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o Project overview
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Title: Silicon Friendly Materials and Device solutions for

Microenergy Applications

Acronym: SINERGY

Call/topic: NMP.2013.2.2-4 Materials solutions for durable
energy harvesters

Duration: 36 months
Funding: 3,794,913.00 € (4.824.460.00 €)
Partners: 9 (4 countries) - coordinated by Luis Fonseca (CSIC)
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& Project overview
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' for Microenergy Applications

Goal: Silicon materials and Silicon technologies & architectures
for long term autonomy microenergy solutions

Focus: (1) Technology development at device level (2) Systems
integration feasibility

Devices: (1) Harvesters based on thermoelectrics (2) Harvesters
based on mechanical vibrations (3) thin film / 3D batteries
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Rationale

Silicon Friendly Materials and Device Solutions
for Microenergy Applications

/ N g \ Abundant material

Mature fabrication technology
Cost effectiveness and economy of
scale

Miniaturized systems and dense
architectures

technology

devices
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Rationale

i,
'a'{"sa N E RG Silicon Friendly Materials and Device Solutions
‘}:eﬂ Y for Microener; gy Applications

... Silicon friendly?

 Silicon and close e Materials/processes
Silicon relatives thin compatible with the Si
film substractive and devices or the Si fab
top-down standard infrastructure:
technologies — Post-processing

— Processing temperature

@ ﬁ H ﬁ@@ m] — Wafer level

: — Include bottom-
(compatible) ~ P

technology
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Silicon Friendly Materials and Device Solutions
for Microenergy Applications

Rationale

Functional autonomy

e n F@y grid  off-grid
N »
- — Energy @
-v =~ harvesting
7 %
T SENsms SUMMITI TRILLION SENSOR RIDMAP .
d Get the energy, or replenish the
ev I @g battery, from the environment
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Rationale
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(Y N E RG Silicon Friendly Materials and Device Solutions
28 el for Microenergy Applications

If many (sensors), better...

e Small e but internally ‘dense’

% — Micromachining: free surfaces & volumes
Ty (coupling with the environment)

Less material and

energy consumption /m — 3D architectures (where to integrate
nanomaterials)

— high aspect ratios / high density features

uuuuuuuuuuuuuu
EuropeanUnion PROGRAMME
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Thermoelectricity

Silicon Friendly Materials and Device Solutions
for Microenergy Applications

e 3D microstructures ¢ 3D microstructures
+ top-down Si NWs + bottom-up Si NWs

Thermal radiatar Suspended silicon mass Suspended silicon mass

Arrays of Si NWs

Manostructured
thermaelements
.

.
-
-~
-~

#-- Anchars

N-type Si MWws P-type Si MyWs

NMP3-SL-2013-604169




Mechanical harvesting

Silicon Friendly Materials and Device Solutions
for Microenergy Applications

e 3D microstructures e 3D microstructures
+ thin films + bottom-up ZnO nanoX

vertical springs movable mass

. : nanosheets
Entire-chip : i
capacitor

Integrated
Schottky
diode

capacitor electrodes patterned electret

Si spring Si proof mass

Input

o Piezoele

vibration i
Electrostatic «——| | e  cpmem beam
action g = width’ mm[:.
Electret / 4
v , . . nanowires
Electrodes " load '
X circuit
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Silicon Friendly Materials and Device Solutions
for Microenergy Applications

Thin film batteries

e Materials for Si e 3D microstructures
compatible batteries

Thick film L

MnO,
coating

Anode Thin film High capacity & power
Electrolyte
Cathode

Anode

High capacity =SCUON
athod

Low power e
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%t N E RG Silicon Friendly Materials and Device Solutions
Foges’s for Microenergy Applications

3D microstructures + materials

> Nanomaterials:

SiINERGY approach

*post-growth
*Bottom-up

eTop-down

electrostatlc \

» high aspect ratio support — » Thin film materials

Solid state battery /

post-lithiation
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%t N E RG Silicon Friendly Materials and Device Solutions
Fegers for Microenergy Applications

