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Devices and Applications

 Photodiodes  Transistors

Solar cells * —

Particle detectors (X, a, f3, y) -
Flat panel imagers (a-Si:H) =

Flat panel displays
IR detectors

Photodiodes (micro-systems)  Other devices

Position detectors *— Memories

Spatial modulators (optical *_ Micro-chanel plates (MCP)
valves) *— Printed electronics
Bio-chips _

Smart windows

 Photoconductors

Large-area electronic devices and applications

Xerography

Reflect array antennas
Resistive layers

» Charge spreading

» Spark protection

Flat panel imagers (a-Se) — e

* Active research
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Driving forces

...similar for many technologies

Better product (improvement of current technologies)
— Better performance
— Larger device
— New functionalities
New product (application of new technologies)
— New application
— Paradigm shift (change of technology)
Synergies (between technologies or applications)
— Speed up development
— Lower costs
Legal aspects
— Toxic materials
— Liabilities, risks
Cost
— improvement in design and manufacturing
— Material costs

N. Wyrsch &
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Driving forces for large-area electronics

Some examples:

« Solar cells
— Lower cost/m?
— Lower cost’/kWh
— Local energy production, renewable, compete with other forms of energy production
« Flat panel displays
— Lower costs (consumer applications !)
— Larger display (TV sets)
— Higher display densities (mobile applications)
— Flexible (or unbreakable) displays
— Low consumptions
« Flat panel imagers
— Higher sensitivity (for lower dose)
— Better spatial resolutions
— Lower cost (for large area devices)
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Solar cells case

Depends on market segment:

« Power market (on grid):

— reach grid parity, compete with other forms of energy production
» Lower price of manufacturing (larger volume — larger device)
» Lower price of materials (less material — thinner device, no rare materials)
» Higher efficiency
— Scaling up (sustainability for TW production capacity, >10% km?/ year!)
— Long lifetime (>25 year in “harsh” environment)
Inorganic thin-film ?
« Consumer product
* Very low cost

« Compatibility with thin film electronics (printed ?) electronics?

« Flexibility ? _
Organic ?

« Other niche markets (space, off-grid power, etc)
Application dependent

N. Wyrsch o



cPFL  LCOE : Levelized cost of electricity

LCOE = average lifetime levelised electricity
generation cost

[+M+F - | = investment expenditures in the year t
Ef: ] : S -+ M, = operational and maintenance expendi-
LCOE = (1+r) tures in the year t
E - F, = fuel expenditures in the year t, which is
Ef — ] : zero for PV electricity
(I+r1) - E, = electricity generation in the year t

r = discount rate
n = financial lifetime of the calculation

http://www.nrel.gov/analysis/tech _|coe documentation.html
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=PFL PV Energy Costs

Full sample: 333 PPAs, 22.8 GW,
Levelized PPA Price (2020 $/MWh)

PPA Execution Date

https://emp.Ibl.gov/utility-scale-solar

« PV electricity already offered in sunny countries at <0.015 $/kWh !
(PPA — power purchase agreements, bids for long term energy purchase)

PV is the cheapest way of producing electricity !!
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FPD case

Depends on market:
« TV sets, information screens:
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Larger size

Lower consumption

Better contrast and luminosity
Lower costs

Higher integration

* Mobile phones & tabletts

Lower consumptions

Better contrast and luminosity
Lower costs

Higher integration
Unbreakability (flexibility?)

« Consumer applications (info display, etc)
— Very low cost

a-Si for AMLCD

Other display
technologies ?

Organic ?

LTPS
Metal oxides
Organic (longer term) ?

Organic ?
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Other considerations

FPD technology development
— From AMLCD toward light-emitting displays

— Successful technology is not always the “best” one
« Cost structure
» Legal aspects
» Strategic aspects
» Development timing

Synergies with other fields or applications
— with solar cells (large area deposition equipments)
— with thin-film electronics (printed or deposited electronics)

Material costs (e.g. In for ITO or CIGS)

Full organic displays ?

