D)
(*} Nagoya Institute of Technology

BRICLFHEREICED
p—NiO/n-Zn0 ZEAKEE R DIER

Fabrication of p-NiO/n-ZnO transparent solar cells
by electrochemical deposition

OFih EZFE (M2), TR IEt
Z2EBIEKRS B BRIFEXK

OMiki Koyama (M2), Masaya Ichimura
Nagoya Institute of Tech., Dept. of Electrical & Mechanical Engineering




=
AEEBORE ( BEaR b+ - EZ - fﬁﬂ‘fi&f‘éﬁ‘@@%&@%iﬁfmtx
K4 OEEA L HHLERETHE SULFHERECOFE - 51

Ml

e

ﬂlPr

BR{LFIER (Electrochemical deposition: ECD) &

I TOEAR
------- - RRxE ERRETRCERETL.
EREE WRER —NZRER  Eo(2HRIGIC LY
‘ IS [ ———
s )0 O MR % T

FRBRMmE 1 cm?

2 /19 ed.) The 79t JSAP Autumn Meeting, 2018



NiO, ZnO% L UMM EIOAT RIS

NiO E{t=voi

« E,= 3.7 eVOBEAMK

« BRI TIERD AV p R

+ ECDMEIC & BERBINBRE SN TN

Zn0 [g{kdhgn
+ E, ~ 3.3 eVOBEAN A
ECDEICL A1ERL, BEKGBEMADIGHEANZ L H B

M DOATOESORS
« KEBBM. X TFOWRSE - HFHERIE, HEES
« PLDiE. Sol-geli£7 & - ECDIC K S 1EH - REHIT L L

3 /19 ed.) The 79t JSAP Autumn Meeting, 2018



" A
NiO/ZnOXKIEZE

é} Nagoya Institute of Technology

=t DRSH

Bl Cail&v) B2 Caaki2l&v)

« NiIO:DC=7 A FRAVRNy RE « NiO : Sol-gelix
- ZnO : PLDi& « ZnO : KEBASHE
1 5 T T K v T T I T O 1 5 6.0x107
|V_=510mV g’ : I . —— Dark
A = E ’l' 'E ' 7
1.0 J,, =0.48 mA/cm N 2/ 8 40.10 3.0x107 7
| fy =042 / ."" o]
a / / 0.0
e 0-51n=0.1% \ {40055 2
=31% |/ , - 3 T 1 ;
g 0.0 M / e 0.00 % b AR =
< \ (@) (&) _ o
/ .' ’ 3r\- 7 o ="
05{ S N — 1005 o1
h .", ' (b) 9.0x1074 -~
"1 0 T T T =) T T '01 O T T T T
-0.3 0.0 0.3 0.6 0.9 -0.04 -0.02 0.00 0.02 0.04
V (V) Voltage (V)
[1] R. Karsthof, P. R™ acke, H. von Wenckstern, and M. Grundmann, Phys. Status Solidi A 213, No. 1, 30-37 (2016)
[2] Yanwei Shen, et.al, The Royal Society of Chemistry Adv., 2015, 5, 5976-5981
4 119 ) (Wed.) The 79t JSSAP Autumn Meeting, 2018




" A
NiO/ZnOXKIZE

é} Nagoya Institute of Technology

=t DRSH

Bl Cail&v) B2 Caaki2l&v)

« NiIO:DC=7 A FRAVRNy RE « NiO : Sol-gelix
- ZnO : PLDi& « ZnO : KEBASHE
1.5 F—r— ————————0.15 6.0x107
|V_=510mV g’ : I . —— Dark
A = E ’l' 'E ' 7
1.0H J,, =0.48 mA/cm N 2/ 8 40.10 3.0x107 7
| fy =042 / ."" o]
a / / 0.0
e 0-51n=0.1% \ {40055 2
=31% |/ , - 3 T 1 ;
g 0.0 7 / . 0.00 % oD T
< \ (@) (&) _ o
/ .' ’ 3r\- 7 o ="
05{ S N — 1005 o1
h .", ' (b) 9.0x1074 -~
"1 0 T T T =) T T '01 O T T T T
-0.3 0.0 0.3 0.6 0.9 -0.04 -0.02 0.00 0.02 0.04
V (V) Voltage (V)
[1] R. Karsthof, P. R™ acke, H. von Wenckstern, and M. Grundmann, Phys. Status Solidi A 213, No. 1, 30-37 (2016)
[2] Yanwei Shen, et.al, The Royal Society of Chemistry Adv., 2015, 5, 5976-5981
5119 (Wed.) The 79t JSAP Autumn Meeting, 2018