Solid State microbatteries

Post-lihtiation

EuropeanUnion  SEVERTH EARERORK
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Solid State Microbatteries

j _: i N E RG ' Post-lithiation

e Liisinstrumental in batteries electrodes and
electrolytes

e Liis not a Silicon compatible material

* Li-free conformal deposition
(e.g. MnO,, TiO,) by ALD or
ECD

e Lithiation (into LTO or LMO) by
a solid state reaction as a post-
process

NMP3-SL-2013-604169
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%t N E RG Silicon Friendly Materials and Device Solutions
Fegers for Microenergy Applications

Thermal Energy Harvesting

Integration of SINWs
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% Thermal harvesting
% ({NERG

The Seebeck effect

Thermal energy harvesting: heat into electricity e

Substrates
o

Heat source : _—
Thermoelectric
elements Metal

T
// +Current
/
interconnects

__ Extemal
— electrical
connection

Heat flow, Q

Heat sink LR

Current flow, [

ThermoeIeCtrIC Power generation mode B
g eneration Schematic illustrations of a thermoelectric Heat rejoction. %
(TE G) element for power generation (Seebeck effect).

Lietal. NPG Asia Mater. 2, 152 (2010)

Snyder and Toberer Nature Mater. 7, 105 (2008)

Efficiency of a thermoelectric material > ZT

— 2
e Good thermoelectric materials 2 ZT >1 ZT — (S O'/K)T
: H—.‘-Zq NMP3-SL-2013-604169




European Union

SEVENTH FRAMEWOAK
PROGRAMME

NMP3-SL-2013-604169

Thermal harvesting
The Seebeck effect

Thermoelectric ; / +Current
elements Metal

interconnects |/ = - Extemal
electrical

connection

-
vd 4

Snyder and Toberer Nature Mater. 7, 105 (2008)

Heat flow

ZT = (S%0/x)T




Thermal harvesting

;i%iNERG Silicon

1.8
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Thermal harvesting

ﬁl SiNWs as promising thermoelectric material

o/x
decoupling

A IE O  —

A/

Bulk Thin film Nanowire

Seebeck Thermal
coefficient conductivity

Hicks & Dresselhaus, Physical Review B, 47, (1993)

=10 Q2 cm
=102 Qcm RITTRLALE
4 @ Amorphous SIO, g e

® 115 nm

@

Temperature (K)
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Silicon Friendly Materials and Device Solutions
for Microenergy Applications

Silicon compatible
TOP-DOWN nanomaterial
(Si NWs)
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Thermal radiator
\

Nanostructured .
thermoelements s

N
Y

Suspended silicon mass
!

P-type Si NWs
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Thermal harvesting
Top-down p-generators




Cross-section of nanostructured thermoelement

Sio, Si;N,

Si NW

Stacked SINWSs arrays created by
polysilicon conformal deposition and
subsequent etch-back into lateral recessed
oxide cavities defined by differential wet
etch into multilayered sandwiches of oxide
and nitride ... without nanolithography
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Top-down p-generators




S Thermal harvesting
:. 3 lN ERG ' Top-down p-generators

e

. recgssed
SiO,

70x120 nm?

Arbitrary length (several
hundred microns)

200 nm EHT = 5.00kV  Contrast= 43.9 % Mag= 7126 KX

= WD= 43mm Brightness = 50.6 % 1.0 x 104 NWs/mm
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Thermal harvesting

i N E RG Top-down p-generators
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200nm EHT = 5.00kV  Contrast= 38.7 % Mag = 125.07 K X
! | WD= 43mm PBrightness = 49.7 % Gun Vacuum = 1.2
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Silicon Friendly Materials and Device Solutions
for Microenergy Applications

Silicon compatible
BOTTOM-UP nanomaterial
(SINWS)
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Thermal harvesting
Top-down / Bottom-up micro&nano-integration

