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(indium tin oxides, ITO) ff JiE W 5% 4 ok 7F = i
T AT R . I HL R A 0 B A
NI H o, A P AR RURE AN BT 4 /) H Aif
5nm LABEZLE”, HIiER 3 nm M /NGRS
AT AR, T LATE & R B L 25 4 | S I 1Y)
A ) OB AR 0 A EE L R 2 TR
(atomic layer deposition, ALD) $% R RE 5 7E #AIL
W #ATAES . 2 AR R R AR A, Al TR
e TR g L ZE AL b A T R R A R A ST I
Fh, ALD fef e B 5 BEAS i i 45 i 7E 901, JF
H AT DR Ak 2 i e AT 5. R[]
TAE4E ALD, 45 & 1R 58 )5+ JZ U (plasma
enhanced atomic layer deposition, PEALD)if i
FIA GRS B R, Xl IR R A TGk, T AT
DUt — B REAR DT RUR BE MO, HatE N E LA 1R %
KT PEALD 7EA A4 JiE 17 AIN, GaN, InN
AR R g 0724, I L o X I A A
Liu % &) 292 87E 350 °C 1 GaN FFR A K.
B4R AlGaN fil InGaN A RiE. LT
500 °C MR E T, Nepal 45 26) 35 3o 45 B9 71K 4 Bl
JiFJZAME (plasma assisted atomic layer epitaxy,
PA-ALE) %14 AlGaN, InGaN F1 AlInN #ifi, &
e e ARG L, SEBL TR Rk
7t i = e A A K. Rouf 55 P71 E i ALD
4 In A1 Ga 9K H — DBk g | ATTRRE N, 52
I Ing 5Gag ;N B UL, Jf HAE SiC #f Jig [ 52 B
In,Ga, N FYZNE. Choi %528 jiid# ALD 7 342 C
THEAT T f ALZ4H 4y (Al/Ga ~ 5.5) By AlGaN 7
A KARGE. HRTDGT AlGaN 4 K—f#E 300 C
DAL, ARSCHE 300 °C FHEST AlGaN By K.
M PEALD RIfIR UL, A5
5T T HAE K PR R 7 T N . oA GaN fig
SEER BB AN T A, TLL Ergen 55 )
VEBEHAE WA K FHAE LI A5 2. Wei 55 B0
fe K PEALD fIRIRITRRY GaN #ifRAE y Hi 7%
2SI ARG R BHRE b, Sl e FTO/
PHERE AR S A, AR BN 10.38% 5 fi
53] 15.18%. Wei %81 iifiid PEALD 5 AEH AIN
R IZKAB M TiO,/ & T 1 (quantum dots, QDs)/
HAL A o Y ST, e i AR OR FHBE R IE (quan-
tum dot-sensitized solar cells, QDSCs) B9 JF i Hi
J% (open circuit voltage, V,.) HDGHEIACE (ph-
otoelectric conversion efficiency, PCE). illid ik,

RIGIA 54> ALD 1E3 ) AIN, QDSCs Hi V. =
619 mV fil PCE = 8.27% 433l T+ A 679 mV Al
9.31%. Z=ME%5 32 3§ 5+ PEALD 5| A # InN {2
#F QDSCs BRI Tz, BE R T F (fil
factor, FF) fl PCE. HH1, 200 °C F 10 /> ALD 1§
A InN HZEXT QDSCs FEFHRK, FF 4 69.98%,
PCE 7 5.47%, & T2HMA FF (62.37%) F1 PCE
(4.68%). BRI, {41 —J06 4 FH RGBT b 193],
H T AlGaN HAF 358 a7 Bit, 3 I %% QDSCs
s ORI F ORI RS S A A IR, AF Bk
AlGaN W58 HEA |, i —2P4R% T7E QDSCs J5
T . B2 A PEALD 5 A7E CdSe QDs %
AL AIGaN )2, DAIHRT e s F 1k BE Tk
G RS R, 51 AlGaN HiiH
JERT AL QDs F0, XL AR QDs 2 1 128
2 AR HAEH.

