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nanovation

Comparison of Wide Bandgap Materials

. Crystal Lattice Band gap Cohesive Melting Exciton binding
I Structure constants atRT energy (eV) oint (K) energy (meV)
ad) A | @V = i &
ZnO Wurtzite 3.249 5.207 3.37 1.89 2248 60
GaN Wurtzite 3.180 5.185 3.39 2.24 1973 21

Zn0O vs GaN: Significant Differences

Exciton Binding Energy Higher for ZnO
Wet etching possible for ZnO but not for GaN
Availability of p-type GaN

Rogers et al.: Proc. SPIE 7605 (2010) 760S0K-1 www=
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Other Interesting ZnO Properties... nanoyation

Property Specification Comments
Piezoelectricity ( e33) 1.2C/m* among highest for all
semiconductors
Transparency 85-95% in visible range | higher if doped with F or Ga J
Electrical Resistivity tuneable semi-insulating = semi-metallic f
Wide Bandgap tuneable emits & detects UV light
Material Availability no shortage unlike Ga & In which are rare |
Cost very low |
=
1
e |
L8}
8
4
§ www.hokudai.ac.jp
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Biocompatibility of Zno | /) /" /1 | nanovafion

FIOA

“GRAS” (generally regarded as safe) label.

U.S. Food and Drug Administration

Y

vl 1

Aug. 2015

ZnO in various pharmaceutical
products & some vitamin pills...
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Exponential increase in ZnO reéearch AXLA" }I,/ZCII’IOVCI‘ZZOI/Z

2014 Publications

ZnO: 8035

Search in Scopus for title, GaN: 3502
abstract & keywords
containing “Zn0”

ZnO Related Publications

1 _
1930 1940 1950 1960 1970 1980 1990 2000 2010

Year

Rogers et al. Laser Focus World 49, 10 October (2013)
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Breakthroughs........

Band gap engineering
Self Formed Laser Cavities
7nO Subst at & Available

Evidence of ZnO being DMS

St inulat € Excit mic Emission > 550K

Schott Iy & Ohmic contact son ZnO
High Quality Epit xy
Semiconduct @S

Amorphous Oxide
LEDs & LDs

p doping,
RT UV Phot mic Cryst 4 Lasing

Transparent Thin Film Transist 'S

2 DEG & Fra

Very wide r

ct bnal quant un Hall Ef £ct

ange of nanost mct wes

R .
ogers et al.: Proc. SPIE 7605 (2010) 760S50K-1 s

Y
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Zn0-Based Electronics Market
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Establishéd ZnO Thin Film Applications | anoyvation

n . i T'\'

Conductive & Optical Coatings
Gas sensors

Surface Acoustic Wave devices

Varistors

NanoMarkets
- . f‘ Enver:g'g-' Challenges E Mech-s-ni-:s
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New ZnO Electronics Market Fdrgcas't .

‘nanoyation, .
3 f, } '\

A

Billions $

__———”’////////

2010 2011 2012 2013 2014 2015 2016 2017
NanoMarkets
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New ZnO Electronics ;Marlget Forecast, W " ..)Z,’Zéll’lOVdflbn

A Jh‘

Billions §

} Emerging
Applications

2010 2011 2012 2013 2014 2015 2016 2017

NanoMarkets
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Nanomarkets Envisage 4 Key Emerging: A

A - ‘I. - fh 'IL' I.| . -1' .I
\ /' s/ \ B AAA

l;)pl‘ic:aitirm'lsJ WA
Photovoltaics

Displays

Light-Emitting Diodes (LEDs)

Sensors (Gas, UV & Bi1o)

. f% Ener-"" Challnn:-'-'ns E Mnrh;nirf
nan ' Y &Y =ig=s = S
3 ovation w& - waorking an small scales Aug' 2015
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ZnO Electronics Market Study / ALY \ Rl WY

AW A

« The leading players in this space at the
present time are Canon, Casio, Cermet,
Idemitsu, LG Electronics, Nanovation,
Samsung, Sharp, Tokyo Denpa, Toppan
Printing, ZnOrdic & ZN Technology. »

1 (\ Energy Challenges & Mechanics
e - By =nges & achanics
x novation g%ﬁ - warking an small scales Aug . 2015




2. Nanovation
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Introduction '/ / /(4L 0 [ranoyation,

French ZnO
Start-up

Founded 2001

2011:
New Premises:
Chateaufort
(Saclay)
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Product: Optoelectromc Grade Zn0 Eplwafers n éll’lOle‘lbI/l A

o“‘t‘““ e “":’33‘0‘%
o5 "‘ S afES - ‘
S aay ‘c'a..‘&’-c.- =55 ( ‘

E\ Substrate—"
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Production: Pulsed Laser Deposition (PLD) nanoyvation |

Target

Chamber

— Laser
KrF Excimer

A =248 nm

Optics

>N

EI'I-E'rg'g' Challenges E Mechanics
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Why is PLD so'Good for Oxides? ?':':,na”mvaf iOnt

PLD Impinging Species Kinetic Energy can be : 10-100eV
[ Thermal processes (MBE & CVD) = 0.1 —1eV]
Can tune oxygen content via O pressure

Enhanced surface mobility/reactivity =» can crystallise well at low T

Rogers et al. Proc. of SPIE 7940 (2011) 79401 K-1 w»=
Envergy Challenges E Mechanics Aug, 2015
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HRTEM (Demokritos) nanoyvation,

