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Ty A A

(LR EOR AR, RO E SRS SRR G S0 2%, JEaT 100083)

(2021 4E 3 A 23 HIgF; 2021 4F 4 A 13 AU EHEH)

T U K B AE R b B A AR S, (TS A ST s | AR PE AR BGE B B A SCR
SERFHER JE F RUURECRZEARIE T (170—230 C) #1451 InN, I HAd A £ CdSeTe F it 1 mi K BH g
GBI FTO/TiO, AL, #EAT T I+ 2 TURR G 1R b M R O3 1 P BRI 52 . 85 %W, 51 A InN
V2 I A P VR R A B R T, OF AR T L T Y i, SR T . [ T e T R
Fe R MG AR T H A B 0 T RE M. XA A InIN TR B2 R0 JEE BE XS H b MR RE I S AT TR AT, O

XA B LA T T e

KA InN, 200, IHEH 1, Fimkniz
PACS: 77.84.Bw, 81.15.—7, 84.60.Jt, 73.40.—c

1 5 =

B K BB M (quantum dot solar cells,
QDSCs) ARZMH, FEATHE T (quantum
dots, QDs) il {7 A== AL, IF HEA MR
o RO | B R LA K 0 A 12
H T, HacRndt s £ 25 a8 T olcs R m el A m
PERE, BCEBT R QDs AR FL S BT A0 550 R0 H
Wity B-12 BT QDs BB IREH e G HL R RAL
ik 44%, 2% T Shockley-Queissertl B (31%).
HH i QDSCs 1952 brsfi & i iy Rk #] 15.2%019.
S H Y Y R0 B (B A TR 25 BE Y S R 2 B2
R Rl £ T A A5, {1 QDs FETERCR YR
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BPEAS, SEAECIMER e G 8, I
M EIRMERE T RE. frt, AEETH R b MERE, BHFA
BRI T QDs S FH B R ] A 5 114160,

Martinson 55 744 J5 7 )2 T (atomic layer
deposition, ALD) £ A H T 44 kHg b R BHBEH
WG B, 7E PR RS (AAO) FEhii R TR
ZnO. X AESGH ZnO FiHL i, 51 A ZnO 44k
B JF % H . (open circuit voltage, V) 3%
PR, EHERCRIA ] 1.6%. Wu & ST 2
TUAR 28 1Y 10, FHASJZE 51 AES B4 K FH A2 Fi
AR T (fill factor, FF) 3655 72%,
AH N ) YG BL 0550 R R 12.56%. Brennan 55 19 7§
YORMEAL K FHBE TSI A InyO4 BHEY)Z, #F5E K BIA
5] 7 P ] 31 A= K In,O4 WERR LS E X Vo A

*ERE SR (S 2018YFA0703700), IR HARFIA S 4 TR 564 (HEWES: 52002021) Al Je @ A SEASRHI L 55 2%

(Ht1ES: FRF-TP-20-016A2) %% B L.
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KR, Hoh 20 Yk ALD 163 (JREZ 4 A) 1Y
AR Vo $2FF T 100 mV.

Bl JUAE, i I RAEMYE SRR R (GaN,
AIN, InN DU BT & 45 iR FH I 7E 1k,
i/ ALD il & Ay pos & 208 5. 2,

e BTN A e LTI R R R AR Y AIN BliAL |

RICTIAE I GE vP )2 | K PHBE HL it LA SR 25 45 7
TS | BB R RO, AR5 2 0 FH 4 B - A3
i Ji 1 )= UU R (plasma enhanced atomic layer
deposition, PEALD) A KA AIN /28 QDSCs
JCEHM R EEfLZE, B F B MVE L, &lifk TiO,/
QDs R BRFE, M TiO,/HL i B Al QDs / Hifif
AR T2 S, 25R R, 51 A AIN 4ifk
JGRERE T FFH V,, Hh, 54 ALD g1
AIN # 2 %} CdSe,Te, , QDSCs B4 - K, N
9.31%, Voo N 679 mV, 735l TZH MR 8.27%
1619 mVP2 534k, % B H] InN 2 S48 2 A
T R P R TR R G B RN AT AR R 250 X L T H i
AA—ENRL. ASCE AR A PEALD £0R
£ CdSeTe 3 QDSCs BG4l RI2 R
A (fluorine doped tin dioxide, FTO) FH
BB 5 AL HZE Ti0, 1A AL DA InN 8
2, DI SEE B s (R R P RE IR IS B
BOBFSER B, 51 InN M2 5 1) f iR % ik
P BT, X5 InNGE )2 A5 AT DU E
ML %z, S v i R RS A B, R
Tar 526 1A S R AT K.

