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Abstract: To allow the ZnO nanorod arrays in new thin film solar cells to capture photons and to
collect carriers effectively, a method to improve the conductivity of the ZnO nanorods and to control
their optical properties was researched. Al-doped ZnO nanorod arrays were prepared by
electrodeposition in aqueous solutions with Zn(NQO;),, NH,NO; and AI(NO;);. The experimental
results indicate that the properties of ZnO nanorods such as the diameter, density and distance could
be adjusted by controlling the NH,;NO; concentration in the electrolyte. The use of NH,NOQO; in the
solution leads to an increase of the Al/Zn weight ratio in the ZnO nanorods. By controlling the
NH,NO; concentration in the solution, the optical band gap of ZnO nanorod can be adjusted between
3.72—3.76 eV, and the optical properties of the nanorod such as the transmission, reflection and
absorption can be controlled. The Stokes shift of the Al-doped ZnO nanorods was in the range of

377—449 meV, indicating the nonradiative recombination in the nanorods. Therefore the use of
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NH,;NO; in the electrolytes has successed in enhancing the Al doping in the ZnO nanorods and

controlling their optical properties.

Key words: thin {ilm solar cell; zinc oxide nanorod; Al doping; electrodeposition; optical property control
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e hdles T 6 DMAESL ., HESD 1 2R 6 I E A
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FKRIERA T, R 7OECRETH IR b
BT R A MK 240~2 400 nm, i 1]
R BRI BE AL RO B O 5 Bt . LRk
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42 27) 5 i Sy e ML R X 38§ 45 50 10 2 B . 4K AE
[E) B R A bR AR T % R O BC(EL 9 K A
B HE A 0 5 8 FE A R RL G B ) B,
B 1) Al UL FE Zn(NOy), HL AR IR 45 B0 RE o
1 1Y ZnO DK BE S 2% B2 AR 5 8 oK A RS 7
—BIE B O [H] FE 0 40 K AT B 25 48, 49 K A 19~ 1
BAEH 47 nmL AR EZE N 10 nm, HLE B AR 0
10 pmol/L AI(NOs); il & BIFE S 2 B ZnO 44K
FE R % B LT %A A2 b T i ALCNOs) s &
AT B b A AR AR Z5 % IR
KEEFA AT RE N ZnO 94K B 82 Zn-Al AR
BRIE S S EAEMLYTY . B 2 T ZnO gk EE

B B 46 nm, brifE2E R 12 nm, 5H 6 1
B A B B A8 fb, B TP % 5 mmol/L
NH, NO, #l & B EE M 3 i ZnO 48K H: 1 51 11
SRS 1A bt WA W AR LR o Al B
B K AL BS54 . BE S 3 ZnO 98 KR 17 3
HAN 48 nm, brifEZE K 11 nm, SEES 1 S5EE S
2 BB AR T . BESS 4~6 h ZnO g4 K B FE 51 19
% J3E o P A T NTHL NO; € E (18 38 K11 ik /) 44
KRAEEREARBE Z K. B AR N 25 mmol/L
NH, NO, il & BIFE 4 55 ZnO 942K H: B 31 Y
BIEFEALZE 2. 2 X107 /em®, 4 >K ¥ 8] #5549 hn &
102 nm, FE& 4 T ZnO 98K A 19 - 24 B A2 4k
% 111 nm, tr 22K 36 nm. HLF W TN
50 mmol/L NH,NO; il %+ 5 5 H111% ZnO 44
KA B A B %5 BEREAR A2 1. 7 < 10° /em? , 44 K 4 ]
BEIE N ZE 144 nm, FES 5 F ZnO 9K A ) F 3
HZR 99 nm, FRAEZE N 27 nm, HELEAE LR R
AN NH,NO, Z50 mmol/ L., Fir il £ BYEE S 6 FF iy
ZnO GOKKERES) 1) % BEFEARE 6. 4 X 10° /em” , 44
KA REIG M2 227 nm., FE&L 5 F ZnO 91K
(72 H A28 168 nm, br i 2 8 44 nm, B
A4~6 1 ZnO G KA T AR B Hobs o 22 35 K T FE o
1~3 (e, B R NHLNO; /93 i 7E
FEAR ZnO 94K 41 %5 B 5 8 OH: B A2 09 ) B, o
YR AR RS o0 A 1 AS 359 5 Mg Sk 3880