1.3 4
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nanoyvation,

X-Ray Diffraction

XRD (0002) Peak Omega Scans

XRD (0002) Peak 2Theta-Omega Scan
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# -t,- Institutd'Electronique Fondamentale % _ Rogers et al. Pl’OC. SPIE 7217 (2009) 72 170F—1 —
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ZnO/Sapphire: AFM Measurements

Dec1k104 sk

MNanowation Histogram

. 20.04
No Particulates .o

0.0-

2 3
Selected Area Bearing Ratio

RMS Roughness = 2.3A
Peak to Valley = 25A

]
4 8 12 16
Height (&)

Institut d'Electronique Fondamentale ~ %ks

p
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World Record Optical Gain for ZnO .'Z’lCH/lO vart lOI/l'
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Z110/a-Si0y/Si (111) TEM 'nﬁmavatim’

UMNIVERSITY
af
GLASGOW

Coherent lattice fringes in
ZnO after ~ 2nm of growth

Ougazzaden, Rogers et al. Proc. SPIE7603 (2010) 76031D-1 j=

i & Enerzy Chatienges & Mechanics
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‘nanoydtion

2 inch In-wafer Uniformity

ZnO XRD (0002) Peak Intensity vs Position

Intensity
(a.u.) IR ol A AT L e

4000

2 inch ZnO on Si

0 L R L e N LR RS R TN M RED B EE DR ALY TN LAY B R T

-20 -10 0 10 20
Position from Centre (mm)

Gautier, Rogers et al. J. Cryst. Growth 370 (2013) 63 ™=
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3 inch in-wafer Uniformity

novation

nanovation

Thickness [nm]
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Self-forming Nanostructure
Arrays by PLD
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M
[Rogers et al Proc SPIE (2010)]

Nanoarrays by PLD Dif.'rectly;_c;n-fSii A | | ’nanovalwn

Nanorods @ Moth-eye Broadening

Catalyst-free & self-forming!!!

Rogers et al. Proc. SPIE 7605 (2010) 76050K-1 =




(i f ) ﬁanova;ldn

Nucleation/Growth Control > chh finer; nan0w1res 1Y%

." 1 A .l i

_r'?

Increased Substrate Temperature

Sandana, Rogers et al. Phys. Status Solidi A 211,2 (2014) 449 w

. ffk Ener-"" Challen:-'-'-s-s E: Mech-s-ni-'f
NN 1‘ &Y g CE
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naneoation,

Nanostructure pitch controlled by underlayer;grainsize

"'\.

Dnm

Sandana, Rogers et al. Phys. Status Solidi A 211,2 (2014) 449 w

,i\ . mw'ation ‘(\‘ EI'I-E'rg'g' Chal]enges E: Mechanics Aug. 2015
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Patterned Nanostructure Growth
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Difticult to Grow Regﬁlar Ne}ho ZnO [0)% PLD j. ?, 7)) ? (177 'I 1&”2 |

Substrate

x nanovation

=» Use PLD Layer as Template

PLD ZnO Spin on E-beam Wet Chemical

Resist Lithography Nanowire
Growth

Erdelyi, Rogers et al. Cryst Growth & Design 11 (2011) 2515

Errergg,r Challenges E Mechani-:s
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' . I,u J . :_'- .I} .1 : ah _. /Y , ,'II.‘ -_
Wet Chemical Arrays/on esbeam Patterned Seed Layers. .. ‘.l/léll’lO cht l 4, nh

© © » ¢ © & o o

) ® ® & @ @& o o | Facets
v e = v s %] Not

® ¢ © o @ 0 ¢ | Ahgned

e © o o & o o Y

100 nm
EHT = 5.00 kv WD = 44 mm Mag = 100.00 K X Pixel Size = 3.564 nm

T

aI
ZnO/a-Si0,/Si

Erdelyi, Rogers et al. Cryst Growth & Design 11 (2011) 2515 =5
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Transparent Electronics

Extreme

Electronics
Sensors/Detectors

uﬁn ﬂ“ﬂ Tﬂ ﬂ"
’lWh %! Nano-
""n

Hnﬂh&. | Arrays

n. Hﬂ

Energy Harvestin
. . Solar Cells LEDs & Lasers = :
Biomedical

. E g=yn] CI'IE”E' ges & Me-:l anics
3‘ nanovation . B y e o ,.1..n,' . Aug. 2015
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3. Zn0 in Solar Energy
Harvesting
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Transparent Conducting
Electrodes for Solar Cells

A

Rogers & Hosseini Teherani, Elsevier Encyclopedia of Materials Science, Oxford (2010) 1 s
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nanoyvation

Conventional 'Si/Solar Cell

Surface metallic
grid for
current collection

£\ACRE

Australian CRC for
Renewable Energy Ltd

EI'I-E'rg'g' Challenges E Mechanics

- waorking an small scales

S .
& nanovation [0/(\;5

Aug. 2015



Why do we need a TCO layer? /fanovaion,
Metallic electrode grid

. N\

[ ] [ ]

