
Development	of	large-area	UFSD	
sensors	for	the	CMS	MIP	Timing	

Detector
R.	Arcidiacono	on	behalf	of	the	CMS	collaboration

UPO	&	INFN	Torino
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LHC	upgrade:		the	High	Luminosity	Challenge
Inst. Lumi (cm-2s-1) Peak	pileup	(PU)

LHC 1.7	x	1034 60

HL-LHC 5-7.5	x	1034 140-200
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LHC	upgrade:		the	High	Luminosity	Challenge

- Up	to	5x	higher	vertex	density
- Current	track-vertex	compatibility	

cut	is	@	1mm

Inst. Lumi (cm-2s-1) Peak	pileup	(PU)

LHC 1.7	x	1034 60

HL-LHC 5-7.5	x	1034 140-200
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Why	a	MIP	Timing	Detector	in	CMS?

The	MTD	will	provide	timing	information	for	MIPs	with	a	30-40	ps resolution.
Time-tagged	charged	tracks	enable

Interactions are distributed over time 
(and space) with an RMS of 180-200 ps

• time	compatibility	check	for	track-
vertex	association

• charged	tracks/vertices	association	
with	photons	and	hadronic	showers	
(measured	by	upgraded	
calorimeters)

• Reduction	of	effective	pile-up	to	the	
level	of	the	current	CMS	detector,	
exploiting	the	longitudinal	extent	of	
the	beams
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Design	of	the	MTD	detector

~	7	m2
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The	Endcap	Timing	Layer	(ETL)	layout	

On	each	endcap	side		[	|η|	=	1.6	to	2.9		]	
2	supporting	disks,	with	sensor	modules	mounted	on	all	four	faces	of	the	two	disks,	placed	in	an	
x-y	layout,	in	a	staggered way	
(areas	for	readout,	power,	and	cable	infrastructure	are	covered	by	the	sensors	on	the	opposite	face)	

each	face	made	of	4	identical	wedges



R.
	A
rc
id
ia
co
no

	–
Tr
ed
i2
01
9	
-T
re
nt
o

7

The	Endcap	Timing	Layer	(ETL)	layout	

portion	of	supporting	disk	with	
sensors	and	services	
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The	Endcap	Timing	Layer	(ETL)	layout	

portion	of	supporting	disk	with	
sensors	and	services	

One	ETL	sensor	module,	with	2	LGAD	
sensors		read	out	by	4	ETL	ASICs
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Expected	Irradiation	Conditions	of	ETL

End	of	lifetime	irradiation	level	(for	L =	4000	fb-1)
ETL	exposure:				42%	<	4E14	n/cm2

80%	<	8E14	n/cm2

14%	>	1E15	n/cm2

9

|η| = 1.6 to 2.9 
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The	LGAD	sensor	production/R&D

~42.6	mm

21.8	m
m

matrix	of	32x16	pads		
pad	size:	1.3	x	1.3	mm2		(C=3.4	pF)
UFSD	50	microns	thick

Total	area	to	cover:		
7	m2	x	2
Number	of	sensors:	~18500

3	VENDORS	(FBK,	HPK,	CNM)	engaged	in	the	R&D	
towards	large	area	UFSDs	production	(2018)

for	CMS/ATLAS	upgrades,	focusing	on		

Large	Area	sensor	feasibility	

Evaluate	the	35-micron	option

Optimization	of	gain	layer	radiation	
hardness,	inter-pad	dead	spaces,	
sensor	edges,	gain	uniformity

Long	term	stability

ETL	sensor	design

ETROC ETROC

Common	R&D	project	with	ATLAS
Development	work	done	also	in	collaboration	with	RD50
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ETL	sensor	specifications
For	radiation	damage	mitigation,	the	sensors	will	be	operated		at	-30℃

Considering	the	present	ETL	read-out	chip	simulation,	a	time	resolution	better	than	~40	ps is	
achieved	for	charges	larger	than	5	fC (min	Gain	=	10)
à sensor	needs	to	provide	enough	charge,	without	increasing	the	noise	contribution,	till	the	
end	of	HL-LHC	lifetime

When	new:
• sensor	gain	between	10	and	20	in	a	bias	interval	between	125V	- 175V,	with	BD	>	220	V
• less	than	2	μA leakage	current	per	mm2

• Sensor	edge	<	500	microns,	interpad (no-gain)	distance	<	50	microns	
• Gain	uniformity	within	a	sensor	better	than	20%
Low	noise,	stable	operation,	and	gain	above	10	after	a	fluence of	
• 5E14	neq/cm2 for	50%	of	the	total	sensors
• 1E15	neq/cm2 for	30%	of	the	total	sensors
• 2E15	neq/cm2 for	20%	of	the	total	sensors.	
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2018	R&D	SENSOR	PRODUCTIONS
FBK,	HPK	and	CNM	have	delivered	their	first	CMS/ATLAS	dedicated	R&D	productions:

Lot’s	of	results	collected	so	far… some	still	not	final.	
Given	their	R&D	nature,	there	were	unforeseen	problems	for	all	the	vendors

(either	related	to	the	optimizations	undertaken,	or	not	…)

FBK:	structures	with	early	breakdown	and/or	“pop-corn”	noise	(p-stop	design,	inter-pad	design?)
HPK:	the	35microns	sensor	design	suffers	very	early	breakdown	(too	low	bulk	resistivity,	too	high	
gain	layer	doping)
CNM:	high	leakage	current/	large	variations	(inter-pad	design	?)