(=Y
=

N. Wyrsch



M
U
-I1
r

® Large Area Electronic Materials — Emerging applications and opportunities

IEM NEUCHATEL

FPI case

Driving forces

« Lower dose (single photon detection / counting)

« Higher spatial resolution

« Higher integration (e.g. pixel level amplifier or signal processing)
* Lower cost

« PET /CT scanner integration

« Synergies with FPD

New developments LTPS / a-Si:H hybrid AMFPI?
« CCDs for high spatial resolution Compatibility with organic ?

« Energy-resolved methods New FPI technology ?
« Photon-counting detection

« Phase contrast imaging
« Terahertz imaging

=
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Other applications / opportunities

* Electronics
— Moore’s law bottleneck — beyond CMOS
— More than Moore
— Deposited / printed electronics

« Memories

— Design rule limit

— New memory technologies
« System integration

— Hybrid technologies
— Deposited electronics /detection
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Physical limits

* The number of transistors that can be placed inexpensively on an
integrated circuit double approximately every two years

Transistor count
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Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.

Data source: Wikipedia (wikipedia.org/wiki/Transistor_count)
OurWorldinData.org - Research and data to make progress against the world’s largest problems.
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Limit of Moore’s law

Limits of feature size given by lithography wavelength
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2 2 193 nm 5 2
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= o ' B ]
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- - : = =
. Feature nma" 5 3
J Size B - S
0.01 l ¢ SHnEs = > 10
10980 1990 2000 2010 2020

http://semiengineering.com/euv-matter/

Physical limits to be attained soon for current CMOS technologies
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More than Moore

IEEE 2008 Custom Intergrated Circuits Conference (C1CC)

Microelectronics for the Real World: ‘“Moore”
versus ‘“More than Moore”’

John P. Kent, IEEE, Senior Member and Jagdish Prasad, IEEE, Senior Member
ON Semiconductor
2300 Buckskin Road
Pocatello, Idaho 83201 USA

IBM Institute for Business Value

More than
“Moore” to win

More than

Moore

ety egh Valge
Mum Mancesec] onay e eme

Optimization strategies
for success in a maturing

semiconductor industry

Mfiraget Techael Q000 |6 00511055
0T 0 0 S A 2O S - |

TECHNIC AL PAFER

3D System-on-Chip technologies for More than Moore systems

Peler Bamm = Armin Klumpp - Jose! Weher -
Maaike M. V. Takdo

Focus on system integration rather
transistors density

Integration of more functionalities (beside
pure electronics) on the same substrate /
chip

Micro / Nanoelectronics systems, system
In package (SIP), system on chip (SOC)

Combination of current Si wafer
technology with other materials and/or
technologies

New markets, new applications
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“More than Moore”

CMOS HV passive fluidics
baseline memory RF Power integration sensors lighting

Y 4D
Compute

\\V 4

( Moore's Law

Interact with user and
environment

Digital content
Complex circuit (SoC)
Lots of software

Non-digital content
Complex packaging (SiP)
Lots of processes

ENIAC : European Nanoelectronics Initiative Advisory Council
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=PrL “More Moore” and “More than Moore”

More than Moore: Diversification
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cPFL  More than Moore examples

: sensors &
high-voltage | | actuators

fluidics

passives

RF-ID tag RF

Lab-on-a-Chip s Nano-syringe i
ot TR R

ENIAC : European Nanoelectronics Initiative Advisory Council, Lugano 2006
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« EPFL very active ! (See also CMI review meeting poster booklet)
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Opportunities

Health Transport Security

E SN EEERESN

! 7

EEEEE RS

'(j :

G ’ ‘,

'.IIIII--II.II--I

Energy Communication Infotainment

FIT-IT '08 Wient — Fred van Roosmalen

Many opportunities of macroelectronics and/related technologies
(deposited or printed electronics)
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=PFL CMOS/MEMS combinations

IR

{ IS ] o sy | | oy o st o
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Hybrid technology plateform

