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Talk	Outline	

•  Introduction:	segmented	devices	

•  Wafers	options	for	a	reduced	material	budget	

•  Application	on	Strip/Pixel		devices*	
– Geometry	
– Technology	
– Design	rules	constraints	

	 	*(focusing	on		today	existing	devices)	
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Strip	Detector:		Single	sided	device	
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Active	thickness	

2 Manfred Krammer: Silicon Sensors April 21, 2009 

Silicon Strip Detectors  

•  Thin Silicon wafer (~300 µm) with  
 implanted strips (e.g. p+ in n-bulk). 

•  Each implant is connected to a readout  
 electronics channel. 

•  Through going charged particles generate 
 electron-hole pairs. 

•  Electron-hole pairs drift in electric field. 
 
From the signals measured by the  
electronics the position of the particle can  
be deduced to a few micrometer precision. 
 
Reconstruction of particles track. 
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Front	side	

Back	side	
•  Pros:	

–  Single	sided	technology:	simpler,	high	production	efficiency,	cheaper.		
–  Simple	bias/readout	scheme	
–  Some	freedom	on	the	thickness	value	

•  Cons:		
–  One	coordinate	measurement	per	silicon	layer		



i.e.	single	sided	CMS	Tracker	silicon	strip	detector	

•  Sensitive	volume	(Sensor)	far	from	the	read-out	electronics	(read-
out	chip	+	Hybrid)	

•  Detector	cooling	located	underneath	the	Hybrid	
–  Read-out	circuitry	dissipated	the	total	power	
–  Sensor	(large	area	~10	X	7	cm2)	in	thermal	equilibrium	with	

surrounding	gas	
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The Strip Detector - Modules 

Ring 2 stereo module for TEC!

HV Kapton!

Readout Hybrid!

Pitch Adaptor!

APV chips!

Carbon, graphite frame!

Sensor!



Progress in Detector Development 1 

8 Manfred Krammer: Silicon Sensors April 21, 2009 

•  AC coupled Silicon sensors with integrated bias resistors: 
     SiO2 layer forms integrated capacitors. Bias resistors realised 
     with polysilicon structures or transistor devices (punch through).  
 
•  Double sided Silicon sensors: 
     Backside implant structured,  
     allows  dimension measurement  
     with one sensor  
     very sophisticated production 
     process. 
 
•  Double metal layers:  
     2nd metal layer to route signal  
     from strips to electronics. 
 

Double sided, AC coupled sensor with double metal layer 
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Strip	Detector:		double	sided	device	

•  Pros:	
–  two	coordinates	in	one	silicon	layer	

•  Cons:	
–  Double	sided	technology:	more	processing	steps	(increase	cost)	
–  bit	more	complicate	bias/readout	scheme		
–  Typical	thickness		~250-320		µm,	difficult	to	start	from	thinner	wafers	and	cannot	be	thinned	after	

processing	



i.e.	Double	sided		Belle2	strip	tracker	

•  The	SVD,	consists	of	four	layers	of	DSSD	sensors	*	
–  Thickness:	300	or	320	μm	
–  Two	coordinates	per	Si	layer,	max	area	~12	X	6	cm2	(6-inch	wafer)	
–  excellent	spatial	(∼	20μm)			

•  The	sensors	are	supported	by	carbon	fiber	reinforced	ribs	with	
AIREX	core	to	decrease	material	budget.	

*	Hamamatsu	Photonics	(Japan)	and	Micron	Semiconductor	(UK)		
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•  Material	budget:	
–  Silicon	sensor	
–  Kapton	circuits	
–  Mechanical	support	
–  cooling	



i.e.	LHCb	

•  VeLo		LHCb	
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be as thin as possible in order to minimise multiple
scattering and production of secondary particles,
but thick enough to provide a sufficiently high
signal-to-noise ratio. Sensors of 200 and 300 mm in
thickness are currently being tested and a decision
will be taken this fall.

Each detector station consists of two pairs of R-
sensors and f-sensors glued back to back. In total,
the detector comprises 84 silicon sensors and
approximately 170,000 readout strips. Two addi-
tional stations, consisting of R-sensors only, are
installed upstream of the interaction region and
are employed in the Level-0 trigger to veto events
with multiple primary p–p interactions.

Due to the close proximity of the detectors to
the LHC beams, yearly fluences of up to
1:3! 10141MeV-equivalent n=cm2 are expected
for the innermost readout strips. A significant
R&D program has been performed to develop
sensors that can provide good signal-to-noise
performance for several years of LHCb operation,
after which replacement of the detectors is fore-
seen.

One of the most important lessons learnt from
the R&D phase concerns the choice of sensor
technology. After several years of operation in the
harsh radiation environment encountered in the

VELO, it may not be possible to operate the
sensors fully depleted. The comparison of irra-
diated p-on-n and n-on-n detectors of identical
layout has revealed a number of significant
disadvantages of the p-on-n sensors when operated
below full depletion: The p-on-n sensors show a
sharp degradation in charge collection efficiency
and the collected charge is spread over several
readout strips, leading to a degradation of spatial
resolution. These effects are due to the fact that
after type-inversion in originally p-on-n sensors
the depletion occurs from the backplane
whereas in the case of n-on-n sensors the depletion
occurs from the n-strips. Oxygenated float-zone
n-on-n detectors will thus be employed for the
first-generation VELO detectors. Sensor R&D for
the replacement detector is ongoing and first tests
on Czochralski silicon have shown promising
results [3].