2SI
2.1 AlGaN HEHI#HI&

PEALD (Angstrom-dep 1) &G4 H T H#%
FE c T #E FE A (ALO;) #IE LU AlGaN j# .
ERGNA A S BRI G IR, AR
T, K T A A IR A AE TR A . oK O BE A B
KR 5 min J5IF AR T BEEBAMAR
1760 °C LT 10 min, ffREKITELIER, KRG
PRI PEALD ZR G800 N s N . RE SO S (8
PR TR 2 DURRR B, [RIBE X e AR i A T4 B2
TESEAT AR A T B0 ol I OR R IR &2 /D
40 min DA ER P, S T AlGaN
B4R, S Y PEALD 40055 TR %
60 W, FRUERN T 2 E A 5 mL/min, ffiH
B4l (99.999%) B Ar:Ny:H,y (1:3:6) 2585 TA4E N
AR, 99.999% 4l =545 (TEGa) F199.999%
Al Y = FREER (TMAL) 235004 A B AR R
BRItz Ak, w4l (99.999%) TS AAE S AR
IO 45 TR I R B R SR FEDURIF 4R 2 11, AF i
A T7 ZEHEAT 1200 s YAFE B TR B, {fife) JiE 3
A LA TS 035 AL, AL Gay N A4 KSR HIECEA
4 Ak g5 L, B AINFI GaN =2 % 7§ # 15 3
Al,Ga, N. 7EILZHI, T AIN Fl GaN B4 KA
RO LPUFAGE IR, BARA KB mSEL ]
PAFEZ R TAE T fif 17200,
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2.2 CdSe QDSCs H%I&

il % CdSe QDs i 57 F1 b4 K} 32 224 3 i
(OAm, Sigma Aldrich, 2 & 80%—90%), fili ¥
(Se, Alfa Aesar, 4l 99.99%) . /b4 (CdO, Alfa
Aesar, 4l 99.99%) . R (OA, Alfa Aesar, 4liE
90%). $iFE LR (TGA, Alfa Aesar, ZiiJ 99%). il
AR AR £ B JUK SRS (NayS-9H,0,
2y, 4l = 98%) . /K& CMREF (Zn(CH3COO0),-
2H,0, 2, 4ifE=99%) . iy (S, Hzy, 4if=
99.5%). QDSCs HI3EIKH FTO FHLIEE (Pilking-
ton, JEJE 22 mm, HFH 14 Q/square).

QDSCs Wil s a8 LN L. | e vt
) FTO 0 -, i F TiO, 3k % FH 22 W EfLRI )
5o a2 B0 4 2B W R K 2 )2 EUA ) AE R
TiO, A . SR J5 43 5l 4 Cd IR Se I, JFH
AN FIETE 280 C T A AL CdSe QDs. #%
il 5 4o i A SRR A G FH AR R R A
il By AL e W 2 i RS . WA 52 B S R
2B )= W AT R N7 (SILAR) il £ ZnS )2
X QDs K gtk 5 4h, B E N 2 mol/L
Na,S, 2 mol/L S F1 0.2 mol /L KCI#) 2555 B it ik .
V5 FEL 7R R A 2R TR T b ) B ) e % T A %
JUT T M . 5 S 7 Y TR AT X R AR v [0 575 o . e
W B = BARZE ) QDSCs Hi .