TSMC MEMS Platform Il \

® Si-MEMS above CMOS
% Other Motion sensor Magnetic
g sensors (Acc. + Gyro.) sensor
% -— Capping
g Si wafer
: | MEMS
2 Si wafer
u? — P . ! = Prof. W.I Fang
é _ Standard Eﬁgog ﬁistmg
% Si CMOS wafer Taiwan
g sio, [ poly-si [ W-via B Metal Ge
. “ MDL
- \ NTHU
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Some a-Si:H “More than Moore” examples

TFA detectors (vertical integration of
a-Si:H photodiode array on CMOS
readout chips);for light or particles

Bolometer arrays

Biochips

Microfluidic systems

Particle detectors

N
W
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Bolometer array

IR radiation

Amorphous silicon

thermal inswation

inferconneaction

readout circuit pad refiector

CMOS substrate

Thermal insulation cu

Metal stud

.-._-_F

w
ROIC metal pad

Read-out clroult

Reflector

Figure 1: Schematic of microbolometer pixel

E. MOTTIN et al., LETI
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BioMEMS

« DNA Detection

spectral rezponze photodetector
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BioMEMS

Stoped non volontary

wavelenght by low-pass filter

Optional low-pass filter

glass based MEMS device

Generated photon
_fromsample

a-Si:H diode array

Possibilty of integration any compatible glass
based MEMS device auch as PDMS, SUB

11

Optional low-pass filter

Photodiode

Possibility of integration other
type of detectors.

Quartz substrate

Photodiode

?ossiglity mnteaaticF t:n:mﬁatil:@1

|
J

[

M. Moridi, EPFL
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Chromatograph

Development
chamber

‘ ‘ ‘ ‘ Uv| EXCI'I'|A'='ION| | ‘

EREERERRERERENEN

SR B Anaiyte N1 - Stationary Phase || ~200 um

Eluent AEBRR

FL'."quES,CF“FE GLASS || ~1 mm
;"If ‘IIII I| lI ',Ill \

i TCO ||
a-SitH SENSOr array e e - — L HM

D.Caputo, 2007

Photodiodes
array

(b)
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Fluorescence detector

A

Microfluidic
CE device

\ /’ Microchannel
¥ 1

- Microlens

Fluorescence

ﬂ;::zra' * * * * smk'iro

Sio
Al
'Glass substrate
(488 nm)

A Schematic crosssectional view of a
microlens and an integrated a-Si:H
fluorescence detector, forming a compact
platform where microfluidic CE device is
mounted.

Integrated

fluorescence detector
/
.

»
Cr

Aperture

B Optical micrograph of the top
view of the integrated
fluorescence detector.

Kamei, MRS 2010
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Sensors for microfluidic

Chemistry

g

L

/

Microchip
(CMOS-ASIC)

K. Watty, 2010

electrophoresis separation microchip with monolithic
integrated excitation light source and variospectral
photodiodes for absorption detection

Pinhole
n-Type a:SkH —— §iip _— 8U-8
FType a:Si-H —— ) ~~ -~ Metal (Cathode)
p-TypeaSkH —— { { - .
TCO (Anode) —— ' Reservoir
Channel —— Glass
Platinum A\
Gold
Chromium Polymer
TiN - SiN
Tungsten 3 Metal
Plug sio,

Source

Silicon
Substrate

N
0
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Emerging non-volatile memories, memristors

« Current technologies to be limited by the feature size
* New material and memory technologies needed for Tb memories
* Resistive memories is an option

Change in resistance upon application of a voltage or current
» Device exhibit a high resistance state and one or more low resistance state

Many materials or material combinations (amorphous materials including
semiconductors)

Variety of mechanisms

Many device configurations

Very small cell volume

Low cost potential (large-area deposition possible)
Usually non compatible with CMOS electronics

N. Wyrsch



cPFL  Switching mechanism

* Bipolar « Unipolar
— Opposite polarity required for write and — Same polarity (but different current
erase magnitude) required for write and erase
— Device not symmetric — Device usually symmetric
— Different electrode materials
Current Current