R1 HRI~6HBBREFURMEEN Zn0 ARENER . ZEHEM A/Zn RELL (FRMBERRIHEE

5 mmol/L B Zn(NOs ), )

Tab.1 Electrolyte recipes for fabricating samples 1—6 and ZnO nanorods’ diameter, density, distance and Al/Zn weight

ratio(5 mmol/L Zn(NOs); is included in all electrolyte recipes)

NH,NO; ALNO;); g
FE i B B H1&/nm B [A] #E /nm Al/Zn iR/ %
/(mmol « L™") /(pmol « L™") /(10° « em™?)

Zn0O: Al 1.17

1 — — 47+10 — 0 0

2 — 10 46412 — 0 0.52

3 5 10 48411 — 0 1. 31

4 25 10 111£36 2.2 102 2.72

S 50 10 99427 1.7 144 3.01

6 100 10 168444 0. 64 227 3.27
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BIL AEGD 1~6 (99 i 2 T Be BT CRE b 170 fL A YR P
¥ &4 5 mmol/L 1 Zn(NOs)2) . R 1 Ak
A NHNOs R ALCNO; )5 B HL g il 4 1
InO P AKHE, #dh 2 A MNE A 10 pmol/L 1
ALNO;) ;s HL A R & 9 ZnO 4K B HF A
3~6 A MW INA 5~100 mmol/L ) NH,NOs Fl
10 pmol/L i AL(NO;); B fift 8 H il 45 19 ZnO 24
KAE.

Fig. 1  Scanning electron microscopy images of samples
1—6 (5 mmol/L. Zn (NO;), is included in all
electrolyte recipes. The sample 1 was prepared
from the electrolyte without NH,;NO; and
AI(NQO;);). The sample 2 was prepared from the
electrolyte with 10 pmol/L Al (NO;); as an
additive. The samples 3—6 were prepared from
the electrolyte with 5—100 mmol/L. NH,NO;
and 10 pmol/L AI(NO;); as additives.

MR B B 0B X5 2ot 8% ik BT 45 3] 1 A
m P AL/ Zn i S F R 1 H. ZnO : AL
BRAT IR B AL/ Zn SRR LN 1.17% . B 2 RES 1
LRESL 6 A O X SRR, K% TP AE Zn
55 I AR AL X B AT T H — e Ab B, H A 2
AL AR P B AN NH, NO; 5 AL(NO,),
Frfl & pREm 1 A MER kA Al WES.
Al/Zn Fis R 0, HARE TP B 3N NH,NO;
B A T IR ALCNO,) 5 il & B9 EE S 2 Al/Zn
R bR 0. 52%., H MW P I 5 mmol/L
NH,NO, #] % B FE & 3 Al/Zn JE & N
1. 31% ,NH,NO; (47 B il £ (9 ZnO 40 K4

AL fF 5 R KB R, R W e s
25 mmol/L 5 50 mmol/L NH,NO, % 89+ 5
A Al/Zn iR W — B mE 2. 2% 5
3.01%,
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B2 FEah 1 SEER 6 MRE & AL X SF4Oui% B G
LRI 3 & A 5 mmol/L 9 Zn(NO;),) . FEdh 1
RIS NH, NO; il ALINO; )5 1 B ff 8 i)
W ZnO FORAE . BEE 6 S5 IR INA 100 mmol/L
NH, NO; fl 10 pmol/L ALCNO, )5 F HL B 31 4%
1 ZnO GYKAE,

Fig. 2 Energy dispersive X-ray spectra of sample 1 and
sample 6 (5 mmol/L Zn(NQOj3) is included in both
electrolyte recipes). The sample 1 was prepared
from the electrolyte without NH;NO; and
AI(NO;);. The sample 6 was prepared from the
electrolyte with 100 mmol/L. NH;NO; and
10 pmol/L AI(NO;); as additives.