RIEFER

PEALD E KA A1GaN i AT IR 8 fin 9% O
1% (spectroscopic ellipsometer, SE). X BT 2% 2 5
W (X-ray reflection, XRR)., X #F £k 6 i 7 g 1%

2.3

(X-ray photoelectron spectroscopy, XPS). 8 4}-
A WELTAM T (UV-Vis-IR) #H7RAE. T
A SE #4524 Film Sense FS-1,7£ 1.5—4.5 eV
REVE RN, ASHAR 70°, @ AR AlGaN
B JEL B AT . AL XRR 5% 3 A I 22 (1]
S, XPS A& R b AL T, UV-Vis-IR B
JE R WA

QDSCs 43 #i 5 i1 B 548E (high-reso-
lution transmission electron microscope, HRTEM)
Xf CdSe QDs #1734, FDEEULOLE (photolum-
inescence spectra, PL) Jll & CdSe QDs F* W WAl .
H Keithley2400 #HFRFKFHEAALIES (sciencetech)
E— MR ER T (AM 1.5G) RAF L i -HL R
(JV) et £k, H PV Measurement QEX10 jill
RO, HR/NAT AR WOEA: 28000 1 70 Bk
BRI A IS R

2R 50
AlGaN Ml & S R1E

AlGaN v B 19 DT AR o 78 2k H AIN A1 GaN-
PEALD ZZEAR A KT, E 1 PR, il
MR AIN Fil GaN BIFE IR LL A, 76 300 C F UL
T 3:1 (A3G1), 1:1 (A1G1) fil 1:3 (A1G3) 3 Fh
A LL B AlGaN, AN UTRE F AR & i BT 1
A E ST, SPEFA I 120. Kb A1G1 4
FFE 200 °C, 230 C, 250 C, 280 C, 300 C
330 C FULEL, KI5 AlGaN A KRB 1.
AR R B LT AIN T GaN 19 ALD 5
#w.

3

3.1

(b)
(a) ;‘ Supellrcycle >
1 1 1
E(— M cycles ———>»<«——— N cycles —»E
1
1 1
i
(I o o) b © © o o
PEl e LS| F e P ]S :
=z a = A Z, a ) 2 Z,
: = — = — = — H = =
< < < < < < <
|
Time
app
E 1 (a) =451 AlGaN-PEALD fE# H AIN Al GaN (4= Kt A% ; (b) 76855 A _EAEK AlGaN (K7E 2R 45 # 1&

Fig. 1. (a) Growth process of AIN and GaN in a complete AlGaN-PEALD cycle; (b) diagram of the cycle structure for growing

AlGaN on sapphire.
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SRS AN DT B 1% JEE 3 o O e
BRI 45, ELAAR B 5 R R 1 G R A&l 2 f
. ATULE ), AlGaN A KR E % 18 230—
300 °C, BEAT T GaN Fl AIN IR R 110920 B
Wi KL 0.8 A/ (1 A = 1010 m).
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Fig. 2. Growth temperature versus film thickness for A1G1.

AR RN, AIE 2RI G 22 [R] Y S AR A
HerE TAHMEZ P . i XRR AT LS 28
PR A IS Z A G R 1K 3 M ARRIRE T A1G1
FEf Y XRR 3% E . Hiip, 200 € FEEM B9 XRR
AYFS L B 7R T X AR Kiessig 5540, XAl 4 5=
TCAL A YIE WG R — ok & =22 8] Y S T o i
A 5B If HAE 200 °C il & #ORE S H XRR %X
P Kiessig 2c 808U 2, UL B A B KR,
X 5 3 3 X0 2 8 1 2 R — B Bt R 1 T
51, XRR G5 AR08, X2 T2 TADRERS B 140
AR . IR 300 C FAEK K A3GL, A1G1
1 A1G3 /) XRR WAL RAT L, KBRS AIN 1Y
PEER LI, B ) R 38 s A 348 .l o A v 7
PIFEE] 300 °C T A3G1, A1G1 Fil A1G3 BYJEEEE Sy
WISk 11.41, 12.00 F1 9.91 nm. XEH T AIN BA
B GPC, BEE AIN [RAG R Ho 38 e 3
JE AT $2TF. (HBEE GaN fEEF LA K, XRR