2 ERE L
2.1 HEmblE

fil# CdSeTe QDs HIRAFIFMEMIFE R B Sig-
ma Aldrich [iHil%E (OAm, 80%—90%) Filk#; (Te,
99.99%) MM Alfa Aesar WSEATKY (Se, 99.99%) .
AL (CdO, 99.99%) . R (OA, 90%). %it 3k Z,
2 (TGA, 99%). il % Ha A i (4 12850 L 45 ok A 112
ARG A BR 2 B AR A A 0 L Ak . LKA R
bl (NayS-9H,0, > 98%) . — /K& LIREE (Zn(CH;
C00),-2H,0, = 99%). ik (S, = 99.5%). JoiK
HifiE (CH30H) , Jo/K 4% (CH;CHL,OH) | IR (CH;
COCH,). & H ki (CH,CL) . =& H 4t (CHCL).
QDSCs 143 B B 4% 4 M Pilkington W 3K 1 5 i

BEES (FTO, 14 Q/square).

Tl R A A IR AR 12, WPk FTO %
Ji§, SRJGTE FTO BV InN, SeF AR TR,
FFEATRIRE (200, 250 F1 300 C) DL ARG
W (5, 10 F1 15 cycles). H¥k, #il 4 QDSCs, %
— 2 TiO, JERI I HIVE, ZEDTRGT InN /) FTO
M L, SR 22 WER R 22 B 4 2B )ZE K
2 JZESZE. 55— QDs AR, BT E &
Cd ¥ Se ¥ Te AR AT, F-45 = IR FTIKY)
R R CdSeTe QDs. 45 = NHU R ECE, H
W51 A 2 mol/L Na,S, 2 mol/L fii#3 F1 0.2 mol /L
KCl, B & /K. 55025k CuyS X AR 1 il
2%, KW (RS 4A) R R R HUR A&, Wk
TH)GEIKE 1.5 cm x2.5 cm KN, 85— B
Tl 3 0GB A AR, ZE BT THr AL A H
il BCRA =R Z5 R QDSCs.

2.2 RIUFHK

M T B (scanning electron micro-
scope, SEM) K4 ##E i 9IE 3, H Keithley2400
TRE AR BHYEAR L% (sciencetech) 76— R IER
BET (AM 1.5 G) FAFHF-HUREREIZE (- 1),
H PV Measurement QEX10 Jllif# F8CE, HK
INET LU AR B 1 S 803 B B 1Y
32 R0R 20 FH R AR A T Sl 00 R b A BE B
(electrochemical impedance spectroscopy, EIS),
DT AT LASRAT 2 | S Th S 46 L B | F, 1 i i L
SFRASHT,

3 H#XR5itb
3.1 QDs IERSRIE

CdSeTe QDs & Bt B 2 BMIRATTZ AT 4
202 AR CdSeTe QDs HEI TR/ HEE 5,
F 2 W5 (high-resolution transmission electron
microscope, HRTEM) & 1iF , HARZE R UNE 1(a)
I 1(b) . HE 1(a) ATEEH], QDs J&1%)
Sy, A AR R RS, KL 1(b) AT
PIVE MW A 3], CdSeTe QDs A E R A4S fhik:, I
AL HOR AR KN R 5 nm. X CdSeTe QDs
AT TRaAZOEERE (PL) Wik, g5kl 1(c) fir
. I PLR E 3 AT % 31, CdSeTe QDs M % 4t
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PL intensity/arb. units

500 600 700 800 900
Wavelength/nm

1 CdSeTe QDs [ (a) TEM [, (b) HRTEM & #1 (c) 235 PL &
Fig. 1. (a) TEM image, (b) HRTEM image, and (c) steady-state PL image of CdSeTe quantum dots.

W7 B 730 nm A4y, A (1) 2R LIS E
CdSeTe QDs HIAEHITEE LN 1.45 eV. 5 3CHKk [29]
|45 CdSeTe QDs HIASH T 1.55 eV FEA
TE—3

B=", (1)
Hrp, B, AR, ot B W TOR AL, ¢ oL,
NP

3.2 AREIMEETINRA InN 3B
=1

Kl 2(a) i QDSCs G A5 4R AL 2K
FHYERE S #E QDSCs EififT, QDs s iYL 752
PR WRAT B SR, 4k A B4R E LY
TiO, (4 E 2 M InN #3245 2 /M %
AICAE FTO/TiO, SR PEALD £ AR T
ANTE) 250 B InN G, 43 B7 4  InN 4 A S
QDSCs HPEREAE (L FIYTEHLEL.