p 2 AT L H AR P RS2 8 i 100 mmol/L
NH,NO, 52 ke & 6 th Al {55 W] &3 58,
Al/Zn B R 3.27% ., WA UL, 76 HL AR T
WM NHNO; GB92 47 &b £ oF AL A6 T il 5 19
ZnO GORAE RS P ) & . AL FE ZnO Hp iy S5
BEA 3 R, — & AL R Zn BY A% A7 B
T ALYERRIBR R F kA ZnO @itk 2z i = &
ALFE ZnO A BUHT 0 40 A BT, 20 — Fi I
TLALBZRRER . T E PR T ) 5 7 ik
g AR R R BB AL B R ARFRE M.
5 =R E O A A B T A AL$B 2R ZnO #
Bl BT ZnO KA R fb2E I s R AN .

Zn(NO;), ==Zn*" +2NO; , @D)
NO; +2e+H,O—20H +NO, , (2)
Zn’" +20H =—=Zn(OH),, (3)

Zn(OH), —>ZnO-+H,O. D
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ZnO IR Zn RIE T M Zn*" BT, 0 3k
BT NO, BFmdE, EFHMETPEA
NH,NO; MABFES T, Zn H5 O A4
AL T MPIR S B O THAVIRE ., Zn 5 O Af
TEMAEUT 1+ 1 fR22 B0 b Y A% SR A A O 25
(RS . FEX RS IE T . AL B 7 0E AR AR FP A0
Zn 1 b A BT B v iR AR Y B A
I ME L AL AR 40t ZnO Wiz, BT
i NH,NO, i 58  NO; — B+ (1% v FE 1
L TR A K Zn® BT Zn RS O Y
PEA AT T E O BPIRA . EXFEIE T AL
A SRR AR Zn GG 07 B 1 B J1 2R R b 2
ik AL BB A 2B 2= 0F ZnO Z W, BEE H
B NH,NO; ¥ B /36K, BT AL 311 3h
Nz it — LA, 2T 20 AL A
K, § 80 ZnO G0k AE FE B AL 55 B RF 4k b
K,

T HABE TSI ALINOy) ;. AP B 718
ZnO KA 5 4 K B b ik AARAE ZnO 1
AR A% Z KX ZnO G0 K AT P I Sl B 2 7 AR Y
W, 3 CARESD 1~6 M EIREBCR RGN
3 ] UL AR HE T 45 85 AY RO O i BE R i B A
KRG AEED 1~6 B &G E Y E T 3 5 i
I, 2 B T 45 19 ZnO 98 KR 14 51 HLA 558 1Ok
R, W Zn(NOy), HfR R 6 A RS 1Y
AT IR SR R S B A R BT R B Z ol 14, 3,
B 1 B0 30 & B {7 S 370. 7 nm
(3.345 eV) , RHTWEME @ 2% 0 20.5 nm, H
R RN 10 wmol/L ALCNO;) il 45 (I FE i 2
o ZnO YR AR 0L A 3 & T 0 B S Rk
SR Z A 12, SR 1 BB 2 LA L s [
i, #EM 2 3 A 30 & B 1 7 370. 7 nm
(3.345 V), R HTE B 4 %8 20. 1 nm, 5
fn 1 ZnO GKAE B0 AR L A B i AR 1k
ER &AM 2 B W TP i 5 mmol/L
NH,NO; friil £ B9 FE 5 3 B9 I3 0 & G om g 5
BRI S KSR Z el 8. 3 MR THREM 1 SRE 2
i = [ N = ST I I OIS i B VA o N < VA
374.5 nm (3. 311 eV), & §F 102K/ 2 9% N
20.9 nm, FE&h 3 MYUDAF & ST AR LU AR S 1~2
B R STIELTH 3.8 nm (34 meV) ., FESM 3
R 3T 7 300 S I 1 2 v 4 SE AR L ARR L 1R 2 g
WK, FE W R 4k 2 W 25 mmol/L
NH, NO, Frifil 4 (ke Sy 4 I i & 5 g 5