55 THG TR

Z B A Al S E AlGaN Af Lk 28 4 b
(ESHE 6 B AN R EL B ) A1GaN #EAT T Wt i
M, 53R anE 4 Frzs. J@ it Tauc-plot 5 2:45 3]
ANFEEIR L] AlGaN (2 T8 58 455 & BLR &
GaN FURIHETE, HB A3G1 1% 5.81 eV £ A1G3
() 5.57 eV. BIBEE GaN HEIRYHETE, AlGaN 47
BT GaN [k B, AR SRk [35— 38] 4RiE, A

B AR LA S B RALYI R B 454, (HIFA
SEAE R BURE T, T JE 5 e 7 1 10 Sk RE
(AR SO RE SR, DAL IHARE fl AR A i R A 2 B
i RIE 5 PEALD R H] % 1) AlGaN W4
TR R,
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Fig. 3. XRR test plots: (a) A1G1 grown at 200 C, 250 C
and 300 C; (b) A3G1, A1G1 and A1G3 grown at 300 C.
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Fig. 4. Absorption spectra of different AIN/GaN cycle
ratios at 300 °C.
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T80T % T e B ) S I Ar B X TR )
s RS EATIR . FE A REA TR IR Al
Ga, N JE&K, A3G1, A1G1, A1G3 1 Al 2p, Ga 2p;y s,
N 1s St WL 5.

K 5(b), (e), (h) 4MilbE A3G1, A1G1, A1G3
Ga 2ps o M. HE IR 73500 1117.5, 1117.3
M 1117.1 eV. DL A1G1 R, W46 F 1117.3 eV
B FUEEXT I 4 Ga—N 8 B9 5 ol 59.33%:; 111 FH
IR 1116.1 eV FIFE R 1118.2 eV BT
WEST XTI Ga—Ga BEH Ga—O P11 4351
. 21.71%, 18.96%. A3G1 1 Ga—O Yt 34.43%.
A1G3 1 Ga—O 5k 10.90%. 25K £, GaN
difEE EESY, BB &2 Ga—O0 W
FEN. ER T RIR 2 AN, — AR K
R 59— AT Re2 BT 0 A 1 A 548 ) ICP IR
S| A= AT M2 Ga—O W FET
AlGaN 7 B K.

K 5(a), (d), (g) A 3RS Al 2p 9 XPS &,
H W R 74.2 eV, T i 430 AT L4y B
AT, SCHER AN BT Al—O SR 25 A

BE2r K 73.5—74.7 eV Fl 74.5—75.6 eVI2841-43]
FELL, T RLHIE AL T 73.9 eV il AN, {7 T
74.7 eV BIESN A1—O, 1T A MFE S AIN #f&
didlE FE . K 5(c), (), (1) /R T Nis i XPS
B, 3ANBE 0 g (A BB & 34k 396.7 eV. SCHK
[28, 43, 44] RIAA N—Ga, N—Al, N—O &M
BERE > 396.5—397.4 €V, 396.8—397.9 eV Fll
398.4—399 eV. it /MG, 3 R N—Ga
HEEERE N 395.5 eV, N—Al $AYEEAE N 397.5 eV,
N—O #E\EAE N 398.5 eV. HAh, 76 N 1s (&
ELBNEAER (Ga auger) [HIE.

HAR XPS T IEM T A RSP Ga—N
SERAEAE LA A1GaN R TE AR, {H 5 Y A
WS ALD WBEER L A H k. £ 1 3
T 3R YA MOTER L, B AIN/GaN 1
WA /0y, Al/Ga B ITE LLBIZ S K, A
A3G1 11 9.02 3] A1G3 1y 1.25, [HH B PN & A 5
ERA AR, 5 ALR Ga 45643 3E R ALO, Fil
Gay03, H T ALFI Ga AL BRECK, BT AT
A3 3 R AT A 28] Pl R s SR