3. The silicon tracker

The design of the IT and the TT station has been
described in Refs. [1, 4 and 5]. Both detectors will
be used in the higher-level triggers and offline
analyses to reconstruct the trajectories and mo-
menta of charged particles. Data from the TT
station will furthermore be employed in the Level-
1 trigger to assign transverse-momentum informa-
tion to high impact parameter tracks reconstructed
in the VELO. Simulation studies have shown that
the momentum resolution in LHCb is dominated
by multiple scattering over a wide momentum
range and that a moderate spatial resolution of the
order of 60mm is adequate for the Silicon tracker.
This naturally leads to a choice of strip pitches of
approximately 200 mm: Long readout strips will be
employed in order to minimise the number of
readout channels and the dead material due to
readout electronics in acceptance of the experi-
ment. Each tracking station consists of four planar
detection layers. Readout strips are vertical in two
layers and rotated by a stereo angle of "5# in the
other two. Expected particle fluences in the hottest
regions of the detectors close to the beam pipe do
not exceed 10141MeV-equivalent n=cm2 after ten
years of operation.

ARTICLE IN PRESS

Readout Chips

diodes
routing lines

Fig. 2. Schematic diagram of the VELO sensor lay-outs (left: f-
measuring sensor, right: R-measuring sensor).

O. Steinkamp / Nuclear Instruments and Methods in Physics Research A 541 (2005) 83–88 85



Wafer	options	for	small	material	budget		

1.  “native”		thin	Float-zone	wafer	
–  Safe	configuration:	6-inch	wafer	200	µm	thick	

•  Hamamatsu	is	providing	such	a	sensors,	processed	as	single	
sided	device,	for	the	CMS	tracker		upgrade	

»  Thin		implies	single	sided	processing	
	

2.  “standard”		thick		Float-zone	wafer	
–  Typical	thickness	of	300-320	µm	on	6-inch	(on	8-inch)	
wafer		

–  Thinning		by	mechanical	grinding	and/or	chemical	
etching	of	the	back	side	(after	front	side	processing)	
•  Minimum	thickness	limited	by	the	“post	thinning”	processing	
steps	on	the	back	side:	
–  High	dose	ohmic	implant	+	metal	sputtering	

»  Only	single	sided	device	
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Wafer	options	for	small	material	budget		

•  Active	Thickness	(Si-AT):	primary	charge	generation	
•  Total	thickness	(Si-TT):	material	budget	

–  Single	sided	device	
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New SS-3D approach at FBK 

•  Thin sensors on support wafer: SiSi or SOI ! Substrate qualification 
• Ohmic columns/trenches depth > active layer depth (for bias) 
•  Junction columns depth < active layer depth (for high Vbd) 
•  Reduction of hole diameters to ~5 um 
•  Holes (at least partially) filled with poly-Si  

Process 
Tests 

p++ low Ωcm wafer 

P- high Ωcm wafer 

Handle wafer to be thinned down 

P- high Ωcm wafer 

p++ low Ωcm wafer 

SiO2 

SiSi SOI 

p-spray 

Metal to be deposited after thinning Metal to be deposited after thinning 

Handle wafer to be thinned down 

G.-F. Dalla Betta et al.,  
NIMA 824 (2016) 388 •  Proposed by INFN-FBK, also used at SINTEF and SNF 

AC
TI
VE

	

TO
TA

L	

(Planar	and	Active	Edge	device)	(Columnar	3D	device)	

Silicon	Material	

3.  Processed	wafer	build	by	an	active	wafer	on	top	of	a	carrier	wafer	
(mainly	conductive),		
•  no	constraint	on	process	or	wafer	diameter		

Typical	material:	
Float	Zone	high	resistivity	
Junction	depleted	at	low	bias	

Typical	material:	
Czochralski	low	resistivity	



Wafer	options	for	small	material	budget		

•  Such	raw	material	can	be	made	available	by	using	two	
technologies:	
a.  Si-Si	Direct	Wafer	Bond:	starting	from	two	single	wafers,	no	

constraint	on	the	active	thickness		
i.  Si-Si	DWB:	common	wafers	interface	melting	

–  Active	thickness	electrically	accessible	from	back	side	
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•  Active	thickness	not	sharply	defined:	
–  Doping	concentration	profile	

measurement:	effective	thickness	
reduced	by	the	Boron	diffusion	(for	SiSi)	
from	wafer	carrier		deep		about	10	µm.	

Sept. 29, 2016 G.-F. Dalla Betta 

SiSi DWB substrate qualification 

Circular diode, 4 mm2, two GRs 

Jleak distribution on 135 diodes 
 
!Different material quality ? 