= S N N — _—""‘__/7%'*“\\ TCO Layer

I

- Current crowding

- Electric field generation in active layer
- Recombination & resistance losses

- Rem << R active layer

- TCO relatively equipotential

- charges prefer to propagate in TCO

Higher Density Metallic electrode grid

- lots of reflection losses m

Envergy Challenges E Mechanics
- waorking an small scales

S0\ .
I 1anovation [0/(\)3
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Transparent Electrode: Minimum Requirements na noyvation

1) resistivity < 1073 £2cm

2) carrier concentration > 10?0 cm™3

» UNIVERSITY OF

0),43(0123D

3) average transmittance > 80% 1n the visible

4) Eg > 3 eV: 1.e., degenerate n-type or p-type

T. Minami, Semicond. Sci. Technol. 20 (2005) S35-S44 ==

Envergy Challenges E Mechanics
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Some Potential TCOs for use as Contacts

Material Dopant or compound

SnO, Sb, F, As, Nb, Ta

In,O4 Sn, Ge, Mo, F, T1, Zr, Hf, Nb, Ta, W, Te
/n0O Al,Ga,B.In, Y, Sc,F V, Si, Ge, Ti, Zr, Hf
CdO In, Sn

/n0-Sn0O,
/n0—-In,0;,
In,0O;—Sn0O,
CdO-Sn0O,

C dO—lI]gO_}
MglIn,O,

GalnOs;, (Ga, In),0;
CdSb,0¢
/n0-In,0;-Sn0O,
CdO-In,0O3-Sn0O,
/nO—-CdO-In,03-Sn0O,

/n,Sn0,, ZnSnO,
/n,In,0O5, Zn3In,04
[n,Sny;0O4,
Cd,Sn0O,, CdSnO;
Cdll’lgO4

Sn, Ge

Y
/n,In,05—InySn04
CdIn,0,4—Cd,Sn0Oy

naneygtion

Which to choose?

T. Minami, Semicond. Sci. Technol. 20 (2005) S35-S44

’f 1anovation
& s
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nanoyation

Transparent Elecrode Market

Sputtered ITO in use for most transparent electrode applications

$15 000- B Not ITO
oITo
$12 000-
&>
c  $9000-
0
§ $6 0001
$3 000
$0-
2011 2015 2018
Year

Indium Tin Oxide (ITO)
90% =>70% of market in 2018

Why is there a drive to replace ITO?

Sandana, Rogers et al. Proc. of SPIE Vol. 8626 (2013) 862603-1 =

0 . (\ EI'I-E'rg'g' Challenges E: Mechanics
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Problems with ITO: 1. Scarcity of Indiim nanoyvation,

@ 61st element in earth’s crust: 0,24 ppm
@ Use rising = price rising

=
a&o

Rock-forming elements wikipedia

coatings
(e.g. TO}

other

=
:pr.:

semiconductors

R e solders and alloys

=
=
w

total consumption = 335,000 kg

Major industrial metals in red Rh
Precious metals in purple . s
Rare earth elements in blue Rarest "metals Ir

P NS N VI N S| AU | I N S M M
0 10 20 30 40 50 60 70 80 90

Atomic number, Z

Compound Semiconductor
Magazine

Abundance, atoms of element per 10° atoms of Si
=
<

EI'I-E'rg'g' Chal]enges E Mechanics
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Transparent'Conductor Cost Levels nanavatlon_

~$7/m?
=~ 10% of PV fabrication price

Source: J. Kalowekamo et al.
Sol. Energy (2009)

EI'I-E'rg'g' Chal]enges E Mechanics
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Dramatic Solar Cell Price Drop nanoyvation,

PV Module Price Per Watt

$6.00
$5.00

54.00 - Puts pressure on

$3.00 | TCO price...

$2.00

$1.00

$0.00 - | | -
1990 1995 2000 2005 2010 2015

www.solarcellcentral.com w=

Aug. 2015
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Problems with ITO: 2, Toxicity of Indium | [HaHOYGtion,

Indium based compounds are carcinogenic &
toxic (they attack the heart, liver, kidneys... )

EI'I-E'rg'g' Challenges E Mechanics

- waorking an small scales
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Problems with 1TO: 3.:Specialised Contact Needs... n aneyaiion y

Choice of Transparent Conductors.

Property Material
Highest transparency ZnQ:F, Cd,Sn0,
Highest conductivity In,04:5n
Lowest plasma frequency SnO;:F ZnO:F
Highest plasma frequency Ag, TiN, In,O;:5n
Highest work function, best contact to p-Si SnO,:F ZnSn0O,
Lowest work function, best contact to n-Si ZnQO:F
Best thermal stability SnOs5:F, TiN, Cd,Sn0O,
Best mechanical durability TiN, SnO,:F
Best chemical durability SnO,:F
Easiest to etch ZnO:F, TiN
Best resistance to H plasmas Zn0O:F
Lowest deposition temperature In,04:5n, Zn0O:B, Ag
Least toxic ZnQO:F, SnO,:F
Lowest cost SnO,:F

Source: Gordon, MRS Bulletin, 2000

p

Envergy Challenges E Mechanics
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Resistivity Evolution: ZnO, Sn0, & In,0, . naAnoyarion,

102 ¢
- doped Sn0O2
I / 1) Minimum p for doped ZnO
) " still decreasing
e 10'3 -
SN
e n 2) Minimum p for doped SnQO,
E i & In, 0O, flat for ~ 20 years now
> )
B 104 g 3) Minimum p < 10~ Q.cm now
5 - doped In2 O3 reported for both ITO & ZnO
2 )
= I
10_5...11....l....l...;l..“l.l“l...
1970 1980 1990 2000

