes /CdS R K FH e HL

MR B & J-V IR EE (518 SCHR [25))

T8 B R FA 78 R ) £ SboSe w5 (1) 1 742
H T Se 128U KT Sb, Z& K F2 i T Se 1)
/b 5y T Bn BB IR I IR B B 25 4K Se AL (Vse)
A, T e EBR TRE e NT

A AER R SR BFa Vs IR IR B, ¥4 58 % % 1260 76 i A 44
75 K SboSes TR AT 45 ¥4 K BH fig HL b (1) F 72 2 Atk |-
it 3o 0} R ZE K [ SboSes T R HE AT A AL IR K Ak
B BRAR T L R R BRI Ve WK, K THAT 4544
) CdS/SbaSes A BHFE HL IR = 21 3.7% (K 7,
Voe = 0.335 V, Js. = 24.4mA /cm?, FF = 46.8%)).
T I FH S R RAE R LA X S5 1) R T S 4
i M S AR v AR AR AR, T IR ANEE
PRI AL AR o FEL T RO ML SRR AL S ) a8 A AT
TRIEAME TR (EQE) MR, 45 52 WL
HAEK W TT M) BRI A& TR A B o, I B
T A I O A M, AT S BT R B P 1 3
. e IR 2 B 7E G I El ORI ' 2 e i AN AR
PGB T, W F R 25 3G K, Ui T RS IR
M3, Bt e TR R, D s
XS E AR C-f A1 O-V AR AT %0, A1 ELF AR AL
SboSes WAL, A4 )5 I L BRI AR /D 45 ik 5 AR
i, R AL AT AR S ) p BB AR, N E S
e, IWIHET 7 28R

Bk T F 3R SboSes TH 41 &5 #4) K FH & H It 1) B
FELAAL, T M T[RRI R R VR & T
ShoSes HiE, FTEH EAKIBUIR CAS |2, A5
FE ST ZnO F1 ZnO:Al 2, ¥ T CIGS Z5 1
ShoSes JEAT 45 H AR BHAE HLIE (B 8). fERTHAIGE K
T EEZRE R FTO iy % 5 B i) £ 1 SbaSes
YL R 5 K HL AR TP %, H 5 FTO 2SR 1H A7
TE B 2 (R 725 B, AT 5 S50 4% v it 10 3 AR R B
JId B R VL R B S5 ) R 24 i R UL T v 2 290 °C
I, SboSes I fiRi AL /)N HLAR TR RE FE 3, (B
FTO 3 JEAH L LF WA 71, B LA 20 2 18 FH %
L2 HEAT SboSes W R £ I8 AH DA R RAE AT
KN 4% 15 2 9 ) 4 HH SboSes . XPS FAE &R
ShoSes T JIE 2 THI A B T AL, X2 T Se (W1
RSB KT Sb AT SbySes, M52 SbySes 1
IR I FE R B Se 1T & Sb, K iZ% IR B FRAE B R
Hf, R R ShIRE F i On S8, HE— Db
T SRR, AR 21 SboSes WL A
R PRI S LR g, 1 B 2 R P B R P R
1 J5i ¥ % ShoSes # i 5 CBD YL CAS E H &
FI% 7 FTO/SbySes/CdS/Zn0O/Zn0O:Al/Au Ji& 4t
SERI R PH 8 B FE IR T 2.1% (Voo = 0.354 V,
Joo = 17.8 mA/em?, FF = 33.5%) ML RCR.
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50
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—— with selenization

25 _’/ (a)

—0.2 0 0.2 0.4
V/V
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ot

[=)

Current density/mA-cm—2

110} —s— control
—+—with selenization

100 |
90
80
70
60
50
40 F

Cpn/nF.cm—2

103 104 10° 106

7 SR AL B R R ) % [ SboSes /CdS ik 5 4 HIE IR B fig HL I

(c) FANE; (d) BAIKRBE AT ML (51 B 3R [26])

A{ AZO
g ,-120
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SPECIAL ISSUE—New generation solar cell

Recent progress in material study and photovoltaic
device of Sb,Ses”

Xue Ding-Jiang  Shi Hang-Jie Tang Jiang'

(Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan 430074, China)
( Received 20 October 2014; revised manuscript received 15 January 2015 )

Abstract
Recently, antimony selenide (Sb2Ses) has been proposed as an alternative earth-abundant absorber material for thin
film solar cells. SbaSes is a simple V2-VI3 binary compound with an orthorhombic crystal structure and a space group of
Pnma 62. It is a staggered, layered compound consisting of parallel 1D (Sbs4Seg)r ribbons held together by weak van der

Waals forces. SbaSes has a direct band gap of approximately 1.15 eV with a large absorption coefficient (> 10° cm™*

, at
short wavelength) and a low grain growth temperature (~ 300°C), facilitating the fabrication of low-cost thin film solar
cells. Moreover, it is a simple binary compound in single phase with a fixed composition, which provides a much simpler
growth chemistry than the multicomponent CuzZnSn(S,Se)s. In addition, it is stable upon exposure to the ambient air,
thus having a better prospect for long-term stability than the organic-inorganic halide perovskite solar cells. Theoretical
analysis indicates that the efficiency limit is > 30% for single junction SbaSes solar cells. Various approaches, including
vacuum evaporation, electrodeposition, spray pyrolysis, and chemical bath deposition (CBD), have been explored to
produce SbaSes thin films; however, it is only in these years that SbaSes solar cells have been reported by our group as
well as by others. Seok’s group presented the deposition of SbaSes on mesoporous TiOs films by thermal decomposition
of SbaSes single-source precursors, and fabricated SbaSes-sensitized inorganic-organic heterojunction solar cells with a
remarkable efficiency of 3.21%. Tena-Zaera’s group fabricated the FTO/TiO2/SbaSes/CuSCN/Au heterojunction device
and achieved 2.1% device efficiency; their SboSes was obtained by an electrodeposition route and CuSCN served as a
hole conducting layer. Different from the above SbaSes-sensitized solar cells reported by other groups, our group is the
first in the world working on Sb2Ses thin film solar cells so far as wu know. We have fabricated a hydrazine solution-
processed TiO2/SbsSes heterojunction solar cell, achieving 2.26% device efficiency (Voe = 0.52 V, Jsc = 10.3 mA /cm? and
FF = 42.3%). In addition to the solution processing method, thermal-evaporated substrate and superstrate CdS/SbaSes
thin film solar cells with 2.1% and 1.9% efficiencies respectively were also demonstrated by our group. Recently, we have
further improved the superstrate device performance to 3.7% (Voc = 0.335 V, Joe = 24.4 mA/cm?, and FF = 46.8%) by
using a post selenization step. Selenization can compensate the Se loss during thermal evaporation, attenuate selenium
vacancy-related recombination loss and hence improve the device performance. In summary, this paper summarizes
the recent research progress in SbeSes-related researches, including material properties of SbaSes, synthesis of SbaSes
nanomaterials and thin films, theoretical studies on electrical properties, device configuration and efficiency improvement
of SbaSes sensitized and thin film solar cells. This review also presents a perspective on future development of SbaSes

solar cells.

Keywords: antimony selenide, thin-film solar cells

PACS: 84.60.Jt, 78.56.—a, 85.30.—z DOI: 10.7498/aps.64.038406
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(delocalized) i) m H87, (HWARIRAES> TN, LT
FE 57 18] (1) 4% 336 )i 3 Bk R (hopping) Y77 200k SE
PR RITE A I IKEN T, BT AR ERE A RHE N
FHH T HILUMO fedn, 2 mBkik 2 5 —1
- FHILUMO ek, B ZAHK. BT R TI#
IR A BB S, B YL AR
{DNR/E2E S 4= /oty | W NS g E S 0 [

2.2 HETFRMMEESKT KRt
HER

HL AR S ATRE I S AR Y2 5 85 BR AT TR L=
TE 1% H - 1% B PE B2 i (electron selective contact),
YU 36 AL RE R UL (181 4 3128 7 — L83 L i 1
FOEHE LUMO B0 Sl BEZR), 42wt AL H il X
R, I R B 2 X A IR T A, i gy
)32 1) L e 2 RN S AR A 2 ) P, e A R
P AER = A4, 3t S v AR SRR 475 i O B2
Wa. 53 Ah, FEESERETORRH AE Rl R, HL AR SR R
LHEPH T IR MRS, B T AR T 85860 f 1A
AR, TR 4 R A HE T B BRAT A P9 21 n Lo
TR TR, RAMRRE SR, BT

Cgo-bis

—5.44
CH3NH;3Pbl; © 5.68

CH;NH;PbBr;

T
LUMO or Conduction Band (CB) of electron transport materials

K4 H IR TERAE LUMO () Redin B K
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BRSO AR R R TR far e, CH3NH3PbI
B M I B L B10 em? VolsT!
BHPIF A KT 100 nm K ¥ 8K B (F
CH3NH;3Pbl;3_,Cl, "1 5 ik 1 um) 027 55 il
WAL TG 73 AL Hi |2 (hole conductor free) [ 57 )i
54 BB K BH R H Tt HX A3 v AR I 0 258
1B I3 A7 v RO W 1A% i J2 45 R K BH g HL
AR R IRIE, Al ¥ H BEEEFTO M &
CH3NH3Pblz A PFHAE H ik, X3 31 1.8% 1) & A
0.33 [ IE FR R, T A [5] il & T ZH{H LA TiO, 9 L
TR Z 0 A B A T Ik 13.7% 02 L, &
TE H RT TR ZE R TS BT K B g Lt R
JEAN AT B

2.3 BEFEWMENIGRT BmREMEN

S

R R TiOo 1F A 5 4= A5 SR K FH
RE FELIh BE SR B = g, HAFAE — /N AN AT [ (1 5k
RO FLEE ) TiOo TR R AP IRTR, 28 14 P gk
Bk, SEAFRE M IR T TiO, R 2 T A M
RSB, AT FIELE TiO, w4 4 H R 1H A7
FEAR 22 S A7 (B Tid T BB )3 IX By fit 2 Bk
W3 2 W B R 43 1 B4 DT R ok v e 1 8 4%
H W Oo-Tit 1) IX B SR Y H: AR 2. Leijtens
2 OB T AR R IR T SRS 1) ZE R ML (W B 5 BT
IR, TERANMEEOR T TiOo M b 12 75 S bt
M BT R A, WA TR s BT
BT B — AN E TR — AN OE B R S
A, HHBEFRRE =Lk B S R %
B N B9S2 BT % I B A5 RE K
AEGARLL T 1 eV A P S A 72 @il 4 7
(1) 9% Bl BE 2% 3% 7 1) 1K e PR SRR A5 ) X R4 L
ToVE R B AR 1 S b, AR
HEe5 P8I 25 U G B SR 310X 8 3R T R
W SRS B R N BT LR R
A, FEFE NI Tl 1E B AR S A2 S IR 25 1
HRA BT, ARSI 7, BER T CH3NHY 5
CH3NH, FTHT #4622 P4, 58 CH3NH;PbI; f#
fifi ) CH3NHo, HIF1 Pbl,. EARIL ] @] DL i 7
PRI ISR AR PR AR R O, X TEEE N T S
W) Tl in TReA. Harmwt 7 £ 2@ B2
FLTiO2 32 FL TiO, JZ 45 # B 348 FH 0% TiO,
JZ 8 F FA AR AR Ti0, 25T BOR SGE 1X A 7] 8,

BRI TR S TE F— SRR g,

CBE==

KI5 TiOp BUARERA" APH g HLits £ 5 40 F 195
B AL 136]

3 W E AR ES5R T AP RE B
F BT LR

W S RV A A A 2 s, #5 4K
B BH BE FEZ AT L T R B R R, B
RESRATHE— DR T Y, IZURS W3t 2 i BE A S0 N Y
BT AR T AR SOR B AR fa A R o)
NEJEENY BV TR SRR =2, #Eid
2 [ N AMH R IRIE, VRS 48 Ho ) 2% T A
BRA R BH BE FB P I, 45 1523 il 2 A AR I S 1t
2%,

3.1 EREWYETFEER

285 BT K BH R Bl A AL (mes-
porous) TiOq A2 5 S 7 (4 K AHEZL R KL, 3% TiO,
T AT 2 4% i H 5~ B PE FH. TiO9 A7 76 = Fl 7] J5ii 5
TEAR: BiEKH™ (anatase), 44041 (rutile) 5 ARELH"
(brookite). H HA L A A3 11 FaE M, 8
R 2275 750 ©C I AN 0] 100 4 4% A8 Ry 4 41 44, TR
BRAT W) R R85 A2 A BT b, B 1 Bk
48 SRR P ) — A TP AR B8 BEART Ti0, 7645
BRI aR A e 2, 30 DLV IR T 55 FAfige
1% (aerosol spray pyrolysis) 3 Flljig g 11041 2
Bl £, A8 i) o5 ik B2 He AR A 7R 22500 ©C el R
15570 58 T AH 3% A2 N B AR A DU s AR i Re 7). =
T A B B PR A T BRARAT TiOo 7R R M B R R E
FINEF, O A2 IG5 T109 HAR B & Fh e
K. Wojciechowski 2% (21 B 42 /N T 5 nm 814k
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W AH TiOo G4 K RURL 73 BUAE — 57 P S0k XL 2L Tk 74 1Al
K (titanium diisopropoxide bis(acetylacetonate),
TiAcAc, 252 ILE 6 (a) i L BEE R, TiAcAc
HIAE FH & AF A 4 B TiOo g8 K Bk i) « SR
E R, R S 2 I 150°C 18 K BT LI 25 TiO,
L5 3 (8.32 x 107* S-em ™) W B K T H iR 5%
SEFT1FEU TiO2 19 (0.11 x 1074 S-em™1), H AR
F15.9% B B FE L 23R, Conings %5 [°] 7 Woj-
ciechowski 25 12} (28815 1% _E 2028 7 TiO, 49K it
B )24, AT KR = TN I (titanium isopropox-
ide, TIP, Z5#J WL 6 (b)) MHIRIE &, L/KM 513
B4 6nm [ BLERE AH TiOo GKBURL, 1X ] DL
B TiO, IR R LR H] 135°C.

>—c( S
i
O
(a)

K6 HHABKREER T4 (a) TiAcAc; (b) TIP

: O\T_/O
N {
(b)

& 21 A A Ti0o 31 A7 i 2 50 IS 10 1) & 77 %,
Yella % B2 f Fil 4k % 3 0B 1 (chemical bath de-
position), f£ 70 °C @it 4% TiCly PR EEAEFTO
AR EEUE & 40A  TiO,, [FN R 2
KB TE ) TiO KRR, &5 B2 7] B 10 nm 48
B oK. INFE 1 I ESAF PR REXT L AT DU Y, 5
T &4 A TiO, I B0R (13.7%) FER T2 T
ARV IS B TR v il A1) £ TR B ER AT AH TiO. 284

(15.0%) 141, 1 21 56 5 HEAH 25 )L, R &4 A
TiOq (L FIER AL T LA A Ti0, 19 (41, {HIX
PRI H1 4 B0 & 204 A Ti0, JE B K/ 2530 nm,
IR b L 5 RO R 2R AR RE O, R R EE
T FF R, X5 8500 Uz 1) ) & T2 8%
LA R TS A K.

Ty A, AEAF — SRR A, R ) & 0 A AL R
HHTHEE L. Docampo 25 140) 78 57 T 3] &
4h # FTO/PEDOT:PSS/CH3NH3Pbl3/PCgoBM
b TIP A0SR R 1) 53 N B A IR, FF 420t 130°C
1B KA A R S AL EUE TiO, 18 M7 A5
2, 1951 9.8% K6 R EEAL R, T H FAE R £5 R TE
FHEE TR K W IR 48R (polyethylene
terephthalate, PET) - 2H 3¢ ji () 22 11 K BH fig H it
[ 2L B 6.4%. SR, X Fh 5 v £ 1 TiO,
T AR (light soaking) (IR FE 1], 38 4F
BRGEAETAP RO 10 min A4 G 1L B & K

b1 iR S A 7T, 46 TiOo 1F N i 1 1%
1 2 1) v RO PH e LM 2 AN 25, TR
TiOy A 77 Z il Be 4 KR IR1F. B 7 TiO2 44
KSR AN, AR TE 1] £ R TiOo KA 193] A i g5 22
il 4 19 TiO9 44K £F 4 114 25 L Ath 1 U0 435 40 th 9t
VENHEZER B, 45 2 20T 10% [ [H 28 45 R0
X FH e HL VB AN B e Bt B i, R it e
TiOo P 158 25 67 45 F5 ER AR BH B8 FL it 7 SR AN Fa e
PE I 1 R A5 B AR o, RN SE 2 BRI
FHTIO HIFEHPERE T B, W EBLERN 8440

mn B, AR R R AR R
(Tl R ), EH N T 2 TAE 245t
TiOo AR AL LR R T, LLT SR 484 P s Al
FooE M AL

1 JURLL TiOo 110 B -4 )2 A S0 2R 45 BR R T R il P 428 B L

EERN M4 R SR ) Hil#&IRE/°C  Jso/(mA/em?)  Voo/V  FF/% PCE/% ik
CH3NH3Pbl; anatase TiOy 500 20.0 099 073 15.0 [4]
CH3NH3Pbls_,Cl, anatase TiO2 150 21.5 .02 071 159  [42]
CH3NH3Pbls_,Cl, anatase TiOy 135 21.0 094  0.69 136 [43]
CH3NH;3Pbls rutile TiO2 70 19.8 1.05  0.64 137 [32)
CH3NH;3Pbls PCsoBM & TiO, 130 15.8 094  0.66 9.8 [45]
CH3NH;3Pbls rutile TiOg(nanorod) 300 15.6 096  0.63 9.4 [47]
CH3NH3Pbls anatase TiOz & 500 15.9 098  0.63 9.8 [48]

TiO2 (nanofibers)
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ZnO A To 7 =i e 45 o T £ K T AR
A AR i FLAH EL TiOo B 0 3 1 f 3 8 56 DO,
ZnO AT 3o Ak S R B i R i (SOL-
GEL)P2, ik 5 80 # HL TR (electrodeposition) ]
SRR T 23815, Kumar 25 P DL TR R4 &
B ZnO FL S DU B 1) 4% ZnO 99 K, 7E 3%
B PET M4 i b2 il BUAS Tt v 3 4 ik e
N 8.9% F12.6% (A5 £k K BH A Fi i, Son 2% 157
WK TiOo MELE B AN LT 1L fiv e /158 &1 1) ZnO
PRGN, FEMAESE A K ) CH3NH3Pbls KFHAE
A3 IK 11%. Liu %5 50 B2 DA ZnO 99K ik
TE RN T EM B, 456K T2 (<65 °C), 1E
BCHS A PET e PEAT IR a3 i 46 T o6 e e
I 15.7% 1 10% B 1 7 T 45 281, ZnO A
IAEYERE B 5 TiO, AT LU, HAMA R4 A e 1.
Hagfeldt %5 7 Fij ZnO 99 K #5 # 10 £ £L TiO, 1E N
W52, BT 30850 X BH fg it 7E A
BAEOLT, BEEAAH 500 h g, BERAH FR K
5.0% T FEH] 4.35%.