» | ¢ Data (a) » | * Data
= Al—O g Ga—O
5 [ AN 5| —GgaN
,42 I—— Fitting ,;2 — Ga—Ga
=t & | — Fitting
> >

h=1 k=1

w wn

=} =}

15} 5}

+ +

= =]

= =

(b) - ¢ Data (C)

—— Ga auger
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Binding energy/eV

404 402 400 398 396 394 392
Binding energy/eV

» [ ¢ Data (d) » L ¢ Data
?é r Al—O *é Ga—O
5 t— AN = | — Ga—N
.e | —— Fitting .e — Ga—Ga
s & | — Fitting
> >

e e

b7 b7

o o

15} 15}

e e

= =

= =

(e) F ¢ Data . (f)
N-O
[— N—Al
F— N—Ga
—— Ga auger
[—— Ga auger
I—— Fitting

Intensity/arb. units

80 78 76 74 72 70
Binding energy/eV

1124 1122 1120 1118 1116 1114 1112
Binding energy/eV

404 402 400 398 396 394 392
Binding energy/eV

» [ ¢ Data (g) » L ¢ Data
= Al—O 5 Ga—O
3 F— AN 5 | — Ga—N
.é I—— Fitting .e — Ga—Ga
31 3 | — Fitting
> >

+ +

b7 b7

=] =]

5} 5}

+ +

& &

(h) F ¢ Data

N-O

[— N—Al
F— N—-Ga
—— Ga auger
[—— Ga auger
I—— Fitting

@

Intensity/arb. units

80 78 76 74 72 70
Binding energy/eV

1124 1122 1120 1118 1116 1114 1112
Binding energy/eV

404 402 400 398 396 394 392
Binding energy/eV

Bl 5 A3G1 (a)—(c), A1G1 (d)—(f), A1G3 (g)—(i) K XPSHEIE  (a), (d), (g) Al 2p; (b), (e), (h) Ga 2py; (c), (f), (i) N 1s
Fig. 5. XPS spectra of A3G1 (a)-(c), ALG1 (d)—(f), A1G3 (g)-(i): (a), (d), (g) Al 2p; (b), (e), (h) Ga 2ps; (c), (f), (i) N 1s.
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R 1 ORIFEEFR LG AIGaN R TTR AL
Table 1. Elemental composition of AlGaN films

grown with different cyclic ratios.

Samples Al/%  Ga/% N/% O/% C/%

A3G1 37.97 4.21 16.03  38.56  3.32

A1G1 31.89 7.28 20.83  35.18  4.82

A1G3 21.88 17.53 277 2953 3.36

3.2 QDSCs RYEESRA

XFA ) CdSe QDs i#47 HRTEM %Ak,
REERUNE 6(a) Tz, CdSe QDs 145 il PEAR 4,
HEZRRSE0 5 nm, I H 2B ECRES. %t
CdSe QDs #E47 PLOGIE ML, MK 6(b) Al LI
#|, CdSe QDs M & B WA & 7E 633 nm [, A~
] il 4 2514 CdSe QDs A & Bt 57 AN TR]. AR SCffi
FHIY CdSe QDs HY &SR, P IIX > &1 5
A BN, AT DA 3R O G 19, 5@ i 1
BRI CdSe QDs HIZEHF TE R4 1.96 eV.

633 (b)

PL intensity/arb. units

400 500 600 700 800
Wavelength/nm

Kl 6 CdSe QDs [y HRTEM (a) FIF& 745 PL I (b)
Fig. 6. HRTEM (a) and steady-state PL maps (b) of CdSe
QDs.