Top-down

Si micromachining:

- 2.5D ‘planar’ structure
- Areas with thermal
contrast

Si NWs growth

-Parallel integration
of large numbers of
nano-objects

Bottom-up

NMP3-SL-2013-604169




Thermal harvesting
Bulk micromachined p-generators

Thermoelectric material
(array of SiNws) Silicon mass in
———————— - contact wih a
"~ heat source (S2)
. ~

-

Suspended 2 #

Unique features: silicon o*

7

mass (S1) , <
e

— Uni-leg architecture

— Material - (all) silicon

— “3D” SiNWs arrangement (10°9)
— Planar architecture

— Scalability - series and/or parallel
connections

PLANA‘\
/ N

VERTICA

P —

~
~

Uni-leg module

N
e :I_\HO_T, » ’
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Thermal harvesting

ﬁ i N E RG Growth of SiNWs

Horizontal growth of Si nanowires

Single nanowire structures

— Selective deposition of Au nanoparticle
* Control of nanoparticle size
* Deposition only on Si surfaces

— VLS growth method (quasiepitaxial)

=
|

<110>

iE

Silicon

Islamet al. Nanotechnology 15, L5 (2004)
He etal. Adv. Mater. 17, 2098 (2005)
San Paulo et al. Appl. Phys. Lett. 87, 053111 (2005)

SiH,
Over 700° C
(@ 80-100 nm)

+»*Mechanically robust
+»*Electrically continuous

__? NMP3-SL-2013-604169
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Thermal harvesting
Top-down / Bottom-up micro&nano-integration

Microspacers: Si lines (3um)
Multiple linked arrays of Si NWs 10 pm-long

NMP3-SL-2013-604169
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Mechanical Energy Harvesting

Silicon compatible
Bottom-up piezoelectric nanomaterial
(ZnO nanoobjects)

- ? NMP3-SL-2013-604169
EuropeanUnion ST




Mechanical harvesting
Top-down / Bottom-up micro&nano-integration

Mechanical energy harvesting: vibrations to electrical energy

e Electrostatic

— Charged variable capacitor

< Piezoelectric

— Electric charge due to applied stress in piezoelectric material
= Fleetromagnetie-

— Induction by variable magnetic field

P ~dQ/dt

uuuuuuuuuuuuuuu
Eu_n'r'n__l:g_al_l__l-!ff_“_?q PROGRAMME
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Mechanical harvesting

;: _ ”?1-, lN E RG ' Top-down / Bottom-up micro&nano-integration

e Piezoelectric energy harvesters —what do we need?

e |nertial mass & cantilevered spring
— Mass
— Flexible spring

e Piezoelectric material
— ZnO nanowires & nanosheets
— Polymer coating of piezo layer
— Electrodes

- __?; NMP3-SL-2013-604169




Mechanical harvesting
Use of ZnO nanostructures

* Piezoelectric materials - ZnO nanostructures

e 7Zn0O nanowires & ZnO nanosheets:

Inherent piezoelectric behavior of ZnO
More flexible and robust than thin-films

Easy to grow and integrate with silicon,
low-cost solution (Hydrothermal
synthesis)

High novelty provided by ZnO

nanosheets
and nanosheets (top view (c) and tilted view (d)). NW
lengths rate from 2 to 5 um and thicknesses from 100
nm to 900 nm.
- ? Detailed growth being patented

NMP3-SL-2013-604169



Mechanical harvesting

i b l N E RG ' Use of ZnO nanostructures

e 7ZnO nanostructures allow higher compression without fracture.

e It has been demonstrated that a single ZnO NW can stand for a
compressing force of more than 1mN!