J leak [nA/cm2] 

16 

Doping concentration profiles:  
•  Active layer doping 1 – 3 x 1012 cm-3 

•  Thicknesses about 10 µm lower 
than the nominal values, due to 
Boron diffusion from support wafer 

  Depth [um]   

Planar sensor test batch, 2014 
G.-F. Dalla Betta,  
NIMA 824 (2016) 388  
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Wafer	options	for	small	material	budget		

•  Such	raw	material	can	be	made	available	by	using	
two	technologies:	
a.  Starting	from	two	single	wafers:	no	constraint	on	

the	active	thickness		
i.  Si-Si	Direct	wafer	bond:	common	wafers	interface	melting	

–  Active	thickness	electrically	accessible	from	back	side	
ii.  SOI:	no	melting	at	Si-Oxide	interface	

–  Active	thickness	well	defined,	however	electrically	isolated,	
solution	as	trench	needed	
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Wafer	options	for	small	material	budget		

•  Such	raw	material	can	be	made	available	by	using	two	
technologies:	
a.  Starting	from	separate	wafers:	no	constraint	on	active	

thickness		
•  Si-Si	Direct	wafer	bond:	common	wafers	interface	melting	

–  Active	thickness	electrically	accessible	from	back	side	
•  SOI:	no	melting	at	Si-Oxide	interface	

–  Active	thickness	electrically	isolated,	solution	as	trench	needed	

b.  Epitaxial	layer	on	handle	wafer	
•  small	thickness	available		(<	100	µm)	given	the	slow	growth	speed	

–  Active	thickness	electrically	accessible	from	back	side	
–  Constraint	on	wafer	size	
	

•  For	both	(a.	and	b.)	technologies:	
–  Processing	of	single	sided	device	
–  No	high	dose	ohmic	implant	needed	on	the	back	side	
–  Metal	sputtering	for	uniform	electrical	contact	after	thinning	
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Thickness	options	and	implications	

•  Silicon	Material	budget	:	
–  X0	value:	21.82	g	cm-2	or	9.37	cm	

•  300	µm	corresponds	to	0.32%	X0	
	

•  Thinning	is	a	solution	in	order	to	decrease	material	
budget	
–  However	there	are	implication	on	

•  Design	rules	
•  Devices	technology	
•  Wafer	size	and	detector	area	
•  Manufacturer	
•  Detector	assembly	steps	

»  Consider	also	mechanical	support	and	services	in	the		material	
budget.	
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Signal	=	charge	produced	in	the	Si-AT		
14 31. Passage of particles through matter

1 30.3 30 30010 100 1000
βγ  (= p/m)

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

(∆
p
/

x
) 
/ d

E
/d

x
m

in

80 µm (18.7 mg/cm2)
160 µm (37.4 mg/cm2)

x = 640 µm (149 mg/cm2)�

� 320 µm (74.7 mg/cm2)

Figure 31.9: Most probable energy loss in silicon, scaled to the mean loss of a
minimum ionizing particle, 388 eV/µm (1.66 MeV g−1cm2).

31.2.10. Energy loss in mixtures and compounds : A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg
additivity). In this case,

〈

dE

dx

〉

=
∑

wj

〈

dE

dx

〉

j
, (31.13)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2) in the jth element.
Eq. (31.5) can be inserted into Eq. (31.13) to find expressions for ⟨Z/A⟩, ⟨I ⟩, and ⟨δ⟩; for
example, ⟨Z/A⟩ =

∑

wjZj/Aj =
∑

njZj/
∑

njAj . However, ⟨I ⟩ as defined this way is
an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and ⟨δ⟩ as calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in Refs. 16 and 29, that include
effective excitation energies and interpolation coefficients for calculating the density effect
correction for the chemical elements and nearly 200 mixtures and compounds. Otherwise,
use the recipe for δ given in Ref. 5 and 17, and calculate ⟨I⟩ following the discussion in
Ref. 10. (Note the “13%” rule!)

31.2.11. Ionization yields : Physicists frequently relate total energy loss to the
number of ion pairs produced near the particle’s track. This relation becomes complicated
for relativistic particles due to the wandering of energetic knock-on electrons whose
ranges exceed the dimensions of the fiducial volume. For a qualitative appraisal of the
nonlocality of energy deposition in various media by such modestly energetic knock-on
electrons, see Ref. 30. The mean local energy dissipation per local ion pair produced, W ,
while essentially constant for relativistic particles, increases at slow particle speeds [31].
For gases, W can be surprisingly sensitive to trace amounts of various contaminants [31].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors

December 18, 2013 12:00
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23k-24k	(e-h)	pairs	

5k-6k	(e-h)	pairs	

At	minimum	βγ	~3		



i.e.	charge	on	thin	hybrid	pixel	sensors	(CMS)		
•  Standard	pixel	prototype	SiSi	DWB	
•  Require	single	pixel	clusters	
•  Tracking	pixel	telescope	selection:	

–  the	predicted	track	impact	point	should	be	located		
±	20	μm	far	from	pixel	cell	edges	(two	sides)	
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Averaging	over	full	sample	the	Ratio	MPV@130um	/	MPV@100	is	~1.38	,	expected	[1.2-1.44]	
Detector	material	budget:	silicon	sensor	0.16	-	0.19	%	X0	+	ROC	0.186	%	X0	

15	
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130 μm, no p-stop: 23CDev.	45C:	130	µm	Active	+	50	µm	carrier,		Vbias=100V	