YEAR

T. Minami, Semicond. Sci. Technol. 20 (2005) S35-S44 w=

20 . (\ En»erg-g- Challenges & Mechanics
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Lowest Resistivities' Attained for ZnO Dopants ]’lCH/lO vartio n_

107
AZO = (A)ZnO
GZ0O = (Ga)ZnO

*‘E Dopant Carrier
3] content Resistivity x 107*  concentration x 10%°
a 10‘3 Dopant  (wt%) (2 cm) (cm™?)
~ .
Q . ALO; 12 0.85 15.0
o 2777 8o & © Ga,0; 27 12 14.5
= * 0 0 a4 a,%0 B,O; 2 2.0 5.4
> 00 A A o8 Sc,0; 2 3.1 6.7
= °5 0g & Si0, 6 48 8.8
Z o104 3 V05 0.5-3 5.0 4.9
58 F 0.5 (at%) 4.0 5.0
§ None 0 4.5 2.0

(O:AaZoO

NGZO

® :Others

107
1980 1990 2000
YEAR

T. Minami, Semicond. Sci. Technol. 20 (2005) S35-S44

EI'I-E'rg'g' Challenges E Mechanics
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nanoyation

AZ0O Comparable to'ITO/but/L.ower Cost,..

Record Breaking AZO by PLD:

Doped ZnO ITO
Low resistivity (£2 cm) 10—> 10—
Practical resistivity (£2 cm) 2-3 x 1074 I < 10~
E, (eV) 3.3 3.7
Index of refraction 2 2
Work function 4.6 4.8-5.0

Cost [nexpensive Very
expensive

Stability
Acid solution <Good (stable)
Alkali solution <Good (stable)
Oxidizing atmosphere at high <Good (stable)
temperature (or oxygen plasma)
Reducing atmosphere at high Good (stable)=

temperature (or hydrogen plasma)

Minami, Semicond. Sci. Technol. 20 (2005) 35 we———

EI'I-E'rg'g' Challenges B Mechanics Aug. 2015
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Zn0 Multifunctionality
in Solar Cells

Enver,gy Challenges E Mechenics
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Spot the ZnO nanoyation

Amorphous Silicon (a-Si) PV Micro-Crystalline (u-c) Silicon

e &

a-SiH

Grating

D. Domine et al., IMT, 2005

Oerlikon Solar

EI'I-E'rg'g' Challenges E Mechanics
- waorking an small scales
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Spot the TCM... nanoyvation,

Tandem Cell: p-c Silicon / a-Si CIGS (Cu(InGa)Se,)

Bottom cell Cuiln,Ga)Se,

)} miermediate
reflector

1-3 microns
A

LP-CVD A0 —

Glass

Soderstrom et al. Prog.

Photovolt: Res. Appl. (2008) O. Durand, INSA Rennes

EI'I-E'rg'g' Chal]enges E Mechanics
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Spot the ZnO nanoyvation,

Hybrid Organic/Inorganic

Solar Cell Quantum Dot Sensitized Solar Cell
«——200nm
Liquid
o

- —— Nt Y ks Al |
| W s e Y BT i
| o e Byl
1L L L

Load j T |
W Organic hole conductor ) .
Zn0 nanowire array F'Snﬂz
A A A h 4B
Light

NREL
Li et al., Nanoenergy (2012)

EI'I-E'rg'g' Chal]enges E Mechanics
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Solar Transparent Conductors?’ . /ranovaion,

1. Many solar cells employ at least
one ZnO-based layer. \ P

Back contact } 1§+ N
ZnO LP-CVD [B8s ¥

2. 7ZnO thickness/positioning &
form are integral to cell design

uc-Si:H
Bottom cell
3. ZnO represents significant
proportion of overall PV ZoR —
structure (& 1ts’ cost)... R

Front contact \\

Zn0O LP-CVD i\-’u {f ‘

4. 7ZnO 1s multifunctional
(electrode, template/buffer &

light management: AR &

trapping) Soderstrom et al. Prog.
Photovolt: Res. Appl. (2008)

8/10/2008%
WD 14.5mm 14:53:56

»i\ N— tIOH ‘(\‘ En»erg-g- Chal]enges E Mechanics
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-Reflection Coatings

I

Zn0-Based Ant

www.greenmybungalow.com



f _|"

Nano ZnO samples look like « black silicon » ‘nanovarion
) ! ) ¢ A '..; ! M ld A ) A\ I. A \ i\ Hr_ . |

1'". L\ al . ﬁ

Betore Growth After Nanostructure Growth

Sandana, Rogers et al. Phys. Status Solidi A 211,2 (2014) 449 w

. Energy Cohallenges & Ml echani
— - By EZes echanics
3 nvatIOn ‘I - waorking an small scales Aug' 2015
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.f Y

Zn0O Moth-eye Nanostriictures as AR Coatings on BV 7 n‘n Oth ! @I’l .