All	vendors	are	”offering”	engineering	internal	productions	to	address	the	problems.		These	productions	will	be	
extremely	useful	for	the	definition	of	the	characteristics	of	the	next	prototyping	production	this	year.

Final	Production	expected	to	start	in	Q1	2023
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Wafer	uniformity	and	sensor	yield

Overall,	a	very	good	uniformity	and	yield	from	HPK	and	FBK.

The	largest	device	present	
in	the	2018	prods,	3.5	times	
smaller	than	the	final	one

See	also	V.Sola/G.	Paternoster	talks	
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Status	of	interpad no-gain	area

See	also	V.Sola/G.	Paternoster	talks	
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Status	of	interpad no-gain	area

Our	goal	is	to	have	a	fill	factor	of	85%	per	layer,	for	a	final	
average	1.8	hits	per	track	
• 5%	comes	from	the	sensors	placement
• 2-3	%	dead	area	comes	from	the	butting	of	sensors	in	the	

module
• 7-8%	comes	from	the	no-gain	area	

…Not	yet	achieved

See	also	V.Sola/G.	Paternoster	talks	
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Time	Resolution	(beta	source	lab	tests)

See	Stefan	Guindon talk	for	time	resolution	
performances of	CNM	and	preliminary	results	
on	HPK	Type3.1	

FBK	UFSD3

irrad.	1E15

irrad.	1E15

HPK	50D

UFSD 2018 - Preliminary

UFSD 2018 - Preliminary
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On	radiation	hardness…
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On	the	detector	sensor	biasing	schema

Difference	in	sensor	biasing	voltage	for	G=10		over	a	4-cm	sensor,	
as	a	function	of	ETL	radius,	for	three	different	moment	in	CMS	lifetime.

The	sensor	edge	at	higher	rapidity	would	require	higher	bias,	so	it	will	be	under-biased	to	prevent	
breakdown	at	the	sensor	edge	at	lower	rapidity.

Comparison	between	the	best	devices	of	the	three	vendors	so	far:	
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On	the	detector	sensor	biasing	schema
Bias	point	for	a	Gain=10	sensor	as	a	function	of	ETL	radius

Difference	in	sensor	biasing	voltage	for	G=10		over	a	4-cm	sensor,	
as	a	function	of	ETL	radius,	for	three	different	moment	in	CMS	lifetime.

The	sensor	edge	at	higher	rapidity	would	require	higher	bias,	so	it	will	be	under-biased	to	prevent	
breakdown	at	the	sensor	edge	at	lower	rapidity.
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Conclusions

Both	CMS	and	ATLAS	need	to	build	large	area	timing	detectors	using	UFSD	sensors	
of	~8-9	cm2 .	Common	R&D	project!

CNM,	FBK	and	HPK	are	engaged	in	this	R&D,	and	it	is	progressing	well:
• The	yield	for	large	area	sensors	(measured	now	in	FBK,	HPK)	is	very	high
• The	radiation	hardness	has	improved:		latest	FBK	can	reach	good	gain	above	

1.5E15	neq/cm2.
• The	sensors	tested	in	lab	can	reach	a	time	resolution	better	than	40	ps

Stay	tuned!		a	new	round	of	prototyping	production	will	be	available	in	2019.	
NB:	writing	the	MTD	TDR,	to	be	submitted	to	LHCC	by	the	end	of	March.



R.
	A
rc
id
ia
co
no

	–
Tr
ed
i2
01
9	
-T
re
nt
o

21

BACKUP
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Ultra	Fast	Silicon	Detectors

LGAD	(Low	Gain	Avalanche	Diodes)	
technology	sensors	optimized	for	timing	
measurements
The	idea:	add	a	thin	layer		of	doping		to	produce	low	
controlled	multiplication (the	gain	layer)

Hi
gh
	E
		f
ie
ld

The	main	contribution	to	the	signal	comes	from	gain	holes.	
The	signal	shape	depends	on	the	sensor	thickness	and	gain	
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How	do	we	measure	the	time