] _ éi} Nagoya Institute of Technology
NiO/ZnOXFzE D IR ZH

Hl1 k(i) Hl2 Cak(2l&?)
« NiIO:DC=7 A FRAVRNy RE « NiO : Sol-gelix
- ZnO : PLDi& « ZnO : KEAGHE
1.54= I T T T T T T 0.15 6.0x10”
|V_=510mV g’ : I . —— Dark
A = 2 E f' -E : S oo
1.0Hj,=048mAlcm™| —~ 2 | 8§ 10.10 3.0x10
1 fﬁll =0.42 ~"'/ ."" A ] .
— / / ' 0.0
g 0.5 n=0.1% , / ,. 410.06 <
| = % / ' - = I= ] -
& opl™ > / " oo £ § ey A1
= ; '. H © .
Ty g A - i 6.0x10" - Voc = 20 mV
[ 1 / (b) 1 90)(10_,_- . = jsc =0.71 llA/Cm2
"1 0 T T "‘!' T T T " T T T '01 O - [ T T T ! T T T
-0.3 0.0 0.3 0.6 0.9 -0.04 -0.02 0.00 0.02 0.04
V (V) Voltage (V)

[1] R. Karsthof, P. R™ acke, H. von Wenckstern, and M. Grundmann, Phys. Status Solidi A 213, No. 1, 30-37 (2016)
[2] Yanwei Shen, et.al, The Royal Society of Chemistry Adv., 2015, 5, 5976-5981

6 /19 (Wed.) The 79t JSAP Autumn Meeting, 2018




] _ €§} Nagoya Institute of Technology
REX TOH4L OAGEA B!

IRTEF COHEUA : ERERKGEE~DILAICE T 7=NIOBESRE D @1l
FIEERIC K2 BT IIEOKRER AW ERHE/ES /FIBE AL

W8

SEIE. NIOLICZNOEEZRIRL., AT RESOER - i A5
[3] Miki Koyama and Masaya Ichimura 2018 Semicond. Sci. Technol. 33 055011
7119 9 (Wed.) The 79t JSSAP Autumn Meeting, 2018




BRIED IR & &5

ECDi&
ITOLICNi(OH), 5 5E {4 % R %
7=—Jl

Ni(OH),% NiO~KERk

ECD&

NiO_EIZZnO% k=

‘lﬂﬂJr
H

5 703k NiO ZnO In

|INETR & HEFE 7 X ITO\W- |

--

8 /19 ed.) The 79t JSAP Autumn Meeting, 2018




BRIED IR & &5

ECDik K Ni(NO5),6H,0
ITOLE(=Ni(OH), 3758 {4 % RIS = 0.03 mol/L
7T=—=J i =im
Ni(OH),% NiO~BEFX B -8.0 mA/cm?
. s ] 45 ¥
ECDix
NiOEIZZnO % pLiE
B 7Pk & NiO ZnO In

|INETR & HEFE 7 X ITO\W- |

--

9 /19 \Wed.) The 79t JSAP Autumn Meeting, 2018




RRIRD T2 & &4

ECDik
ITOLICNi(OH),BiBBfA 2 mIE FHEX ik}
= B 400° C
Ni(OH),% NiO~BER ] 1
ECDi%

NiOE2ZnO% FLfE

B 7Pk & NiO ZnO In

INEE AR % TS #Z 2 ITO \W_F'\'_'_'LT

-

10 /19 \Wed.) The 79th JSAP Autumn Meeting, 2018




BRIED IR & &5

ECDik 552 2 Zn(NO,),-6H,0
ITOLICNI(OH),BifffAZ IR  BE 0.1 mol/L
5 -1.5 mA/cm?

Ni(OH), % NiO~ MRk

S 249 54 109 20%
ECD&

NiO LICZnOZ kIR

‘lﬂﬂ+

lk*

5 703k NiO ZnO In

|INETR & HEFE 7 X ITO\W- |

--

11 /19 \Wed.) The 79t JSAP Autumn Meeting, 2018




BRIED IR & &5

ECDik 552 2 Zn(NO,),-6H,0
ITOLICNI(OH),BifffAZ IR  BE 0.1 mol/L
7:_11/ /JIIIJ_EI_ 60 ° C

5 -1.5 mA/cm?