AMMAAAAAAAL I x

N ﬁ: m

Substrate

Peres , Rogers et al. Phys. Stat. b, 1-4 (2010) 1695 we=

- 4 (‘ Enver,gy Challenges E Mechenics
3 novation fgjl@ - waorking an small scales Allg 2015




| TR | AR, | A A M A
Reflectivity Measurements (/) 4" Hd nova‘tmn

Collimated Ocean Optics
ollimate UBS4000 Sample Measurement

Tungsten
Halogen Lamp

spectrometer

P .

\

——

Bare Si (reference) Nanostructures/Si

Peres , Rogers et al. Phys. Stat. b, 1-4 (2010) 1695 we=

. {\ Ener-"" Challnn:-'-'ns E Mnrh;nirf
Y | ‘ =Y =l = =Lanics
x novation ﬁgjil - waorking an small scales Aug' 2015




Normalised Reflectivity/From Nanocones *{/lanOVCft lOnh

(~ 0.5%) reflection
up to 60°

incidence

omni-directional “moth eye” AR behaviour for whole visible spectrum

Peres , Rogers et al. Phys. Stat. b, 1-4 (2010) 1695 we=

1 (\ Energy Challenges & Mechanics
e - By =nges & echanics
3 novation C% - warking an small scales Allg . 2015




PLD Nano ZnO on Various/Substrates "PanOVCff l@n_h

Magnification

AR ’”\«‘h n.'f“f\ ?ng
'3~._ Q} A

ﬁﬁ'\ .-\Iﬁ

ut I S

ZnO Bulk Steel

Sandana, Rogers et al. Phys. Stat. Solidi C, 10 (2013) 1317 &

. Errer-"'g-' Challnn:-'-'ns E Mnrh;nirf
nan £ =MNEEs o= Sollell Lo
x ovation " A - waorking an small scales Aug' 2015




nanoyvation,

Good'NIR & MIR Transmittance...

AlZnO/Glass
100
— B804
£
a
o
5 60-
=
S
& i sheet resistance ~ 25 Q/o
I_. ]
i Float glass v
J - = - 250 nm AZO film % ne ~ 2.4 x 102 cm—3
20 ' = = 500 nm AZO film v
i "I 1= .
.r')"‘? oo
B

250 1000 5000
Wavelength (nm)

Dhakal et al. Solar Energy (2012) ww-=
En»er EFgEEs Mec amnics
ey Cratenges & M Aug. 2015
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nanovation,

i,

Zn0 Moth-eye Nanostructures as
Anti-Reflective Contacts on IR Devices

. {f\ Ener-"" Challen:-'-'-s-s E: Mech-s-ni-:s
2 3 - =Y )
3 novation égf,;g - waorking an small scales Aug' 2015




3. Zn0 Piezogenerators

En»r:*r Chall &M hamni
- BY enges & IWlechanics
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Selecting Piezoelectric Materials nanoyation.

Piezoelectric constant

Material Formula Form (pr/V or pC/N)
Ammonium dihydrogen NH4H,PO, Single crystal d;g=48
phosphate (ADP)
Barium titanate BaTiO; Single crystal d,s =587
Barium titanate BaTiO; Polycrystalline dys=270
ceramic
Lead zirconate titanate PbZrg ¢ Tip 4003 Polycrystalline dy3;=117
(PZT) ceramic
Lead lanthanum Pbg gr5Lag 521 56115 44053  Polycrystalline dy; =545
zirconate titanate ceramic
(PLZT)
Polyvinylidene fluoride  (CH,CF>), Oriented film d;; =28
Potassium dihydrogen KH,PO, Single crystal dyg=21
phosphate (KDP)
Quartz S10, Single crystal dy; =23
Zinc oxide Zno Single crystal dy;=12

V. Mohammadi Piezoelectric Materials & Devices - Practice & Applications

Aug. 2015
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nanovation

Robust/Malleable

Cheap & no poling required

Easy to make/nanostructure

Biocompatible

VR RE R [}
&~ 5 D0RY e

High temperature resistant

Integrating with multifunctional possibilities of ZnO
Rogers et al. Laser Focus World 49, 10 October (2013) ww=

PN
-

EI'I-E'rg'g' Chal]enges E Mechanics
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nanoyation

Why nano?

Piezo-manipulator

Nanowire elasticity | m— I

=» Broad frequency response: few Hz to MHz

—(R) __
Gao et al. J. Mater. Chem. 7, 2009

-t

Potential for enhanced piezo response

Piezoelectric coefficient das in nanostructured materials compared to bulk.

Material ds; (pm/V})
Theoretical | Experimental | Experimental
. nanoscale) | (nanoscale) (bulk)

Conducting ———h v oy
PZT 101° 650
ZnO 168.2° 14-26.7 9.93
) ) GaN 65.8° 12.8% 1.86

Can harvest tiny motions PMN-PT | N/A 3815 2 500°

Ardilla et al. Future Trends in Microelectronics (2013) 230 -

EI'I-E'rg'g' Challenges E Mechanics
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nanovation

ZnO Piezogenerators Background

2006: ZnO Vertical NW Generators with AFM

O
1 NW

deflection
Start of
= ouput
End of V_
output

Slarto

|
I
5 1
|
| 3
150p— 8
ZnO 1204 : Tip scan "
- : s
E904 |
= | rd~
SHSE | -2
i
Requires 1 Schottky & 1 Ohmic contact 0, & e
I:I L] LI L]
Very small signal: ~ 16 pA 0O 230 460y(nm)

Z.-L. Wang & J. Song
Piezoelectric Nanogenerators Based on ZnO NW Arrays,
Science, vol 312, 242-45 (2006

) : . (\ EI'I-E'rg'g' Challenges & Mechanics
. -
\I’ [‘/ﬁ - waorking an small scales Aug' 2 01 5
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nanovation

Contacts...

