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Our Campus of Cité Descartes
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Laboratoire de Physique des
Mateériaux Divisés et des Interfaces (LPMDI)

Elaboration of ZnO Nanowire Arrays
and their Applications
on Green Energy and Environment

Outline:

» Introduction

» Elaboration & Structural characterization
» Electrical measurements

» Applications
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Introduction

ZnO0:

- Semiconductor l1-VI:
- Wurtzite structured:

a=0325nmetc=0512nm. .

- Elaboration methods: PVD, CVD, Sol-gel deposnfwn

Electrodeposition, hydrothermal...

- Properties:
- direct wide bandgap (3.37 eV or 368 nm);
- large exciton binding energy (60 mV);
- piezoelectric properties;
- high isoelectric point (IEP = 9.5);
- high electrons transfer capacity;
- biocompatible;
- high chemical stability;

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 4




Introduction

Applications :

UV/Blue
Bio-sensor Gas emission
- sensor devices
Bio-devices
Nanogenerator L_aser Solar
of electricity diodes cells

nanoring

nanosbrushs

I nanohelix

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 5



Elab. & Charact.

Single nanowires obtained
by electrodeposition:

Working
electrode

Conductor \\

substrate /
Membrane

Potentiostat + PC

/ or Ag/AgClI

Reference
electrode
Hg/HgSO, sat.

Counter-electrode
— Platinum

D s H2O

Thermostated
bath

Classical three-electrode electrochemical cell for ZnO deposition: thin films & nanowires

Yamin Leprince-Wang
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Elab. & Charact.

« Electrolyte :
*0.1M KCI *5mM ZnCl, * 5mM H,0, (30%)

< Experimental details:

Temperature: T=70°C.
Substrates: Metallic discs, gilded Si, ITO
(=»thin films & NW arrays)
Polycarbonate membranes, PMMA
( = micro-plots & single NW’s).
> Counter-electrode: Platinum. *V=-15V,

>
>

» Electrochemical mechanism:
1. The reduction of hydrogen peroxide leads to the formation of hydroxide ions:

H,0, +2e” — 20H"

2. The overall deposition reaction of ZnO in the presence of H,O, can be
reasonably written as:
Zn’"+ H,0,+2e” = ZnO + H,0

K. Laurent, Y. Leprince-Wang et al. Thin Solid Films, 517 (2008) 617-621.
K Laurent, Y. Leprince-Wang et al. J. of Physics D: Applied Physics, 41(2008) 195410.
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Elab. & Charact.

Template method:

_ Nanopores
Nanowires (nominal diameter :
electrodeposition 10 - 90 nm)

Polycarbonate membrane

a

Thickness
(6 -16 pm)

Au layer
(~50 nm)

Pore density: ~ 6 x108 - 2 x10° pores/cm?

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 8




Elab. & Charact.

TEM images showing a general morphology of the electrodeposited

ZnO nanowires from M90 type membranes (d ~ 150 nm).
TEM Grill

Y. Leprince-Wang et al. Microelectronics Journal, 36 (2005) 625-628.

Y. Leprince-Wang, D.P. Yu et al. Journal of Crystal Growth, 287 (2006) 89-93.
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Elab. & Charact.

Both TEM observation (a) and
HRTEM image (b) showing a M30
type individual nanowire with near
<1 0 0> growth direction.

In chaos = Well-ordered
(using template method)

LRI

Yamin Leprince-Wang
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Elab. & Charact.

Optical lithography

Résine photosensible :
Substrat Au/Si P Masque optique

(1) (2)

UV ¥ o A o~
DOOOOOOOOOO
e o O o O
09 550 s of
0.0 Q5500 S0
) OO Ooo O
OO OQ OO
@Oppgooooooo
oS " ~00 50

(3) (4)

Substrat micro-structuré

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 1141




Elab. & Charact.

Nanoimprint
asi Couche Ge Résine 2
Res\me ! Substrat Au/Si
Moule PDMS Pression mécanique

(Collaboration avec I’équipe de Y. Chen ENS/LPN)

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China
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Elab. & Charact.

NOIOAS 510 O
06 o O OO o O |
®) ®) O o © C & ZnO micro-rod
y O OO o © o O — arrays
OEUSOOYSE
&Ql OO 60 OO (

ZnO nano-rod arrays

Micro-structured photoresist
obtained by optical lithography.

H / 4 _)
- - e
M “'"_"r_f.‘- e

Ve St 2 _{..'.". S A

eovses

\"’!.J.‘)Pc}‘l}n,‘;.,.’)é"f;‘_ -

- “‘-) \r_f“ LN ;.._4“\-)\‘, :‘- -
[\ { 5

el

N N W .