Ni(OH), % NiO~ MRk

‘ BE 2% 54 1049 20%
ECD%

NiO LICZnO%Z kIR

‘lﬂﬂ+

lk*

5 703k NiO ZnO In

|INETR & HEFE 7 X ITO\W- |

--

12 /19 ed.) The 79t JSAP Autumn Meeting, 2018




@ Nagoya Institute of Technology

REMAS LIRE

[um] #EfE 3R x 20,000

200 | 2.min \ | |

1.50 ' | | | 4’ l
1.00 | | N ”f ll
0.50 “J\ENNR'.iaL ”k‘r dl)

- ' |
" U"TV aii'A e LN
0.00 — Nudhﬂﬂr\\‘:

[um] #EfE -%- X 20,000

200 | 10 min ;'N ' HT

L]

1.50 |
| '(\lymvu l Ll “ ku“ ‘L

1.00
'f

0.50 "]i”

aoo——~—~~iLhL~—

13 /19

[um] #EfE 3R x 20,000

2% | 5 min

1,50 ] », L\ !?!;Iw |
S
L o SE0 H “ |J,.,l ALY ‘ ML .
000—4;.J rrTh.

[um] #EfEER x 10,000
“0 1 20 min

=7 f % **W"M.

2.0 "

W

1.0

9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



REMB S LRE

[um] #E = x 20,000 [um] #E = x 20,000

20012 min | | | %1 5 min |

1.50 | * ‘ ' 1.50 e ? |

1.00 I | ‘ - 4“ l 1.00 l 1 L | 1 LIl | \l‘l w:'[u‘ﬂL'

o PR o tes T o =

~03um

[um] #EfE5ER x 20,000 [um] #EfE3 x 10,000

200 | 10 min »3 ' HT

L0120 min

\h IIJ‘L i‘” 3.0 i %k‘w"b’m‘ \‘1‘\

L]

1.50 .' lmm " b “

1.00 2.0 v v
. f |
0.50 T
A 2111 el el \EY T NS O I O S O A
oL 203 o TP T
14 /19

9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



@ Nagoya Institute of Technology

REMAS LIRE

[um] #EfS 3 x 20,000

2.00

2 min

1.50

1.00

0.50

' ! ‘ | “l ul |
~0.2 ym ‘,M‘.¢L¢ Nl
== Ly ¥y B kY {A‘— ra'ﬂ: - -J‘J
0.00 — E vﬂ 'HLLTU]F" """"""""""" S o

[um] #iEfS 4 X 20,000

2.00

10 min

1.50

1.00

0.50

=1pum

=7 "
Mw U Ij']ﬂ d ‘

[um] #EfE 3R x 20,000

% | 5min |
- | | |

ik VAT H[
0.50 ~ O.E'um L -_-|4L_., ll *‘-J-JJ Lu- LAl
0.00 w —.FTF’ il ;_0_3_ |_1r_n -------
[um] #EfE=E x 10,000

“0 | 20 min N

3.0 =2um -- _Ff%?‘i&"mﬂish\* ’_u\\“_\
2.0 ¥ . k

1.0 "

0. o___ﬁth[_‘fw T '; E)_S_llr;] ——————————

9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



el

@ Nagoya Institute of Technology

2 min
100 —
90 } - .
! _,.,,-_«--r\ 10 min
80
P\: 70 |
o 60 |
g 50 |
= 40 |
g 30
S 20 }
= 10 r},‘|
O J | | | | |

300 500 700 900

1100 1300 1500

wavelength[nm |

H4EI T 1d 60 %Ll EDEBR

—

« EBIRIIREBEICEKTELLGLV ; 200 TH80 %LU LB BR

16 /19

19 (Wed.) The 79" JSAP Autumn Meeting, 2018



Bt - WER

80

R 2 min |
60 | | KEIREE \//
40 }

10 min '/‘,

0 b——
B -/ﬁ
-40 IR TR TR Y S S | I i W IoR) AN vt ML A |

-1 -0.5 0 0.5 1
Voltage [V]

Current Density [mA/cm?]
)
o

- RRERRFEIL0 £ TIRIERGEIXEHE & EICRLE

17 119 /19 (Wed.) The 79" JSAP Autumn Meeting, 2018



1000
F\: FT R MAY - =
= = s00 | | BEIKRE
Q J
= S
=, =]
'g? é;ﬁ-SDG -
g E" 1000
= —1500 |
2 2
5 E_z[][:l[:l I I I O e O s Ty I S Ty A N |
O -1 -0.5 0 0.5 1 5 -1 -0.5 0 0.5 1
Voltage [V] Voltage [V]

- RRERRFEIL0 £ TIRIERGEIXEHE & EICRLE
e 2093 RRBE L 7= I BRI IEDMET

(Wed.) The 79t JSAP Autumn Meeting, 2018

18 /19




J [nA/cm?]

J [nA/cm?]

@ Nagoya Institute of Technology
KELEN

YLEBHYRE --- Solar simulator - 100 mW/cm?