el FH 3 Ath 45 8 B AL A Dy v A% i )= R A E
FAZ ) T H M REZE AW TiO, M ZnO. Filan, =4
83 WO3 (LUMO ~ —4.15 eV, HOMO~ —7.30
eV) B IR GF I Fse ik, B2 e s R g v, HEH
b TiO, B i (F3E B 2 P81 {H sl fd F WO5 92K
SERIVE v A% A Rk ) 2% 00 5 B S BH R HaL it
R A 21%—3.8% MR D)) BEARE
T 7 75 TiOo 9K IR, B 1E T 7E WO3 FIE5EK
WA AR A O 2R A R T B 11.2%01. i LA
IR Zna SnOy A N 1 HL AL B 2 ) 38 0 K
A AT 6.6% MG LR 921 F4h, 41SnO.,,
NbOs, InpOs, SrTiOs &5 &AM 8 2B ik S 7] H
VBN ek itk st (DSSCs) fl i F Az 95621 B 8%
'EAITLE DSSCs H P BEAS W1 TiO,, {HAH 7] LAZS 45
ERAT AR b I L AR S A B TR A S

3.2 AN FEFERR

A HLH T A& F A kLN 7885 B K BH #8 it
TR RN Z, TR Pbly — My 72 2
THERWEE (GBL) N, N-_HILHF L (DMF) 1
F RS (DMSO) 587, BT IR Z ANA
AEE IV ARV, RS 5 R 9K 2 i AR i 2
FIT LA BL/IN 43 7 B H AR b R 22 B R A 131
SERI R PUREES SR W2 19 T, B W
MR E Bis e e (E 7). &8iE K

HATAMEGRG R FITER, FIRELES N
HePE Si/Si02 M EA K Ceo il & Hi Y OFET %%
P, 3B E# Fik 0.3 em?- Vs 1031 1 Il
I T AN SE ] £ 1K Coo IR F) 3T 7 2 B 51 0.56
em? Vs 70U Coo (AT A 1R SO0 V6 A 1 A 1
R, GINT — S HUREE AU e BB, 2> BHAS
Coo A G Mm-n HF, [FHFITBES KL,
BT REH A2 K PR AR F B PEREZE K. RAEAHLKFH
R HLM T, & B AT A (W PCBM 58) 1R R HLF
(132 1444 K} (acceptor) 5 FLHE SR -A )20 1 44 AH 7t
IR 48 5 R FH e AT T 1 P o R 3 R BT I 40
TR A5 R K B e HL it b, T R 4 3, 18
oy HAZ BRI R R TS A0 5, TR Ceo fiT2E
Wy 3 LA R SRR S A

Jeng % 1 ¥ ¥k LLITO/PEDOT:PSS/CHs-
NH3Pbl;/Fullerene (derivatives)/BCP/AliX 3 2%
Ha) ) 2 B PR N 8 BR AT/ 0 TR A P THD R 4G
K PHfE . A4 5 25 8% 7 30 nm, 25 nm, 30
nm ] Co, PCBM A ICBA £ A L T £ i1 )2, X
13 303.0%, 3.9%, 3.4% WAL, BEE RN H &
TS B AR L 5, Liang %5 00 75 I 3b 45 by Bl -
PCBM 5 iR [a]4f N\ — /= R & 74 71 Bis-Ceo fili B2
GxF 5%, 1330 11.8% Wt A AL . 5 Ik F I,
Wang 2 57 1 {# Fi] T ICBA /Cgo F1 PCBM/Cigo XL
EE TR E, TTE S 3] T R 12.2% PReE
8% HIHH AR F. Xiao % 7EITO/PEDOT:PSS/
CH3NH;3Pbl3/PCgoBM/Cgo/BCP /Al £ #4) I ik
TEERT R T2, R AP RS B
AR O 15.3% 1A F T 57 o 45 95 K0 K BH A H
It [T IR K 5 TR e B 15.6% 20, HAs 1Rk

BB R NS ERNT/ B ) 1 T S o 45K BRH
BE FELV AR R AR S 7T T AR, ARYESEIG 456, & )
W (FTAED) M NIV s, 585 R AR LT 1
& fih S 40 Spiro-MeOTAD % P3HT %5 2 14 45 #4) /s
ST RREGYRE, EORE S AR TR, &
TSR R SUE E K AR T E. S 4, EER L
K B A FEL b A PCBM 5485 A 1] B 2% UL B Bt
SN (LiF, NaBr 1 CaCly %5 [65:69) B Na,
Ca SRR () &8, HAESFEN /& Bih
P R RS R FEL, TR A AT AR B R 1, X )
F I A PCBM 58 42 78 75 M 45 B0 5T A5 1R K45
F. REEEH PCBM/LiF /Al 25 W45 AR i i 2 55
FE50% Fo AW FE I KRR, JLa0 B A A AT B Y
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AR R %52 381 v s b5 P A S T PR 45, L 8 P, T
1 FA 25 5% BCP 78 7 7 1 1) PCooBM /Cg0/BCP /Al
XU A

SR A AE B S B BB R

5 N BB I Ff R R, SR L T AR
FAORESR B AQE B0 (i A2 40) A6 130 B 405 #) 45 Bk
FELHL PR

IR
\,
i

Bl M HATEMR (28R

(a) Ceo; (b) ICBA; (c) PCeoBM; (d)Bis-Cgo

JEZFENTE 4334 1 min, 3 min, 4 min, 5 min

3.3 EAMBETENE

B9 R M, £ LTiO. M H 71 B X (<«
1 cm2.V—1.s~1)[70-72) i, T CHsNH3PbX, T 75
[ A R R BH e FELth R oK G A HEZE 1) JE B ]
BB A YK E R ERCK, B FEANEITIO 9K
HE 2R J5 1AL S A W72 B5BR0 A MR N 82 F8
B FAERZE AR A, TiOy 9K &5 1R H
g5 [ 2 B Hb BE RS HE - 0 v N FIVRR I 8% 4 ) A2 e 1,
IR LG A HH B 22 A 9, AT D od J e FH e 2 b k) ok
B AR TiO, 9K HEZE B AE 2 £L TiOo 34 IN7E 75 2 K
fiff PR IX L ) @ BN IR IS 5 2k R R i TiO, B HL T
fehbEge. XLEFERMBE L MEMH—FLL L
ANFEWAMEHE N TFRRE. N T AR, A3

Ke AN EEMEL, 12T S TE A 43 AT 5T
BEFE.

PL TiO2 (compact)/AlyO3(mesoporous) H ¥
fefmJZ ), = s Y ES R R4 BHE A F) 400 nm
JEH) Aly O ZKBURIAE S, AT FH 2 5 A5 R
IR 3 S, #HIEE L (pin-hole) ¥ H L3 B0
. 5 ZALTiO AFK A&, Al,Oz A T8 ¥ HL T
NN E R LUMO ek, R RAE AT
BER i —MEAESE. T WEE AL Os 99K HE 42
(U T, 55 BRAT 1A A A% A 2 B0 TiO, W7
4 9 Bias L Al Og 8 AR TiOo fF N 41K AE
ZRA] LA e 45 i B PR AR 3 150 °C, FF 3R AE A
10.9% R#S A O)) Re e HIF B s R D 1.1V, AR
T TiO, HEZR K XS LE S A P e . 3 oh, 45540
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SKAHE L2 (AL 332 AT TiOo 76 R ANEFE I 2 T i
W B 5RE (2.3 715), AloOg 4 R 38 1 75 42 il K
BH % R RS 1000 h &, 75 FasE e s i ) 150
X2 TiO 1R RERHEAREMI L (). 7R 45 244
BEE R 94 K AE 22 (138 45 Han /N 21 1730 48 H (1 53
2 um [ ZrO G4 K HE 42, Ak B v v, Ak R 3
BRN 5- IR TG B R AT 7E 2 FLIE b, T8I R R 1
Bc A (A5 A0 S IR 2 ALIR R AR K,
12.8% MIFEALBCR AL 1000 h A2 e RS 14.

P/eV

w— "0

TiO, Perovskite Hole-transporter

B —i Ol

ALLO; Perovskite Hole-transporter
B9 LA MBS RN K BH B F it i FL AR R B A AL T s 2
(1 TiO2 AKHEAE, 10 AlyOy H5a kAT,
TSRO RER, 2RO )

G iR 3 R 1A 28 2 A R D9 9 oK HE 22

Ah, L A] DLIE IS 3 i — J2 78 55 2 (capping layer)

Btk 2 fL TiO, B3R 1. 78 55 2 M KL LUMO g

P HEM T AT MR, mh e FEAS BT AT

% L TiO WVE N, 388 B 7 7585 4K 0 11 L 4%

. Ogomi 25 T4 7E 45 K1 A4 LA Ti0 o HE 22 5 1H

Wb FE N — 2 Y203, A RCH 3G I 1 2% el U 1 2%

3% 6.5% #E = 5 7.5%. Abrusci 5 79 £E TiO,

HEZE 2R T 51 N 2K H R BUAR ) Coo H 2H 22 5143 1 I

(CeoSAM) 1E MM Z, BER S 7 BT IIER

OB ORI R 11.7%. EHERE

FIFEESFAE A, oT D B B2 A, TR B B

BRI BHE 22 L T10o 11 PR A, A8 28410 5 A&

5. Tto %5 101 FAL 2 PIRNELE TiO, EAK T — 2

ShoSs fENE FIR G, DGR E AR KA.

WA SbeSs A FERFEE 2L OLIE T, JL i {L

HAED h IR, 12 h 534 %, AR TR 54

N, B 5 SboSs A AFTE 12 hEAT) BE IR ¥ R AL

1) 65%.

5 ERAFE, A 052 E TS 4ok R
7 TiOo H B FIE R %, W Wang % 77 i ff 47 5
15 / TiOo G KR A MRME N T 50 )2, BN
F B EA SR LD RN T FTO F TiO,
Z R, RICR K e T o7 1 i 1 R, A
F b 1 7 % LU 78 Rl - B R 4R v, O L
e R 715 15.6%, HAEFEMK T 150 °C 1T il %
Ak, Zhou %5 P IE TiO, h B R TT K, K H
TAERRE 1, FF1E TiO, 5 ITO R4\ — 2 PEIE
R UT R, T8 i 3 ) KV & AR K 1A k™
AR -TE 45 i, BAIR1G 17 19.3% T 1 57 i 45 45
BRA K BH R F i, AR H R BT I B e .

4 HEWEHEE

AHL-TEHLAEGBRA™ AP fE HL i A5 28 T AL
REIROL KL Re, A 8OV H — AR L
VBB BH RE Rt Bl S BR AT R AR TN e
&, HATES R AR BE F b G AR B R D
I 20%, BAEIT R R, BRI —
AARTE, Wb S % R BOR T 13y
FE, BT = R PUAG R A A o s 2. AR
A FRAEE T P AMIL TS SRR K BH BE A it TR A
20 P 3 SR L B P AR R AR, B ASRRE i
T A F BRAT K FH BE FEL L RS HL T A% B A Rt £E T 51
PR AT OB LT A T, SRS AR
KBHAE LI R e tE i AR S A kL 1) iSRG
KB AEAT OLED FT 4 Fl (1 L/ 70 1 W A% i 41
Kl BUATER 2 IR B A B & 0 A S B
— R EAT AR R I RIE S5 R, B AT A AR L S
oz MBS LI, SERER. FERZ A
A3 RO BE R Be A% 20 T A BN 1, EATD
e PG AR i AT R . 2) A TS Bk A
BHE 9 B 715 A kL, 1R 2 85 500 4 L B 1R 47
(BT AR TERE R, T HRERCI ok &5 4,
SrTiOg 8. 3) WIil i 45 AR B 1 i — L e fr fA ok
54 8 5 R AL S ICAL R AR ST RE, TR
RIGIE TR R e R L e, HERT
fRRP R 5 53, FMBEHRILES . L FIEA AT
T TR =T T REAT B JE.
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SPECIAL ISSUE—New generation solar cell

progress in electron-transport materials in application of
perovskite solar cells”

Ting Hung-Kit" Ni Lu? Ma Sheng-Bo" Ma Ying-Zhuang"  Xiao Li-Xin"
Chen Zhi-JianVf

1) (Laboratory for Mesoscopic Physics and Department of Physics, Peking University, Beijing 100871, China)
2) (Advanced high school of Yantai Economic development zone, Yantai 264006, China)

( Received 21 October 2014; revised manuscript received 18 November 2014 )

Abstract

Ever since the first organic-inorganic hybrid halogen perovskite solar cell was first used as a photo-voltaic material
in 2009, reports on this type of solar cell have grown exponentially over the years. Up till May 2014, the photo-
energy conversion efficiency of the perovskite solar cell have already achieved an efficiency approaching 20%. Surpassing
the efficiency achieved by organic and dye synthesized solar cell, the perovskite solar cell is in good hope of reaching
the efficiency compatible with that of mono-crystalline silicon solar cell, thus it is going to be the star in photo-voltaic
industry. In a perovskite solar cell, the film-formation and electron-mobility in the electron transfer layer can dramatically
affect its efficiency and life-span. Especially in the up-right structured device, the mesoscopic structures of the electron-
transfer layer will directly influence the growth of the perovskite layer. The present researches of electron transport
materials mainly focus on three aspects: (1) How to improve the instability in mesoporous TiO2-mesosuperstructured
solar cells, that arises from light-induced desorption of surface-adsorbed oxygen. (2) How to obtain TiO2 or other
electron transport materials at low temperature (sub 150 °C) in order to be applicatable in flexible devices. (3) How to
substitute the mesoporous TiO2 or compact TiO2 transport layer by organic or composite materials. This article devides
the materials that are used to make the electron-transfer layer into three distinct groups according to their chemical
composition: i.e. metal oxides, organic small molecules, and composite materials, and introduces about the role they

play and the recent development of them in constructing the perovskite solar cell.

Keywords: perovskite solar cells, electron transport materials, electron selective contact
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ol Xy AMXs, KA — BV EHLHE T
CH3NH3+ & HN=CH(NH3)* 2%, M KN &8
B FPHXHE SN2t & XONCl, Brm BRI &K &
B A M5 X sE AR R 454, MALT
JNTHAR B ot TR MX g BISZTT R R AL A 9 Afi
FE N AR ZH 552 B0 H o0 T S 5 4, AT T i = 4

F7 JE T 6 g (19 2) [0 SR SR T TR
N PR IR, AR HE N IR R N K R AR R
SATAF AR} (0 5% B R 45 R B M KR PR A, A4
BLRE TS T ke S AR 45 4 mT DL 28 2R - ¢
HEATHIE HIWE, ¢ = (ra +7x)/[2Y2(rm + 7x)], 3
W a Bl ey 20 ) A2 TE N T A4 5 48 rh BH B 1 A I M
M 308 725, rx RS FAZCEE ML — &
K, 5 BT AR BIES KR 50, ¢ 0 HUE R 2
7£0.78—1.05 Z 18], HAjH/ 72 H T K BH e b i
B5ER 48 CHsNH3PbI; ¢ 25 0.834 (ra = 180
pm, ry = 119 pm, rx = 220 pm), fEEE F &2
i) = 4ESE R, 8 I B B 4 NS AR /N Y
B F, AP LASEEURT ¢ IR, 2R 3RS B AR E
n ARG H VSR AR, o T AR e Mt 2
Rt Z B gm. 2 1 H0H 7 855K b AR I AR AR

.

e @ @ 6 \® g
® R D !~ B
o I
00 @ e 0" e 0" °
“ o 00 00

B2 ZAbEmsk R S ik g i L0

#1 RS R (12

Rk AR AR /K AR A
CH3NH;3PbI;3 400 475 i &
HN=CH(NH;3)Pbls 293 =T R
CsPbl3 293 RTT R
CH3NH;3Snl3 293 475 i &
HN=CH(NHj3)Snl3 293 VU5 & &

T o AR BT B B A, MR R
P& R A WA, Park 25 HN=CH(NH3)* & X
CH3NHj, 47 %I H HN=CH(NH;3)Pblz (FAPbI3) il
CH3NH3PbI; 1EW G J2 i 4 2% 15 151, 7540 ) 4 1
NEERE D s 0 ARAS [F) B AR AT — AR, S5 R
B8 FE T FAPDI; B 284 £ 2425 10 il ik 2 J5 4
SRARIRESE , 3T CHsNH3PbIg #8514 1) 2% B
TR, U FAPDI; 8@ AL T CH3NH3PbI;.
Snaith %% ¥ FAPbI; #1 CH;NHsPbl; [f) i i & T
150 °C 60 min, CH3NH3PbI5 [ fi# A #5 4 [ Pbl,
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1M FAPDIL; AR RAT Z R FR A, o tY B4 1 34
Fease 1. Docampo ZE thBE T _Fik&h i, Hxt
AN IE A A ERET R A e e AT S AR AR 1 &
FW, 56 FARSRT WEHESHE MA K45EE
A AR FE v 50 °C LA [OL By K BH B HL
TE SRR F AR T BERFSEAE 60 °C BA_ETAE, itk
K A BT # s e VR FA RE5ER0 A BN T-H
KRR AR E T AR A .

HT PboiRA — & W1, HILws KT
TCRHEATEN, HEEAEF. H2H SR
M {8 He it 7o b, 13 245 RAEFE A D67 &
SR TE A ) Sn?t AT 4 B, BT Sn?t b
Pb2 ARFR/N, AT 51 Ak Fo e P R B, 1 HL
T Sn?t Lk Sn?T HE AR E, Sn?T & 5 A AL K
Sntt, WS Sn BRI X A SR BUR, 153484
TE R IR Z I8 A2 A AR L L & P () K ifh — .
DRI 1 75 22 SR A R AR B s . IR I B AR
JLER.

