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v 3D	sensors	

v 3D	systems		

v 3D	prinAng	

v 2D	materials!	

A personal view of possible future trends in radiation detection
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IntroducAon:	The	U

ltra	D
etector..	

U
ltra	Precise			

U
ltra	Fast		

U
ltra	Light		

U
ltra	Cheap	

U
ltra	Big		

U
ltra	Strong	
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U
ltra	preciseà

	M
icro-FabricaAon-M

EM
S		

v
 Surface:	Structures	are	form

ed	by	
deposiAon	and	etching	of	sacrificial		
and	structural	thin	film

s	

v
 Bulk,	Volum

e:	3D
	structures	form

ed	
by	dry	or	w

et	etching	of	silicon	
substrates	

v
 LIG

A
:	3D

	structures	form
ed	by	m

old	
fabricaAon	follow

ed	by	injecAon	
m
olding	or	electroplaAng	

surface	
bulk	

Liga	

In	M
icro-fabricaAon,	used	m

ainly	for	
M
icro-Electro	M

echanical	System
s	

(M
EM

S),	the	process	is	perform
ed	3	

dim
ensionally	w

ithin	the	silicon	
volum

e	

plasm
a	
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D
evelopm

ents in B
ulk M

icro-Fabrication 

11:1
		

1997	
	24:1

		
today	
		40-60:1	
		110:1!!!			

Cryo-etching	

Deep	ReacAve	Ion	Etching	
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Every	D
ay	M

EM
S	&

	M
arket	driven		developm

ent	

Cars 

Sm
artphones	

TO
D
A
Y	

2017	
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Industry:	M
EM

S	Sensors	and	actuators	

Voice/ 
sound 

M
otion/ 

position 
Pressure/ 
m

onitoring 
Projecting 
Receiving 
light 

RF  
Related 
functions 

M
anaging 

fluids 
Em

erging 
M

EM
S 

TPM
S	

Tire	pressure	m
	

onitoring	system
	

Sensing	A
pplicaAons	

A
ctuaAng	A

pplicaAons	

Surface		
acousAc		
w
ave	
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A
pplicaAons	in	Bio-M

edicine		

Pressure	Sensing	

Source:	Lam
i	EpoSS	2012	

3D
	IC	and	M

EM
S	stacking	

D.	Ha	et	al.	IM
S	2010	

Inserted	in	a	m
ouse’s	eye	

G
laucom

a	diagnosis	

Im
plantable	D

evices	

A
cceleraAon	m

onitoring	in	pacem
akers	

Source	A.	Rippart		IN
EM

I	2011	

Energy		
M
anagem

ent	
500	nF/m

m
	

U
sing	high	k	

dielectrics	
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A
pplicaAons	in	Bio-M

edicine		

M
EM

S	sensors	in	the	biom
edical	field	m

aybe		
used	as:	
	v
 CriAcal	sensors,	used	during	operaAons.	

v
 Long	term

	sensors	for	prostheAc	devices.	
v
 Sensor	arrays	for	rapid	m

onitoring,	
v
 D

iagnosis	at	hom
e.	

hc
p://w

w
w
.spie.org/w

eb/oer/august/
aug00/cover2.htm

l	
hc

p://w
w
w
.see.ed.ac.uk/~tbt/norchip2002.pdf	

“lab	on	a	pill”	
	v
 
D
igital	cam

era	(CM
O
S	

Technology)	
v
 
Light	source	

v
 
Bac

ery	
v
 
Radio	transm

ic
er	

v
 
Sensors	(M

EM
S	

Technology)	
35m

m
	

-The	pill	is	intended	to	be	sw
allow

ed	like	any	norm
al	pill.	

-O
nce	w

ithin	the	body,	the	pill's	sensors	sam
ple	body	fluids	and	pick	up	

"m
eaningful	paAent	data"	such	as	tem

perature,	dissolved	oxygen	levels	and	pH
.	

-The	pill	is	expected	to	retrieve	all	data	over	a	12-hour	period	and	disposed	off
,	

-This	data	is	transm
ic
ed	w

irelessly	to	a	card	ac
ached		to	the	w

rist	of	the	
individual.			

Source:	I-M
icronew

s		
M
ay	2011		

	“U
ltra	m

iniaturized	cam
era		

for	endoscopy	w
ith	TSVs”		

http://w
w

w.ee.ucla.edu/
~jjudy/publications/
conference/
m

sc_2000_judy.pdf 

“Precision	scalpels”	
M
EM

S	piezoelectric	m
otor	help	

to	accurately	posiAon	the	
scalpel.		
M
EM

S	pressure	sensors	
incorporated	on	the	scalpel,	can	
help	to	m

easure	the	force	
exerted	on	the	area	operated	
upon.	A

ccordingly,	the	scalpel	
can	he	handled.	