;:q . i T 1; i "y

Nano-structured PMMA using
ultraviolet nanoimprint lithography. Y. Leprince-Wang et al. Materials Sciences & Engineering B, (2010).
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Elab. & Charact.

ZnO nanowire arrays:
(electrodepos:tlon & hydrothermal method)

ICMPE-MCMC 200nm
Mag= 2500 KX —]

EHT = 2.00 kv Signal A= InLens  Date :11 Dec 2008

WD= §mm Photo No. =150%  Zn0 NW's(Au'Si 6h anding E 400 nm

'ﬂa
?-5 mm TLD 150 000 x| 9.00 ke Nova NanoSEM

Extractor | = 167.50 pA
- o

Yamin Leprince-Wang
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Elab. & Charact.

1. Electrodeposition of ZnO nanowire arrays

1) Electrodeposition of a seed layer:
Electrolyte: [ZnCl,] = 5 mM; [KCI] = 0,1M; and O, saturated

(at room temperature) =—0,15 mA/cm? t=45min.

Zn(OH), — Zn0O + H,0

= <—
=== Seed layer

s T

«<—Au layer

+«—Si

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China
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Elab. & Charact.

2) Electrodeposition of the nanowires:
Electrolyte: [ZnCl,] = 0.5 mM; [KCI] = 0,1M; and O, saturated
(at 80°C) *V==15Vgc t ~ 2h for {~1 ym

Signal A =InLens Date :11 Dec 2009
WD= 6mm Photo No. = 1505 zno NW's/Au/Si 6h

= 6mi
Extractor | = 167.50 pA
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Elab. & Charact.

Dependence of the ZnO NWs’ morphology:

o ]

.0 G QU RSE R T AT M TN PO R 4
3‘.2:5-({;. W [2rC1] £:0.25 MM . d~150 nm [ZnCL] = 0:125mM d~110 nm

o - -

[ZnCl,] 1 = d 1
Thicknessgeeqjayer T = d 1

KCIIt > &1 KCI] 11 >d1

{T. Brouri, Thesis of Université Paris-Est, May 2011}

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 17




Elab. & Charact.

2. Hydrothermal method for ZnO nanowire arrays

1) The seed layer deposition:

Solution:

in ethanol

0.01 M Zn(Acet), |

Homogenous layer & small grain size (~ 20 nm)

Spin-coating

Annealed at
350°C, 20min.

V_,= 50 mL

Yamin Leprince-Wang
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Elab. & Charact.

2) The nanowires growth:

ZnO nanowires synthesis:
Solution: 0.025 M Zn(NQ,),, 0.025 M HMTA {(CH,)sN,}.
Conditions: 90°C, 2 hours = { ~ 0.7 pm.

Well crystallize ZnO &
homogeneity in diameter (50-70 nm).

Excellent homogeneity on large scale.

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 19




Influence of pH value on the nanowires growth

pH =7.45
14ttt A A o bbb kil
Zn0 g02)

pH =17.29
mWMWWNMMWMWﬂMhNmmuummumuuumﬂummmum&ﬂhmﬂﬂduﬂh&&uﬂuuummm

Zn0O Zn0
ao12 (ot pH = 6.99
||| I pH = 6.95
pH = 6.90
W Wh Mg N MM P AN N AW PAAMA ANt 1A pH = 6.80
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (°)

Narrow window: 6,80 < pH < 7,45

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 20
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Influence of temperature on the nanowires growth

(a) 60°C (no NWs growth) (b) 70°C (£ ~350 nm)

~ -
e e
2. WO -F o
EHT = 2,00k Signal A = InLens 21 Feb 2012
M.F. Trichet WD = 51 mm Photo No. = 1471 ZnO-dhcs

(c) 80°C (£ ~550 nm) (d) 90°C (£ ~850 nm) t=2h

EHT = 200k Signal A = InLens 21 Feb 2012
WD = 66mm Phato No, = 1489 ZnO-6cs Mag = 40.00 KX

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 21



Influence of the growth time on the length

t = 30 min t =45 min t=1h t=2h

4h
T = 90°C.