2.2 5T MRIENEERE M

Karunadasa®:H CeHs(CHg)oNHT (PEA) #4>
B CHsNH3 T 135 ] (PEA)2(CH3NH3), [Pbalyg]
R W S 1) 25 4 D81 ol 45 () JIEE 5 38 1 e e
B HF. N T HB (PEA)o(CH3NH;3) o [Pbslio] A
CH3NH3PbIs %t i FE 1) F2 e 1, A A4 75 Fh kA kL
Jig U, A9 30 1 I B R A IR B 408 52% 1 R,
CH3NH3PbI3 &3t K%y 45 d, B&f@7 4 Pbly, 1fi
(PEA)o(CH3NH;3)o[Pbalyo] Z3f 46 d, AR H 4
fift, XRD [ i R RFIE I B AR I A AR By 1 B 245
ERW 45 M1 (PEA) 2 (CH3NH3)o[Pbslyo] H = 4545
R 45 ¥4 1) CH3 NH3 Pl X8 FE ) A% e P 5 4

ERFA B 185 B0 B4 RHE 0B E 1 B EE
CH3NH{ K BA R, ARITE—Le4RiE h #A K
Fouh TR AR e M AL T 25 34 (19,

X X AT AR B 2024 Br- B GIN,
AN AT DASE T 38 1 1 FF 2 FB 30 1T DA 3 45 4k
0TI P U . B AR IR/ IR B L
RGN, G ERET AR R E BCT R, SR
CH3NH3PbI; ] = 4k 41 #h 45 ¥4 1] CHsNH3PbBrs
(1) R0 B N7 7 R B M AR AR 4 HE R A
HONEE, —ERE L IE T CHsNHS BT it R
B . Noh Z8 HIF 7L 1 — R F R & w0 K 45 4K
CH3NH;3Pb(I;_,Br,)s # £F 1 Fa e 1 ), & ALK

VU 75 25 K BB BR AT B34F (z = 0, 0.06) 7E B AR
(< 50%) FHCE 4 d, FFEAR IR H R A 32,
15 55% (MR 5 T B — KRG, #81F 1 80R 2 B
i, SR8 ST T RIS ERR 2 2F (2 = 0.20, 0.29)
FEMRIE B A 35% A1 55% 1 20 d PR FRELH BH
ERRCR N (F3). HEAC A VYRR AR 8
f (x = 0, 0.06), 7EHFEAEZ 51 XRD ML R+
H LT Pbly (106 T &8 284 S 37 7 1R B 85 4K A 2% 1F
(z = 0.20) WA HI. ¥ Br 5| NBIEA oK%
FIE54kH CHsNH3PbI;_, Cl, F RS H =t K &
(A ARE tH REXT 28 1R I Fe e MRS SRR AR . X
T ClB 4, AR, Cl- A 2454
WA 25 H R A CLJE 1T LA 5 TiO,
I RIS Brhe, M3 I &8 4 i A e ik 2o,

gk LRI, it oo R B AT LIS R R 5 R
FRERT APRL, bR S A i e R R =
S, R B A SR 7R AN [R] P iR B R I A 1, AT LA
IR R MR AR Sy, TR R AR
WRCRIRTIRR, FIRAE LA R m A5 5k
W WA R AR R s T R T P AR 1k

19 35% 55% 35% TR
10 3 3 z=0.20
B + ot
g G
z=0.29
X 4r
~
L
&
4t Te— ;
i e 9 =006
) —§
=0 T
2 1 L 1 1 L L L
8 12 16 20
Bl /d

B3 RITEBIRMN SR CHsNH3Pb(11—5Brs)s
T WU i (25)

3 BUFEMNRENE

2R S PSR R B B Lt H T 854K
BORPRHE S U T B E PR ZE, A5 Huil itk
REIR R AL, T A4S R K FH B FL it BE % AU 42
D AR CR, i e T AR S N RO
FasE, MIERIE T 8RB I TAE A3 f. #8410
SEVERR T 5O B S IR MEAT R LA, ]
DLt of 57 10 TR 5 R AF AR E M. R s A R
AR = T K AR SR ST R A A A A AR
SEE.
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31 HFfEMERAFEXEMREM
HISZ M

H B 50 B985 BK K FH e H i T A%
i1 2 K 2% Ak B G4 R4 K BH BE H b AR A
TiOo P28 N T 32 & 85 Ak A4 R 0 A K s o 5
£, — R F TiOo 4K Uk K il & B Bom th &
TR 2 FLIIE, X BE AT R T 92 v Fi s P 38 1) '
Wi, XRENS CGE B AR SR (2 2 4L TiO,
K5 % BRI R, 15 R A K ] R 5 2
Ja, BTRSH R R R IR B TiO, ShFEAs H, 1R
M E RS, BAK T BT 1Y BE RS, MM S
PR R A, 5 U I P AL I S T,
MR R B RO O T B 2 FL TiO, XANE A
(R EE, AT BLA At AR AR 2 1L Ti0,, B2 fL
TiO B B H 2 112 10 K FH 1 1 2 R 45 1 1
K BH B FE it

Snaith %5 il £ fL Al,Os B R, # 4 T £ 4L
TiO, (I [E A A Fa e P, 16 4 K BH 6 1% 8 5k i
1000 h TS F&sE G B (K] 4). Hagfeldt 55 H
ZnO Gk FEE AL £l TiO, 1 N B AL 2, FAE
HOEH AR, 13 200 fh B A R AR E
FERAT B4 R FEAE S 500 h &, IEREORFF R
W3 90% IR R 01,

Ito % 7E TiO, |2 F W% PIBEAEK T — 2
SboSs 1E N PRS2, IK FH CuSCN 1E 745 5K
ftgidtkl BRI ShoSs 1A AT JZ, AL AT
DL B A T BRI RCE, eI T
FaE M. WA SboSs EA M 2 700 h 12
I e, AR B AR R 0, 1A SbeSs 1F AT TH
BELAS 2 ) AR X R e 17 2, AR B AR 5855k
MBHE 2 L TiO K IH 1 B ML FE A %, 2 4L TiO,
o W B 73145 Fo 7, IS AS I eg 2k 25 /s
TR FER H B SRR S W A &8s 1
(AT 26 S B 45 SR & CH3NH Pbls B
B CH3NH,, HI, 5 Pbl,. M SboSs I 7E4E A LARH
WX P PR RE, {413 CH3NH3PbI; A8 05 K 7] £
SEAFAE.

Wang %5 H Al,O3 X TiOo/CH3NH3PblI3 78 [
BHAT TG AL ER L T AR AT S R AR E M X
5] 152351 g 5 R 7R TR 60%, 35 T C IR IS
T 18 h. HIRUOE I 7R TiOy /CH3NH3PbI 8
7 530—800 nm IR 29855 T, F T~ ki

% H Pbly, 1fi TiOy/CH3NH3Pblz/Al,O5 i J& &
RIRORE CH3NHPbl; 1. #8475, &t
Aly O3 Ji AL F K 251 ZE Rt B AR TR AR B Y, 3K
Ui Al Og )= — & F2 B2 B 3 1 4 B b 4 7K IR )
YEH.

n/%
5

—

Jsc/
(mA/cm?)

Voc/V FF

(b)

,.--...,__ ._______,_..\
*— .“"-.. —

S
a9

0 100 200 300 400 500

Hfiw) /b
4 T AlaOg(a) F1 ZnO(b) M5 LY A A B ALt 1)
e (29,30

3.2 EALWMERAEFEXEMREMN
HISZ R

H A, 5K A PH 78 it ) 2 AR S R — %
K H spiro-MeOTAD(2, 2, 7, 7-VU [N, N-—- (4-F%
FEORHL) H -9, 9-08 7)), {HJR S bR R IR =S
FALIRE TR A 1074 cm?/ Vs, LWIHFATIHB A4 RE
IRBE LR, — MR A Li-TESTOW = 980 H befis
BEE ). Li-TFSI o] LA 3 2+ spiro-MeOTAD
(23 AL e 77, HL T DU TH 28 R0 TR B fLUE. 1K
Fipp R A T EE A, BRI RE AP Lit ol g
TH AR, EEE AR S R, T R e L )RR
Fase B3 BERON B — EAESS ) SR E A R
2= T AL S RS B B B AR spiro-MeOTAD.

— kU, AU R BLAT R R 1,
W EL AT s K M e, BT A RRBE B 7K RO 4 K
WAL A2 ok, BRI T R AR R A 7 1 25 A%
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WUk R BT o AR A R k. mT U
PDPPDBTE % & ¥ BHE N 2 XML fa J=, #i115
)BT AE A B A B £ 1000 h)a, 1)
JLT- G 5 4k R 0] (1 280 P31 2R A0 B Ah A5 AL
#El, 1 PSHT, PTAA, PCBTDPP 25 B9 Ak fig

5‘9}:/:, Moy -
T, iy
;{ﬂr@w’ﬂ;}fﬁiﬁ}@
j c-ﬂ;‘r‘{.,u,,

DR3TBDTT + PDMS

BRI AKRBN, NMifEmaErrmie it
K5, BATHT St T Bk N 7w AL R
DR3TBDTT, [A) 754 A 4 & 45 5 B m i 47
BT, 2 RCRBEWIA B 5 spiro-MeOTAD s 4
A 2 KT 0],

DR3 Il':l.‘_[?‘- spire-MeOTAD + Li+{BP

5 2R AR AR 85 0 R e s (40]

W 503K B A8 TE AL & Cul 1 2 28 /A%
JE AR B B3, BT RhiES
f82 h, HRIEAIRIFAAL, T AH [F) 2% 44~ H spiro-
MeOTAD {284 L PR AR 17 K20 10%). HLH
Cul fE 2 A M =, R IR R A IRk &M, 18
TR BCE — B ()2 5, AR T DL AR
WIH.

FESLES RN AR B (1) H A A% i BE T AR O, B
Bt T g RN, AR HAR R 2 S A A k),
RE R SCR B EELF] 12.8%, HA Hir s
1000 h{*2=+41,

BRSO B AR M R E A TS, (R
1E BB A% 7 28 18 02 1 3% spiro-MeOTAD i85 1
B e, JEd— P RERMAE T, BH
FIF- 28 e e R 10 2= AL F A AL

|1=])
y

4 % B

FHERD™ B RE HELHL 2 — S8 % K BH g L it
i T HAR R AL AR, HBCR AW T, %
TR 5 4 SRS A OL AL A LER ) #r (1 F
FAEAWT 5, (EAGE ME R R R BIFS R K I g
FLHL A 75 E 6 S IE SEBL P AL R ) SR K. H
HIFIRIE B LA BRI, G R B E PR R £ 22

ARG RE M SR AR s R KB e A 1R R 1,
FEW AR S L. B RS ERE A
FHERIRS E 1 5 FE B 8 2 NAERL BT M L H R, AR

E A B TREFEMEER TR A, 15
R 2T T ES ERAT A S5 H S TN AR ], DA T4 e 5
ERTAORL B B RS E . T AE S AT SR T T I,
WE R E R KVEA R, M e S 4 R
52 B Je) B A5 1 52 0 T 3 S0 2 A A i B IR AR H
RV IERIAT FUR B, SR e R TR deit iR a5
SE MBS ERAT AR, I 45 & F i AR SEBLRRH RE i it
SR, 28BS BRD™ K FH B R IR A AR E 1k
5] R 58 4 Ay SRR R, TR TR 2 AL B BT
RSB S AL RERE.
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Abstract

In 2009, organic-inorganic hybrid perovskite was first used as the light-absorbing material for solar cells. The rapidly
increased efficiency, simple preparation process, and low cost have aroused widespread concern. The last five years have
witnessed the increase of the power conversion efficiency in the organic-inorganic hybrid perovskite solar cells from 3.8%
to 19.3%. At present, most researches focus on how to improve the photoelectric conversion efficiency rather than the
stability. With the improvement of the power conversion efficiency, people have realized that the long-term stability is
also one of the key issues in practical applications.

The present preliminary researches indicate that there are two main factors connected with the stability. One is
the stability of the perovskite materials, including thermal stability and humidity stability; the other is the stability of
solar devices, mainly related to the design and optimization of devices’ structure. To solve the problems of stability of
perovskite materials, the main point is its crystal structure. Based on the tolerance factor related to the stability of the
perovskite lattice structure, choosing a more suitable size of the moiety can reduce its sensitivity to humidity and improve
its stability. To design the device structure, we should try to select a hydrophobic material to protect the perovskite
materials from being affected by the surrounding environment. Researches have so far showed that by optimizing the
design of the solar cell structure via combining the elements utilized and the bonding interface work, the stability of the
hybrid perovskites solar cell is supposed to be entirely solved, and this will determine the practical process of hybrid
perovskite photovoltaic materials. However, by the moment, the study on stability of perovskite solar cells is far from

being sufficient.

Keywords: Hybrid perovskite, solar cell, stability
PACS: 88.40.H-, 73.50.Pz DOI: 10.7498/aps.64.038803
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AR LA WOCIER W B (MEH-PPV-CulnS,), H
7 X 2% T BT R TR B M R A A — AR T kT
Z2[1) CulnS, 3838 (K 13). A TiOo 49KFES (K,
TiOo-NA) 1 Jy HL ¥ 1) 4% i 388 3 A1 5 A RO K
1l % 1Y) MEH-PPV-CulnS, /TiOo-NA = 7t & B
ith 5 A N () MEH-PPV /TiOo-NA — 7t HL it A L,
B AG 5 (1 v e S 14 R R IR 2 A Y e AR
Fop sl G MEEF, TiO,, CulnS, A1 MEH-PPV
AR T B A Re S A 1 T B S o 4
CulnS, & T mBER&ZA R4, = mHib A A
BORHGHR, EZHT)T CulnS, &1 %] K,
A BT AN TN G I 554/ CulnS, FH1HI
i 75 IR AR 378 25 T A W/ TiO S 1H 1 A V01715
BGRB8 T Re s AR e B R S
N CulnSy WS A )6 A HE T~ 1 CulnS, & 28
M, =70 B0 ) Voo 115 2R &40 5 HOMO H1 TiO-
(1) 5 R g, M AL T Hh R A7 B 1 CulnS, & T
FBEZN Voo NEA REPEVER.

BRI

K13  MEH-PPV-CulnSs/TiO2-NA =5 Hi#th 45 ¥ K 2
A MO R 4 IS S BB I T (4 R i R s MEH-
PPV/CulnSy #HiA1 CulnSy & T A1)

500 nm

tH

0 200 4OIO GOIO ' 8(IJO
ITO z/nm

14 9eKkBEK A 170 nm (a) A1320 nm (b) ] ZnO-

NA BB 5 () AJGTRIE R & WA M98 HOE IR

MR ok To RS 5E, T /& BBSTAR R « nm A F6HE,

a = 10% cm™ ! REGWRCREG PKFESIH 2 710 4E

K, A VAP IR IR = TR B K

BATETTO T e g 3 b AT 3 M 1 ) F Ak 2 0
R 7 VR 4 1 AN A BE 1) 5 1) AR K 1) ZnO oK
BERES (FK, ZnO-NA). BEAE TURN (] fR 3G n, 44
KK (d = 110500 nm) 2 £& P38, 1 B 4%
(30—60 nm) JL-FA 52 T AR I [R] IR 52 M. 3R 42 1)
WF 7t 45 B % 0 B9), MEH-PPV /ZnO-NA X [ Hi it
(B3 (c)) H 1 L7 i R0 O FELUAE 8 BB T 402K
BEK L, E99 KR FE 2 500 nm 3R 13 1 5K
(1 HL UL, K 5 AR AR (OO0 ) o — B,
O FL L AR AR NS ' SR AE SR A X S R
(B 14), f8E45 H vt b7 1R 77 A L R R 0 B SR
T IR 55 B R B R, — ok
Yi, 7E d < 500 nm & Fl A, B 9K TR SBCR
I D/A FEIH AR, AT 2 i H Aar 20 B8 A R A H
Wity BeAh, IR B TR SR R K
AN 2 ZnO SR FEAS W L RS0, 10 F Y Ve 2
B R T ZnO 2 T BB B EE T AN 2 R T IR
ﬁﬁ$ [39].

4.2 D/AZHEMBHIEIHEIRIERE

AT K B A LN Gy 1 112650970 gl 5 A
Py 71 6k A A K L 2 THTEEAT A WS SR IR
OXBH HL L ) 1 RE; AT R T B BN T IR 88
T (721 0 5 A W S AT A8 4 05591 Ti0, A ZnO 4h 2K
AL S K BH FE Vb PR RE IR AL, 45 SRR, ALY
A AT 035 IR W5 T WL KR 22 8] (1) A 25 1
P Joo FEANHI D/A FHH AL BIR T B &, (HX
M) Voo A2 BB sk /N Ve . AR, ZE T8 E
WAAE I RIHLER S, ANATTIE W 208 TR D/A Stk
RE 2 1 T 3 B3P Y 2R 25 45 M) 1 5 3 o 4 A2 12 e 1
AR

T v R e R AS G5 R AR AR RS e, FRATT B
ZnO-NA N BRI Z KM KL, REHETE T A LB
xof H il RE F sz (4. 3@ ZnO-NA 78 52 5 4h XL
SR ML/ G T3 BRI [R) (T) ke 42 il B 71
AR B, K AN RIS T R PR R 41 2H 2 i MEH-
PPV/ZnO-NA Hith (3 (c)). FI FH R RLRT H il P
REZ 8 5 DRI |] 2 18] ) 5K & (K 15), &5 &AL
& HT G B F0 A B C Y B B 00 A 4k, RATIER
AL X6 oK BH R VB B PR AR FH 77 T 3R A5 T 1 2103
PIHLERPE DA IR XRA USSR W] o3 52 AR R 45 44
Z I ARSI AT D /A G T HL 4 A PR B, 1 5 PR AT
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R N R A TR AR, T AR e A A B AR
(PL-QE) MG R Joo; BN Voo BIETEE
AR, BN Voo, FRMA NS SR
Pl ZnO R G SIRE (IpLe/Insr), SRFEAK
FERI A AR 1 LT AE 3 AR B 2 22 8] PR 40 AT
M HLIH Voo AR T 75 4 (7 ) Bk T 1 B HL 1 45 A
MR ERDEAE R T D/A R ALK ZnO B ST
SRS, HL T 2 2 R A HE B oK BB 2 4 0/ AT
T Voo K, FIRFb T SEEE PR BEFAED/A R
THIAb 5 23 ) S B R0 2 RO IS, DT 384 5 007
TEE I T T3 75 75— HIE R &7
W, ZnO R R FEZS 2 BB R 91 A EAE
1328, 1 Voo AT, 3800, B3 2 A& 1) 2
A2 e AT FF) A7 AL 170 HH B0 B 22 ) R T R P 5 SR A7 3R
A, 8 Voe Ml 7o I8/, BV 57 2RI A B
FRIRRAE G ZR, AH 25 T R [ 10 5 Tl 8] 3 T A2 I 26
A AL &S, SRR, AHVB IR — € R
AR Joe, MHRX Voo MSGEIE AR, 08 A HL
WA i AR A S B P Ak 1 KR 4 T

904 () 10
—Er
x 801 D L8 E
4 o L 3]
5] > il 1 =
—~ Eps ! <
T 601 L Le £
=9 1 o i :;
604 _ 8 4
S O PL-QE O J..
50 : ; r . i 2
0 2 4 6 8
FEIBH) TL/h
0.44 (b) L— Ve O— 7 1.6
/ el
- A—
= 1.2
2037 A A "
= s, A £
2024 © ° P Lo
i | AT - |
= 0.1 D\} / L0.4
1 Lr —O—Ipwe/Inse }
0 T T T T T 0
0 2 4 6 8
RS T h

K15 & Ty % PL-QE fl Jee (a) YA IpLe/INBE,
T Fl Voo (b) KM

4.3 D/AFEHITHUSIER LA MERE

WA SN, AATE I AR A
gk i1, LLER m HPSC b Pk A -7 8

NS it 55 25 M B iy PR L Ve, LR F 0.8 V BL
by AR EAUB D A ], 2R 4F 1 Jee AT 1H 2] —
PR i, A RAREOY 2R /N3
8. SR, AT TEHUAS I 72 A 1 25 46 5 1 g 2 TR
IR R SR RANIE 2E, il an, BT g T7 %
MBS R, AEE VTN T R 1 A
HLE NI 3 8 Voo B2 7 B VER AN A1)
FED FHEMREHE FBT Voo S5 7L A
J& 7 5 J5RA [ o T AUE A ZnO-NA F1 TiO2-NA
J ot Be OB AT, HF4E7R T TCHUE I B S0p kLN
SERE R B AR A B R FE P BE () AL EE.