S
ource: S

. B
hansali	



Cinzia	Da	Vià.	The	University	of	Manchester,	UK.	2016	
M
EM

S	based	“3D
”	RadiaAon	D

etectors	and	A
cAve	Edges	

Consolidated	
Em

erging	

A
TLA

S	FE-I3	
A
TLA

S	FE-I4	(w
ith	m

icro-channels)		
A
FP	

M
edipix/Tim

epix	
CM

S	
	

• 
G
aA

s	
• 

CdTe	
• 

D
iam

ond	

N
eutron		

detectors	
• 

Core	shell	
• 

Curved	
• 

Edge	
• 

Ring..	 N
ew

	M
aterials	

N
ew

	Shapes	

Silicon	+A
SIC	

Silicon	+Converter	

LH
C-U

pgrades	

3D
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3D

	verAcal	integraAon,	M
icro-System

s	and		
“M

ore	than	M
oore”	

§ 
3D

-"System
-in-a-Package"	(3D

-SIP):IntegraAon	on	the	package	level.	W
here	m

ulAple	
dies	are	integrated	in	the	sam

e	package.	The	resultant	packages	are	ap
erw

ards	stacked	
on	top	of	each	other	using	flip	chip	technology.	

	§ 
3D

-"W
afer	level	packaging"	(3D

-W
LP):	IntegraAon	at	w

afer	level.	InterconnecAon	is	
usually	m

ade	by	through	w
afer	“vias”	w

ith	a	relaAvely	large	diam
eter	of	e.g.	150	um

		
	§ 

3D
-"Stacked	IC"	(3D

-SIC):	IntegraAon	on	IC	foundry	level		

3D
-SiP	

L1-O
pto-electronic	

L2-FPG
A
	

L3-Bus	

L4-IC	

3D
-W

LP	

3D
-SIC	
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M
ore	than	M

oore:	3D
	integraAon	roadm

ap	

Source:	John	Lau,	ITRI,	InterPACK	2011		

LH
Cb		

layout	

3D
	sensor	can	be	used	as		

an	“acAve”	interposer	

Pixel	RO
C	

Pixel	RO
C	

Strip	
RO

C	

“Stacked	“	3D
	sensors	

D
ual		readout	

Sim
ulaAon	by	M

.	Povoli	

A
pplicaAons	on	

m
om

entum
	

D
iscrim

inaAon	
and	“charge-
share”	free	x-ray	
im

aging	
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R	Lo1	and	E	M
eng	

D
epartm

ent	of	Biom
edical	Engineering,	U

niversity	of	Southern	California,	149	
Com

m
onw

ealth	D
rive,	M

enlo	Park,	CA
	94025,	U

SA
	

v
 m
icrofluidics	are	used	in	applicaAons	

such	as	chem
ical	synthesis,	geneAc	

analysis,	drug	screening	and	single	cell/
m
olecule	analysis	

	v
 in-plane	interconnect	using	a	‘pin-and-
socket’	approach	in	w

hich	a	single	
com

m
ercially	available	non-coring	

needle	(33G
)	accessed	a	m

icrofluidic	
device	by	puncturing	a	
polydim

ethysiloxane	(PD
M
S)	septum

	

M
icro	total-analysis	system

s	(μTA
S)	and	lab-

on-a-chip	(LO
C)	
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A
pplicaAons	in	Space	

.	SArling	coolers	
.	liquid–m

etal	m
icro-sw

itches	
.	inerAal	sensors	
.		m

icrow
ave	RF	sw

itches	and	phase	ship
ers	

.		thrusters	
.	deform

able	m
irrors	

.		pressure	or	tem
perature	sensors	

.	pow
er	supplies	

.	sensors	

The	M
EM

S	technologies	included	in	the	N
A
SA

	inventory:	

X-Ray	sensor	being	used		
For		the	SU

ZA
KO

	x-ray	
spectrom

eter	

U
sed	as	a	very	sensiAve	T	

Sensor		T	prop	to	E	(x-ray)	

m
icrofabricated	‘‘Spider	W

eb’’	bolom
eters,	JPL	

high-purity,	neutron	transm
utaAon	doped	(N

TD
),	single	crystal	G

e	
therm

istor	chip	m
ounted	on	a	‘‘spider	w

eb’’	suspension	com
prising	

m
etallized,	suspended	SiN

	filam
ents	

O
peraAonal		

T	betw
een		

0.1	and	0.3	K	

Propulsion	thrusters	

M
EM

S	and	M
icrostructures	in	A

	erospace	
A
pplicaAons	

Published	in	2006	by	RC	Press	Taylor	&
	Francis	G

roup	
6000	Broken	Sound	Parkw

ay	N
W
,	Suite	300	Boca	Raton,	FL	33487-2742	

m
-m

irrors	
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M
ulA-Layer	Polychrom