J
'l::_._:-
R <
(e r—————
B nsulatingNWs B Semiconducting NWs
| Metal (Ohmic contact) Metal (Schottky contact)

Ardilla et al. Future Trends in Microelectronics (2013) 230

Aug. 2015
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nanovation

Harvesting energy from many nanowires

Parallel contacting increases current

N
4 h

\

> Series stacking
increases voltage

Wang et al.

Science, 312 (2006) 242.
Science 316 (2007) 102
Nature 451 (2008) 809

Nature Nanotech., 4 (2009) 34

D EI'I-E'rg'g' Chal]enges E Mechanics
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nanovation

Demonstration...

Hybrid solar/piezo cell

GaN substrate

Wang et al. JACS, 737 (2009) 5866

) — tIOH (\\ Erre-rgy' Chal]enges E Mechanics
- (/ﬁ - waorking an small scales
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ZnO Piezogenerators Background: Nano = Micro

2008: ZnO Lateral Single Wire Generators

I H

\'I'-"‘fh'l'hv

= H
urrent (pA)
[ Ln

Simpler construction

+ = VL + - 3 I
Simpler measurement — - . i |L|'Id
o : M \."'.'.'f'll\'hv \'Illi"'l'.'nﬁ I 10 : i :
Larger signal & ] !
R. Yang et al. Power generation with laterally packaged Ting 2}

piezoelectric fine wires, Nature Nanotechnology 4 (2009)

EI'I-E'rg'g' Challenges E Mechanics
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nanovation

U. Bordeaux ZnO Micro-crystals

Scanning Electron Microscopy

Faceting suggests single
crystal nature

Rogers et al. Proc. SPIE 8263 (2012) 82631X-1 ww

EI'I-E'rg'g' Chal]enges E Mechanics
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Nanovation/Bordeaux ZnO Piezogenerators

Ag (Schottky) & In (Ohmic) Bending with Probe Arm
Contacts on Teonex Support

Rogers et al. Proc. SPIE 8263 (2012) 82631X-1 ww

EI'I-E'rg'g' Challenges E Mechanics
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IIV Characteristic...

I1(A) ™

L2UE
120k

1O0E-3

Rectifying

B.00E-03

a00F-05

ZU0Ea A

LOUEDs V(V)
1 .F.ﬂIF+ﬂD 1OGEG 1 .F:FIIIF+F|ID
-2 GOE-0S
Rogers et al. Proc. SPIE 8263 (2012) 82631X-1 w
& . (\ EI'I-E'rg'g' Challenges E Mechanics
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| & V as a function of. time...

nanovation

Stress = piezopotential field

=» charges accumulate on electrodes
(like dipole moments in capacitor)

release = piezopotential disappears

=» back flow of electrons.

resembles capacitor
charge/discharge

~2 nA
~10 uVv

Rogers et al. Proc. SPIE 8263 (2012) 82631X-1 ww

EI'I-E'rg'g' Challenges E Mechanics
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Control Experiment...inert rod nanovation

A
Zn0 rod 3
2 2 » G't*'!'*va-#i R .:52
= ¢
: 1 » * ‘. *
*a f:“ ; f “.**‘ :5;“**1-*-4.0-#“ ...... *vE
2 Shed AN e
0 | #+2+4  Bend # Release  Bend % Relese
: >
0 14 t (S)
A
3
;E 2
=
N’
-]
O T T LT Ty et
>
0 14 t (S)
Rogers et al. Proc. SPIE 8263 (2012) 82631X-1
T A . (\‘ EI'I-E'rg'g' Chal]enges & Mechanics
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nanovation

Single Wire Generator demonstration. ..

<5x300 pm

Z. L. Wang et al., Georgia Tech =

EI'I-E'rg'g' Chal]enges E Mechanics
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nanovation

Flexible High Output:Nano generator (HONG)

V~203V

| ~107 nA

efficiency ~ 4.6%
power density ~11 mW/cm3,

l.e. 22x PZT cantilever signal.

Zhu et al. Nanoletters (2010)

EI'I-E'rg'g' Chal]enges E Mechanics
- waorking an small scales
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nanovation

Piezogenerator-powered LED

Also:

- mobile electronics
- defense technology
- clothing

- flags

- building decorations

- shoes

- self-powering sensors
cargo shipping tracking system
environmental inspection
infrastructure monitoring
health monitoring/body implants

(e.g. glucose/blood pressure sensors)

Zhu et al. Nanoletters (2010)

Envergy Challenges E Mechanics
- waorking an small scales
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Contacts...