P 2(b) it i QDSCs i FHAR R 1 . A SCfifi

CdSeTe QDs (b)

FHR 25 AR By TiO, /LB, LI Y, 22E)
(1) TiO, S-FLHEIEIA A ), T IE AN
WOkL (P25) HRHRITR B ZE, R5F2528 13.8 um.
M F R AEK, ir EE Ak 4 QDs. I
2R, RF20% 3.61 pm. B E R
KAGURL (P400) JBHRITRTE i, AR R 23S 58 % K
FHYER LS, M4 T+ QDSCs XA BHIEAYFI FH .
FIH TiO, A LIS T (@i FTO, 78
TAHEZRA IR InN EHE.

FERRATZ A0 TAE b B0 5 2o 45 4 i 6
5% (scanning electron microscope, SEM) X} kWil
SRR FIPURIRIE (200, 250 F1 300 °C) F Si e
FAEKA InN B S, ZBITE 200 C B, InN JB
BT /NS ST B R, LR 2 [ A B ST, # T
R 22 ) InN ) In )8 FI RIS 80,
I InN A UTRLE BEAS B, IRBEAE 200 °C A4
BRNEHE. TRBMNGSERAERFRRE (170,
200 1 230 °C) TUCFAMFIEEE (10 cycles) Y InN
T BOGT R Tt 1 R R

15

—=— Reference
—o— InN-170 °C
—4— InN-200 C
—v— InN-230 C

10

Current density/(mA-cm~2)

0.0 0.2 0.4 0.6
Voltage/V

& 2 (a) QDSCs HOGHRZ MR E R (b) JGBHA%R SEM #ifi &l (c) 2T A InN JUER IR EE 1 QDSCs 1y J Vil ith £
Fig. 2. (a) Diagram of photoanode structure of QDSCs; (b) SEM cross section of photoanode; (c) J-V test curves of QDSCs based

on different InN deposition temperatures.
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[ 2(c) AFEEFAFE InN FIERER QDSCs 11
J- VIR, A9 Reference fHZR MARTTA InN
HH)ZI QDSCs 25 k. & 1 &5 ARIFIRE
TAKM InN &2 J-ViIlliXS 4, 25
BR1ITBCEREETUE L, 5l A InN B2
J ) FEL S B S A R AR L 3 I R A, o
£ 200 °C T ULFREY InN &% 2 AR TH S e
R, WA 4.68% T2 5.47%. [Ali, 15 2
o % HLR S (short-circuit current density, J.)
H14.43 mA/em?, V. ok 0.58 V, i1 155 FF
69.98%. FFITHEA N

P

FF=—"_
JSCX‘/OC,

(2)
Hh FFREFFEH 7, P, 52l i K DR,
Joo SERIER IR EE, Vo e TR T, XS %/
W FILE 200 C F LA InN M A B, Hh 35 1
TS HOT LA ;U B 13.28 mA Jom? $2 T} %
14.43 mA fem?, A K V. i 0.56 VT2
0.58 V, [ FEAZMLA K T FFH 62.37% & T+ =
69.98%, kALK, AT, AR 4
M T FFTHER.

F1l OANFRE AR N EERARE J-V
NS5
Table 1.  J-V test parameters of InN ultra-thin layer

batteries grown at different temperatures.

Samples  Jio/(mA-ecm?) V,./V  FF/% n/%
Reference 13.28 0.56 62.37 4.68
InN-170 C 13.33 0.58 67.98 5.23
InN-200 C 14.43 0.58 69.98 5.47
InN-230 C 13.59 0.57 66.55 4.68

3.3 ARIMABEER InN Xt i

SERR AT, TEANRNEEE T TR InN 4 i
JZX} QDSCs e A —E/EH, Hrf 200 C
XTI AF, HXF FE 8 A B IGEm. R, 4
SCR T E DURREE N 200 °C, #F—#% PEALD
FEARVURRAS [R]EEE InN 8 78 )22 0T L b 14 8 1 s i,
FHHEHBT L.