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 22



Influence of the growth time on the length

3500 -
: & Mesuré
3000 m Green et al. .
2500 -
T 2000 -
£ ]
£ 1500 - %
1000 -
500 -
0 ] T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
Growth time (min)
Green et al.: phase rapide 11,1 nm/min, phase lente 5,5 nm/min.
Measurements: v~5—6 nm/min.
Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 23



Influence of the growth time on the diameter

Omoy (nm)

50

30

45
40

35

Evolution du diameétre moyen avec le temps de croissance

& temps relatif
m temps absolu

50

70 90 110 130 150 170

temps de croissance (min)

190

Diametres constants pour les échantillons plongés directement a température

Yamin Leprince-Wang
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20T Montée en température
du milieu réactionnel

& ° ® germes ZnoO

—
rlon_?.e dlr?ct‘t[e.mentldans Croissance a température du
€ milieu reactionne milieu réactionnel

:

(@]
()]
[®]
(@]
(9]
(8]
(8]
(@]
(@]
(@]
(]

[@]

(8]
(@]
[ ]
(8]
[Ressfeetrreniall

90<C

90<C
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Elab. & Charact.

XRD measurements:

4500
4000
3500
3000 -
2500
2000 ~

intensity a.u

1500 -
1000 -
500 - oA

5000 - A (002)

Hydrothermal method, ZnO NWs / ITO (XRD under shaving incidence)

A ZnO
< |TO

0
200 24 28 32

26(°)

u

Intensity a

Electrodeposition, ZnO NWs / Au/Si

45000 7
Au
40000 1 (111)
35000
30000
25000 s 2ZnO
20000 (111) (002)
15000
10000 7
ZnQ
5000 7 (1 0 Zn0O
O ”‘J T"‘J T T T T T T T T T (0\94) T

20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80

26()

Yamin Leprince-Wang
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Elab. & Charact.

(HR)TEM observations:

Electrodeposition Hydrothermal method

Monocrystalline structure with excellent crystallinity, along c-axis growth.

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China




Elab. & Charact.

Raman & PL measurements:

10000

2000 E, High ZnO Band-edge emission ZnO
o Dl e (2)
y | 8000
1600 I .
1 I 3 7000
T 1400 4 | S
© 4 6000 1
S 00 : g Oxygen vacancy
2 ] I § 5000 |
£ 1000~ I = 2000 |
1 ! Hydrothermal
800 1 3000
] I .
600 : 437 cm 2000 A Electrodeposition
400 T T T T I' T T T T T T T 1 1000 1
200 300 400 1 500 600 700 800 900
. -1 O T T T T T T T
Raman shift (cm ) 350 400 450 500 550 600 650 700
Wavelength (nm)
Laser *
(1) E;: 437 cm'in nanowires ~ ZnO bulk = stress-free;
439 cm-1 in thin film =» under compressive stress **

(2) Oxygen vacancy (defects) /' =» conductivity of ZnO .

** K. Laurent, Y. Leprince-Wang et al. Thin Solid Films, 517 (2008) 617-621.

Av=—440c AvencmletoenGPa***

*** F. Descremps et al. Physical Review B, 65 (2002) 092101.

*Laser: A =515 nm for Raman
A =325 nm for PL

Yamin Leprince-Wang
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Elab. & Charact.

PL Measurements

PL ZnO NWs

Intensité (u.a.)

et

—

—t=30min
—t=1h
t=3h
—1t=4h
——1t=>5h
—1t=06h

e ——

350

L L

400 450 500

550
Wavelength (nm)

600 650 700 750

Visolution) = 90mL fixed

Yamin Leprince-Wang
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Electrical properties

Ohmic contact ZnO thin film / Al

{T. Brouri, Thesis of Université Paris-Est, May 2011

: SR
p-Si p=——
L
Couche ’“{2?72‘;?5‘},‘1.“{ ohmique S p : electrical resistivity
1.0+ S : y-electrode air
0.6 L : thin film thickness
5 o, Resistivity of ZnO :
=] J
© 02- p =0.06 £0.02 Q-cm
10 -05 O; lo o5 10
e : % .
wal  Potential v Literature * :
o p =0.001-0.1 Q:cm
0.8 * T. Schuler, M.A. Aegerter, Thin Solid Films 351 (1999) 125.
o] * Ozgur et al Journal of Applied Physics, 98 (2005) 041301.

Yamin Leprince-Wang
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Electrical properties

Schottky contact ZnO thin film / Au

Niveau vide

-------------- . 4
T F \ ZnO thin film:

' EG T TT——
................. R.=90%2150
E. F EF s
F ﬁ l, ?/ d n=10%1
% w Zone de ®,, =0,39%0,01eV
2plétion
% % f%ﬁ I 5.0
Métal Semi-conducteur Métal Semi-conducteur 4.0 -
E 30°
g 2.0
Schottky barrier : @ .=, -X. S 107
15 10— 05 o o5 10 15
-1.0 ‘ Potential (V)
-2.0 7
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Electrical properties

Schottky junction — ZnO nanowires/Au

* Sample preparation:

Al ZnO Nanowires
PMMA /

Seed layer
nucléation

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China




Electrical properties

Contact Schottky — ZnO nanowires /Au

5,0x10 -4 T T - T |
(I-V) 4,0x10 -4 4 7
10
Data
< 3,0x10 4~ 2 Fit (with R))
g TE/ Fit (without R ) ]
3 200104 § 107 3
3 i
1,0x10 -4
- 10° 4
-11,'75” i -1',0 05 d,0 ' 0,15 ' 1,10 ' 1,'5 — 7
| Potential (V) -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
-1,0x10 -4 Voltage (V)
=1 exp[ }_1 No adequate Schottky contact parameters :
S
nk,T
b R,=800%50Q ZnO thin film:
qV -Rgl Our model n=10=+1 R,=90%150
I=I; | expl ———— |-1| with series n=10%1
. = +
rlkBT resistance Rs. q)sb 0,36 £ 0,02 eV @, =0,39%0,01eV
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Electrical properties

Collective measurements on a ZnO nanowire network:
Qualitative results

Experimental setup

4,125456 mm <4 A highly resolved motor

1 mm diameter F
steel sphere ~
A
Sample under tes N

Nl BN

L 36 e 22w ¥
EHT = 10.00 kv Signal A = InLens ZEISS) IEMPE MEME 200 nm EMT = 200KV Signal A = InLens 30 Mar 2012
WD= 51 mm Date :21 Apr 2011 FAKIE Mag = 20.00 K X H WD = 51 mm Photo No. = 3807 Zn0-5i-3

Si y-pillars Black Silicon ZnO NW/Au
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Introduction

Elab. & Charact.

Electrical properties Applications

1. u-pillars

1.20E-03

1.00E-03

8.00E-04

6.00E-04

Current (A)

4.00E-04

2.00E-04

0.00E+00

-2.00E-04

Indentation (nm)

- Discrete current steps!

- Step width in good agreement with
pillar-to-pillar distances (>15 um)

—— u Pillars
—— Bulk

Current values measured on bulk are
around 8 times those on the p pillars

Pillars area density = 12.5% = 1/8

=» Contact is Hertzian

> Rcontact — \/ Rsphere'Depthlndentation

1.80E-04
1.60E-04
1.40E-04
1.20E-04
1.00E-04
8.00E-05

Current (A)

6.00E-05
4.00E-05
2.00E-05
0.00E+00

u Pillars

200 400 600 800 1000 1200 1400 1600

Indentation (nm)

Yamin Leprince-Wang
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Electrical properties

2. Black Silicon

0.0007

0.0006 -

Black silicon is destroyed by the test!

0.0005 -

o 00004 ] - Saturation value of the current in BS
?§: 0.0003 1 :zagklfi"con > in Si Bulk = effect of the BS
3 destruction?
0.0002 +
0.0001 - - BS current grows slowly.
0 T T T T T
D 400 600 800 1000 1200 1.00E-05
-0.0001
Inde ntation~(am) 9.00E-06
F‘n\ 8.00E-06 -
\ 7.00E-06 -
6.00E-06 -
. :3 5.00E-06 -
- Current growth in a sawtooth g
. . . S 4.00E-06
fashion=> An indentation of few °  ome |
nanometers is enough to destroy each
el 2.00E-06 -
Splke' 1.00E-06
= Will be the region of interest in NW 0.00E+00 | ‘ | |
D 50 100 150 200
measurements. +1.008-06 dontation (1)
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Electrical properties

3. Zn0O NW/Au

-
200w Sigral A bnLaes 30Mw 2012
Protn Lk

- Bulk current is lower than NW’s (as
previous case)

- No visible steps in NW’s curve (as
can be expected since typical NW-to-
NW distance is few 10’s nm)

2.50E-04 v
2.00E-04 - WP, Trehet W 81
1.50E-04
z
g = 7n0 NW/Au
g R e 70O TF/Au
3
5.00E-05 4
0.00E+00 1 : : ‘ 2.50E-05
1 20 00 400 500
-5.00E-05 2.00E-05 |
Indentation (nm)
\ g 150E-05 |
- Current proportional to indentation © TR0
depth 5.00E-06 -
=» Hertzian contact + NWs act as a
network of parallel resistors 0.00E+00

y = 6E-08x + 2E-06
R? = 0.969

0 50 100 150 200 250 300

Indentation (nm)

Yamin Leprince-Wang
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Applications

Application 1: Electric nanogenerator
(Objective: convert surrounding enerqy into electrical enerqy)

Perspectives of nanogenerators for harvesting
mechanical energy and potential future applications.