¥4 CdSe QDs k25, FIF PEALD 7£ QDs
FEHEAT AlGaN 4K A K ERUG PR T ZnS
WAL, R E 7(a) B, X BA
K AlGaN WY J7¥:% A1 AIN FI GaN JE38 N
1:1 77K, % ERNE X QDs el g iy 52 i L K
RA AR KATFST, W15 3588 280 C AE b AL K
AlGaN BUTRR B, I BT TRRERE (5, 20
130 cycles) B AlGaN J#EE. 5 —Fpgskaini&l 7(b)

s, BIYE QDs |57 ZnS fifk, BAH PEALD
AT AlGaN #EBE A K. S TR R g R L
SR T AR DT R B (280 C) . ARRJEEE (5,
20 1 30 cycles) B AlGaN .

Cuad CuzS
Electroly®e

Electrolyt®

H 7 BT RUORMHBERMRER  (a) AIGaN/ZnS; (b) ZnS/
AlGaN

Fig. 7. Schematic diagram of QDSCs: (a) AlGaN/ZnS;
(b) ZnS/AlGaN.

V5 A 5 A F S o3 B EA T AL B IR AT - VIl
i, HARNE 8 s, Hrp RC FmAg A AlGaN
A S . Sl e 2 Hp iS850
F i, Pifh AlGaN B AL E AN [F] 34 2551
5% FEL % (short-circuit current density, J,.)
1V, B84k, 4 AlGaN J#fHAFE CdSe QDs #l1
ZnS FifbZ2Z AR, datE AlGaN/ZnS 254, 1 J,,
MV, Lk b ZnS/A1GaN 4509 5. 8 i )
AlGaN/ZnS 256 i ith (00045 58 T LA 2], iR
5 1 20 cycles AlGaN # BEAH H T2 Hod b >R i
PCE ¥JA#TE. HP Ui T 5 cycles AlGaN [FHL
WRCRIETHE B, |1 2.02% 2T % 3.13%. %I
Vo ATLLR ST AlGaN JHEE ) f it 52 L it
MHZEAKR, FELET J, M FF AR,

#2 5,20 30 cycles AlGaN HELRRIZEH LV
MG

Table 2. J-V test results for different structures of
5, 20 and 30 cycles AlGaN films.

Samples Jio/(mA-cm ) V,./V FF/% PCE/%
5A1GaN/ZnS 9.3 0.56 60.28  3.13
ZnS/5A1GaN 7.71 0.53 60.49 2.5
20A1GaN/ZnS 8.36 0.56 62.69 2.91
ZnS/20A1GaN 7.9 0.54 56.87 2.44
30A1GaN/ZnS 6.02 0.51 65.92 2.01
ZnS/30A1GaN 5.39 0.49 58.81 1.57

RC 6.81 0.51  58.59 2.02
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(2)
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—— ZnS/5 cycles AlGaN
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()
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—— RC
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Abstract

The role of plasma-enhanced atomic layer deposition growth of AlGaN ternary alloys on c-planar sapphire
substrates and the preparation of quantum dot-sensitized solar cells are explored in this work. The interface
between the film and the substrate as well as the band gap of AlGaN ternary alloys during atomic layer
deposition is dependent on Al component. At high Al fraction, there appears a good interface between the
AlGaN alloy film and the substrate, however, the interface becomes rough when the Al fraction is reduced. The
AlGaN alloy prepared by atomic layer deposition has a high band gap, which is related to the oxygen content
within the film. Subsequently, CdSe/AlGaN/ZnS and CdSe/ZnS/AlGaN structured cells are prepared and
analyzed for quantum dot solar cells from AlGaN films with an AIN/GaN cycle ratio of 1:1. It is found that
AlGaN can modify and passivate quantum dots and TiO,, which can wrap and protect the structure of TiO,
and CdSe quantum dot, thus avoiding the recombination of photo-generated carriers. This modification effect is
also reflected in the improvement of open-circuit voltage, short-circuit current, filling factor and photovoltaic
conversion efficiency of quantum dot solar cells. These factors are discussed in this work, trying to modify

carrier transport characteristics of AlGaN films prepared by atomic layer deposition.
Keywords: AlGaN, plasma enhanced atomic layer deposition, CdSe quantum dots, solar cell
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