16 ZnO-NA B HR E Ui f CdS & 7 s, 13 3
DL ZnO g K ¥ A%, CAdS=E T &M £ f i
N7 ) R ZnO/CdS-#% /5¢ 48 K ¥ [ %1 (ZC-
NA)(K 16 (a)). # ZC-NA 5 MEH-PPV & &, #l
B MEH-PPV/ZC-NA = 6 KBH i, HigtE 2
MEH-PPV, CdS M ZnO =% 7 & i 7 B A 52 4
REZL S5 6 I TL A S s 45 (&1 16 (b)), CAS & 158 )=
B 2 32 1 SR Eh AR, T ZnO K% 3 I H T AE
HEiE. 5 MEH-PPV/ZnO-NA — G2t Hi it A
b, MEH-PPV/ZC-NA = Jt HL Ml [ ) H % 46 14 R
B3 8 FHRE, W cdS %2 EE (L) i,
i B8 PF R SE R T TR, R SR 190.15% 42 & E
1.23% 191, CdS 5% )2 I B nT 44K ZnO 9K B 11
FTMBR A S5 H I T AR T R AR S
a2 e-h 23 18] 4 B8 Uk 55 e-h (A 55, X ey 2
S B i P B IR R AR X R R A E

=
N

WY
TTOHHE

Az

ZnO

(b) o |

16 (a) FEFI ZC-NA {13t s A% it e i 75 (b)
MEH-PPV/ZC-NA HLith 5 58 5 45 A4 F1 H A 4% iy 1 7
() TERCRAYIX [T

—~
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TR T A T T I P AR AT D, BE T R e A
TR A A B, e OdS B A R 7 IR AT 3R
EE BRI R 6 HIR Js /& CAS M &
P e ot R A B SE A I S5 Y BT ZnO AZ G K iR
[BE (1) KT REWMT I 8K Ly, 3804
F B AR T RCR B Y X E] (Br), KRS
P 5 e IR AN e 7= A2 Aotk (116 (). 24
L=(-2Lp)/2~ 6 nmi}, EM X%, ZnO T
i H IR H 8 B IR B WA, FLIR Joe A1 ZnO 9K B
R R EOR HOR B R K, I HL ) WCER AR
(AL 7] 7o 52/, #8170, MEH-PPV/ZC-NA =
TG HLL ) Vi 7998 B G 5 HOMO #1 ZnO K5
i REZL P E, T AL T Hh A4 B (1) CdS I REZRT Ve
ANEA A, 53 =0k R 4508 — 5 08
FEREERER I RAE T, Voo 56T A2 X
FKAEUE B HIE, CdS FEZ M X ZnO K HiHk
IE 745 P B A SR 388 o > A Fl R 23 o] (R o 2 K g
G0 75 KAt L Voo, FEFE, 24 CdS 7% J2 B
(L < 3nm), HFZZE 81l ZnO K HhEHEE K
BN 2 A, MR CdS5E)E (L > 3 nm)
2 BRI I e-h 1 1] 43 B RIDRSS e-h i SR
WANER T E A, £ MEH-PPV/ZC-NA =G Hiith

RS TV, ST A T ZARA B
WAF K RX IR, AT AR R e R 2 1944,
1E ZnO-NA # AR BE %1 /1 3T #R ZnO & F &1,
358 DL B ZnO g K BB N . AP REAE KT
ZnO & 7 &2 N 52 1 [\ i ZnO/ZnO-1% /7%
gh K B B 1) (ZnO-NR-QD-NA); 7£ TiOo-NA HE AR
B %) v T AR TiOo &+ s, U 15 3 BL 5§ TiO,
ik N TiO & T f £ & K~ 5% 1 [F
Jii TiO2/TiOo-# /52 44 K ¥ B 41 (TiO2-NR-QD-
NA)(Kl 17 (a)). 5 MEH-PPV/ZnO-NA 1 MEH-
PPV/TiOo-NA HjthAH L, AR [F) 5 A% 57 25 4 H
M Voo B1E K 0.36—0.4 VIEFE£/0.70.8 V,
H & 5 R AR A A AT 7 B A T 15 31—
SERRRE ML 1L BT I UTRRE D/A R AL 5
AN T REGRIAA, 17 7o KRR, BR
TRFAAS G 28 7, Bl 5 AR R IR 500 2
— B BT B V. B3N H AN B F D/ A ST Ab
R R o 2 A2 A R U R AR, THELR I, BT )
FREN (E.) Rl E v PRI 2w T 90K, (B
FEZ ] B 1R 22 AN 52 Voo 5 e 1 JE AL 75 0], W] it
W52 )2 B0 Voo ROZBRK, (HIX 5 S50 45 AR
25 ) FELTAT PR A FEL AR AL (SCLC) i és SREH, &

AR

¥/7ck5

IRBH AL

e-hfli A

17 (a) BNRFUZ/FEE5EREF R ORI R A5 445 (b) SIS AITE AL, Hed U5 R
TIANBERE T (c) A% /TRt B b P BT 4 A TR 324k, L P R AR e S K REZR
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T RUGEE KA BB T E A O A BT AR e
[T BE 1 220, 45 RAEE AR S L A4
BAE (K17 (b)), B 7 17095 70 5864 10 57 i 4
IR, SRR I e £ 5 B 37 1 1
TrZEEMAB A D), PRI AR5
IR, (EAZ b T B HE 2K B M B 2 1) A AH
XL BAAR 16T g i E T SR AR
IR B A HE B oK REZLZE 3G K, AT 3 B0 Ve 389K LA
Je Rt e () P LI B M 4 5 TS AR BEA
FIAI, Voo BB HRMA. &5 REW, R PiZ5%
LR R Voo A2 i ST AR O 1Y, T o DU R
T F R X T R SRRE R, PRI R PR 2 A [ e
13 Voo M 7o X 52 )8 BE B ARAF P B S 1) 224k e
B, A IBIUEK T Voo 570 ZIAIBH BIERKAF
¥ A [43—45]

4.4 SRR R ILIRIERE

SR I S A 0 HPSC HRL It R R 2 B
A TFHMERAAR: 1) A BB EnEE, H
Il I AL BT AR 55 A% (400650 nm) 11264 2) #
TR R ) 6 I S SE R 8 B (300—800 nm), {H HE
o7 A 0 308 T N AR 113514 16.78) st S A M g oK
WA HUEA, AEcisE D/A R B MR, £— &
FERE L REIR T Joe (HXF Vo [0S0 A PR [12044,69,69],
M D' W AL B 70 %5 55 1 T AL A R A i S A6 P 4l
KEEM), BAEE ZIE R Vie, H Joe TIRA S N
B 6T R AR A YRR T, &
PL 14405700 gy e L (4946, 75) BT A& A, 8 AR A KR
FERR I FF. /e — 2 FJE AR T, dith
FIRR 1 e Jue, Voo FIFF HILEEEE R, R 3R
AT HPSC Lt 05, 75 22 W] B 4 v H it 1 Ve,
Jy FIFF.

K% 50 G5 AE) P K Ao O 1) 2 — T 2 B AL 1) S LA
MR — 5T, AT LASRAS B 0 A e, (R
I % 488 T 5 THD (19 6 5 T DA 776 J2 78 40 B4k T 2
181 Voe; 53— 77 THI, BT LAFIFH 52 2 3R A3 40 7e R SR 12
1 Jse, I H 70 BRAE 2 A% 188 38 AR & ) [A) 7
B 1) B 2 AT e AR B T I R A ok,
PATEE H 2 4 5 PE B8 P R AN 4 ke 10 v R0 1) & v
MHPSC Hh i 77 %, A46: 1) H ZnO-NA —Joff
B9, YIA CdS & F 5515 5] 76 ZnO/CdS-
¥ ) 5e G5 Ky gl K B 3] (ZC-NA), #E— 35 T SbySs

ghy K WKL 15 B = 58 Zn0/CdS/SbaSs-1% /58 /7
ZERI YK FE B (ZCS-NA), CdS Fl ShySs 7% 2 B i
A TR IR BB TR 45, E R AE oK BB ol 2
FlICHL I BE (40, ZnO B2 45 4 18 1) & i iE
T8 2, CdS X ZnO K ERFE T R 4784k FE /1. SbaS3
10 5 D' RS e 0 AN RO R g A AE ik, B
SRAG I 1 Ve A Ty 2) IR 2L (LITFSI) {E N
FA5 R A YMEH-PPV #4790k 205 4%, 2
AR RE T, DRI i I FF. K4 1% 77 & 1l
#% ) MEH-PPV /ZCS-NA % 4 4y it [f) R 35 5
5.01% 17 X2 H TR A4 /40K BE 5 B HPSC 1)
BUFRER. WIS/RE T = 0K EESI B & il
&5 ¥ B 41 5y A8 B RE AR 465 45 Horp ZnO 2
HL - 52 AR FEL 7 ) SO R A% i 4D 3EE, 1T CdS
SboSs BEA2 HL T 5244 X2 L F-45 1 Hid 2 fi 7 F1 s
TSR L, MEH-PPV A& 25 A1 23 7% i Uie 45
W)=

ZnO-NA ZC-NA ZCS-NA
(a) CdS ‘ ‘ | ‘ SboS3
ITO 11O _ ITO

MEH-PPV

18 (a) ZIRAKEERIIE A (b) TGk ML=
RN, T 2R 4B AU R O G R IR (c) P b 2 o
EEMEHA RN, § kTR Tt RRWE
ST MR 3K (k1) FIZARIE (ko) I HE

S5 R (B 19) KB, 22055 fitb b LiTFSI
kB 4 B E N T MEH-PPV [ 45 /T # Al

FF, Xt R A& EE. o 78 1A RS

FBEG . Ko B i 7= 8 5 e s 17

FE R H T CdS, SbySz F MEH-PPV K 5 %M

W Hh ) Ve £ 2R AP HOMO 1 ZnO 1)

E. R Y€, 1Ak T A A7 & 1 CdS M1 SbaSs 1]

BT Voo NEA HREMIERN, 5HAM = ok R4

T 11946,68) et vy Hh A 1) 7 AR R S P RE AT,

CdS 7¢ )2 1) B ZAE F ISR IAE AN 7 T — &8l
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b ZnO R B I INEN 2 ZnO T 5
REWYh 27 M HE oK R 22, it B =
() Vioo: 55— 7718, 137 ZnO 7E U SbeSs HITE R H
A2 k. SboSs 76 2 1 32 BAE A & 7 H
MAE 300—750 nm P 1 55 i e S PR BE, B2 HL i
MR FIRER Joo. AHILFER G IIEARMERDS
(15 FELRRARA, TGO R 1 0 I S v e )
FE 1) B T 2 R, 75 4K JECH 2 TUR A b
MITEALANKIEZ, NG iR 8 T X L To AL E B £
SIREOCE L EAE 2 5 b B R, MR
i T EARIE R &Y MEH-PPV 1] #% 41 K T 30%
ISR, DRI R S HRE /).

15
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& 10 i W
g i,
= \
- 5 \
® ® @ ® “\‘
L T8
—a— L BNy
0 '. n ; : p :
0 0.2 0.4 0.6 0.8
HE/V

—&— ZnO-NA (b)
e— ZC-NA
—y— ZCS-NA
T— ZCS-NA 4484

IPCE/%

300 400 500 GO0 T00 200 .‘Jtllll
HS/nm
K19 g J-V B2k (a) F1IPCE # (b) (8204
B RNk th MEH-PPV 1 ZnO-NA, ZC-NA 8 ZCS-
NA P ;1025 O FF 5 3-8 HUth By LiTFSI 28 £h 5 ¢
1 MEH-PPV 5 ZCS-NA #H ig; st # CdS, SbaSs &
BRI IR AL )

5 4K 45 PR AR Ok By B R AR B
1 gt

H AT, X HPSC )BT 70 K #8557 B 49K
25 K R 5 WD MR IR 5 70 AR O 8 1 45 4 1
0 =28 TR G R RS S B IR P e TR i
FASRIEARE R D R IATA L 2 AR b ) — A B
LVERE, BRI IRCR B BRI, SRAGAR
HL U R AT R T 2 B0 5 A K 5 A R 22 T R A

KF, WONEACRA RO R S Tl
B IX S HOAT I 8.

5.1 Joo FlJpn

T F& FAI H I 2 F AR ST B 1 B 1 BB T
S, anIRATT 2 R TR R 1), GRS R R 2R
MR PE e D/A FUTH A 25 PRI 00 S e
T3~ MRS B 1 BIAE S RE 0 R TR L 1)
R ZAFRISFE D /A T A e-h B & AL fnd F2
LT 2 A A I R E R L DL A FL A AE FLA
R R AR R R Jo M E SR K. £
BRHETEET, F A BMA 2 0 BANC IR RE | 4 =
RGBT IO FH 242 RN 2 F gy A% a1 DAY
IMERNS R REERR, IR E Sy A RURE.

Ji2 B AL (Jse) MO HLIA (photocurrent, Jpp),
WA TRIEBRT AR N EESH. T, 2
i FIBAE G HRS B0 T 77 AR B0 1 T T B FL IR
MM Joe A& T 7E 50 2% IR 0 T It e F s 28 2 1) L L.
Jon W HZNAS IMPS HARMAR, T Joe B J-V il
BAR1T. TERERUL, M B NN, fE
Lt -V A I R ) O BRI LT A4S A
(J;) 72 G HIR (Jpn) FAMIIR (V) 3N BRI FLR
(Ja) BERIBO=SA /1 g = Jop + Jgq. B, 3%
Vo = 0, LM AL T J B8 5% A, b Ish 0 75 17 Fi 3 B
Jsey BTy = Jse & Jpn. AATERGE 2848 5 F IS
FEAXS ZF ML= AE X 3, BT LAUE Jge 72 Jpn HIER
EOSS U B== 2 W s Gl LY B SR W AL L AT R RSN
() Ton FEBEE BRI T, P349:5T600 7 — 52 fH4 k)
iR F, BRI, B A 20 Scpr s JGIE T Z
A Sacr~ AEATHITEAR PR E 7 HLIB 381 1 A0 =
(E120). Bl H AR 5 ADERE T AR (St ) B84k, 3
NI EZ R Jo A Ty, A AR R AR AR 34 18], 2 il
(AT AN [F I, G 7748 St = Scpw, FISE
R Jse FA Jon BAE PRSI E B Joe = Jon. 756, 4
SieL > Scer H Sact > Sce N, Jon SR HE %
AN, T Jse SAETAE ZABOR. X g5 R,
IMPS = 2 e W) 72 Fb A R AR A IR B, 1
J-V IR A s W TR R AR P F R
B R, R SR F, @R Sact > Scrn,
R4 4] S, = Scrn, 770 Joo RUEALARAE I
) Jon-
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1.2
atf =
mI
041 @I @

o
N
2

Jpn/(mA /cm?) Jse/ (mA /cm?)
o

S n
1: no
0.4 4 2: 8 X8 mm?
3: 4X4 mm? ] Py -
0.2 T T
0 1 2 3

K20 A R (T—TIT) o6 IETAR T st e AN
Jpn MIEZIE (FIL A ZE R (SceL = 4 x 4 mm?)
FH 9 BB 11 B 8 5 40 B O 0 2 T AR e s 5 ' R TR
H 3G 58 (1—3) R K/ EH, “no” Fam FL G IR
AT BR 1))

5.2 VoM Vin

e Ay — 70 HPSC HLM B i K Ve 12
4K 45 1 32 A1) S (CB) SR AW mE T 4
B8 (HOMO) 2 [H] ) R 2k 72 BT e g 1528831 A
MEH-PPV/ZnO-NA e HIE Y, 22 AR F1 45 74)
BEANAZ N, JRATT R IS B Voo HY 2 1 22 THT B0 81 B
TR JEE P, v B TR A S B Ve IR PO A
HPSC H i, 54 2 5% 4150 2 18] 75 B 11 B 5
JR A IS B e S 7 20, CAERAIE A A0 LA A %
FICEE. AR AE o BOOTL i 1 £ o [1724449,68
WEVE R RHMA R AT S 25 R T
T AR HPSC Hh Voo M KAH B R A1)
HOMO eI 78 24 3 %2 o - 2 AR A AL S i Bk 1) 5
A RE R E, T Ak T e A AL B AR 2H 73 B 28T Voe AN
HA e YErE L (HIESEBr i, Ve 5R A
Hh 23 ORI T L2 P R AR T I BOR AR
EUEARG (B 21). ilhn, #2145 (SS) 173k H
FIRHE SR BE GO BEAR edV, ST/ LT 5 23X
2 1) BRI HE B K e 2 2R AE B0 Vi, BRI A5 4B,
S ) T T 8D /A AR e-h IR A 1E
J 104648 =501 14 Bl V. ) TR BRI 3. EGNK 4
AN Y B S EAE (AR Sl NN R b Sy A N ]
R A B0 e-h 725 7] 43 59 B S0 b (0 1 %
FEAE, AR T s i) Voe. BT e-h RETEHIXS

Voo ISR, 25 e-h A8 & 4F FH LAAE 80 + & & fi =
AREREBIAE T, MPKAE Vo ks 1940 1025 e-h
8 E A DA 51 7= A A B2 R e v 1 R o 2
KAEGL, WA FIT Voo M m o500 S 4k, X+
—E BIM A R, HLIB AT R S5 A AT SR A (A
W gV Z AR AR /) 2 fE— e AR FE B
g b A Voo (430 B KRR G B T AR Stp, 78— B 2
B AR TR V.