A A

; i ON +—> Iprog

Erase initiation

Full erase i ET
/ / ///» "
/ 4>' Voltag:e / (‘;//' ad Vo Itag:e
Iprog l i i
«—>

Erase initiation

® Large Area Electronic Materials — Emerging applications and opportunities

Erase initiation
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Switching in amorphous semiconductors

10um

Chromium Vanadium
Izﬁ 3 “‘"'_—x

Insulator

1000 A p+ a-SiH

© Active area —

i Vanadium

top
contact

Chromium bottom contact

First observed in metal / chalcogenides /metal
structures

Switching behavior depends on contact

Resistivity of a-SiH controlled by a a filament
inside between the contacts (metal diffusion
during initial forming of the device)

Example of switching device with a-Si:H (Hajto, 1991, 1992)

6F
log R e
(] ar
5t . ,ff .
'?’ AV = 1.6 voit
41 4
ON .-.-'7.;,;
‘suseannet® ,
3 Il - I}
1

2 3.
Erase Voltage (V)

sl “'o|':|:_' """"  Reading voltage:
|og R Mlllgll"’?l'::;::’ < 1 V
[915 I ,& «  Writing voltage:
’51 +1-5 V (pulsed)
ol * « Reading voltage:
% -1- -5 V (pulsed
S oN (p )
1 2 -

3
Write Volitage [V ]
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Row decoder

Sensing diodes\ ‘l/ Lk-a kk_ —
vdd i |¥|- L"" cells

.g :'/V\/ LN- L>|_ Mk&
% Pull-up . N/ LH— L>|. % By 1% (
g resistor or
2 diode Yy e B B B
H |t
S -
: [Tt 2
=3 . . . A
% DHI Diode with switch layer LN' LN' B A
E LN_Diode without switch layer N .y
. Other cross points void LN- LN-\ 3
: i > T, A
ST
oems X XF L 2208 sl
E -Vdd
S

IEM NEUCHATEL

Current Density (A cm2)

a-Si:H memory implementation

10*

10" |

100 b : : =
0 | 2 3 4 5 6 T

Voltage (V)

Switching characteristics of metal/a-
Si:H/metal/nip/metal cross point
memory structures in a 10 x 10 array
fabricated by imprint lithography.

W.B. Jackson 2006
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D

Transient electronics

tilted view
Mg electrode S
J MgO
dielectric —> i
doped Si
¥
MgO
dielectric 1
Mg -
electrode Biliii= I
silk substrate : -
top view

H
= ; Si H-0 1
Mg Lo F \ _o H /w é
+ 4 H ‘Mg *** + T _si + 21 @ %
e o A RS | O-H ,
H 1 H-H H H4 H \ g
Mg + 2H,0 > Mg(OH), + H, Si + 4H,0 > Si(OH), + 2H, &
il - B 0= S8i=0-1 H-0 H ’20 ““
o: A 0 \
M | RO + o Pl A
fo) Mg ** o 7 \ . ~AR
~
' Hz/ s - . 0=H = W
- . Random Beta Alpha Water
MgO + H,0 > Mg(OH), SiO, + 2H,0 > Si(OH), Coil  Sheet Helix  Molecule

Suk-Won Hwang et al., Science 337 (2012)

Short lifetime electronics
Implantation in body
Bio compatible

Fully resorbable /
degradable

Deposited on «silk»
(water solvable and
enzimatically
degradable)

D.-H. Kim et al., Nat. Mater. 9, 511
(2010)

Possible applications:
post operation
monitoring, local medical
treatment, ...

N. Wyrsch
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Final remarks

Macroelectronics enabled by deposited (amorphous/disordered)
semiconductors (mainly a-Si:H, printed organic maturing)

Performing devices can be fabricated despite rather poor electronic
properties

Speed of devices limited by traps, defects or disorder

Variety of new semiconductors with similar properties
(e.g. metal oxides, organics)

Thin-film (a-Si:H, organics,...) technology can be applied successfully for
Integrated devices / system (“More than Moore” approach)

Bright future for thin-film devices and hybrid technologies

N. Wyrsch