Thin	Silicon	Strip	sensor:		design	rules	
•  Detector	performance	provided	by	the	S/N	ratio	(SNR)	

–  SNR	affects:		
–  Track	detection	efficiency		

»  SNR	>	10-12	for	a	good	detection	efficiency		
–  Point	resolution	σ	=	pitch/SNR		(charge	sharing)	
	

–  SNR	ingredients:	
1.  Signal	S	given	by	the	collected	charge		

–  Depends	on	Si-AT,	ionization	charges		(e-h)	pairs	

2.  Noise	N	given	by	C	load	and	Read-Out	speed	
–  Depends	on	Si-AT	
–  Segmentation	geometry	

•  width/pitch	ratio	~	0.25,	compromise	between:	
•  high	width/pitch	ratio	that	reduces	the	field	peak	located	at	

the	p+	edge	
•  low	value	that	reduces	the	total	strip	capacitance	

•  strip	length		

–  i.e.	noise	parameterization	for		APV25	readout,	fast	shaping	time		
•  noise(e	)	=	(427	±	39)	+	(38.7	±	3.0)	x	strip		length	(cm)		
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i.e.	CMS	Silicon	Strip	sensor			
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2008 JINST 3 P07006
Figure 60. Cluster charge for TIB and TOB vs. run number at B = 0 T.

Figure 61. Signal-to-noise ratio distributions of clusters for TIB and TOB at B = 0 T corrected for the path
length in silicon.

value is set to 255, values from 254 to 1022 are set to 254, while values from 0 to 253 are left
unchanged. As can be seen from figure 60, cluster charge also showed good stability across the
entire data taking period.

Signal-to-noise ratio distributions, again corrected for the path length, together with results of
the fit to a Landau function convoluted with a Gaussian function are presented in figure 61. The

– 45 –

•  i.e.	CMS	tracker	silicon	strip	
–  320	µm	Si-AT	
–  Strip	geometry	

•  Pitch	121	µm,	w/p=0.25	
•  length	~10	cm,	width	~6	cm		
2008 JINST 3 P07006

Figure 77. Lorentz drift in the microstrips silicon sensors.

Entries  7604
 / ndf 2χ  25.51 / 31

p0        0.004578± -0.006899 
p1        0.0170± 0.4511 
p2        0.02±  1.25 

)tθtan(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

C
lu

st
er

 s
iz

e

1

1.2

1.4

1.6

1.8

2

2.2

2.4 Entries  7604
 / ndf 2χ  25.51 / 31

p0        0.004578± -0.006899 
p1        0.0170± 0.4511 
p2        0.02±  1.25 

TIB2 B = 0T

Entries  2897
 / ndf 2χ  28.48 / 31

p0        0.0059± -0.1015 
p1        0.0259± 0.4803 
p2        0.020± 1.204 

)tθtan(
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

C
lu

st
er

 s
iz

e

1

1.2

1.4

1.6

1.8

2

2.2

2.4 Entries  2897
 / ndf 2χ  28.48 / 31

p0        0.0059± -0.1015 
p1        0.0259± 0.4803 
p2        0.020± 1.204 

TIB2 B = 3.8T

Figure 78. Cluster size versus incident angle in TIB Layer 2 for (a) no B field and (b) 3.8 T. The difference
among the minima corresponds to the Lorentz angle.

The correlation between the corrections computed with the two methods, which is relatively
good, is shown in figure 76.

5.6 Lorentz angle measurement

It was possible to measure the Lorentz angle [39] in the silicon sensors with reconstructed tracks.
The method takes advantage of the fact that the electric field is normal to the strips and therefore,
in absence of magnetic field, the drift direction is coincident with the field lines. Hence for normal
incidence particles, only one strip is hit, while the cluster size increases with the incidence angle. In
the presence of magnetic field, the drift direction is no longer along the electric field drift lines, as
shown in figure 77. Therefore the minimal cluster size is found for particles traversing the sensors
with the same inclination of the drift lines.

Since the angle between electric field and drift direction is by definition the Lorentz angle,
the angle providing a minimal cluster size measures it directly. Two profile plots of cluster size
versus the tangent of the incidence angle are shown in figure 78 for TIB Layer 2 for 0.0 T and 3.8
T respectively.

The function used to determine the minimum is

Size =
t
P
· p1 · | tanθt− p0|+ p2

where t is the detector thickness, P is the pitch and p0−2 the fitted parameters. The most important
one, p0, is the estimate of tanθL, p1 is the slope normalized to the ratio of thickness over pitch and

– 54 –
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Figure 37. Cluster width versus qt for barrel layers on Monte Carlo simulated data using capacitive coupling
of 7%(triangles) and 3% (crosses).

the statistical uncertainties, and with a disagreement of 2% at the most in some cases likely due to
systematic misalignment effects. The comparison between distributions in real and simulated data
indicates also that the granularity of the capacitive coupling constant in the simulation should be
increased from the single value present now, to at the level of a parameter for each layer or even
for each different type of module.

8 Conclusions

The CMS Silicon Strip Tracker construction was completed in March 2007 at the CERN Tracker
Integration Facility.