RS

LUMO

CB {\—

21 ZHIEHE P RSSE REHES K B R RS,
th By B By, 0TRSOk R
JF 2% B (Vo) A% B & (photovoltage, Vin)

SRR B B EE SR V), TSI IMVS
BORMAZ, T Voo AR J-V MRS, TP HE
Voo AETIGAERE V. £ J-V I aeill
W, M T, = Jon + Jq = O, J7 AR
Jon F J g 35 217, FER AL T T BOIRAS, by 4hin
W IE Vi, = Voo B8 0 Vo, A7 _E 2 i D/A Sk
KT o 8 7 A R T R e 1 B RATTIY
SRR LEMR A RE R AR AL, 3K
Voo FTFEBEH Vi FO3E 0 BO44451 0 SR 24464 ) 1
B N A% 1T R 3 F) A7 ) B FR T AR Syor, 2R KR, sk
N Voo EMEBEE I Vo (B]22), 1X52 BT
P Ve A1 Vo BRI EAS IS R 19 Rk, T
Voe 5 Vo # BIRER ZEARF, A28
FLHE I A OGP, (H 35 75 52 4 (7] F) 8] 2% 5 el i (£31)
un, MR FEA M FRAE (b)) 7T 2N AR, 5
4b, 5 1EH AR A R A R B — B 16T
5 Voo FEAT BRI NE. BARBUONEK (1 i
F5 0 7o KR T BE S EL D /A S AL EIR T B 1Y
K, ART PRI Viy, HEAGEVH 7. 5 Vi
& B BEAR SR, BN, 4 R AR AR R A A
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I, Vo BB 2 B S B000 50 16 0 i 0 K T
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WK LRI P B 17 A O 2 R 2

1
0.44 — 1
. ‘2- n .3
>
X A :
- 3
0.3 ik 1.3 =
1: no
T 2: 8x8 mm?
2.07 3:4x4 mm? 3
= 1.54
= , b
1.04 & ’ '3
£ 1,3
1 2 3 4
T./ms

K22  HEAR I (0, ). II (o, o) I III (A, ) F
I Voe M Vo 5 7o ZIHIIRF (LB AT & R B 20 itk
A A (Scer = 4 x 4 mm?) P HUBE ) 55 3650
B v A R T AR R s SRR T AR el s B (1—3) IR/
21, “no” FoR LB A INAT T BR ) )

6 ZERE

AL AT HPSC L B 7L B0k, TAE &
R RRAE 7k, ESAHA T RADLFR
FE 5T ZnO 1 TiO2 442K 45 14 HPSC J7 [f (1) i 5%
BERE, AR BN TR B ) B AR | v AR
RLS 24 BT R I % o 400K 5 R R P AH G 1) 28
PRERESE. AT EZE LR T: 1)IMPS 5IMVS
AR, AENEIR I IR R HPSC Hi it ih 3
TS B I R, BATTRI T B A A A
IMPS K i 2l Al ' FL L 4 ok 7 v G BED 3R 1) 3))
JIFAT A 2 A LA B A T 2R 2) 24
43 B A 8 8 B W T E AN ) £ i RHPSC L)
BROTE. 3) FIHMEMAE R B TAMCR I ERE . 42
B R AV R RCR R e F e A4 i 1 A
I ME SIS FE R I RE R R, R Jo A 20S
£, 4)HPSC Hith Vo i KA FHESDT
HOMO R4 A 78 2 3 B i 7 2 AR R AR S i kL) 5
ARG, T AL T A 1R A7 B 1K 40 5 BE T Vie A
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BRARDG BlALY R G50 2 AR SR TH R THAS S 38
e-h [ 40 B PR AR A P TR AR AR
T B ) Vie. 5)HPSC Hi it rb, PR g $ il IR 25
IR, Ve, Von M 7o =3 Z 0 JC HAZHIAH K1,

15 52 A0 R SAS [ R 2 B2 i, e AT m 2 28 L E A
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K.

MR TR, ToHLAK 451 (40 2 K )
PUREVE AT TR & b 159 20 RO AR . AR
RSRIE R, TCHLARM BERIE &, I T SLHIK
AR SR, HPSC B 7T H AT A 1 42 3 K i 7t
BRERNNIR. ZHpwb s, 800 T sl 1%
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BT RHPEE . AR R SR PR AR X 4R
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BFRIZE R BT R S0 4K B 7E HPSC F it s gk 4T
H IR B 2 J2 5 5 4 (558900 2 345 v 20 P i 1Y
FETTR BT FAb, T RHT L B SR K 7 )
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PRARTR BAT v RO A S AT USSR 1 BB (R 9 K 45
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n > 10% K HPSC %14

1
2
3) EQE: external quantum efficiency
4) FTO: fluorine doped tin oxide

(1) ASTM: American Society for Testing and Materials
(2)
3)
(4)
(5) HOMO: highest occupied molecular orbital
(6)
(7)
(8)

CB: conduction band

6) HPSC: hybrid polymer-based solar cell
7) HTL: hole transporting layer
8) IMPS: Intensity Modulated Photocurrent Spec-
troscopy

(9) IMVS: Intensity Modulated Photovoltage Spec-

troscopy

(10) IPCE: incident photon-to-current efficiency
(11) ITO: indium tin oxide
(12) LiTFSI:  lithium

amide

bis(trifluoromethanesulfonyl)

(13) LUMO: lowest unoccupied molecular orbital

(14) MEH-PPV: poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylene vinylene)

(15) OPSC: organic polymer-based solar cell

(16) PCPDTBT: poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-
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cyclopenta [2,1-b;3,4-b’] dithiophene)-alt-4,7 (2,1,3-

benzothiadiazole))

(17) PCs1BM: [6,6]-phenyl C61 butyric acid methyl ester
(18) PC71BM: [6,6]-phenyl C71 butyric acid methyl ester
(19) P3HT: poly(3-hexylthiophene) (P3HT)
(20) PSC: polymer-based solar cell
(21) SEM: scanning electron microscope
(22) SS: surface state
(23) TEM: transmission electron microscopy
(24) VB: valence band
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Abstract

Hybrid polymer-based solar cells (HPSCs) that use conjugate polymers as electron donor (D) and inorganic
semiconductor nanocrystals as electron acceptor (A) are novel photovoltaic devices. HPSCs integrate the properties
of organic polymer (flexibility, ease of film formation, high absorption coefficient) and inorganic nanostructures
(high electron mobility, high electron affinity, and good stability), and have the extra advantages, such as the
rich sources of synthesized nanostructures by wet chemistry, tunable and complementary properties of assembled
components, solution-processibility on a large scale at low cost and light-weight, etc. Amongst various inorganic
semiconductor materials, the nanostructured metal oxides are the promising electron acceptors for HPSCs, because
they are environment-friendly, transparent in visible spectrum and easy to be synthesized. After a brief introduction
to the current research status, working principles, device architecture, steady-state and dynamic characterizations of
HPSCs, this paper mainly reviews our recent research advances in the HPSCs using ZnO and TiO2 nanostructures as
main electron acceptor and transporter, with emphasis on the theoretical models for charge carrier transport dynamics,
design and preparation of efficient materials and devices, and the device performance related with nanostructural
characteristics. Finally, the main challenges in the development of efficient HPSCs in basic researches and practical
applications are also discussed. The main conclusions from our studies are summarized as follows: (i) IMPS and
IMVS are powerful dynamic photoelectrochemical methods for studying the charge transport dynamics in HPSCs,
and our theoretical models enable the IMPS to serve as an effective tool for the mechanistic characterization and
optimization of HPSC devices. (ii) Using a multicomponent photoactive layer with complementary properties is
an effective strategy to achieve efficient HPSCs. (ili) Using the complementary property of components, enhanc-
ing the dissociation efficiency of excitons, and improving the transport properties of the acceptor channels with
reduced energy loss to increase collection efficiency all are the effective measures to access a high photocurrent
generation in HPSCs. (iv) The band levels of components in the photoactive layer of HPSCs are aligned into type
IT heterojunctions, in which the nanostructured component with the lowest conduction band edge acts as the main
acceptor/transporter; the maximum open-circuit voltage (Voc) in HPSCs is determined by the energy difference
between the highest occupied molecular orbital (HOMO) level of conjugated polymer and the conduction band edge
of the main acceptor, but the Vi in practical devices correlates strongly with the quasi-Fermi levels of the electrons

in the main acceptor and the holes in the polymer. While passivating the surface defects on the main acceptor, increasing

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11274307, 11474286), the Major
Research Plan of the National Natural Science Foundation of China (Grant No. 91333121), the Young Scientists Fund of
the National Natural Science Foundation of China (Grant No. 51202002), and the Natural Science Foundation of Anhui
Province, China (Grant No. 1308085ME70).
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spatial e-h separation, and enhancing the electron density in conduction band of the main acceptor will facilitate the
increase in Voe. (v) There is no direct correlation among Vic, photogenerated voltage (Vpn) and electron lifetime (1),
and they may change in the same or the opposite trend when the same or different factors affect them, therefore one
should get insight into the intrinsic factors that influence them when discussing the changes in Voc, Vpn and 7. that are

subject to nanostructural characteristics.

Keywords: solar cell, metal oxide, conjugated polymer, transport dynamics

PACS: 88.40.H-, 81.05.Je, 73.61.Ph, 87.15.hj DOTI: 10.7498/aps.64.038804
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(e M ) L E AR K Nin % A TR Y
FRARH K PH B 2 B E 2 SR & HAKR AW T
S

H>O
CHgNHngIg(S) — CHgNHgI(aq) + PbIQ(S)
CH3NH;3PblI(aq) = CH3NHs(aq) + HI(aq)
4HI(aq) + O2 = 2I5(s) + 2H20
hv
2HI(aq) = Ha 1T +12(s)
FEAFESERD™ R BH AR R 5 R A 32ROl piX
R, AATTE RS ERETR S HTM R Z R 1 —

[ TCO (a)
e HTM

p or n-type c-Si wafer

silver

2 Al,O3, BEBHIE T 45860 2 5 J8 Fl 2= S K
S BRI 7= A2 3B RN, WA P 1k T TiOe 5
spiro-OMeTAD 2 [8] ) BL $ 3 e, 41 1 718 18] £
4. Snaith /N P8 EA Ay B 35 3R 2 B5 EK T T
R 3R THT 51 (R AN AN A3 B ). A AT TR S R
W R A & B S 7 FAMARE, REE
AR, 25 RS K RN AE R AL A A A
W, AP b FABEALE, &5KETEA
SRR KA RO BT P, % B R SR
A R e 3 2, KA AR F IPFB (7 % 7K
AEEEHTM 2, 55 s B & 7 K A A AR A
PSR B, BOE R i L R AR E P, ORI T
spiro-OMeTAD H1 7 X E & . BRIt Z 4, Leijtens
2 NJE It bR AT 2 2 48] S 558 ) S,

P I I RBCR i RR e M, F AR A P e
FJETM, HTM JZ, Ffit— B b it 45 44 SEI
KR 25 fath T2 R R R FE AN, W
BISCHTR, SR ZnO, Al,Os, ZrOs 248 # Ti0, 78
M ETM 2 M I PTAA, P3HT, Cul, CuSCN Z54¢
¥ spiro-OMeTAD 78 24 HTM 2, BOBAE T —%&
R, T FHF AR DLRE B 47t 5 8 ERA
P NEERTY TN

CIGS, CIS or CZTSSe

Tungsten

K8 45kl SEEHM (a).CIGS, CIS, CZTSSe(b) 4 2 Hih AR ] (6]

AR B R R AR I ZH R T
WERL R AR 5 B, GO0 T 4% & )2 F it AR H A R
B ERAT K BH FL ) T B R AR =5 (> 1 V), FI S
FEREK (> 20 mA /em?), JEHE T3 )2 it i
Tii e, 1 CH3NH3PbIg_, Cl, ¥ A5 £k e ith
A S REE . CIGS M UL, M8 ma S )2 i,
W 8 Fr7n. Snaith 8 £ H il £ 85 K0 2 45 Hith,
B B 2= Ha b R B A A [ 27 Al B B A S R R BH
B ZH K.

BEERT K BH FL It B ph AL R b I AR T R,
(ELFE G I 5 A I ] Y CBUIS 0 ANt NATTREE
T 2 (1 T T e St R 1) RO VR B A
BHERE S LA 3 i FL e 1k 25 05 T, R =2 X85 K
B R BH L O A BB AR = AR, Bl 75 2258
20 3 S TE R R IR B A P o R R i A SR B A PR
WEFCRBE AR, XA B T3k — D iR m A ek Y e
M ERE, thRED AT 4 B Tl 5 BB v R 0T 45
SefitiE .
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A review of the perovskite solar cells”
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Abstract

The efficiency of solar cells based on organic-inorganic hybrid perovskite materials has a rapid growth from 3.8%
in 2009 to 19.3%. The perovskite material (CH3NH3PbX3) exhibits advantages of high absorbing coefficient, low cost,
and easily synthesised, which achieved extremely rapid development in recent years and gains great concern from the
academic circle. As we know, perovskite materials not only serve as light absorption layer, but also can be used as either
electron or hole transport layer. Consequently, various structures are designed based on the function of the perovskite,
such as the solid-state mesoscopic heterojunction, meso-superstructured planar-heterojunction, HTM-free and the organic
structured layers. Besides, it is also attractive for its versatility in fabrication techniques: one-step precursor solution
deposition, two-step sequential deposition, dual-source vapor deposition, and vapor-assisted solution processing etc. This
review mainly introduces the development and mechanism of the perovskite solar cells performance and the fabrication
methods of peroskite films, briefly describes the specific function and improvement of each layer, and finally discusses
the challenges we are facing and the development prospects, in order to have a further understanding of perovskite solar

cells and lay a solid foundation for the preparation of new structures of the perovskite solar cells.

Keywords: perovskite, solar cells, crystal structure, carrier transport material
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UK BRER

(20144 10 A 22 HIH; 2014 42 12 A 4 HWEMEEH )

BT R K PH L L A BRI I 5 = AR e IR AR, A s A BLE AR AR B, ] % T2,
AR HABAR TR AT 10 22 7 28 (MEEG) 8 RE AN IR Vi [l T 5 (8 1 35 5505 1. (H2 5 Qepb o 7 UL AR B,
B R BULARAR R RN Z A A 5 TiO2 455 KB e, X FBULAE TiO2 M fLHIEE M Tk ML
TiO2 RHEW I, B LR sl PR T B it B RE rh U B, AR ERiR 1 A A et A v B 1 i 0
VORI, 0 2RHR T B KR T RU7 ik (AU (CBD) AESEE 1 R K (SILAR), BLECRH
T s 45 B 7 S AR i S T AR B (LA) BT (DA) AT K IUAR (EPD) ik, MRk 7 %0t

BT, Rl SR R AW T ™ 2 A0 FE R 2 7R Bhidk (LA). 245 7 7R DGR L B 500 L Se Bl
SAFEVERERIARE R, A T BRI IR DTN AR T R P B /D | R B S8 ¥ AR SRl BT R SO ) R

AR

KA BT A EUOR I sk, YIRS, P a R TR, R TR B

PACS: 88.40.H-, 81.07.Ta, 78.67.He, 72.40.4+w

1 5 =

W& RE YA BT = AN 4= BRAR IR 56 [ R HE L, 9-4K
3 Vil v B T P A BE YR O O A ERRL AT T
R K BHREAE il i BT B AR e — B2 K
WIS, TE I 5 PR R B B 42 e 4
NHLREE — AR S A A Ae. Ble Sl
AR <5 AR <3 AR R P L R SR
Fl A, (B HOGT B A B 2 i v A ) R S B
R AT AE L RAT 3558 4+ 0. AF AR A AN
A RS S LU ALAR R 1 < 58 =4 APH e ith, ki
A IH R b A 55 5 445 A B PR B 7 R B
M55, FEUTAERAT BIPE KRE, DL = 1 e
P e g AR Bk, Herp, &7 /UK
HLIHL T By DR AR SR B A5 R BH it B -2
E ALK B HLv DL B R PR it P,

DOI: 10.7498/aps.64.038806

AR T AT A R A B ) R SO BH F I, ARG B
() S A R A A0 D R s A B U T AR A4S RS
R Ok g Y 7100 R BT 4 R SR
FURMEA R BH FEth, 55 BT R BH A b A B 7]
BT S R O RECRIRRE 1, i v] Lol s O &
F R RS BB A8 & 4 1) 07 T IR
Y, BT G R BT LA (NIR) X3 =180,
BT AR R TR IO 2 T 08 (MEG),
1 FL A FL B 28 1 B A B Shockley-Queisser 1
PR (31%) (1038 77, T 3RA5 Sk 44% BB 477 523
# 11, Semonin 25 '] §) 18 T PhSe &1 s it A BH
HLYIb (1) 20 & 7 R8OR I8 B ~114%, I 38 o 5% 24 IR ik
1 5 RAE S5 AR B 1 & SUBU R BE At o
i MEG 72 4= (17 Be e A R R .
BARE T R BH I A 203, (B2
HoOt L 30 — B 5 T [ 28 AL (1) G kA R
FHRE H i, T i 24 FL R 1 — A B s i [R] Z k A2

« [E X HRBARE S (HHES: 21175043) M EiETRIZE (t#ES: 11JC1403100, 12ZR1407700) B BIHITRE.
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BT R RAE TiOo /LI B 53T, K&
B e RO K BH H i R R EL R R 12% 0], H
GeRL oy TR R B E R, BRIl S
TiO, %64 J@ E ALY I SE A, M7 & 8 S
LR EURR. HRE &7 SR S R AR
PUF @ 1) & i RS — M8 1—10 nm, @K
T Ak RAE, &7 A B LE TiO /AL
BiE; 2) —RE T AR IR KA ILIE, =
FHEBE (TOP) IR (OA) W% (OAm) 45, X SEfT
PREEIN T & ¥ SAE TiO2 F B IE M 1, 3) &1
RERMEA S TiO SE AR B R, M HE DL I
s E T RAEE. BT R, g E T
RBUEHE & 8 S 5 R BT B A5 0 N E
B IX EL 452 A 2 ) H v xR IR W B e 7, A
7= A TR HE IR A e 4 R G HL R R AR AR
B 5o B A RO R B R 4 3 B T DT
EATERIR, 3 KRR & FhUTAR J7:, FENE T
Bk i S H B AR T L RLAR A AT R TR, DR
FEL M ) P9 N OB L2 i S 7 TR AT LU
H IR T & R T R TR T R A i e
FEH AR 3, 0 H 2 B o R I 2 4 1 B
(Linker-assisted, LA), FHIX PR 7 A4 2L 1
AR IS T AW 58, IUAE T &R B 1AM
KBHIEHER 7.04% Rk Do,