aAc		CCD
	

A
stronom

y,	Cosm
ology	

Im
ager,	w

hich	can	record	the	intensity	of	light	w
ithin	m

ulAple	color	
bands	and	w

ith	high	quantum
	effi

ciency	
	•	Basic	idea	is	to	m

ake	a	m
ulA-layer	CCD

	to	replace	a	
m
onochrom

aAc	CCD
	w
ith	a	‘color-sensiAve”	device	

•	A
ll	layers	are	clocked	out	sim

ultaneously	by	the	sam
e	set	of	gate	

electrodes	
•	Each	layer	readout	separately,	but	sim

ultaneously	
•	Em

ploy	m
icro-m

achining	technology	for	channel	stops	and	read-
out	contacts	–	sim

ilar	procedure	used	for	3D
	sensors	

Chu-En	Chang,	J.	Segal,	R.	How
e,	A.	Roodm

an,	SLAC	
M
aterial	from

	C.	Kenney	

Sim
ulaAon		of	

quantum
	effi

ciency	for	
Poly-chrom

aAc	versus	
m
ono-chrom

aAc	CCD
s	

A
pplicaAon	in	w

ide-area	
O
pAcal	surveys	for	

cosm
ology	
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“W
ire/bum

p-bonding	free”	electrical	connectors	

Kenichi	Kataoka	
Research	Center	for	A

dvanced	
Scienceand	Technology,	
The	U

niversity	of	Tokyo	
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M
EM

S	EvoluAon	

3D Si sensors 

AcCve	edges	

Surface		
m
icrochannels	

Em
bedded		

m
icrochannels	

IBL	3D
	sensors		are	here	

3D
	diam

ond		
sensors	 N

ovel	
layouts	
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Fused	D
eposiAon	M

odeling	(FD
M
)	Technology

	plasAc
	

	M
aterial	extrusion	

SelecAveLaser	sintering	(SLS)	Technology
	plasAc

	
	Pow

der	bed	fusion	
Stereolithography	(SLA

)
	

	
	resin

	
	Pow

der	bed	fusion	
D
igital	Light	Processing	(D

LP)
	

	resin/m
etal	

	Pow
der	bed	fusion	

ConAnuous	Liquid	Interface	ProducAon	(CLIP)
	resin

	
	Photo-polym

erizaAon	
D
irect	M

etal	Laser	Sintering	(D
M
LS)	

	
	m

etal
	

	Pow
der	bed	fusion	

Electron	Beam
	M

elAng	(EBM
)	

	
	m

etal
	

	Pow
der	bed	fusion	

M
ulA/Poly	Jet	printers

	
	

	m
ulAple

	
	M

aterial	jez
ng	
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The	Largest	3D
	printed	object:	a	Boeing	777x	w

ing	

17.5	feet	long,	5.5	feet	w
ide	and	1.5	feet	tall	

30	hours	(rather	than	3	m
onths)	

1650	pounds	
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3D
	prinAng	m

aterials-processes	and	applicaAons	
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3D
	prinAng	Am

eline	

W
e	are	here	
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Rev.	Sci.	Instrum
.	85,	085102	(2014)	

3D
	printed	plasAc	scinAllators	

U
V-polym

erizable,	based	
on	an	acrylic	m

onom
er,	

and	doped	w
ith	diff

erent	
fracAons	of	scinAllaAng	
and	w

avelength	ship
ing	

m
aterials	
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3D
	printed	silicon		

The	layer-by-layer	fabricaAon	is	
based	

on	
alternaAng	

steps	
of	

chem
ical	

vapor	
deposiAon	

of	
silicon	and	local	im

plantaAon	of	
gallium

	
ions	

by	
focused	

ion	
beam

	(FIB)	w
riAng.		

	In	a	final	step,	the	defined	3D
	

structures	are	form
ed	by	etching	

th
e	

silico
n
	
in
	
p
o
ta

ssiu
m
	

hydroxide	(KO
H
),	in	w

hich	the	
local	ion	im

plantaAon	provides	
the	etching	selecAvity.		
	The	m

ethod	is	dem
onstrated	by	

fabricaAng	3D
	structures	m

ade	
of	tw

o	and	three	silicon	
layers,	

in
clu

d
in
g	

su
sp

en
d
ed	

beam
s	that	are	40	nm

	thick,	500	
nm

	w
ide,	and	4	μ	m

	long,	and	
pac

erned	lines	that	are	33	nm
	

w
ide.	

Adv.	Funct.	M
ater.	2012,	22,	4004–4008	
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A
lum

ina		m
icro-channels	and	connectors	prototypes		

C.	DaVia	et	al	VCI	Conference	2016	
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Strong	and	Fast:	2D
	m

aterials	

Sensors	(Basel).	2016	Feb;	16(2):	223.	