During the Sector Test, which spanned a period of about four months, the Tracker was operated
in a stable and continuous manner for periods up to few consecutive weeks. Safe operations were
established while running in different configurations and over a wide range of temperatures, from
15 �C to�15 �C. The 4.5 million cosmic rays events collected demonstrate the successful operation
of the entire electronic chain of data acquisition system and the commissioning of such a large
fraction of the detector for the first time.

The results of the data analyses here described show the excellent detector performance. The
behavior of the noise and signal-to-noise has been very stable for all sub-detectors, better than
0.6%. In particular, the signal-to-noise in peak mode is larger than 26 for all layers or rings and
the hit reconstruction efficiency is above 99.8%. The fraction of bad strips is 0.2% and of bad
components is 0.6%.

Comparing the data with the expectations from the simulation for signal, noise, cluster width
and capacitive coupling has allowed a preliminary tuning of the simulation input parameters. The
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•  Cluster	charge	vs	track	incident	angle:	
–  Minimum	size	1.2	strip	(pitch	=	80	µm)	
–  Strip	length	~10	cm	

•  Strip	sharing	increases	with	inter-strip	coupling	
–  Electrodes	capacitance	sensitive	to	design	(pitch	and	

width)	
•  Blue	3%,			Red	7%			



i.e.	thin	strip	detectors	readout	by	CBC	(CMS)	
•  Target	thickness	of	200	µm,	Single	sided	device	
–  Large	area	sensor	processed	on	6-inch	wafer	*	
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2015-03-09 8

Full Size 2S Module Prototype

● 240 µm thick full size n-in-p 
type Sensors, each with 
2x1016 strips (~8 pF strip 
capacitance)

● used FEH and SEH versions 
did not yet feature foreseen 
seamless connec�vity & 
addi�onal HV circuit used

– manual addi�on of 
grounding & LV rou�ng

● SEH can be bypassed to 
compare direct powering 
(laboratory power supply) 
and DC-DC converter 
powered scenarios

– while maintaining a 
similar grounding 
scheme

5
 c

m
5
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m

8 x 127 = 1016 strips

Front-End HybridFront-End Hybrid

Front-End HybridFront-End Hybrid

Silicon SensorSilicon Sensor

Service HybridService Hybrid

•  Thinner	Si-AT	implies	less	
charge	and	shorter	strips	
–  A	large	area	sensor	is	

divided	in	two	half	
readout	independently	

	
•  Sensor	width		defined	by		

–  Read-Out	chip	pitch	
–  Number	of	chip	

managed	by	the	hybrid	
circuitry	

	

*Hamamatsu		



Pixel	detectors:	hybrid	design.	i.e.	CMS	BPIX	

TBM	
Data	processor	

HDI		multiple	ROC	pixel	circuit	

Silicon	Sensor
2008 n+/n	cell	100X150	µm		
Full	size	12	cm2 

16	ROCs	Digital	PSI46Dig	
(5000ch/cm2)	
Charge		digitized	8	bit,	40	MHz	

Chapter 6

Pixel Modules

The upgraded pixel detector will have 1184 pixel modules in the barrel BPIX, compared
to 768 modules in the present detector, with an increase in the pixel count from 48 mil-
lion to 79 million. In the forward FPIX the number of modules will remain the same at
672. The new FPIX modules will be larger than in the present detector, increasing the
pixel count from 18 million to approximately 45 million.

Figure 6.1: Upgrade BPIX modules: Layer 2 to 4 (left) and Layer 1 type (right).

The proposed upgraded pixel detector will have only one type of sensor module with
two rows of 8 ROCs each. This will simplify sensor production, module assembly,
and testing. The active area of the module is 16.2 x 64.8 mm2. The pixel size will
remain the same as before, 100 x 150 µm2. The same n+-in-n technology as for the
current detector [43] will be used for silicon sensors. The sensor is bump-bonded to
16 ROCs forming a detector unit with 66560 pixels. For the BPIX Layer 1 the ROCs
will be thinned to 75 µm thickness. For the BPIX Layers 2-4 and the FPIX end-cap
disks, the ROCs will be thinned to about 180 µm thickness. The ROC peripheries
with wirebond pads extend 2 mm beyond the sensor along the two long sides of the

121

Bpix
&mo

dule
&

A.St
arod

umo
v&E&P

ixel&
Phas

e&I&U
pgra

de&

7&

TDR design L2-4 module!

21/1
0/13

&

TDR design L1 module!

TBM!

HDI!

Si Sensor!

16 ROCs!

SiN base strips!

New
&cab

le&co
nnec

tor&

Cable	&	Connector	
Twisted	pairs	~	1	mt	long	in	order	to	
move	material	far	from	IP.	

Bp
ix
&m

od
ul
e/
co
m
po

ne
nt
&st
at
us
&

• 
Se

ns
or

s:!
• 

Fu
ll 

qu
an

tit
y 

of
 S

i w
af

er
s p

ur
ch

as
ed
!

• 
20

13
 ro

un
d 

of
 w

af
er

s i
n 

pr
od

uc
tio

n 
(3

0%
 o

f f
ul

l):
 d

el
iv

er
y 

in
 1

1-
12

/2
01

3!
• 

20
14

 ro
un

d 
of

 w
af

er
s (

70
%

): 
sta

rt 
in

 0
2/

20
14

, d
el

iv
er

y 
in

 0
4-

05
/2

01
4!