1 1

0 dark 0 m
1 ¢ 11
2 — 2}

3 E
3 | S 3y |
4} = 4 b

- H -

5t 2 min S50 5 min
_6 1 L L L L _6 | | | | | 1 L L

[mV] 10 30 50 [mV] 10 30 50

[mV] 10 30 50
19 /19 9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018




J [nA/cm?]

J [nA/cm?]

@) Nagoya Institute of Technology
KEEN

YeBBEFEE -+ Solar simulator - 100 mW/cm?

1 1
0 dark 0 E__—-—_—dar_k___‘
1 F -1 |
2 F = 2}
N =
< .
4 F :1 4 }
ST 2 min Sor 5 min
-6 ' ' — 6 = ' —
[mV] 10 30 50 [mV] 10 30 50
1
0
-1
-2
-3
4
5 n=3.4 X 10° %
-6 !

[mV] 10 30 50
20 /19 /19 (Wed.) The 79t JSAP Autumn Meeting, 2018




J [nA/cm?]

J [nA/cm?]

@) Nagoya Institute of Technology
KEEN

YeBBEFEE -+ Solar simulator - 100 mW/cm?

1 1
0 dark 0 E—-_—-—_-;ar_k___‘
1 F -1 |
2+ = -2 F
N =
< .
4 F :1 4 }
Sor 2 min Sor 5 min
[mV] 10 30 50 [mV] 10 30 50
1
0
-1
-2
-3
4
5 n=3.4 X 10° %
-6 L

[mV] 10 30 50 [mV] 10 30 50
21 /19 19 (Wed.) The 79" JSAP Autumn Meeting, 2018




B

R pIREREL0S TR & HICEREEL L
IR & & B ICRDFIRD L E L 7= A BEE

fER 2 . RIERFRI10D Tl RE 2R
/nODREIZNIC £ 5 DIRUNZE DIEHNHEE E
(ZnO : 3.3eV, NiO : 3.7 eV)

fak 3 {200 TIIERSFENSET

)R

22 /19

AN

HFEE

9 (Wed.) The 79t JSAP Autumn Meeting, 2018



f
3

HY V) #H A

@9 Nagoya Institute of Technology

« ECDiZIC & % NiO/ZnOZERREEKEE R D1ER % &lA,
ZnO D xR fE & DER & 554 L 7=

S

- BRARRSFRI1092 X TlI, KR &3

. 104 FIREEE L =R E S E A

LICERMESmLEL

R X (W e

« 2053 MRIRKIR L 7oA RHI BRIFIEDMET

23 /19

2d.) The 79" JSSAP Autumn Meeting, 2018



HWEhR 74 K

24 119 9/19 (Wed.) The 79t JISAP Autumn Meeting, 2018



i “ew|  355nm- UV light,
o BEgEE 3.2 mW/cm?
: (AM L5 DRI D38 I AA
8 380 ML T DAL DIENEEE [£~3 mW)
EIEER30.42 cm?
IR

Voltage (V) ) _ .
o Yanwei Shen, et.al, The Royal Society of Chemistry Adv., 2015, 5, 5976-5981

25 /19 /19 (Wed.) The 79" JSAP Autumn Meeting, 2018




100 ——— ; . :
:\; 80
3 6o
S .
g / s BT T
— R e
E 40+ i
2 I —— ALO/ZnO:AliZnOonly |
& 20 —— w/ NiO+Au, as deposited
i —— w/ NiO+Au, 30' @100 C |
— NiO only, as deposited
300 400 500 600 700 800
wavelength A (nm)
1.6 —r . —0.15
| V_=510mV ]
E 4
1.04 j_ = 0.48 mA/cm’ s 10.10
- 1f, =042 1
Ng 0.54 1 =0.1% ,ﬂ 10.05
< 1My =31% !
E 00 : - 0.00
= ] / .
0.5 T Jo0s
| R R ()
10 , L. —1-0.10
-0.3 0.0 0.3 0.6 0.9
V (V)
26 /19

(,Wo/pw)

@ Nagoya Institute of Technology

9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



100
= 80
O
E 60 :
 E
S 400 1
(73] H
=z
52 -
[
0 - s e -
400 800 1200 1600 2000
WAVELENGTH [nm]
Y T =
0 _— —
&-' ;‘LE‘-‘:;F' i';vl
g i § ‘;-ﬂ[L rt‘i-- | i
i 4Fq Lt'iu i -
> {5y Without iy
= sh NiZnO 7 .
2 (&
w g} )
o RS
E ol A= With NiZnO i
w L7
5 12 b Il I}h—
2 - HE
0_14 B under illumination J
l s 2 24
0 001 002 003 004 005
VOLTAGE [V]
27 119