U “o & Breath - Af\; fjmp_lantable

ood flow o i evices

heart beating g &3 o Wireless

g — [a | SENSOTS
e P, Nanorobots
eé:‘c'\“ 4 ?
wo™ :

se tec nolo® ‘

\Nanosensors

Harvesting
Mechanical
energy

Nanogenerator
converts mechanical
Traffic & waves into electricity

noises

Z. L. Wang "Self-Powered Nanosystems"”, Adv. Funct. Mater. 2008, 18, 35563—-3567.
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Applications

actionreur inberfénomére
Fllﬂl:ldﬂ.‘h'lqu! I |

—
immprEEEI-:-n:l (clsalllement) (compression oo
auibstrat flxe +clsalllement)

Brushin
4:%

metal
nanowires

Zn0 —
nanowires

EHT = 200 kv Signal A = InLens  Date :11 Dec 2009

Mag = 10.00 KX }—{ WD= 5mm Photo No. = 1527 200 NW'sIAWS] 12h
METrche Extractor | = 167,60 uA

Under studding: coupling electro-mechanics properties of ZnO nanowires.
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Applications

State of the art : nanopiezoelectric system

Study of the nanopiezoelectricity (zL. WANG, Georgia Tech. USA)

y-1- £
Zn0 | ZL Wang, Science (2006)

Ag

ZL Wang, Science (2007)

Collective signal: ~10 mW, ~ 800 nA / ~ 6 mm?
0.5% of the nanowires are active = Control of the network

Yamin Leprince-Wang 19-04-2012 Forum on Condensed Matter Physics at PKU, China 40




Applications

Application 2 = Multi-nanostructured Solar Cells

vAg
< >
L =4 Antireflective

YU

A A | p- CuSCN \/,
>\ 58 o ﬁ } o

///////ZA/ A0S {f yg

O

]

conductor

n- electrodes

- 8E8B8E8EB28

Energy distribution [W/m?

Si based devices :

- 98 % of the world market Conception

- Fabrication process - ZnO nanorods array

- Non-friendly to environment  Alternative - semi-conductors nanoparticles
to Si > 72N

n:~16%
STF Program in China (2009-2011) -
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Applications

-n junction
bet P :: SCN & ZnO p-CuSCN: E, =3.4 eV ; n-CdS: E;=2.4 eV
etween LU no: o it e =
3.0: ZnO Nws
_ 25
€ 2.0—- Electrodeposited CuSCN on ZnO NWs.
é') ' Hydrothermal method
E ' e o
2 Fld
o z
C 26000*
£ 05 Electrodeposition £
T ] < “
0'0- 2000 A
40 05 00 05 10
potential (V) 350 400 450 500 550 600 650 700

Wavelength (nm)

K. Laurent, D.P. Yu, Y. Leprince-Wang et al. Journal of Applied Physics, 110 (2011) 094310.
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Applications

Electrodeposition of CdS NPs:

Chemical bath*:
37cm3 of 1M Cd(Acet)

20cm?3 of 13M ammonia
10cm3 of 7.2M triethanolamine
100cm?3 of deionized water

37cm?3 of 2M thiourea

{* Method: Tetsuhiko ISOBE, Materials research bulletin , 30 (1995) 975}

- Homogenous coverage
- Nanoparticles ~15-20 nm size
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Applications

Raman & HRTEM characterizations of CdS NPs:

18000-: /C

16000

14000

d
12000~
10000+ Zn
8000 /
6000+

ks

Intensity (a.u)

S
0
On ZnO NWs
M-——
4000+ OnlITO

! I ! | L
200 400 600 800

Raman shift (cm-T)

Perspective:
1) Chemical bath deposition of PbCdS nanoparticules = large absorption band
2) The third step : CuSCN on NPs + ZnO NWs
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Introduction

Elab. & Charact.

Electrical properties

Applications

New Project on Culn(Al)S,

gapgs ~1.5eV &

gapgpas ~1.1-1.7eV

Yamin Leprince-Wang
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Applications
Applications 3 2 Nanostructured gas sensor

ZnO: promising materials for gas sensor.
ZnO nanowire arrays: large surface area =» high detection sensitivity

(b) 300
He
C_O
&: 200- H, o,
— Airs
= NO, .
I o I
i 5
CCICCCCICRCICACICATIC 3 100-
The nanowire sensor device. Exploded view of
the sensor showing a ZnO nanowire film as 0 1 I ,
the anode and a Cu plate as the cathode. 100 200 300 400 500 600

Breakdown Voltage (V)

I-V curves for He, NO,, CO, H,, air and O,,
showing distinct breakdown voltages.

*L. Liao et al. Nanotechnology 19 (2008) 175501
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Applications

Summary —
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