• 
RO

C:
 L

2-
4 

su
bm

iss
io

n 
in

 1
0-

11
/2

01
3,

 L
1 

– 
in

 e
ar

ly
 S

um
m

er
 2

01
4!

• 
TB

M
: V

08
(L

2-
4)

 p
ro

to
ty

pe
 u

nd
er

 st
ud

y,
 V

09
(L

1)
 d

es
ig

n 
re

ad
y!

• 
H

D
I p

re
se

rie
s: 

30
 in

 h
an

ds
, 2

00
 in

 p
ro

du
ct

io
n;

 sm
al

l m
od

ifi
ca

tio
ns

 n
ee

de
d!

• 
Ba

se
 st

rip
s: 

1m
m

 w
id

e,
 th

in
ne

r (
25

0u
m

->
20

0u
m

) 3
0 

Si
N

 su
bs

tra
te

s (
fo

r 
30

0 
m

od
ul

es
) o

rd
er

d 
fro

m
 K

yo
ce

ra
 (J

ap
an

). 
Th

e 
re

st 
- l

at
er

 if
 O

K
!

• 
Si

gn
al

/p
ow

er
 c

ab
le

: !
• 

20
00

 te
m

po
ra

ry
 (fl

at
) c

ab
le

s d
el

iv
er

ed
 in

 O
ct

ob
er
!

• 
30

 re
al

 c
ab

le
s m

ad
e,

 p
ro

du
ct

io
n 

an
d 

te
st 

te
ch

no
lo

gy
 u

nd
er

 d
ev

el
op

m
en

t (
PS

I) 
!

• 
Fi

rs
t m

od
ul

e 
bu

ilt
 in

 O
ct

ob
er

: !
• 

RO
Cs

 d
ig

V
2,

 T
BM

 V
08
!

• 
ne

w
 H

D
I w

ith
 M

ol
ex

 !
co

nn
ec

to
r +

 te
m

po
ra

ry
 c

ab
le
!

• 
ol

d 
ba

se
 st

rip
s!

• 
PS

I b
um

p-
bo

nd
in

g!
A.
St
ar
od

um
ov
&E&
Pi
xe
l&P
ha
se
&I&
U
pg
ra
de

&
8&

21
/1
0/
13
&

SiN	Base	strips		
200	µm	thick:	support	and	cooling	
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electron microphotograph (courtesy IZM, Berlin)
of an MCM-D via structure, and Fig. 8(d) shows
the photograph of an assembled ATLAS MCM-D
module [39]. This concept also provides the
possibility to build detector modules which have
non equal area ratios of sensor and electronic
chips when the routing layer implements a fan-out
between the electronic pixels and the correspond-
ing sensor elements. With this approach it would
be possible to build large area modules with n!m
chips and almost 100% active area (Fig. 9).

3.3. 3-D Silicon detectors, active edge

So called 3-D detectors provide a lateral drift
field between their needle like alternating p+ and
n+ electrodes which have a typical pitch of 50mm
[40] (Fig. 10). Thus they exhibit a very fast charge
collection (1–2 ns) at low depletion voltages
(o10V) which make them well suited for harsh
radiation environments. They are build using
micromechanical systems technology involving
the use of support wafers and reactive ion etching

ARTICLE IN PRESS

Fig. 8. (top left, (a)) Schematic view of a hybrid pixel module and (top left, (b)) schematic layout of a MCM-D pixel module indicating
the buried via structure, (top right) SEM photograph of a MCM-D via structure, (bottom) photograph of an ATLAS MCM-D
module.

Fig. 9. (left) Schematic view of a conventional detector module build with ‘‘three-side-buttonable’’ chips. Gaps between chips are
covered with larger sensor cells in those regions. The module geometry is limited to 2!m chips per module. (right) Principle of an
assembly with fan-out between electronic chips and sensor rendering seamless n!m modules possible.

H. Krüger / Nuclear Instruments and Methods in Physics Research A 551 (2005) 1–148



i.e.	Hybrid	pixel:	NA62	giga-tracker	

•  Total	amount	of	silicon	can	be	kept	below	
0.32%	X0	per	station		

•  Two	coordinates	measurement	per	layer	
–  sensor	thickness	of	200	µm	good	compromise	
between		
•  minimum	material	budget	
•  fast	charge	collection	
•  signal	large	enough	for	the	electronics	chain.	
•  Pixel	size/pitch	300	X	300	µm2	

–  The	silicon	on	the	ROC	chip	side	thinned	down	
to	100	µm.		

–  Cooling	and	support	by	a	single	125	µm	thick	
carbon	fiber	structure,	corresponding	to	about	
0.06%	X0	

•  Module	size	defined	by	the	ROC	technology		
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3. Detector integration

3.1. Mechanical integration

The GTK mechanical integration is illustrated in Figs. 3 and 4.
The detector is glued onto a micro-channel cooling plate which is a
few hundred microns thick and is clamped onto the GTK carrier.
The GTK carrier is then glued into a frame and a flange. The whole
assembly is inserted into the vacuum vessel.