i T PEALD H AR TE i BT AR 72 rp i ke
P, B R E RS ERE L, ATIRAAR LSS R ik v
3 [ S 7, PRI AR SC DA PR B, B cycles
B0E St s i JRE BE AR AE . 5 InN A9 TR 36 B [ 22

9200 C, 78 FTO #HJi& TR TREJEEE (5, 10
115 cycles) #) InN 2 I il 48 H it a4 70 3K
El 3(a) Fras A5l AR JEJE (5, 10 #1 15 cycles)
i InN #3219 QDSCs 19 J-V i £%, Reference
M2 A 51 InN B2 19 2 2% e 1 it 2k
xR 2 drag il S 4T LLE Y, 7E 200 C
T U PR R BT InN 2L TS %
HET R, 25 1 BE i e ORI A R iR e T, Horp
UL T 10 cycles InN 4 B IR 32 T B o0 BH B
M 4.68% $ETHE 5.47%. Xttb J, Al &B, 51 A InN
EER R S SR AAE AR, FERE FFA
LNGIE 53 NITRS = W €PN L5 AL
FF RN R 2GR, — 2 HL A e o
Fe, ARSI 28 1 v S A ol P[] — ol P i B, PRI U
WREAEIE. 5 — sz E R i R GEHPTR
AN, AR SCHE SR ARG IR A9 FTO/Ti0, A1 4k
I InN ##)2, InN P FREIRA 5 BA w1
TR RN S I, ATRLfE 2 T InN 5] A
HGE T B R G R RET, IR T N — 2 E R
F M RGBT )

# 2 R[FEEEER InN KFHAERIEY J-V XS4
Table 2. J-V test parameters of InN solar cells
with different thicknesses.

Samples  Ji./(mA-cm?)  V,./V  FF/% n/%

Reference 13.28 0.56 62.37 4.68
5 cycles 14.41 0.58 62.48 5.18
10 cycles 14.43 0.58 69.98 5.47
15 cycles 14.29 0.55 60.85 4.77

El 3(b) Fron A5 AAS AR BE InN #8362 1)
QDSCs & FReRMAh 2. vTLVEH, 2&5
A InIN 8 T8 J2 X B 3t 199 S ) 7 915 FB1 V82 5
BI7E 300—900 nm Z[H], X 5 QDs #ib 7 iy iz ik
T — 2 LA 3(b) AT A&, FE 400—
600 nm i B TGRSR A0R 4 m , 7E 500 nm
AR BNEAE. Gnk 3 Fral, A 500 nm
BF, 2L Y & R PR 51 InN B HL
LR AR, AU 33.61%. Bl AN R
7 InN @ HZ 51, B A SR AN T T
XFF5IA 10 cycles InN 8 )2 10 HL M, ' oL % 4
BORIR B 47.78%, M4k LE3E inAE 2 15 cycles InN
B, FEARCRAT BT N B, X AT BEE R InN iR
JERSEINREAS 1T R B . IR QF MIXTS
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. 15+ (a) 50 F (b)
TE
% 40 e
<
E 10}
= °
E E 30
12}
£ c
v —a— Reference 20F
s 5F —=— Reference
3 —e— InN-5 cycle —e— 5 cycle
= —a— InN-10 cycle 10 I —a— 10 cycle
o —%— InN-15 cycle / 15 cycle
0 . . . . . 0 . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 300 400 500 600 700 800 900
Voltage/V Wavelength /nm
—=— Reference (c) 60 (d)
150 —e— 5 cycle
10 cycle 50 —u— Reference
—¥— 15 cycle [ 5 cycle
. 40 10 cycle
S 100 °< —¥— 15 cycle
N %JD 30
' 2
20
50
10
0 -
0 . . . . . . . . .
0 50 100 150 200 250 10-1 100 10! 102 103 10% 10°

7/Q

Frequency/Hz

3 (a) BT AR InN JEEEH QDSCs B J-V Ik (b) FETRIRIEEE InN #9 QDSCs A1t F20%; () 3T AR InN £ QDSCs

B I A Nyquist f12k; (d) 3 T AR R InN #9 QDSCs Y Bode Hh £k

Fig. 3. (a) J-V curves of QDSCs based on different InN thickness; (b) quantum efficiency of QDSCs based on different thickness of
InN; (c) Nyquist curves of QDSCs based on different thicknesses of InN; (d) Bode curves of QDSCs based on different thicknesses of

InN.

HOHLE S J-V IR0 ZE RAF A, 51 N
JE RS L I PERE A H T, JE L 10 cycles TR
X SR TR A

# 3 AFEER InN KIHRER M QE MiXS4L

Table 3.
with different thicknesses.