BB RS Z ol 3, e BE S 1~ 3 FRKAR
Z, B 4 Bl 3 R B 07 R 375, 0 nm
(3.316 V), K GTIERY & 29N 22. 1 nm, #
dh 4 IR IR ST VEAR B AR 1R 2 R R
BPUELT A% 4.3 nm (38 meV), FESL 4 BYEATh &
SHGER R TEH L RE R 1~3 FRT R, 75
fi# W TP 50 mmol/L NH,NO, Fir il 45 19 £ &
5 T T kS i R R B A R G iR B 2 L Ak 2
TR 2.5, FESY 5 A9 AT L R B IE 0 H
370.9 nm (3. 343 eV) , K G2 m = S KR 2
25.4 nm, 4k 27 R WP A M NHLONO; 2
50 mmol/L Ff il £ B £E fh 6 YU 3L & 5T B
SRS ESSREZ N 2, FEM 6 BT I K
SFIEAT #7369, 8 nm (3. 343 V), & ST 5 4
LR E 25,4 nm. FEAh 4~6 BB ULER 5T
Wi &G E T RS AL, RFE S ZnO & AR
A EBHAY, Zn(OHD, IR R T A7
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B3 B 1~6 1% IR OEBOR 6 S OB R Y W iR R
Y184 5 mmol/L Zn(NOy)») . KEfh 1 9 MR T IN
NH,NO; Fl AINOs )5 1Y H, fff ¥ il 45 19 ZnO 94
KA, BEM 2 TR INA 10 pmol/L AI(NO; )5 (1)
VR R & 1 ZnO K EE, R 3~6 IR
mA 5~ 100 mmol/I. NH;NO; fl 10 pmol/L
ALCNO; ) 5 1 L3 P 45 19 ZnO 94K AT

Fig. 3 Photoluminescence spectra of samples 1—6 at

room temperature ( 5 mmol/L. Zn ( NO; ), is
included in all electrolyte recipes). The sample 1
was prepared from the electrolyte without
NH,;NO; and Al (NO;);. The sample 2 was
prepared from the electrolyte with 10 pmol/L
Al(NO;); as an additive. The samples 3—6
were prepared from the electrolyte with
5—100 mmol/L. NH,;NO; and 10 pmol/L
AlI(NO;); as additives.
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40f i 7 S5 2 S5 UG o0 2 0 5 45 25 1
o T AL, LW T 25 mmol /L NH,NO,
wl A O RE 4 v 0 93 KR I 91 1 8 45 DL A

£ 0 YK R BRGS0 31 5 AERE R 4 103 5 ISR
£807 AL LG XA T 95 % et B =2 55 . R AR U R
3 40 50 mmol/L NH,NO, il # #0FEfh 5 i 9K £
ZaF W B 0 0 0E— 25 MR IS L A RE B 5 036 S U 5 O
2 40l P TG I Y T 9 4 SO 2 . 4k 4 7E LR
EO S i IR 100 mmol/L NH,NO; i il % fIKE S 6 1
o Sample 3 25 O o P S B 0 T 4 B0 )
Ny BER 6 it (T35 B 19 ZnO 23K Bk I 5146 6 1 416
8oF — Samit WK [T A TR W= A T 4. RE B 1036

S w— S e W
400 600 800 1000 1200 1400
Wavelength/nm

Bl 4 ZnO: Al RS RES 1~6 (933 5615 GRE i Y s i
W EA 5 mmol/L M Zn(NO,), ) . SEELL N EE 5L 15
SRR LR TR AR, B 1 R
BSI NH, NO; Al AICNOs )5 149 B % W T il 45 19 ZnO
YR FEG 2 W NRINA 10 pmol/L AICNO; ) Y
LA P ) 45 A9 ZoO 94K EE. RS 3~6 Sy LM
A 5~100 mmol/L. NH,NO; #110 pmol/L AI(NO;);
4 B AR PP IR 1 ZnO KA

Fig.4 Transmission spectra of ZnO * Al thin film and

samples 1—6(5 mmol/L Zn(NQOs ), is included in
all  electrolyte

recipes ), the solid curve
corresponds to the transmission and the dash
curve corresponds to the reflection. The sample 1
was prepared from the electrolyte without
NH,NO; and AI(NO;);. The sample 2 was
prepared from the electrolyte with 10 pmol/L
AI(NO;); as an additive. The samples 3—6 were
prepared from the electrolyte with 5100 mmol/L
NH;NO; and 10 pmol/L AI(NO;); as additives.