@ Nagoya Institute of Technology

9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



JI% \ EE

Ni2* + 20H- - Ni(OH),

B (Ni(NO,), - H,0) DEHEEA # > ZFIFE
NO, +H,0+2e >NO, +20H-

AR DK% H
2H,0 + 2e- - H, + 20H"

RIGIERIRER (B ICKTE
— BRRIREERICE > TRIbZZER

28 /19 ) (Wed.) The 79t JSAP Autumn Meeting, 2018



-8.0 maA/cm? ((as-deposited )
50 nm 500 nm 750 nm

400
nm

400

RMS: 11.8 nm nm RMS: 6.7 nm

29 /19 /19 (Wed.) The 79t JSAP Autumn Meeting, 2018



bt
=)
N
R
Ly
=

-1.5 mA/cm? (as-deposited )

75 nm 100 nm

400 400 400
nm RMS:18.9 nm | nm RMS: 20.4 nm| "M
M\/\_ RMS: 55.7 nm

0 0.5 lum 1.5 2 0 0.5 lum 15 2 0 0.5 lum 1.5 2

30 /19 9 (Wed.) The 79t JSAP Autumn Meeting, 2018



Preferred Orientation

No orientation Preferred orientation

(TR <CFTS
AT SIS

31 /19 9/19 (Wed.) The 79t JSAP Autumn Meeting, 2018



@ Nagoya Institute of Technology

o ea g 1S O #E AT

-8.0 mA/cm? (annealed )

20 30 40 50 60 20 30 40 50 60
T T T T T T T T T T T T T T T T T T T T T T I T T T T I T T T T T T T T
26/6 method has Thin-film method -

* ITO —_ > * |TO
- <
# FTO - -7, # FTO
2 |
5 |
*xZ | S
i <

Intensity[a.u.]
- %
[*
p -]
c
Intensity[a.u.]
*
*
*
*
*
p =]
c

i

H

-

-

o
HH
e

HH
$*

#FTO

*

E 3
l *
* L i\ x x * 7O
L1 I 1 [ I 1 ! I [ 1 I I L1 I L1
20 30 40 50 60 20 30 40 50 60

EIRERPR oD EDERICHIKTFELT

32 119 19 (Wed.) The 79t JSAP Autumn Meeting, 2018



= Ealig S O BAT

-1.5 mA/cm? (annealed )

20 30 40 50 60 20 30 40 50 60
T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T T T
26/0 method Thin-film method
3
E . < * |TO
] i # FTO
o !
*Z S

= i << —
8, _L_J.J_U L *A* 5 A s
= 4 2
2 | 2
@ # i # o
= | o #FTO 1=
- | . =

1

* i

i

* L ik ok kX |TO
1| I N I N | 11
20 30 40 50 60

Eicm ERICHIRTFET

33 /19 19 (Wed.) The 79t JSAP Autumn Meeting, 2018



urrent Density [mA/cm?]

_100||||I|||||||||I||||

~
)
p—

80 | 10 min

0 jprerw

_2[] T N TR NN (NN NN TR NN N NN TR T NN S NN SR N S

-1 -0.5 0 0.5 1
Voltage [V]

Current Density [mA/cm?]
=
=

34 /19

-0.5 0 0.5 1

urrent Dens
.
L]
—

—~

-500

sity [mA/cm?
=

-1000
-1500

=-2000

Current Den

é} Nagoya Institute of Technology

- .
- | 5 min S
.-r-""-r- ==
#’,
- s,
r
’
=
!
I
i
[
v
-1 05 0 0.5 1

20 min

-1 -0.5 0 0.5 1
Voltage [V]




| _ éi) Nagoya Institute of Technology
n u
Objective

Annealing with N, or Air were attempted

N, —anneal to increase oxygen vacancy of ZnO

« Oxygen vacancy in ZnO behaves as donor

 Accordingly, conductivity is expected to increase by N,-annealing

Alr —anneal to dehydrate of Zn(OH),
* Zn(OH), — ZnO + H,0 ... -OH is observed by Raman

* In contrast to N,, oxygen vacancy is expected decrease

= conductivity is expected to affected

35 /19 ed.) The 79t JSAP Autumn Meeting, 2018



Objective

AIr - To dehydrate of Zn(OH),
« Zn(OH), — Zn0O + H,0

e -OH was observed in Raman
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* Under illumination (Solar simulator - 100 m\W/cm?)
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Photovoltaic-current was not observed significantly
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