2 BT REAR B kR R E

BT A R BH Rt 5 G i T B Ha v L
A AL ZH RN S5 48, T 3 B T S AR ekl
I FAE AT &7 S Ok K B H v — % o
BH AR FEL R 5 AT G B A AL, S — B« = B YR 45
PR, WP 1 FTR, ARSCEE RSl
b BE AR — A 7R T B R b % R
f£5—20 pum JuH A AL SRS R A E
JE Sk 3545, 191 40 Ti02, SnOs LA % ZnO, SR 5 A
FLE R 1 WP BT R, R AR S RO R B Ak
. RO AR — 8 CuaS LR, B I Pt
FL R B AR LA, A T S AR R H AR 22 8] 1 e A
T 3 S /S K, A OB 1 /15 A
Co?t /Co’+ S s iRl &7 A K PH HE ith (1 B 5
A TR IR WS 7 I W I, P A I T IR N
TiOo (X FRHL T B2 24K, SR A I &7 i
fE R B S2 B T, T SRS FE AR, RSO T
WOk, TR WOk BT R S R B IR E AP

T2 AR BILXT b, TR AR AR S5 AE R H
PRALHGEJR, T T AR 121718 RGN S 1
FLTL R B e (1 FL TR R R AR 2R BE
R T RUUAR T, R 3 T ANRCR,
PG LT 5 UL A3 R DL R A i R A

S BE A oL Hof HL R

1 BT KR r b g K B A R A

3 ETRBUAHEMBFTET AW
TR T %

X T8 RO B B 2841 &, 7E S8 A
W EE F3REmE R RN SRR E T RS2
P O PR BRI 2 4. MUTR B4R R )
gy, B RS sUUTAR J5 v W] 7 R R O
BT E2): 7£ TiO, ML EE A KE T RAK
TS & R SR B A e, 75 XnT 43 AL
MU (chemical bath deposition, CBD) FliE 48
BT E W A2 K (successive ionic layer adsorption
and reaction, SILAR); J& & 7 N EE T4
5 B AI Bk TR X BT AR T A AR ST
TEIANIT K R AR A g 58 35, R A8 2 1 sk
X PH HL I )RR AN W R T, Horh, R A Bk
FEIT LA 50 R R, A AR ITRR 7 %
LA B R IS T SR R R R, DU
W VELN 53 S RSP UTRR I 1 BRI R A

3.1 EEREKFRE

HEAKETHHTIEEEENLEBIH
(CBD) ik I 2L B 1 )= M A2 K (SILAR) V5. 1k
SWUUR (CBD) VA B W R 10 IR BURIR &4,
TiOo 6 FH AR B2 NV AR A 9128 TR PH B T T B4
(R R B 22 8 R O M B BH B8 71T 7E TiOo
JE AL O AR R T R TSR T R M A
K (SILAR) 2% TiOo FLFKAZ B IR\ BH B 7 FI B
BRI RN A KET A CBDEMSILAR
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R T IEALTIR T R R Ta W, & —Fh e 5. 5 A
IV R T R TV, B X PR I ik A H
Mg, T DLIRAS S R v R AL B A, i HL A
TR R A E R R, R T

el
] M 4
LVE

SILAR CBD

T K
wikURE )
L HEA R

HAHH(DA) TR THIIUR(LA) KT (EPD)

Kl2 & g TiOy LUTHUE

3.1.1 MFiBAR (CBD)

FLAE 90 44X, Hodes M HA 1 3 [1920) ik 4 i
7 d FH CBD ¥ #£ 3 35 3 K F 2E K CdSe, PbSe,
CdS &7 /1, Kamat & H & 1E% P23 438 T 1
CBD ¥:7E TiOs, SnO,, ZnO T CdS, CdSe &
T, IR BT, fE RIS T CBD %
IR ET AR SRFRR T, BT RAEHREA
i R 3 T 5k P A 2 55 [ i 159 28 AR 1 e AN i E AR
Jakat s E A TE I TR 2 R A, FIAM T
BCE Wy Re 4y T4 B, UL AAE H TiOo 44K & FE 41
2RI e X CBD Jyid kAT sieidk 124301,

7F 2006 4F, Niitsoo 25 24 fifi Fif CBD v sl Zh Hh
¥ CdS F1 CdSe & ¥ rUTRLE TiOo A FLIEEME |, 38
o R A I B2k A, AR AT A B R A R AR K HL
(ion-by-ion L EE Fl cluster AL EE) & 7 SUTET
% AEDURUE R, T e e S m = I
R A A R T AR R S RO F R #2505 (PCE)
1330 AR, 155 2.8%. 1E 2009 4F, Lee 2% 125 [7]
FEAE ] CBD J5744E TiO, LWL CdS A1 CdSe &1
R, FRHEC T AN CBD JE I & 1 s Ui,
Ja 19 B AL AL 2 B84, 24 28 PR CdS FUTR
CdSe & s, b L 2k 5] 4.22%.

7E 2007 4, Lin % PSR AL 45 CBD PR J5 i3t
17 T, e R B CdS B A, PR gRaLfE

H CBD A K &7, Wiifems T A s, X
PR TS A I B T S B AT CBD AR K1
JTERR NN T -CBD 2. 1 2009 4E, Fan 25 P74 il
T-CBD AR T CdSe & 7 s KB i, B T
i “Fh7 T Rk AR AR K, BE R AT E
HEFININRE S TG AT R 7E 2011 4F, Yu
2 2818 T10, BN &4 NaHTe, Cd(CH3CO0)s,
NaOH, #i% 41 (TGA) M/KER+, BT /KR
RiAEK CdTe T 1. EMA T TGAIEHL T, il
BT CBD [ NI R 78 Hh b il & 1 A R
SPRIRE A, 315 3.8% M6 LR R, 2013
4, Yan %5 PO e fE XU B8 4> TAB M) TiO2 IR

I IX AR, BT RS Ti0, R EUTRRE 5], H
5 2w, R AR A 4.23%, i Ak
BH BT (EIS) A IMPS/IMVS R AE, 15 HixX Fh it 5
(1) CBD UTUAR J iE AN e 4 e FL A AR J Ak, i fg
B AR E 4.

FH LT Ti02 4 2K ki, A TiO 49 K &
B 21 3E 47 & 1 AL DTRR R A D mT DL S BB s A 4
BN TN, E 2008 4F, Sun 2% B0
TiO 29K & FEFI N F T 5 7 AUBUE K BH i, &5
& CBD J7iE(E TiOy EYTAR CdS &1 5, 1@ XA
TiOo 41K B B 51) 25 7 TE AR T8 L A 380 o A= a1
HEATiO2, M BT 52X E A, ¥ HibE
e E4.15%.

3.1.2 #%&HTEAMAK (SILAR)

45 CBD J7 iR A K AL, ff A SILAR
TEE SR A HEE TR SRR T
7z (R FIRF 9. 4 1994 4F, Vogel 25 31 3 it
SILAR J7 £ 1E TiOg, SnO, %5 £ # & J& A4 W) -
UL T PbS, CdS, Ag,S, SbyS Al BiySs &1 /. £
2002 4F, Plass %5 3233 ] SILAR J79%:4F TiOy E¥7T
T PbS & s, Jf 2H 2% sl s v 2 k. FLH
SILAR J7 DT R R H S 8 R AA AR e AR W
FHEEENE, B LA F AT & J7 5 SILAR
VEUTRR B R DL 2 ) 4 e A7 it

1F 2009 4, Lee 25 P FI ] STLAR J7147E TiO,
AP PbS i CdS & ¥ s, FEAEHEERA Ik
i FH B8 TC A ) AL I8 JE B X ([Co(o-phen)3)2+/3+)
HAL R T HAR K RS BT RS
W W R VR T A K HE A% S O, PbS & AUBUL
K BH EEL L ) Ah B F- 2K (incident photon to cur-
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rent efficiency, IPCE) #id 1 50%, CdS HLith it
15 B 40%, 't L 3 280 7 ) N 2.01% F11.13%
(f£94 W/m? I8 F). 1 H, Lee%k P& 7 ik
T Se?~ Fl Te?~ | UK 44 A~ Fa o2 (1 ME L, B IR fE
FH SILAR 75 #: 7 TiOo & W fff CdSe #1 CdTe & ¥
i, I+ FIF [Co(o-phen)s|>/3+ {F Hy oo fif 31 15 5
5 (Z907Na) e BF i i AH 25 1 2%, 2011 4F, Li
24 (301 fg H TG A AL PR TiO, 18, #8)5 F SILAR %
K CAS & i, IR — B B A AL AR g
Ji7 ([(CH3)4N]2S/[(CH3)4N]2S,,) A ke i, 153 1
3.2% M RE DA K [y 5 e v B 3E 78 R 5 (FF: 0.89)
I LR (Voo 1.2 V). Baker f1 Kamat 571 F]
SILAR J7¥:6 CdS & s UTRIE TiO, 40K FE 5
F, I IPCE R AE, &I TiO 94K & K 51 1
IPCE 1H (55%) B & 15 T TiO2 &4 K B KL (26%) ()
AL BA . RE B 50 AT AR R MR Ti0, TR 35
A s, ER A A RS T 2 A,
I, # s SILAR #F— D AR KB 2 1 2 W 5
FRE T KRR,

SILAR J5 %] L ik 73 e 1 BH B 7 AR K
I 18] 25 2% AR (R 4 R S L 2 E AN F & 7 S 1355
PR 20104, Lee % PS1i@ it STLAR ik dl % 1
% JZ WL B (1 CdS/CdSe/ZnS & 1 5 Bt g8 1. iX
Tl 22 J2 W B ) T BEAN e 4 = B I SR
10 L 0 e FBLIAL, B RE R FH Ab 2 B AR R T A
AL AR kb B2 4. Gonzédlez-Pedron %5 1]
i i SILAR 7 iE VTR CdSe & T /1, Hak8:4 K
CdS 1 ZnS, F| FH 5 i B A AT CugS Xif HL A 2H ¢
Hith, R4S 1 14K BH G IR R 3.84% (1 20 3%,
IPCE X 2] | 82% Hic sk Al, H 48 FH Bk 2= B Pt
TF 6 H S DRSS 2 R AR T VAR A T s
TH A, AW FEN1E A 2= R AE T Bt
AT AR BB T 5%, 752012 4F,
Santra fl Kamat [*°) { Fi§ SILAR J5 300 7 Mn
7% CdS/CdSe & T 5, Hh 3R =M 5%. {E& 1
SILAR FE B I M2t J5, AR &1 S
AT Mn d-d i ESRER (AT -5A)), XN ESRE
PR A L IR S B AR, 930D 5 2 ORI LRk
A, 15 SRS 25T

3.2 MEAERETRIE

BRERA KR T RUNERE R R B
TR R, ERHAKKNE T mAF 1 5 R

BAE. KA MY, RG22 ENE, F
BOE AR KT VE A AR 1 K B b s R e Ak LA
Ak 45 BIR MM K RE. TAEH TSE S R T R
W, JUH R TR B (LA), o) DASE I e 7R
wR, IR PR RS E D B T R U
A2 AT S A R T R DU O VR R B Sy
N BHEWH (direct absorption, DA). HLIKITF
(electrophoretic deposition, EPD) 1% $2 43 1 4
% (linker-assisted deposition, LA).

3.2.1 A#ERM (DA) A=t kIR (EPD)

K H DA VE X & s b AT UURR U B 187 08 19 07
15, B TiO9 BN T 5 A B I alifb J5 1) &1 A
VA PR R AT K I TR R, AE 1998 4E, Zaban %% [49]
& HIE 1 R A DA VR InP & ¥ s B 7E TiO,
i b, 2 )5, Gimenez % MR IE T TOP 15 1
CdSe, it 4k J5 ¥ i £ CHoCly IR, ARG B
FEMR PR AE TiOo 5 b, ATt AR 3 T . &=
SRDAVEERAERE, HE2dAdLE & T N BE S IEHER
A 5 B BLAE TiOo B8 I B A= 22) 55 [ .

H VK DT AR AE 50 T 76 5 i R IR B R
G YIRS & B A0 KR R, 5
K, WA E AT 20RO A7 v T R BH b g 2
ke, AT PG E T ATUR. BRIk ITA 32 2
FFH I & T S IKE) J7, il A sk bt
. Herman & H A 1F & 491 )1E 746 ] EPD %
4 CdSe 2 1 £ [F] I B AE FHAR AR AR . 2 )&,
Rosenthal %5 7 48 F H ik T A7 05 32 85 CdSe T A
7£ TiO5 I, Brown f1 Kamat 8! #5 % CdSe-C60 #1l
SCCNT-CdSe YK BRLITALE FHEIR |, 1928 T
HUAR AW RS B, 2010 4, Salant %5 ) F) ] EPD
15¥ CdSe & F HUTAE TiOo I L, AT A B LIk
DI R DU M 46 f 52 2 h, & R A EE
BEAEHE 8, b RIAEF1.7%. Santra 2% 0]
WHRIE T H EPD T CulnS,y (CIS) & ) T
1R, Hge il a1 5 R IE F)3.91%. 20114, Yu
2 DUF I EPD 91 43 25 9 TiOo ek BR 1 U1
CdS 1 CdSe & F £, FIH TiOq oKERH (1 4ME G
K TR SR ORI FL3A I BK Bl D3R 18 = T 8
% T ELX A REIR T 3 TiOo WOK BR B A L
SRR, B L & T AR A R DL R
AP AR S, 45 CdS, CdSe &1 AL Bt
AT 98% [ HL T USCER R 2 A 4.8% B FRLFE #0058
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3.22 Z#EHTHEE(LA)

FF XU Eh e REH S 1, A3 — iy (nsidE) 1k
AR B AR B, S (R EE) @i
S AR B S R A R R R,
i iR 7 AR B R R DURE TiO, %5 45 8 4
A WIS L0 T EERR O TR Ay TR B (LA). 1
Fh 77340 LT OBD M SILAR J7 i, fig 5 4F 935 1
BT A R R RS AT, I B R R T R
&, EF LA R 2 LA S LG
DAL 7 S B IV B TiO, b 7E 5.3, {8
FA LA 00RO I B 208 R 1%—2%, i
FERAWAE, IR R IE R T 6% 7%,
A3 P i1 TR V4 2 R S S A
.8, AT LARTURRE T A A 5L
BB B, W 3 TR

- —_—
O

ogoo

— = =

(b)

O o -

TiO2 CdSe MPA OAm

| =
hitss

K3 RS (a) FIRALACHR (b) PR 2

JE AT A 4 VB2 0y TR b, 2 S W T g
B TBMTION LIRS &, REK LR
e A BRCE T s W, M SE B R T s DU
J7¥%. 1E 2007 4, Mann Al Watson P2 i Fij + /N2
(HDA) F1 37 % + /S R (MHDA) 12 i1 TiO, i i JE
J&E, SRIEW I TOP, TOPO fL78 ) CdSe &1 14, I
£ 10%—14% H MHDA (90%—86% HDA) 461 T
BE TR TR AEE AT RERNE TR, B
AT 4 T K I Fof 5 S e 1 LA VE L T AR
BUEIOAE . 7E 2008 4, Lee 25 3] 4 ] 3-37 3L iy ik
= HR SRR BT A e TiOo RITACHE, SR S5 I CdSe
B A K BH Lt 281, Kongkanand %% P4
b5 R AL A8 3 7778, AN R R SF CdSe &7
FULBHAE TiOo GKFURL AN TiO 49K |, X E T

&1 RURLAE DL A TiOo B 305 Ha it 14 i () 2 e, ik
T IX A i B 2R FS 1 CdSe-TiO, 40K 45
PRI FE.  BRASAS He J7 VE A % 2 F F- CdSe &
FRUUR R, 16 AR 2R BE 2 1) CdTe &1 s TR
t, Rk 7 CBD A SILAR B4 4 K5 vE e LA &
A K CdTe & F A I M. 2009 4F, Kamat & H &
35 195 F JEALAS e ) LA 325, ¥ CdTe &1 ST
7E TiOo b, H %G R 7 mi UL R BRI, LR T
CdSe il CdTe HLt HL AL 3 30 A0 TPCE 4545 77 I
PIPE, e R A R B IR AE T CdTe Hth B
BHHEE R TENCE, 5 CdTe K54 B #2T
TiOy S B IS 45 R — 5

Guijarro %5 01 i bv 7 B 42 W PRHRT B A A2 2 1
Jiik, @R R 77 BB R AR A BB
CdSe fET B 5 15 TiOo K TH A, M H I & T A
B BE — 2 {H )5 H M CR B B R B, (B4 3
FETATR (MPA) JE A A8 455 1 2H 2% Fith 1) RO Bl £ 3%
BN N, Mora-Serd %5 P74 F 2 Bt & B2 1F
NIEE S T HATIRM T Ui, RS
MPA, TGA tb#, i@id IPCE 25 £ AE X} L % 3E 32 5
FHIEF, N FEE AN T —Fh e R H 1) 4
o312

B P A B, R i E T A
M MPA S X REE 4 1, H— im0
FEAT LA S &7 N AR SR B RE D, T 5 — i
AR S TiO A&, HUL & 7 M e iE &85
TR 5 TiO, 7E [ Mk H2. F7E 1992 4F F1 1994
4, Alivisatos Je H A4 PS5 $)18 T WIhBE 7 7
78 1) CdS, CdSe T W B 7E 4. 0 7 8 2% T
1995 4E, Lawless %5 501 4[5 7 % CdS W i} £8 TiO5
R WIhEEs T60L. 8 & i v] DL /KA B
B, ABIX PP 7 VEATI AT AERLAR 43 AT« 2% T BB 7 1T
. AR R R R T AR S R AR
T, FFRENVRE T BALRCAR S 37735, 1 9B R
s AR R R A VAR T A, SR aEmn =
B (TOP). ==FH 4B (TOPO). & (OA). i
JiZ (OAm) 25 H HLEC AR 5 XN RE 4> 7 28 3k, LR
A 5 TiO, EAAE 1. #2001 4E, Aldana %% (01] {
33+ —8 (MUA) XF CdSe & T 55 #E 4T AR 22
e, FH RIS T & ¥ TOP, TOPO BCAK, fi15 &
TESBKEN. 205, BFRE A B AL Bl 4
L LA 7%, ¥ CdS, CdSe, PbS 251 syl
TiOs, ZnO |, 4135 ok #gF (6261,

D R R AR LA AT AR S e R A
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VIR AR HEAT R AL, 76 2009 4F, Lee % 1061 fii
FH MPA S PR Ffokz 422 1] CdSe &1 sl B AT B AR 22 4k,
IRIGUTARTE TiO KB B b, BHIRAHE 7T AR
RSP & O KB b, 38 I 2 A A AT #,
AT T HEAE 2.6 nm A1 3.0 nm A 4H CdSe &= T
RUR AL ZE XU Re 41, 425 v it (1Y) P IR %5 S DA
J IPCE {f #6857 H e Bt v b 284 v T B i)
CdSe Hiith. 2011 4F, Chen %5 17 I AH A A U0 RR 7
v, #1457 2.5 nm 1 3.5 nm B CdSe & T s dL &1k
[ TiOo Y BHAR, Fa8 i F Ak 2% Bt S ik B X 3k
B TR R b B A, S I ROE, T
Ji AL 2 8 28 7 B 3.5 nm- CdSe = 1~ &1 5 J5 "R B Y
B9 B 2.5 nm & 55 0] PUE R AL I 3% type-1
251, TR b7 5 N R E &, Ik
41, Chen % SV B 98 7 25 457 W2 A 58 #1521 1) &= 7
JRUVE YRR SO TR B R S, Al AT RS OA LR 1Y
CdSe & 1 m 18 1 o 4 22 He i) £ i MPA .78 & 1
ROKAHE R, FE@ e 8 57 8 pH i >R 3R 15 fe
FIM B . Al AT R I KA & s VR pH oA 71,
CdSe & 1 s W i e £ H 3% A B3, B R EH1E
F]1.19%. Sambur %5 99 % bb 7 R A7 28 e 7 v A
LA 3 715 UTAR CdSe &+ A, @ i1 ) WA
FAE LER I B AL 7RI B 1 s R PR A
7 i A5 i, BT 2 Y v e B