4 Ry JT Tl A R o 043 S 5 RO IR . HE R
Zn(NO; ), H U H 25 i RE A 1 F gk 8 5
10 pmol/L ALNO;); il & BYFE S 2, B ff I s
B5 mmol/L NH,NO; 5 10 pmol/L Al(NO; ),
JIT 2% B RE S 3 B AT L X35 B s SO TR AR AR
A 19 95 25 80, BE A 3 05 B R SO 1 1R b 3R
B TV AR BUR NG 55 TR 1 S5FES 2. W
LR ZnO 94K A B 50 A9 S50 T L BE R 1~ 3
(18 0 A B 2 4% B Al e . TG 4% B R HE S I AN

S5 PRI v AT UL R S 4~ 6 135 B R AE AT IO X
(400~ 800 nm) M FLFEfh 1~3 Bl BFFEAL. | T
FEfh 4~ 6 FEIZ I B B N 1Y S 00 A B 3%
BER PR A il 4~ 6 375 3R 1 BEAR IR SR B S5
AP AR AR I B B R A
BEGH 1~6 7E 400~800 nm [ 24 W i %43 51
16.5%,17.2%,19.9%,30. 4% ,42.5%,33. 9%,
Ay R AL M FERE S 1~ 3 R 4~6 7E AT WLYGYE
4 W2 AT B 1 . R i B A R XS Zot il
AR FEM 1~6 T Zn/O JEF 451 R
0.98,0. 89,0. 80,0. 69,0.72,0.61, ¥ 1~3 #
Zn/O JEF g /N T 1,7E 0. 8~0. 98, 72 B T 11l %
1) ZnO GKRAE Ry & A 45, FEfh 4~6 1Y Zn/O i
F B E T 1.7 0. 61~0. 02, 13 B FT 1l 4% (4 k¢
oA AT BEAAAE Zn(OHD , 2% 0T . FRL R b 3o et 98
NH, NO; 2 i fif il £ 19 ZnO 94 K ¥ B5 51 b 7= Az
Zn(OHD. 11 Zn(OH), W7 763 K T #F & e vl W,
DX B W W, B IR T AR 400 ~ 800 nm % BL 1Y
&t

XA 2 B O 3 o 0 IR Ui R AT Caho)® A
X ho (St LA 0T LA TH S REIG O 2 A0 B
JE. H o MW, R B H (6. 626 X
107 ]« o), v AR, X F HEZEWB ZnO #
BE TN acc —InT(T RHEES ESTH), K5
HEESE 1~6 B (C—1InT) X ho)* #HX T ho K 1%
CF DU T RO o A8 W W0 i AR B8 J [l A
i A T R 5 10096 5 G R Z0E 1 2 H 5 3K
((—InD X hv)* BEES 0 A B,
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100
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0 L L L
120+ /
80r
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% 37 38 39 2.0

hvleV

5 Hdh 1~6 B((—1nD X ho)* M T ho B3 CGBE
B LR 2 A 5 mmol/L B Zn(NO; ), ) . El
L EL MR AL, FEM 1 8RB
NH,; NO, Fl AICNO; )5 (¥ L P i 4 189 ZnO 4
KAE, BES 2 WAEINA 10 pmol/L AINOy); B
R PP R A (9 ZnO AR AR, BE AR 3~ 6 D9 IR
JmA 5~ 100 mmol/L. NH,NO; fl 10 pmol/L
ATCNOy )5 B HUAE Pl 45 B ZnO 94K AT .

Fig. 5 Plots of ((—InT) X hv)* ws. hv in ZnO: Al thin
film and samples 1—6 (5 mmol/L Zn(NO; ), is
included in all electrolyte recipes), and the red
line is linear fitting curve. The sample 1 was
prepared from the electrolyte without NH,; NO;
and AI(NQO;);. The sample 2 was prepared from
the electrolyte with 10 pmol/L. AI(NO;); as an
additive. The samples 3—6 were prepared from
the electrolyte with 5—100 mmol/L. NH,; NO; and
10 pmol/L AI(NO;); as additives.