11501
1100-

Load [pM)

AL AL RRE:

0 50 100 50 200 250 300 350 400 450 500 550 GO0 [ AN
Displacement {nm})

| .. 'Load{].lN}‘

ﬂ HYSITRON" _
To be published soon
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Mechanical harvesting
Use of ZnO nanostructures

L Zn0 monocrystalline N

. ' '.—‘-f
Au seed layer ° i -~ e .:- A
. . e . . o -:.‘_
é CH £ ) o o e Wl C'EXijﬁ 21 '.-

Solution of £
Zn(NO,), + HMTA
Zn0 nanoclusters

NW

silicon-friendly seed 3
layer (patent pending)

Solution of HMTA + Zn(NO,),

- __?; NMP3-SL-2013-604169
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/n0O nanomaterial
characterization by
TEM, SEM and XRD:

e ZnO NWs & NWs show a
good crystalline structure.

e oriented along c-axis (NW) and
perpendicular to it (NS)

* Good piezoelectric
coefficient (measured by PFM:

NW: 8.6 pm/V; NS: 4.2 pm/V)
e NS: Thickness <20 nm,

several um long; high aspect
ratios

e NS: Extremely high-density,
reproducible and fast

. SEVENTH FRAMEWORK
EuropeanUnion PROGRAMN

Mechanical harvesting
Use of ZnO nanostructures

no
| A [T.;.g” (102) ng ‘I ]
'H'.'W LR i J LAN A frap
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(0001)
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Mechanical harvesting

:'”':l', l N E RG ' Use of ZnO nanostructures

Integrated Schottky Entire-chip capacitor
diode

Integration of ZnO
nanomaterial into Si
micromachined bending
structures

V<oV

Si device:
On-chip pre-rectification

- __?:_ NMP3-SL-2013-604169




Summary

-
N E RG Silicon Friendly Materials and Device Solutions
for Microener; gy Applications

Without an ‘install and forget’ approach 10T/TS may not
happen - (micro)energy autonomy is required

Energy/power does not (down)scale well = high density
features (3D architectures) need to be handled

Let’s try do harvesters/batteries with the same technologies
that are already used for fabricating miniaturised sensors
reliably, cost-effectively and in high numbers - Si micro-
nanotechnologies

As an example, top-down integration of Si NWs in thermal
harvesters has been presented, as well as compatible
integration of bottom-up nanomaterials in thermal (Si NWs)
and vibrational harvesters (ZnO NW&NS)

- ? NMP3-SL-2013-604169




This work was supported by FP7-NMP-2013-SMALL-7, SINERGY (Silicon
Friendly Materials and Device Solutions for Microenergy Applications),
Contract n. 604169

sinergy-project.eu
Contact: luis.fonseca@imb-cnm.csic.es



Announcement

B
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e 2016 E-MRS Spring meeting

— Symposium W: Materials and systems for micro-
energy harvesting and storage

e Materials and system issues for thermal energy microharvesters
e Materials and system issues for mechanical energy microharvesters
» Materials and systems issues for microbatteries

e Materials and system issues for micro supercapacitors

£ . | MAT g
*‘3-5“ &Eﬂe !\'apocaTe [Flg"!x{ :rﬁggpowet
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Announcement

20 European Partners realize a
platform supporting comprehen-
sive projects for multidisciplinary
research at the nanoscale extend-
ing form synthesis to nanocharac-

terization to theory and numerical

nanoscience foundries & fine analyisis

an and international researchers
from diverse disciplines to carry
out advanced proposals impact-
ing science and innovation. NFFA-
EUROPE offers access to growth,

advanced nano-lithography, nano-

an open access resource for
experimental & theoretical nanoscience

simulation. Specialized synthesis,
growth and nanofabrication in-
frastructures co-located with fa-
cilities for the fine analysis and
simulation are integrated to de-
velop frontier research on meth-
ods for reproducible nanoscience
research and to enable Europe-

SEVENTH FRAMEWOAK

EuropeanUnion
aropeal m PROGRAAE

characterization and fine-analysis
with Synchrotron, FEL and Neu-
tron radiation sources in a multi-
site combination of the state of
the art experimental methods.

the first open-access Research Infrastructure with a

single entry point

NMP3-SL-2013-604169
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