3.2. Electrical Integration

The data sent out with the forty 3.2 Gb/s chip serial links are
shipped out of the chip to the GTK carrier through a very dense
wire bonding scheme (73 μm pitch). These data are then routed

outside the vacuum vessel via 30 cm long strips running inside the
14 internal layers of the GTK carrier. Outside the vessel, the GTK
carrier is equipped with optical links connected with 300 m long
fibres to data acquisition boards located outside the experimental
area. The clock, configuration, resets, and data are transmitted on
those links. Each TDCPix is controlled and read out by one DAQ
board. These boards are also connected to the experiment trigger
system and answer trigger requests by retrieving in their 1 ms
buffers all hits within 75 ns around the trigger time stamp.

3.3. Thermal integration

A cooling system is needed to remove the heat dissipated by the
chips (3.5W/chip) and to operate the sensor cold (!25 °C) in order to
reduce the radiation damage. In order to keep the material budget
below 0.5% X0 per station, a micro-channel cooling system was de-
veloped. The system consists of a silicon plate which is a few hundred
microns thick and has two circuits of 70 μm"200 μm cross section
micro-channels etched inside, as shown in Fig. 5. This cooling plate is
glued to the chips and cold C6F14 is circulated in its channels at a
pressure of 3.5 bars for a flow of 3 g/s. It is the first time such a micro-
channel cooling device is used in high-energy physics.

4. Performance

The detector time resolution was first assessed with a demon-
strator of the final system containing 45 pixels. The first tests were
performed in the laboratory by injecting charge in the pixel with a
laser pulse. The time resolution was measured to 70 ps RMS [2] for a
charge injected at the pixel centre equivalent to a minimum ionizing
particle and with a sensor biased at 300 V, as shown in Fig.6.

In 2010, the same system was tested with a π+10 GeV/c beam
from the PS [3]. The time resolution was found to be 160 ps at
300 V sensor bias as shown in Fig. 7.

Fig. 1. Layout of the GigaTracker. Three stations (green) are inserted around two
pairs of bending magnets. The first one (blue) displaces the beam by 6 cm on
average in the vertical plane. The second one (orange) brings the beam back on its
original trajectory. The precise measurement of the vertical shift allows to measure
the particle momentum. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. The TDCPix assembly is composed of a 60.8 mm"27 mm sensor bump-
bonded onto 5"2 TDCPix chips. The chip digital and time-to-digital converters
logic is located in the 6.7 mm extending outside the sensor.

Fig. 3. Cross section of a GigaTracker detector.

Fig. 4. Picture of the backside (or cooling plate side) of a GigaTracker detector.

Fig. 5. Picture showing a cross section of the cooling plate.

G. Aglieri Rinella et al. / Nuclear Instruments and Methods in Physics Research A 845 (2017) 147–149148



i.e.	thin	Pixel	detectors	ILC/Belle2	
•  The	basic	building	block	of	the	Belle	II	PXD	is	a	DEPFET	

module		
–  sensor	matrix	with	250	columns	and	768	rows	
–  Pixel	size	in	the	inner	layer	r–φ		is	50	μm	X	55	μm		

•  A	module	is	fabricated	on	special	SOI	silicon	wafer,	which	
allows	a	thinning	of	the	sensitive	area	to	75μm.	
–  Si-AT	not	relevant	here	for	ionization	charge	(e-h)	pair	
generation	
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A detailed description of the DEPFET ILC detector concept can
be found in Ref. [2].

2.3. SuperKEKB upgrade

KEKB is an e+e! collider operating at a center of mass energy
of 10.5 GeV. The upgradation aims to increase the luminosity
towards 8"1035/cm2/s.

The low center of mass energy compared to ILC limits the
occurrences of particles with high momenta. This implies that the
IP resolution is dominated by multiple scattering; thus a high
granularity does not improve the IP resolution. The pixel size can
be increased moderately to 50"75 mm2. Moreover this allows to
process four rows in parallel which relaxes the row processing
time to #100 ns.

The requirement regarding the radiation hardness however is
significantly enhanced compared to ILC. Since the increase of
luminosity will be achieved by increasing the beam current, the
detector is faced with an ionizing dose from synchrotron radiation
of up to a few MRad per year. Irradiations extending the dose into
this regime are presented in Section 3.2.

A comparison between the applications is given in Table 1.

3. R&D towards the SuperKEKB vertex detector

3.1. Baseline geometry and impact parameter resolution

The vertex detector at SuperKEKB will consist of two layers
sitting at a radius of 1.8 and 2.2 cm. The thickness in the active
area is 50 mm. One inner layer module employs 215"1024 pixels
of the size 50"75 mm2.

First simulations show that these geometries substantially
improve the impact parameter resolution of the SuperKEKB vertex

detector compared to the currently used double sided strip
detectors, see Fig. 2.

Further optimizations regarding the geometry with different
pixel sizes and bricked designs are under way.

3.2. Radiation hardness

A broad set of irradiation with ionizing as well as non-ionizing
radiation has been performed. The observed threshold voltage
shift after 1 MRad is #5 V, which is significantly smaller than
that for a dielectric consisting of a simple oxide of the same
thickness [3].