Graphene	Super-Capacitor	
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Tw
o	graphene	layers	are	

separated	by	several	
layers	

of	
boron-nitride,	

w
h
ic

h
	
s
e
rv

e
	
a
s	

a	
tunnelling	barrier.		
	A
	
built-in	

electric	
field	

(created	by	the	proxim
ity	

of	
one	

of	
the	

graphene	
layers	to	a	m

onolayer	of	
M
o
S
2 )	

se
p
a
ra

te
s	

th
e	

electron–hole	pair,	w
hich	

is	created	by	an	incom
ing	

photon,	resulAng	in	a	
photocurrent.	

Sensors	w
ith	2D

	m
aterials	à

	3D
	

O
pAcally	acAve	2D

-based	heterostructure.	

1	9	2	|	N
	AT	U

	R	E	|	VO
	L	4	9	0	|	1	1	O

	C	T	O
	B	E	R	2	0	1	2	
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G
raphene	RadiaAon	D

etectors	

G
raphene 

resistance 

• 	G
raphene	a	highly	sensiAve	to	detect	local	E-field	change:		�sharp

�	feature	
• 	N

O
T	relying	on	collecAng	ionized	charges;		appearance	of	ionized	charges	changes	electric	field	

• 	can	w
ork	w

ith	variety	of	absorber	substrates	best	suited:	gam
m
a/neutron	interacAon;	room

-T	(w
ide	bandgap);	energy	

resoluAon	(narrow
	bandgap)	-	less	stringent	requirem

ent	on	substrate	m
obility	etc.	

• 	low
	noise	(even	at	room

	T),	graphene	(sem
im

etal)	resistance	stays	finite	unlike	M
O
STFET	channel	

G
raphene as  

built-in room
-T  

low
-noise pre-am

p, 
and it is: 
• 

light 
• 

transparent 
• 

flexible 
• 

low
-cost 

E=
V/d 

G
am

m
a (M

C
N

P
-C

A
S

IN
O

) 

M
.	Foxe	et	al.	IEEE	Trans.	N

anotech.	11,	581	(2012)	

V	
I	

V
gate 

graphene 

sem
iconductor 

back gate 

w
eak E

-field 

V	
I	

V
gate 

irradiation ionized 
strong E

-field 

ΔR
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G
raphene	Road	M

ap,	Q
uality		and	Price	

Com
posite	m

aterials,	paints	and	coaAng	
G
raphene-based	paints	can	be	used	for	conducAve	ink,	anAstaAc,	electrom

agneAc-interference	
shielding,	and	gas	barrier	applicaAons.	

doi:10.1038/nature11458	

W
e	are	here	



Cinzia	Da	Vià.	The	University	of	Manchester,	UK.	2016	

Very	strong:	Com
posite	m

aterials,	paints	and	coaAng	

G
raphene-based	

paints	
can	

be	
used	

for	
conducAve	

ink,	
anAstaAc,	

electrom
agneAc-interference	shielding,	and	gas	barrier	applicaAons.	

In	principle,	the	producAon	technology	is	sim
ple	and	reasonably	developed,	w

ith	
m
ost	of	the	m

ajor	graphite	m
ining	com

panies	as	w
ell	as	new

	start-up	com
panies	

having	program
m
es	on	liquid-phase	or	therm

ally	exfoliated	graphene.		
	G
raphene	is	highly	inert,	and	so	can	also	act	as	a	corrosion	barrier	against	

w
ater	and	oxygen	diff

usion.	G
iven	that	it	can	be	grow

n	directly	on	the	surface	of	
alm

ost	any	m
etal	under	the	right	condiAons,	it	could	form

	a	protecAve	conform
al	

layer,	that	is,	it	could	be	used	on	com
plex	surfaces.	

	M
echanical	

Strength
	
The	

m
echanical,	

chem
ical,	

electronic	
and	

barrier	
properAes	of	graphene	along	w

ith	its	high	aspect	raAo	m
ake	graphene	ac

racAve	for	
applicaAons	in	com

posite	m
aterials.	The	com

m
ercial	posiAon	held	by	carbon	fibres,	

how
ever,	is	so	strong	that	graphene	w

ill	need	substanAal	developm
ent	before	it	w

ill	
be	econom

ically	feasible	to	use	it	as	the	m
ain	reinforcem

ent	com
ponent.	
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In	sum

m
ary	

U
ltra	Precise			

U
ltra	Fast		

U
ltra	Light		

U
ltra	Cheap	

U
ltra	Big		

U
ltra	Strong	

M
EM

S	sensors	

3D
	plasAc	scinAllators	

3D
	printed	G

raphene	
electronics	

3D
	printed	supports	

Bio-3D
	

3D
	printed	G

raphene	
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