BARERE 15 BNER AN SEI ) T & IR R
- MU A RS 1R, (HIE Frdd 25 /0 s it e i
W3 R A AT T AR K. 78 201248, AR
FRZHARGE TR LA VRS L = 80t iR CdSe &+
I g AR 70, S8 T DA LA VADTR B 7 A
i R DA S A1 25 1 e MR B 25 S5k A X P

T T T T 77 —
500 600 700 800
A /nm

F R AR T B AE A BH FE I 1 B2 A 7 T AN — AN 8
fR) e . I FRAT TR S B Oy 4 B LAk, AT A
SEPLARIE 3 5] BT R DU DA R SRR v e

1) Pdpifl: BFAREHARNXTET
AR A I ST 7Y AT R T v R A AL
FH CdSe =¥ sl NJKAH, I HIR1G AR 1. 70
PE R 47 1 MPA 6,78 1) & 7 UK ISR I8 3R
AN 7] W B B T B~ s A ' o AR ) W Wi A7
(El14), FATRE I CdSe &1 £ 119 W S Bl B 1] 3% 25
B, JEAE2 hik B AN, 7 56 R ik 34%, LB
it CBD, SILAR A& H AR FTAR J7 32 B ik a8 (%) W b 78
AR XMPRIE AT I EA R I A T
CdSe f& 7 s YL, B 1E CdS/CdSe, CdSe,Te;_,
CdTe/CdSe 1 CulnS, (CIS) & F i YT AR 15 2]
AT o I S AN A

2) ¥5IM B AT PH U CdSe & 1 5
(I IRI T, AT DA SEEL R i & B AU7E TiO A LA
(R 35 ST BE, AT 92 e & 1 R SR, G o
TR, IO R R A F 5.4%. L EDS &
fiE, Cd/Ti 7t 2 b bl B85 38 hn iy Or 1 A A2, 35 B
T CdSe & ¥ s S UTARAE TiO MM FLAE . T H,
78 7 R UTR CdTe/CdSe & 1 A HIATF 7T A, 8T
TEM #1 SEM E 7] LUE R F H &+ s fE TiO
B8 A (Wl 5), 1 HOFH EDX #E4T 70 & 0 i 49
F| Ti, Cd, Te # Se KIELF143 38 14.53% + 0.25%,
1.56% + 0.06%, 0.58% =+ 0.04% #11.12% =+ 0.19%,
Cd/Ti b Ag) e T A 422 43 1 4l B2 (1) i 08 45
0.05%, A JJHUIER 73X g 4 43 1 B B2 A5 2
BT RCR.

1.2 |

0.4

T T T T T T T
0 0.5 1.0 1.5 2.0 2.5 3.0
PO ] /h

4 (a) BT AL TiO2 BRI E IS BB I IR 254, (b) BEBOG B SR A1 28 4, (70]
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2pm

5 (a) CdTe/CdSe &1 it TiO2 VI SEM [&; EDX %iH (b) Ti, (c¢) Cd, (d) Te, (e) Se L& Z K

W (f) 25A TiO2 B (g) BT ik TiOo i TEM [&] [T4]

3) SEIL R AR EPERE: KWILUR, BFALE AT
— B IEFIRB IR ELF . R AR = =
T EUEF], CdS, CdSe, CdTe, PbS, BiyS3 25 & 1
HEH TR o8] R Hh CdS 5B TN
R 27 75 6 JEE R R T 458 2 17 0 388 3 ) s (R i,
1 CdSe %5 5 T £UAT1E HL T VR AN R AN =5 11 1) 7.
2012 4F, AR H Wl & B s 5 5 s
S type-1 CdS/CdSe % /5e 45 ¥ &1 ri M T
M B E 72D M v T R SRS A% A R R N R
TENRCEIHMERR . 2 A Ning 25 79 L4l 1t SILAR
J5 95AE TiOg B A 4 K CdSe/CdS & #% type-1 £
P T U1 CBD 79245 K ZnSe/CdS type-TT# &
Lt L Y N R, (H BT I B e A7 TE 3R T R
B 22 St . T BRATTOE I 3% 8 4y 1 B B 6T 58

TiO,

GBI
Red/O,
couple

FBL, W LASEEAE TiOo /AL b PiAR s o & Rift
A — (4%—6%) « e 76 B (620 nm) FIA% 5%
SER R A, JEE B CdS 5 CdSe S5 A B 1A
A3 AAEYEAE LT R AGE N TiO, (B16 (). BE4h,
T RS A PO GRAMNG, B MR I IEE S T E
B, M5 TiOo MMl E IR %, 615 B J. A0
IPCE & % 77 T P Re 45 292 i1, b i i AR L 3
5.32%. 20134, AR N ARE 7 IR ik
B CdSe, Tey _, A & T s B ABH Hdth 720, ¢y
T “Optical Bowing” %, CdSe,Te;_, & &= T
AR 5 IR B 1.55 eV, UK TG E e i e &=
NIR 8 Fl, KR B2 42 s 7 B i PERE, 3K15 6.36%
(1) HU R 4 ke, I ELR FH L CugS X LR S
FEL VAR T R B i

CdTe.

E,4(CdTe)
E (Exciplex)

E6 (a) Sh type-I 4# CdS/CdSe BT A (b) type-II 454 CdTe/CdSe ik TiO, fegk s #i g (72,74]
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20 E
20 (a) (b) [E]n ()
1S-Z

fop S s & CIS-Z
% g | P 60
ERE < v TN - c1s
< L < B > 451
g g n=06.66% =
= 10 5 T Vie—o0.58 v £
N ]ﬁ( | Yoc =1 —~ 30}
xa r Bt Jee = 19.73 mA-cm—2
B 5 *; 5F FF =0.58 15
& L Active area = 0.2367 cm?

0 P R U R SR | 0 N T T B T 1 ob— v

0 01 02 03 04 05 0.6 0 0.1 0.2 0.3 04 05 0.6 300 450 600 750 900
HIE/V HUE/V W /nm

B7
(c) IPCE i [16]

T ¥ 55 B R RO YE L R TN
R E B, R & Bl 5 iR 080 2 A TR R R
FHE AL 2013 4F, RIRBARIE | CdTe/CdSe
type-11 45 14 &+ mUAE BRI B i1 5T (B16 (b)),
A1 FH LA V25 20 256 VR 1 ' F 2 e 25k 5 SR 1 s
F6.76% 7. X Ff CdTe/CdSe type-IT £ F & T £
BBtk TiO, IR WORT FLiB ) TPCE #B 234 900 nm )
I £LAME ], R B3R type-T1 45 #4 HEL i ) HL 3
NHEH (key) (1.91 x 109 s71) B R 5T CdSe Hh
(0.52 x 109 s71), ML 2 BH BT RARZS R BRI
type-11 45 14 I RE PR MIC FEL T R A EER.

—HE LK, $FARFEANSO TR E MR 8
A r 28 1, IF H C &l ik CIS B 1 45 K BH RE
HL Y PRI RE 9 38 3] 1 203 5.5% 1 KR 180891 2014
F, ARVGEA R DL BTG SRR T R VAR
P f AR S A2 f P2t i) «4 (7 CIS B 1 4,
H Zn*t & s T SRS TR RIRT 2, A5
BEATHCAR RS #, i FH LA VEBHAT 27 M UlR, 413
(1) K FH HL B #5342 P OB 1 4 BT e K BH HL i
MR RIIESE (B 7), 1A% 7.04% 101 B ith 3R g 58
BEANAT 28 T IX F LA VAT SR I 7 AU 26 R 132
w10 LR T A2 25 56 (1) CIS & 1 R Zn2+ 2 4
AL ) CIS-ZnS & . JE It B AL 2E B $T (EIS) Al
o 7 R (TA) &8 3R AE 73 AT vl LR tHAE A ZnT 52
kb B 5, CIS R A K1 ZnS 2 REGE 3 /R i 118
NREEFN AT AR R, T E— 2P 3 i R

4 HpERE

FEB T RUBALK B b R R, &1
YRR T 2 2 L 46 R M) e 3t 0 I W g 2 6 ) 2 B2 34
T, KIPLORIT FUE AT S5 Fy 4R m IR A h &
T AR R ORLAR A D R R R TR,
M P R A, RSO REIR T HEAEKE

(a) CIS-ZnS & F A1 (1) FI CIS & T £ (41) B KB MLl J-V #14:; (b) CIS-Zn Bk A B HE it U E 2K

T UG A B AU P R AR T B
RIE, WHSEMINERRB AR, BEAEKTTE
(CBD M SILAR %) BEAARE 7 . RO B 7E TiO, E
AT A (ER BT B I B i T AT & A
TSP 8¢ 77 T () T R0 A A G L Y s L B i 285 2
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SPECIAL ISSUE—New generation solar cell

Pre-synthesized quantum dot deposition approach to
obtain high efficient quantum dot solar cells”

Li Wen-Jie Zhong Xin-Hua'

(Key Laboratory for Advanced Materials, Institute of Applied Chemistry, Fast China University of Science and Technology,
Shanghai 200237, China)

( Received 22 October 2014; revised manuscript received 4 December 2014 )

Abstract

Quantum dot sensitized solar cells (QDSCs) appear to be one of the promising photovoltaic candidates, due to
the lower cost of obtaining materials and assembling processes, as well as the advantages of their QD sensitizers which
exhibit properties of tailoring the absorbance spectrum to near-infrared (NIR) regions, the multiple exciton generation
(MEG), hot electron extraction, etc. However, the difficulty of QDs penetrating into TiO2 mesoporous film remains
to be an obstacle for the development of QDSCs, which comes from (1) their larger size (1-10 nm) compared with
dye molecules, (2) steric hindrance from the long chain organic ligands on the surface, and (3) the lack of terminal
functional group of the ligand with affinity to TiO2. These issues imply the importance of implementing an efficient
QD deposition method in the fabrication process. Based on summarizing the advantages and shortcomings, this review
demonstrates the development of the QD deposition approaches in direct growth deposition methods: the chemical bath
deposition (CBD) method, the successive ionic layer adsorption and reaction (SILAR) method, and the pre-synthesized
QD deposition methods: linker-assisted deposition (LA), direct absorption (DA) and electrophoretic deposition (EPD).
As an overall comparison to be taken for all these deposition approaches, the pre-synthesized QD deposition method
has outperformed the direct growth deposition method due to the use of pre-synthesized high quality QD sensitizers
for better performance in surface chemistry. Especially, the LA approach in this method exhibits its excellence of fast
and uniform QD deposition with high coverage, as well as in building high efficiency QDSC devices. Specifically, the
improved structure of the sensitizers such as the inverted type-I, type-II core/shell structures and alloyed configuration
through surface ion-exchange, has been employed to boost the charge injection and depress the charge recombination,
benefited from LA pre-synthesized QDs deposition method. The advantages of the LA method are fully illustrated by the
examples of the most recent work in the achievement of reaching the record efficiency of QDSCs. Finally, outlooks have
been given on possible approaches to realize further improvement of fabricating the QDSCs with excellent performance

at higher levels.

Keywords: quantum dot sensitized solar cells, deposition approach, pre-synthesized quantum dot,

linker-assisted deposition
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BRI E IR, Wk, R0 T SRS S, BT VG a6 45 B A A AN R4

T, St e IR RS EE 2 (1 G die fit A .

KR Bk - PR S R FRRE b, GORE T RFRBE L, B T SR

PACS: 88.40.H-, 73.40.Lq, 71.55.Gs, 77.90.+k
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IRl f) e 2 AL, 2R, H AR AR ) B ZE0F 5 A
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TR 3R U S IR AR OR B AR A, X
IRBSHLEEAS B 51D ORTE. ARSI IR T k-
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R LU S5 AR R SEAE AR FT A WL 5% 21 138
PR BEAT LURCANIER &R, H8 1 B4R A4 i3t
HEARS RN A BT DTk, A S R 5N 5
Db SAREAFRORES, Bk p-n 45 8303 A TR 2,
BE— 2B IR U BT v L

Je AR (TR PRI AR) 2B AR T P A S A if
RESRSEBL, B Se R AR 71 A HUGREN
S HL A TR 6 B AR T B ATILER, TR AR
) R 5 7 )RS i L. SEBIOGAR RIS () 2 AR
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SCELIY, WAk GEOEAR a8 A 1 p-n 45 (B R Bk 45)
P 2 L7 A A AE p B R n 2R 2 2 [ 0 2 ) HL AT X
WL, R RIAL & W) (IRFR 28— AR
TAR) SGAR A A R AR R T SRR,
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PR R IR Y, HIFER EREATZ A R
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R, XWERGI R REE R, B1UES
CdS/CdTe J# 5 HL it N1 25 B p-n Z5 0 AR 2 F (45
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5 i I BE R B ICR Ae dEBARFAR I B A
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MV TG EHD GRS AT T AR R, #i
rsxt GerHE AL FE I R T

naw

Bl 1 445 p-n 8545111 CdS/CdTe HAk Ak 45t R R &

2 HEFFEBENREFHT 5

2.1 IBPRBHFHI

2008 4F- 3% [H Toledo K*:HJ Shvydka Fl Karpov
B TP R RO AR B E A SAR AR
A AN, X PR AE DUE G R BRI 5T R
—HBEAEREP 545 B4, XA
B G AR A A 1 PN FEL 3 bR K A A R B
B AL B BT T2 R B A A FE 3 R B A1 (1 2), AT B
T8 AR FIURL (1) 21 5 R G AR W SR R IR S St 7= A
AR TR AL AR, R e o 44 8“9 KA
WK FH BE FL " (nano-dipole solar cell). 7EiX Ff
ALt R AR AR T B4R B R A o B R T I L,
AN 2 55, A 0 83+ s 48 Ak d
18, 17275 AR B SELEIR T 1 4
iz, BUEGrRENR T AR NN R AT ER
IR, B 345 T CdS Ktk kg
P ER R 5 M B B, X 5 AN 75 2 CdS A1 Cd Te
Z BT R RAF i el H T PR AR S AN 2
FAE LT DR A ) IE I, A 5 PR S A%
52 EYeRr 545 a R SR i N i g
MIRTHE N, A% PR T2 AR,

A A A A A
N
| | |
AW

Voo I,yl
R

SV S R e R ey

Diana F1 Victor % W fif F§ CdTe, CIGS. 4k}
Ak T 0 TR W Ty 4 1 S AR D Ol AR TR i
BE, CdS B CdSe 55 gH K BURLAE 2k HL 2508 FL AR A

T, R B AT i B R P 7 3 oK i) 4 AT X Bl
I A NI B, CdS J& — P Ak BT FE A
JEHARL, HIRE R T IR RE 454 7N O M AT B
W SRR GG, N7 A A BT AR 2 A B A AR T
XPRRIE (B 4), AN II1E TR KA S A& 5 s B A
I B LE AN A R S H B 2 ) IE f e
i OANES IR, B A AR, Kk, M
VB JEBEOR T, FRATIA NI B B Ayt B 5 S
FRONERH - TR & (ferroelectric-semiconductor
couple, FSC) Hijth.

u - CAF T

(HFIER)

bl

_______

FHE S + 0 T
diiii

(b)
K4 (a) P80 451 CdS M =4k iR g5 1 Bl (b) CdS
i A T PR R
Diana 5 N @ i #AGTHE K, & B 1)

CdS 9K RRL (~10% FRFIK L) W LA A2 35 5) H 2
% 3 10 %5 W L3, HIZIEE3 x 101 V/eml)) 5
B p-n g g2, FAT PO GRS 4R ik 2 8
SR I A AR R, N T Rk AR AR R 4]
R RFOGR ST B RSE M, CAS AR 7 RURL i £
RN 10 nm &2, EAR Diana %6 N R e 71X
Tl 5 K0 7 R B ) AR B A B AR, (ER ARATTER
AR LRy AR ER R J7 A 2 B AT oA 20, R
AT fr Tk — B BT AT,
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2.2 SRE-FFFEERRFHAIIH

9T B UE X AT Y AR 28 R AL I T AT 1,
[F) B S 4 Al 31 2 o) 4% 5 VR SR K 2 A e R
FNH g RE AU R, 2009 4F Liu 5 Wieland 3£ 7
Wil 7 — B F AL G 2 2 I 0 B R i 2 ke s i
X FROR Y R, RERAT T 8.3% I A
RO 5 Victor B % JE BRI T A, XEH
A% 22 (1) Q138 2 A AE T B S YU CdS Te [
Tt e e, & 5 &S CdS/CdTe #H i p-n
g 5 R R0 (B 5) fH S &5 A4 RN T 25 T i B
e O B 5 AT H L CdS Bk -2 Sk
A A RS s B, 2RSSR
“BE 3 /TCO/CdTe-CdS R A /& & k. &
THK SE 5 821008 K B &5 i A B, W DL & — e i
SRR EIRE TR AR S B (B 6 )T, 78 i
T 1w B B 7N 75 A 45 8 €Sy Te,, SN UKL, 72
TCO 5 CdS,Te;_, 2 [8] 1 ¥ 45 5 45 fL 3% 19 48
N, HARIT R BVE LR TT Ak, T RN L.
X BT A () CdSTe J — S0 A A2 5% B 1E CdTe 1
JE AR A3 O 22 0t Fi 43 AE 5 48, Wl 6 Frow, &
400 °C I} FREFAFLER) CdS, Teq_ HH A = < 5%
Mz > 97.5%7. ik, fEEEAREEH, CdTe-CdS
IR K 0 B RCE R (x> 97.5%) W 7S 5 M AR e
(Wurtzite) &5 ¥ F1&E i (x < 5%) BISL 5 FHIN R
(Zinc blend) 544, XFPHEARBRZAIIR 51£48 CdTe
W CAR AR AR AL, (B YR, WL E RS
B SR, BAR R RE R A E g, LA
B UE BT & IR AT AT 1

TCO

substrate

5 CdSHkH - PR A RIS R R g s K

SR FH I BB R B 4 1) 4% 11 B R b B 2R
T, W A ERIER T 8.3%, P EALE6% UL L,
FFE HL R (Vo) KT 0.6 V H. T4 R FE T 5
T2 T 4% 1] 4% 11 45 CdTe 14 45 ik &5 38 s 28 4 (3%
/TCO/CdTe/ 4 J& M) JT % H P 3 E /N T
0.46 V, H = TS E/NT0.6 V. P F R AME—
(X R T RS CdS, 7 WL Cds (17
TEXT B RE R 2] 7 B B S EH. BAR

EDX K W] CdSTe ¥+ S )5 7 H 7y & &
R 2.2%, {E20] Bk BE L — BOME AT B 2 5
M 2+ S, e R EA R MR AR R T
Voo, YIRS IF NI MBI E T B NE. B
SRR At EL AR WA B 1 R AR AR AL FRL S ) 4 1
PEREMI TR, (B2, Z TARIRM 1 — Rk H - 1k
FE AR TAT I % 753, e St B85 1
Hith.