Typically PMMA or a
p-type polymer

ADVANTAGES
- Infinite potential barrier
(prevents e flow through ZnO)
. - Easier contacting
.uashﬁ-‘l*i‘rﬂ - All nanostructures leveraged
(irrespective of height)
- Improved robustness/durability

)
Aﬁf YA

| Insulating matrix

Ardilla et al. Future Trends in Microelectronics (2013) 230

Aug. 2015
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Nanogenerator
= 10mW/cm?3

Capacitor

-

Hu et al. Nanoletters (2011)

Power density
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nanovarion

Development of ZnO.nanogenerator output

S
$ 50k  @siicon 4O A L lsc = 12 A
= @seed | zn0 e (~ 1cm2)
§ 10 - - PMMA & Aluminum : a 10V
% | — —y
O 5 o 4v C I | L e .. _—
L (= Lk ﬁ | : Z.L. Wang et al.
04 9mv  45mV  esmV 150 :w .,. Materials
L] my L] i L] 1 | - AL - L o | T 2 12
2006 2007 2008 2009 2010 2011 2012 oday (2012)
Inset: schematic of most recently developed nanogenerator with aligned ZnO arrays.
& . (\ EI'I-E'rg'g' Challenges E Mechanics
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4. ZnO-based Thermoelectrics

Envergy Challenges E Mechanics
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Thermoelectrics Dilemma

>N .
& nanovation

Heat sink

nanoyation

(11 Tube

- heat source & heat sink

- p-type material

- n-type material

- large thermal gradient

- good electrical conductivity

EI'I-E'rg'g' Challenges E Mechanics A 2015
- waorking an small scales ”g'



State-of-the-Art Bulk Thermoelectric: Materials ]”lCH”lOVCl [l OI/l’

o-pe |

o ddbein 0 O
2.5 BagGaysGesg CoShmyi YbeTe—PbS i
g PbSe-PbS PbS-CdsS
Pb..SbTe, .. l | -
2.0 s ] i l SiggGezg
v PbSnTe-PbS e
b~ TI-PbTe
N 7.5 BiSbTe CoSb,-5r,Ba,Y
CsBisTeg —Mg;Sig 35N, 7
1 . O Hfl-xTixCOSbO.Ssno.z
0.75x 1 1xZr 0, 25NiSng 93Sbg o1
0.5

Ye 201 —
ear 2 30 Tempe

L-D Zhao et al. Energy Environ. Sci., 2014, 7, 251 e
EI'I-E'rg'g' Challenges E Mechanics Aug, 2015
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Drawbacks with Current Thermoelectrics (RANoyAation,

KT Too Low

Rarity of Te

Toxicity of Te
Majqr industrial ['netats inred Rh
Low Melting Points: Rare earth elements in blue Rarest "metals’ Vi,

10‘5 i 1 i | i 1 L | i | i 1 L | i 1 L |
0 10 20 30 40 50 60 70 80 90

Atomic number, Z

Abundance, atoms of element per 10° atoms of Si

(585°C for Bi,Te,)

EI'I-E'rg'g' Challenges E Mechanics
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Why Oxide Thermeoelectrics? Inanovation,

Price, toxicity & stability 1n air are key drivers...

State-of-the-art p-type oxides are layered cobalites:

e.g. Ca;C0,0 5

/T =0.65at 1247K

S. Hebert, CNRS CRISMAT, Caen we=
EI'I-E'rg'g' Challenges E Mechanics Aug, 2015
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(Al, Ga)ZnO: highest n-type'oxide ZT... [hranoyvdation,

High Thermoelectric Performance of Dually Doped ZnO Ceramics

0.7 T T 1 ! 0

—=— ZnAl0.02Ga0.010
—5— ZnAl0.02Ga0.020
0.6 | —— znal0.02Ga0.030 |
—e— ZnAl0.02Gal.040
—o— ZnAl0.02Ga0.050
0.5 | | —e— znat0.03Ga0.010

m—

—8— ZnAI0.03Ga0.020 g
—&— ZnAl0.03G20.030 =
0.4 || —a— znA10.04Ga0.020 | =
~ —@— ZnAl0.020 ]
N o
0.3 ‘§
] " .
=i | I
0.2 % N | ¥
& 700 - | 2 - :
—e— ZnAl0.02Ga0.010 —e— ZnAl0.03Ga0.010
0.1 —&— ZnAl0.02Ga0.020 —8— ZnAl0.03Ga0.020
=800 | —e— ZnAl0.02Ga0.030 —e— ZnAI0.03Ga0.030 -
—tr PR AI002Ga0 040 —— TnAl0.04Ga0.020
0 _ _ _ —— ZnAl0.02Ga0.050 —a— ZnAl0.020
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature / °C Temperature / °C
Ohtaki et al. Journal of ELECTRONIC MATERIALS, Vol. 38, No. 7, 2000 w

EI'I-E'rg'g' Challenges E Mechanics
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(Al, Ga)ZnO: highest n-type'oxide ZT... [hranoyvdation,

High Thermoelectric Performance of Dually Doped ZnO Ceramics

Bulk nanocomposite (Al, Ga)ZnO

SEM images of fracture surfaces of Zny_, ,Al,Ga O (left, x = 0.02, y = 0.02; right, x = 0.02, y = 0.05) ceramics.
Ohtaki et al. Journal of ELECTRONIC MATERIALS, Vol 38, No. 7, 2000 w

Aug. 2015
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Thermoelectrics Dilemma nanoyvation,

Trade-off in order to maximise KT

Want high ZT
(thermoelectric figure of merit)...