σ2t=	σ2Jitter +	σ2Time	Walk	+	σ2Landau	Noise	+	σ2Distortion +	σ2TDC

Minimized	by	
correction	
techniques

Minimized	by
optimized	RO	
electronics

σJitter≈	N/(dV/dt)	≈	trise/(S/N)
Ø need	gain to	increase	S
Ø need	thin	detector to	decrease	trise

and thermal di↵usion and finally (vi) the oscilloscope and front-75

end electronics response. The program has been validated com-76

paring its predictions for minimum ionizing and alpha particles77

with measured signals and TCAD simulations, finding excel-78

lent agreement in both cases. All the subsequent simulation79

plots and field maps shown in this paper have been obtained80

with WF2.81

5. Optimization of UFSD Sensors82

5.1. The e↵ect of charge multiplication on the UFSD output83

signal84

Using WF2 we can simulate the output signal of UFSD sen-85

sors as a function of many parameters, such as the gain value,86

sensor thickness, electrode segmentation, and external electric87

field. Figure 5 shows the simulated current, and its components,88

for a 50-micron thick detector. The initial electrons (red), drift-89

ing toward the n++ electrode, go through the gain layer and90

generate additional e/h pairs. The gain electrons (violet) are91

readily absorbed by the cathode while the gain holes (light blue)92

drift toward the anode and they generate a large current.93

Figure 5: UFSD simulated current signal for a 50-micron thick detector.

The gain dramatically increases the signal amplitude, gener-
ating a much higher slew rate. The value of the current gener-
ated by a gain G can be estimated in the following way: (i) in
a given time interval dt, the number of electrons entering the
gain region is 75vdt (assuming 75 e/h pairs per micron); and
(ii) these electrons generate dNGain / 75vdtG new e/h pairs.
Using again Ramo’s theorem, the current induced by these new
charges is given by:

diGain = dNGainqvsat
k
d
/ G

d
dt, (5)

which leads to the expression:

diGain

dt
⇠ dV

dt
/ G

d
dt. (6)

Equation (6) demonstrates a very important feature of UFSD:94

the current increase due to the gain mechanism is proportional95

to the ratio of the gain value over the sensor thickness (G/d),96

therefore thin detectors with high gain provide the best time97

resolution. Specifically, the maximum signal amplitude is con-98

trolled only by the gain value, while the signal rise time only by99

the sensor thickness, Figure 6.100

Figure 6: In UFSD the maximum signal amplitude depends only on the gain
value, while the signal rise time only on the sensor thickness: sensors of 3
di↵erent thicknesses (thin, medium, thick) with the same gain have signals with
the same amplitude but with di↵erent rise time.

Using WF2 we have cross-checked this prediction simulat-101

ing the slew rate for di↵erent sensors thicknesses and gains,102

Figure 7: the slew rate in thick sensors, 200- and 300-micron,103

is a factor of ⇠ 2 steeper than that of traditional sensors, while104

in thin detectors, 50- and 100-micron thick, the slew rate is 5-6105

times steeper. For gain = 1 (i.e. traditional silicon sensors) WF2106

confirms the predictions of equation (3): the slew rate does not107

change as a function of thickness.108

Figure 7: Simulated UFSD slew rate as a function of gain and sensor thickness.
Thin sensors with even moderate gain (10-20) achieve a much higher slew rate
than traditional sensors (gain = 1).

5.2. Segmented read-out and gain layer position109

As stated above, excellent timing capability requires very110

uniform fields and gain values however this fact might be in111

contradiction with the request of having finely segmented elec-112

trodes.113

There are 4 possible relative positions of the gain layer with114

respect of the segmented read-out electrodes, depending on the115

type of the silicon bulk and strip, Figure 8. For n � in � p de-116

tectors (top left), the gain layer is underneath the read-out elec-117

trodes, while it is on the opposite side of the read-out electrodes118

in the p � in � p design (bottom left). Likewise, for p � in � n119

sensors the gain layer is at the read-out electrodes, while it is on120

the opposite side for n � in � n sensors (bottom right). The use121

of n-bulk sensors presents however a very challenging problem:122

for this geometry, the multiplication mechanism is initiated by123

the drifting holes, and therefore is much harder to control as it124

3

IRamo≈	q	vdrift Ew
Requires	uniform	vdrift and	Ew

Non	uniform	charge	deposition
Decreases	with	detector	thickness	
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LHC	upgrade:		the	High	Luminosity	Challenge

Inst. Lumi
(cm-2s-1)

Peak	pileup	(PU) Int.	Lumi
(fb-1/y)

Hadron	fluence (particles/cm2)

LHC 1.7	x	1034 60 40-50 12E11 |η|=1	;	3E13 |η|=2.6

HL-LHC 5-7.5	x	1034 140-200 250-320 7.6E12 |η|=1	;	2E14 |η|=2.6

13 TeV
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UFSD3	wafer	layout
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Bias	for	Gain	=	10	vs	fluence

- Carbon	reduces	the	HV	values	needed	at	a	given	fluence
- The	“voltage	reach”		of	the	detectors:		sensors	should	hold	high	bias	since	it	extends 

the possibility to go to higher fluences.