QF test parameters of InN solar cells

Samples QE/%
Reference 33.61
5 cycles 42.20
10 cycles 47.78
15 cycles 40.76

R T PE— ST InN M Z 05 AT 50
QDSCs Y HL 3t R 58 N BB HERE, X QDSCs 16 FH
e H T 1 A A M AT R AN B A 9T . TR 3(c)
FAE RG2S FRES PR A Nyquist 14k, 7T LA
PSR, IAE 4 0 B s i X IR X 2
1A DX A58 /DN 24 [0 6 7 e AR /L i o L T
) EEL ] 55 B HL BHL (R ), TFEAS SCHYSZEG ) BT
7 PR EEL S D A %o AR R AR A AR D, DR X

SO PERE TCRE R, ST ARG 0 1Y
e AT DX A R P ) K R B, (L HR B H BHL A2
LA 2 AR P R R S . AE IR X 36 2 A~
BRI B 2 W 1) J2 0 B AN /P fife 0 57 T 7 £ i
FAHT (Rermion), FeHL$E TiO,/CdSeTe/ HLARIE Z
[i8) 5 T (1) FL Ay 5 A% LU S 78 T10, S BRI it iz
THOL.

WML A VLRI, 27 b i BRI FL RH (se-
ries resistance, R,) 4 18.29 Q, 5IARFIEET InN
R S R H B S S H i AR LR A T R,
H1 10 cycles InN RYHLIB RSB FL Y 17.68 Q,
{H A CRAFTE MR 22 0 [ 2 . R T B 1Y

# 4 EIS AR T Har

Table 4.  EIS fitting results and carrier lifetime.
Samples R,/Q R 1i0a/$2-cm™ /%
Reference 18.29 283.5 159.2
5 cycles 16.92 274 193.0
10 cycles 17.68 188.2 283.3
15 cycles 18.82 221 163.6
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0.7 (a)
0.6 |
0.5

0.4

(ahv)?

0.3

0.2

0.1

/. 1.05 eV

1 1 1 1 1 1
0.6 0.8 1.0 1.2 1.4 1.6
hv/eV

®

%

% 3

J I
[\ E,

E, —7 5

1.05 eV o

N

)

InN
E.
TiO,

B 4 (a) 200 C, 10 cycles InN B IR ; (b) InN-TiO, B 67T 45 4R & &
Fig. 4. (a) Absorptance of 200 °C, 10 cycles InN; (b) schematic diagram of the band structure of InN-TiO,.

fERBHBTIN S, " AMEA S| A InN BH )20 S
ZHIBI Repmiog M 283.5 Q/cm?, M5 A 5 cycles
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Enhancement of interface transportation for quantum dot
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Abstract

Quantum dot-sensitized solar cells have gained rapid development which could produce potential
applications. Although they have a theoretical photoelectric conversion efficiency of 44%, there is still a
considerable gap in comparison with corresponding practical solar cells, which is mainly due to the fact that the
interface transfer, stability and efficiency improvement are still facing some problems. In particular, the carrier
recombination loss at the cell interface seriously hinders the quantum dot-sensitized solar cells from developing.
In this work, an ultra-thin layer of InN prepared by plasma-enhanced atomic layer deposition is inserted into
the FTO/TiO, interface of the photoanode of CdSeTe based quantum dot-sensitized solar cells to improve the
performance of the photoanode structure, and physical mechanism behind the device is discussed. We first
investigate the effects of different deposition temperatures (170, 200 and 230 °C) on the cell performance of InN
films. While the InN ultra-thin layer is deposited at 200 °C, an enhancement of 16.9% in conversion efficiency is
achieved as compared with the reference group. Then, the effects of different thickness (5, 10, and 15 cycles) on
the cell are investigated at a fixed deposition temperature of 200 °C. Additionally, an improvement of fill factor
for the device after an introduction of InN layer is observed. This enhancement is further convinced by an
apparent reduction of series resistance extracted by the Nyquist curve. The significant increase in fill factor
indicates that the introduction of InN accelerates the extraction, transfer and separation of electrons, and
reduces the possibility of photon-generated carriers recombination. However, the insertion of InN deposition
temperature and thickness have a certain range of enhancement in the cell performance, and further

investigation of the mechanism will be carried out.

Keywords: InN, atomic layer deposition, fill factor, interface transport
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