FEAK ZnO KA ZnO ¢ Al # AT IR
(G B SE By 3. 78 eV RESh 1~6 5 31
2 B S8 BE S8 /N T (E R AT A R X RE
1~6 & 5 CIELA 15 ) A BUE RIS ZnO 99K 4
(RG2E B S EE .  Zn(NO,), HLUR R P 45 1
FEG 1 A BRYE BN 3. 75 eV, BRI TP IR
10 pmol/L AINO;) 5 il & BIFE S 2 1 ZnO 94
KAE B G 2EATBR G R 3. 76 eV, TERIFRES 2
FR) HL 8 R PR N 5 mmol /L NH, NO, Fir il £ B k¢
i 3 MR BRI N 3. 76 eV HFES 1~2 M

R S T CA T A L o | RN /| I T
100 mmol/L NH,NO; #l& B 4~6 1 ZnO
oK FE B 6 A B SE BE g3 Bl k3. 74, 3,72,
3.75 eV, SHESL 1 AHEL AR SY 4~5 M 62 B
I 10 meV 5 30 meV £08 . X A BB & i T 34
5 vl v 8 R 20 T2 18] 2 RN 51 R 1 BR
A

K2 HHRI1~-6 MBMERERSUEH &K Zn0 S KA
MAFETEEESHRERABHE(HRNER
WHHEE S mmol/L Zn(NO; ), ), 7Zn0 : Al &
PR EHEREEIN TR,

Tab. 2  Electrolyte recipes for fabricating samples 1—6
and ZnO nanorods’ band gap energy and stokes
shift(5 mmol/L Zn(NQO;); is included in all the
electrolyte recipes) , the band gap energy of the
ZnO : Al thin film is shown in the table.

pg NH, NO; AINOs)s B JRFEsC
. /C(mmol » L") /(umol « L") 98k /eV fi#/meV
Zn0O: Al — 3.78 —
1 — 3.75 405
2 — 10 3.76 415
3 5 10 3.76 449
4 25 10 3.74 434
5 50 10 3.72 377
6 100 10 3.75 397

MR8 6 BOR G S 5 1 3 1 7 B9 58 BE 25 1t
B PR SR T AL . B Zn(NOy) . HLRIE
Tl & BRE AL 1 ZnO G4 KA Y T FE s T 7 B N
405 meV, HEW IR 10 mmol/L AI(NO;);
Tl 5 B EERL 2 FF ZnO 98 KA B W 38 S 0 07 A R
415 meV, 5 FF 5 1 M Hm A5 B8 K, 2% BT
ALNO) 5 5 FF 45 B ZnO 94 K K v i 35 48 55 52
BH BT K, AR A RE R 2 Y H AR R A
5 mmol/L NH,NO; il & 0+ i 3 H, ZnO 4
KAERITFE 2 RS R 449 me VL M HEFESY 1~2
AN, TE RO P 4k S W o 25, 50,
100 mmol/L i NH,NO; Ff il % 19 ZnO 44 K
BT HC e B VB 40 Sl A 434,377,397 meV, FE
3~6 1 ZnO G0 KA B 1 FE 52 30T 07 A5 B /N T AR
1~2 R BUE . R EE S 3~6 B9 ZnO 44Kk
AR GE S AR TR 1~2 Py dEsE 2 &
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%5 5 4
4 % B

A SCAE TR T ¥R 7E Zn(NO;y), BRI T
N NH,NO; 5 AINOy); #1485 T ZnO 44k 4
M) i 3 ALCNO, )5 B9 8 Ik B AT L)L 45
T4 1 ZnO 44 K HE B 3 1) 5 A% % B R[]
TE LR BR AN NH,NO; K3 hn T ZnO 44
KA AL B & &, T F A in NHONO; 5
ALNO;); WA 5 Al/Zn BT & L2 T 2
3.27% ., FEBH M NH,NO, £ KF 25 mmol/L
M 23 [AK ZnO 94 K FEAE 400 ~800 nm A ILE X
3% 5 R, 1 45 R ZnO 48 K K ] BE 7E R Y
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