2
ZT = 22T

zZl

SEEK:

high Seebeck coefficient (o)
high electrical conductivity (o)
& low thermal conductivity (k)

1018 1019 1020 1021
Carrier concentration (cm—3)

G. Snyder & E. Toberer, Nature Materials, 7 (2008)

& . (\ EI'I-E'rg'g' Challenges E: Mechanics
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[.ow Dimensional Structures, /ranoyvation,

> : heat source Ty
Use of transport along superlattice quantum wells

Higher o from the higher density of states

Higher electron mobility in quantum well —> higher ¢

heat sink T.

Lower KHph through additional phonon scattering from heterointerfaces

Disadvantage: higher Fe] with higher ¢ (but Figure of merit
layered structure can reduce this effect) 2
) ZT =297

A

O
O
o
o
O

Overall Z and ZT should mcrease

D. Paul, University of Glasgow
EI'I-E'rg'g' Challenges E Mechanics Aug, 2015

- waorking an small scales

>

P . (\
3 ovation A

h



/Zn0O Bandgap Engineering & 2D Electron Gas nanoyati Q,

ﬂfrndllp (eV)

W Rogers et al. Laser Focus World 49, 10 October (2013)

f anovation

Zn0O

i3 34 15 16 37 18 SO

Lattice paramater (A)

(\ En»er Chal]en es5 & Mechanics
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Impact of 2D Electron Gas at ZnO/MgZnO Interface nanoyvation |

P = t L 4,53 1 L
R S
51
0.05 Q.cm 0.85 Q.cm 0.006 Q.cm
ZnO/c-sapphire MgZnO/c-sapphire MgZnO/ZnO/c-sapphire
) 4By i
Zn0O
. Zn0O
c-sapphire c-sapphire

c-sapphire

Rogers et al. Proc. SPIE 8626 (2013) 86261X-1 ™=

N
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Reduced Thermal Conductivity Through Nanostructuration nariovad f 10N

Nano ZnO
Grown by PLD

o
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p-type ZnO Thermoelectrics?
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/Zn0O Homounction LEDS

Reference

Ryu et al.: Photonics West
2006

Park et al.: II-VI conf. 2005

Pan et al. : Photonics West
2006
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Summary of p-type ZnO results (1, A" ‘.{QaﬂOVCffZOHIh

1) Many Dopants (N, As, P, Sb, Ag, Ga/N,
Al/N, Li, Na, Zr/N)

2) Many Substrates (ZnO, sapphire (a, r ,c),
glass, quartz, S1 (111) & (100), GaAs, InP)

3) Many Growth Techniques

4) Relatively Low Mobility

5) Relatively High Resistivity

Fan et al. Prog. in Mater. Sci., (2013) & Choi et al. IEEE Trans Elec Devices, (2010) &=
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Some problems with pitype ZnO deyelo-prflént | *}ZfléllflOVC?l‘ ibnh |

1) Measurement issues

2) p-type response often unstable

3) Strong intrinsic compensation

(oxygen vacancies, Zn interstitials, role of H)

4) Reproducibility 1ssues

' (\ Errer-"" ChaIIF- ges & Mnrh.:- ics
e - BY =nges & =chanics
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Native n-type Doping Compensation in ZnO

Stoichiometric perfect
crystal = insulating

@ o

@ Metal Ion (e.g. Sn or Zn)
* “"Free' {or mohile)
elec tron within the

crystal.

Oxygen Vacancies

Zn0O generally oxygen deficient
=» natively n-type doped...

nanoyation,

Interstitial hydrogen seems to be
key in creating shallow donor in ZnO

C. Van der Waale
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How about p-type MgZnQO
Thermoelectrics?
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f
]

MgZnO tuning of baﬁdgap. VR wy I’lCllfl OVC;ﬁ 1on A

Opftical Transmission Spectra for MgZnO with various Mg Contents

100
90 -
80 - Increasing
< 70 Mg Content
95' 60 - & Eg
8 s0- -
E
% 40
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R e ‘ ‘ ‘ ‘
200 300 400 500 600 700 800
Wavelength (nm)
1) Higher bandgap =2 less n type compensation p-type doping

2) Vy, acceptor concentration increases with Mg content | 3 possibility

Rogers et al. Laser Focus World 49, 10 October (2013) W Rogers et al. Proc. SPIE 8626 (2013) 86261X-1
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5. Conclusions
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Energy Harvesting Introduction

2012
2001
Harvesting Approximate
principle power den-
Harvesting Method | Power Density )
Solar Cells 15mW/cm® photevaltaic Eﬁi )
Thermoelectric A0UW/em’ ‘
Piezoelectric 33 OH“.-? “113 thermoelectric 10-100 :
uWem
Atwood et al. Proceedings of 14th
Annual International Conference on ; .
Microelectromechanical Systems, piezolectric 1-10 i
2001, 357. mWem

Z. L. Wang, Angew. Chem.
Int. Ed. 2012, 51, 2 - 24
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Conclusions nanoyation,

Zn0O Background
- highly multifunctional & a hot research topic
- electronics markets exist & are growing fast

ZnO Solar
- /ZnO present in many kinds of solar cells
- AZO replacing(toxicity & cost)

Nano ZnO Piezogenerators
- significant progress made
- market niche needed

Zn0O Thermoelectrics
- early stage
- nano + 2DEG + p-type MgZnO potential

5
) A

ﬂ I" 4 ;"- I \ I
Rogers et al. Proc. SPIE 7605 (2010) 76050K-1
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