800 FA AT AN yay
g
O 600 . ........
~ i .
)
= L
A Ohata 1973 L]
¥ Nunoue 1990 ®
D MOOn 1992 .....................
@ McCandless 2001
0.4 0.6 0.8 1.0

CdTe; S, Plzfl

El6 CdTe-CdS 7ot

2.3 SREE-FFFFBECANLHIAIIIE

2013 4%, FRRHSE F TR FL AT Ak S ) TR R BH FE
T ZH 4k S X 2 H R IR R A CAS B - 3
EFE G ISR S 2 T 8.81% (¢ = 3 mm), 1M
Hisid 2 Mo i RAEFBAF ) T 8 - RS
AR B IE AT L A OV AN 2 WAIE 4% (590, 3% AUk
BT — LG B HI A,

TEROW T TH, 1 %6, XFIB K5 I CdSTe i it
7 HL 7 AR A, R BT A B 5 1 s e e
7 I B 2 4, L ot 9 Ak L A A E )k R R
B R 2%, B7AH TRFERKTZEM
CdSTe A4 CdTe IR HL ) 25U Bs 1 iR
. B84 T IR KA 5 CdSTe 1 I 5 7 B
(E7C ) MRBARN S AC WSS 5 2 [ I AH
7.2 (Phase) f1 DC fli % H & (V) Z [R5 & 1)) Bp
AR A R 5 Y R TR V2 4 7 1) 22 T ) I A ol T 1)
AR, UF BB SR B R R [ R AR AE. S
%, @it XRD, SEM, EDS, STEM %34 () 5t b 43
Hr, Mg R T HMEAEIR K5 BT B R AE 4
WEBH T &R BN 5 A AR 45 79 CdSo.956 Teo.044
UKL AN & i 1 37 7 IN R 45 44 CdSo.04 Teo o6 f KL
[EISAAAE. ERE T 24409 AR 8 i v IR 20 5 v
758 — 70 CdS-CdTe # i v & 7S 7 MR L -2
P A L A S 79 DA SIZ B
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112 mV

0.0 4LSPR Amplitude 3.0 ym
—-1.7mV
10.2mV

0.0 4:LS PR Amplitude 3.0 pm
—L4mV |
S Iz T2 VS s

0.0 4:LS PR Amplitude 3.0 um
=750 pv
(a) CdSTe /i

| 0.0 4LSPR Amplitude 3.0 pm
-1.2mV

10.1 mV i
I 0.0 4:LS PR Amplitude 3.0 pm |

0.0 4:LS PR Amplitude 3.0 pm
1.5
9.0 mV

—-L1mV'
12 mV

0.0 4:LS PR Amplitude 3.0 pm |

-1.5mV

0.0 4:LS PR Amplitude 3.0 pm ‘

~1.1mV
) 4 CdSTe iifi

7 (a) CdSTe MR JAb B 5 1R T o0 77 B B S AR IR ST, (b) 26 Cd'Te TR K Ak 2 /5 718 R 7) 6 T G

AR IR

50

(=)
T

FANIZE/ (%)
|

—100[

—150

5 6 -2 —2 0 2 4 6 3
DCmgkHE/V
B8 RIiE A 5 AC K5 5 2 1 MM 21 DC fhi
o LR 2 A 36 2R
FE T T, W %% B 5% Tt 25841 B AT S8 AL v i
[o] 2 B RFAE, B FAL I B T 2% U T BASZ DC A3
HL B9 H T CAS 9K AR T8k B - S R
HIeREME 5% 5 CdS/CdTe p-n 45 YR AF HITTF
B B Voo 5 9Mi R B3 Eoxternal Z 1] 1156 5 1),
K H “ITO/CdS nanodipole-CdTe/ITO” X #5141
2, K6 Voe BARRAE —150 mV, HEZ %
it i it DC &M & H 3 3 FEAE +7x 101 V/em %
—7 x 10* V/em Z [A1 IR, BRI Ve FT BARE
43 AN AN K F] —100 mV A —270 mV. V. ANt
fEAREE FL U AE DI R T 30 Y 1T HH I L, O H
DU R A IEE AR . 31X B Vo #R AR 7E 4 22 40
i 5K F it P A A B 5 s 5, AE 1 AN K BH O 3
ﬁ‘ﬁﬁ”Ti)ﬂJ’%Eﬁ DR AN A7 LE SMi R 5 HL b Ve &0
REME. X “FTO/CdS/CdTe/&)@” G5 HItE S
%ﬁ{ﬁFEPﬂDHﬁEﬁEﬁEﬁ% HEI Voe RE

10 mV {3246, IXFELRAE CdS-CdTe #4KHA Z
T RARE. AT ASDOIE B8k - SRR S 1
A AR S Al L i Y SRR B T OB DR, T L
H -y B S R AR S 7 R ), Dk — 2B PR X
Foft L it R SR AR I — FRORT IO B IE AR, XM IR TE
IEAE p-n BDERASAF P SEBL, BIONAR S p-n 456K
FAF Voo, BT p BUFI n B TE SR HR S 1F R vt
PORBEHZE. X p-n & a8 1F M 0o i I, BEAS BE 2L
AR JEZROR R )35 2 BOR TR, AN AR
LT TIRIE, DRILas P s i 3 ZE AN 52 A i e

| —=—1st Ineasurenrljnt (a) |
——2nd measure

ent

| Y

Voe/mV
=
(=)
o

I
I
300 |
|
I
|

-8 —4 0 4 3
Eexternal/ (10* V/cm)
B b ER A8 0F IF B LR (Voo) 5 81 I L 3% 38 FE

(Bexternal) MR &R (a) CdS ki - SRH & MR
Bt (b) 148 CdS/CdTe p-n GtIREHF
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DR, % AR AV R AR % A 9 T
2, WGHE SR B A AR 2 T XA g A
[ f0 A 2 F 3 e, T R AL HL 3 B 4 TR AR B
.

bR b, T AR L JLER R AW L
SO0 Z R R (0 CdS, CdSe, ZnO %)
(3 R AR STORE # B AT AR 9 A A AR, W] A Bkl
- ARG R

24 HB-FEEHFBEAXLKRBZTHEARTH

BTt R

2014 4F, v [H R 2 Be B TR 5 A FUCK CdS
B - SRR GO R R B R B 11.3%
(¢ =3 mm) (WL 10). [FFE K — A B F
PP IR B T 11%. Rl R X I Lt B Y
S I I 7 FE b 1) 2% I AR R CdS-CdTe J —onfb &
VIRt I DC e K SE B . 38 7 iR K R
w5 T RS [ B it I AN 25 1 DC i [, L3 598
FELE (1-5) x10* V/em Z 8], K I H L) Vi AL
R IR, o Ve 7£ 0.55—0.65 'V I35 H,
T AE A9 ) A V8 J5 38 A 5t o i s 1) 4% HE 10 255 it
Voe R 0.45—0.5 V.

STC
3.0 3.0
2.5 2.5
2.0 2.0
<
g
15 15
~
1.0 1.0
0.5 0.5
0 - 0
0 0.2 0.4 0.6 0.8
V/V

3 AMEBEAECRE T
3.1 BT HIE R IAHHEN

3.1.1 AEREKRBHFHORER
AN B A% T 3 6 B A BH RE B 4160 A
BT AU K P AE H ot D7 STk e AR I LAE

WAk R B Blhn, CdS/ZnSe %5845 ¥ & 1 s i
e U7 fE YR R T EEE S H &

1M 7E ZnSe #Z% L R, 5 TiOy 2 [H T 6 i 518
W7 EAOGE FEWR T % TiO, KR i &
100 meV, FET Hth Vo, B3 S, WE 11 fos. 1
FEA MU PR BE f it A D4 10) 3@ § AR R &
JZ SRR I 10° V/em (1 P £ HL 3% 0 R
Voc. HANEALGI 5 EL i -2 SRR S AR ), 15
72 K B AT AR R A 1 Bk e A RL SR TR il 9 g FEL 3ok
G BGOSR S AR Y R AT i i
I o KA FLUAT, DA T S B ) R e e Y T e
ek - ARG B X E T, B AT
THHER A EL

Model  CASHURAR TN
Ser.No DC2014a526
Area 0.07 cm?
Iy 1.75 mA
Ve 720.80 mV

& F.F 63.6 %

: Pn 0.80 mv

I Ex 11.3 %
Iym 1.46 mA
Vom 550.05 mV
D Temp 25.0 C
D Irr 100 mW /cm?
File: A20140617142039

BB PR & R 45E

FIK S ARG A 0

10 FHRE811.3% () CdS 2R - S LR BAFH) 1-V A1 P-V ik

R BRI A RO T i

2 ML EEjR ik

2008 2 [H Toledo University PR AR AT AR H i 5 (3,5]

2009 % Toledo University 8.3% [6]

2012 o E R L AT 8.81% 8]

2013 e R 2 B H L 5 B JiR A IE [9]

2014 o [ RSB L TR BT 11.3% http:/ /www.pv-tech.cn/news/
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K11 CdS/ZnSe #%7e 45 M & 1 UL F i 10 55 5 4
TR Voo i1 J5 2R (17)

312 ARV ALFEHTHEA

AR, SR 450 1 i | 2 SR A R 5]
TR Z W GER A8, AP AFE T Zn0, GaN,
InN & CdS 25 [15-231 dxsbpp il i T A s B f 2
ARG R, HYUORFIRCK S48 O H T gl
K AL 124201 H 3 RO R A P R A
B 281 T A 2 A SRS 129) 2 2 R AU 284 TR
TR DESEE Ak EdR v ARER I HITE
AT T REIRANEA, JREUS T2 Hidi
ARG, IXAN B AR FH Ak A e AR R L A RS
2 1) W Ams () s g 5, T 4 s UGS A, 49
W TR RS 9KPLES N AHLTE T S A% =&

RAE.

(b) & I3
(EJn
s [ T W

PRl NHZnO

) (Q& E Sy
@)

PR N#ZnO

Bl12  ZnO H LG T3 1 1 S5 R 5 ] 3]

ZnO 5 —FiH WL 58 B I-VUR L 51, 2
FEH EEAPCE A R, EFR W
N HASE LRI CAS M, 2 NTT LB B 1R 4G
), BA R R AR ZnO K R VE AT B
JREF 6 R o 3 031 AR T ZnO
AR LB N AR E M n BUR (p B ZnO B
AMESRAT). WP 12 o, IXFR a8 AF U EE ZnO 9K 26

ERYNK A e AN 7 A AR AR T A T R
S5 SR, DASRAS S e A Ay PR R AT S G ) S
PERE. FEA EADIRRE S SRR A R, (BT 41X
VENANTEIE N, TEA S e 25 AF S5 A AT G AR BN AL 2
A5 AR

3.2 BRFIARNKLES

3.21 e AKBHEH

HAE20t @704 A, ANATH & &M
SbSig 35Bro g5 [E¥ 7 B2 F BaTiO # i i B9 i
Sk H A REE G I S A T 2 IR (R R AR R,
HAH R KT MEAR G 508 (Voo > Ey).
F Bk F A R N F AR AR I A R, AT LATE
PR N R LI, DR OO R R R S AR RN
HARJHRF RAmL, AREERGTESR
M2 Z e, BARLE20 2 70 F180 4 ARk
LA RE O AR SR — SRR T 2 R
P 3458 {H U & 0 VR SRS A B A B K
K. 21 el DL, Bl A 6 R A2 77 R0 R A (1

SnaP2Se B9\ (Pbo.g7Lao.os)(Zro.52Tip.as)Og 1041,
BiFeO3 (2] 2k B bR Sl J5 B BF 70 2638 15 2.
WP 13 Fro ) 2011 4E 1 Seidel 28 AHRGE [1) BiFeOs
B P R TS R R [T T B 2 22 J2 )k L
BE IR PP 4 A 7E G HE R BE S SRt mk T LAk B
LR [49]) saz 872 (e, SR, BT ak s AR
1) 6 IR S e AN AR B T I s Ve BRI A B R
P, DABUER M I T ROR AR (~ 1075)1]) Sz ik
T p-n SRR E TR (~ 1071, X E
BRI 1) BRI AR S e B RE, R AR
ISR Ak B 28 14 401 et T LY AT 41 4
IR B AR 55 2) A 5T E 4k FE AL RL ) FL 3 R AT AR
IS, FEAS 1ORA SR TE iy b %, s g
FE TR FEUR A I H, BG4 R
SE A AR AR (101 DRI, Sl 7 PR Rk AR 5
eI RIS, SCREIRAS S B AT IO | O
FH 5 L A 9 3R A B AR ) G 5 ' AR BRI A I G
). ERER - SRR A OB R B AR BB AR
PSR T2k ARSI AR, (H 2 A A
R X . R F AR B A A L = A P
W A6 AR BT I AU T g R IR 3 — PP Rk, T
R -2 SRR G OGRS O P A D e 23 T
PR RL, (R B SORE P RRoA R I b () A A ke e S
FeAREBE DR I TheE. Fik, Bl - S
TCARERAT BT RIAZAR N Bk L - SARFE & AR AR AR
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80
d =100 nm

7

Vi

(a) 50

40

AN
Current/(pA/cm?)

l L =200 pm

d
o 109° wall @
® 71° wall 10.15

[Voel /V
o
Single wall IQE

Jsc/(nA/cm?)
Device IQE (10-?)
o
o
=
o

.
L L L n n n 0 _._._-.ﬂjgu 1 1 Il Il 0
0 20 40 60 80 100 120 2.2 24 26 28 3.0 3.2 34 3.6

Light intensity /(mW /cm?) Energy/eV

K13  BiFeOs 2RISR AN [43]

3.2.2 FHEkH K8 R E & AW, 2B At O S AL AR, T X A

Beilf JUAESR, LU KT 45 10 WL 42 )@ s Ak 4 FLVHL B WA T 5 G RO H Tt S DL A L A
[CH3NH3PbX3 (X=Cl, Br, I)](8{ MAPbX;) {E N 1), B JEIE R T 5 A g SRR £, Hom
WS A e ) S P A BT B 3t (B A5 K A o i b ) % PERE G R BN ML A AEA D Gi8. BEA A2
e R R A B W, © 4 N K BH RE AR 5T HEF A EEL BT AR pn 45 SRR (8]

T T T T T T 20F 7 ; 3 T ]
] b1 —o—750 nm FB-SC
20 B e 03 V/e g 2 o= — = 750 nm SC-FB
Do it i 15k —c—440 nm FB-SC
\ — o= 440 nm SC-FB
10 - —a— FB-SC - — 260 nm FB-SC
SC-FB ‘g 10T Mesoporous TiO» 260 nm SC-FB-
< Scan rate: 0.15 V/s
<
0 ! 1 ! 1 £ 5k i
= Jse
20 L - ) 0.15 V/Sn Q Cell  (majem?) n/% Voo/V
Vi L % Ofrsom 1327 611 074 065
. E 750nm 1322 582 074 062
OO . i i 440nm 142 681 076 065
i FB-5C —5asonm 1416 662 076 064 7
< SC-FB 260nm 1675 844 079 066
g 260nm 166 714 078 057
< 0 + i ; 1 + ; - 1 —10 + 1 + t + t 1 + t +
= ) 20 Brgencaa —s—FB-SCH
% 20k 0.044 V/s | . SC-FB
ES (b2)
EiY 15 4
T E ol ]
=2 Mesoporous Al;O3 i
<‘t5 Scan rate: 0.001 V/s N
0 T + 1 } + ) 4 S 5f 4
20 1 0.011 V/s | il
g O 5
2 Direction<mA/:“;) /% Vo)V FF
] —5 KFB-SC 1937 1373 1.03 0867 4
scFB 1938 894 081 049
0 - | . 1 - L . E —10 " 1 Il N L " |
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
iR /V i IHLE /V

(a) (b)

14 EZALETHEH (2) FRH TiO2 £4L)Z (b1). AloO3 £Z1LJZ (b2) ) CH3NH3PblIs_,Cl, RAEH W4
JB AT AR R R Rl 38 7 E ) 1-V 2k (49)
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2014 4E4)] Snaith 25 A\ O] FEEG LT f it & 8L T R
WIRR LG, REERT BB KT 1 VBT
BT HAN R DM AL AR,
% £ 2V 1 45 14 19 CHsNH3 Pbls_, Cl, 1B& A ML
& @ AL S R B J-V B2k, AR PSR
5 1) 77 R AS TRV S22 T AS [ DI Al s 1 6 2% 7
7] (FB-SC) A 1) Vo F1 FF ¥ b6 A A F K,
Joe WA W8 X 50 (B 14 (a)). 10 H HE 49 #5538
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Abstract

This paper introduces the history and current research status of the novel ferroelectric-semiconductor coupled
photovoltaic devices, in which a ferroelectric field of polarized dipoles from nanoparticles separates the photogenerated
carriers. Fabrication of such devices by combining a CdS nanodipole and a CdTe absorber via a feasible method is
described, which involves a phase segregation process of CdS from a CdS—-CdTe pseudobinary system. An irregular
behavior is observed on this type of devices, i.e. the hysteresis of open circuit voltage due to external bias of direct-
current (DC) electric field. Other macroscopic and microscopic evidences of the dipole field photovoltaic effect are also
described. Meanwhile, similar photovoltaic mechanism observed in other types of solar cells are also discussed, such as
organic photovoltaic devices and quantum dot devices with photo-induced dipole polarization field, piezo-phototronic
devices, ferroelectric photovoltaic devices, as well as perovskite solar cells. It is apparent that the polarization field
of dipoles not only exists in the various types of photovoltaic devices, but also may dominate the behavior of devices.
Therefore, we propose that a new concept of dipole field semiconductor devices could be properly used to explain the
photovoltaic behavior of both junctional and un-junctional devices. The junctional devices could function with either
pn junction or Schottky junction, while the un-junctional devices include all the devices mentioned above. We expect

that various innovation should be inspired by this concept in photovoltaic community.

Keywords: ferroelectric-semiconductor coupled solar cell, nano-dipole solar cell, dipole field semicon-

ductor devices
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