Irradiations extending the dose to #10 MRad are under
way. Moreover comparative measurements of various oxide
thicknesses show that the threshold voltage shift can be
significantly improved by tailoring the composition and thickness
of the dielectric.

3.3. Module layout

The layout of inner layer module is depicted in Fig. 4. The
readout is performed along the long side of the module. This
allows applying active cooling close to the front end ASICs, which

Table 1
Comparison between the requirements of ILC and the baseline design for
SuperKEKB.

Parameter ILC SuperKEKB

Number of layers 5 2
Number of pixels (inner

layer)
512"4096 215"1024

Pixel size 25"25 mm2 50"75 mm2

Material budget 0.1%X0 0.1–0.15%X0

Ionizing radiation 10–50 kRad/a #1 MRad/a
Row processing time 20–50 ns (two-fold

readout)
#100 ns (four-fold
readout)

Frame time 25–50 ms (inner layer) 10–20 ms

Fig. 2. Impact parameter resolution of the current SVD2 layout at Belle (solid
lines) and the expected values with the vertex detector with the described layout
(dots). There is a substantial improvement in the low momentum range of interest.

Fig. 1. The MOS-type DEPFET.

Fig. 3. Large area PiN diodes on thin silicon. The inner area (10"1.3 cm) is
thinned to 50 mm and supported by a frame of 450 mm thick silicon. This frame
provides mechanical rigidness and support for ASIC chips. The width of the frame
along the module is 1 mm and 3 mm. Despite the thin sensor area the structure
can still be handled manually.

S. Rummel, L. Andricek / Nuclear Instruments and Methods in Physics Research A 623 (2010) 189–191190

A detailed description of the DEPFET ILC detector concept can
be found in Ref. [2].

2.3. SuperKEKB upgrade

KEKB is an e+e! collider operating at a center of mass energy
of 10.5 GeV. The upgradation aims to increase the luminosity
towards 8"1035/cm2/s.

The low center of mass energy compared to ILC limits the
occurrences of particles with high momenta. This implies that the
IP resolution is dominated by multiple scattering; thus a high
granularity does not improve the IP resolution. The pixel size can
be increased moderately to 50"75 mm2. Moreover this allows to
process four rows in parallel which relaxes the row processing
time to #100 ns.

The requirement regarding the radiation hardness however is
significantly enhanced compared to ILC. Since the increase of
luminosity will be achieved by increasing the beam current, the
detector is faced with an ionizing dose from synchrotron radiation
of up to a few MRad per year. Irradiations extending the dose into
this regime are presented in Section 3.2.

A comparison between the applications is given in Table 1.

3. R&D towards the SuperKEKB vertex detector

3.1. Baseline geometry and impact parameter resolution

The vertex detector at SuperKEKB will consist of two layers
sitting at a radius of 1.8 and 2.2 cm. The thickness in the active
area is 50 mm. One inner layer module employs 215"1024 pixels
of the size 50"75 mm2.

First simulations show that these geometries substantially
improve the impact parameter resolution of the SuperKEKB vertex

detector compared to the currently used double sided strip
detectors, see Fig. 2.

Further optimizations regarding the geometry with different
pixel sizes and bricked designs are under way.

3.2. Radiation hardness

A broad set of irradiation with ionizing as well as non-ionizing
radiation has been performed. The observed threshold voltage
shift after 1 MRad is #5 V, which is significantly smaller than
that for a dielectric consisting of a simple oxide of the same
thickness [3].

Irradiations extending the dose to #10 MRad are under
way. Moreover comparative measurements of various oxide
thicknesses show that the threshold voltage shift can be
significantly improved by tailoring the composition and thickness
of the dielectric.

3.3. Module layout

The layout of inner layer module is depicted in Fig. 4. The
readout is performed along the long side of the module. This
allows applying active cooling close to the front end ASICs, which

Table 1
Comparison between the requirements of ILC and the baseline design for
SuperKEKB.

Parameter ILC SuperKEKB

Number of layers 5 2
Number of pixels (inner

layer)
512"4096 215"1024

Pixel size 25"25 mm2 50"75 mm2

Material budget 0.1%X0 0.1–0.15%X0

Ionizing radiation 10–50 kRad/a #1 MRad/a
Row processing time 20–50 ns (two-fold

readout)
#100 ns (four-fold
readout)

Frame time 25–50 ms (inner layer) 10–20 ms

Fig. 2. Impact parameter resolution of the current SVD2 layout at Belle (solid
lines) and the expected values with the vertex detector with the described layout
(dots). There is a substantial improvement in the low momentum range of interest.

Fig. 1. The MOS-type DEPFET.

Fig. 3. Large area PiN diodes on thin silicon. The inner area (10"1.3 cm) is
thinned to 50 mm and supported by a frame of 450 mm thick silicon. This frame
provides mechanical rigidness and support for ASIC chips. The width of the frame
along the module is 1 mm and 3 mm. Despite the thin sensor area the structure
can still be handled manually.

S. Rummel, L. Andricek / Nuclear Instruments and Methods in Physics Research A 623 (2010) 189–191190



i.e.	thin	Pixel	detectors	ILC/Belle2	

•  Including	the	frame	and	the	SWITCHER	chips	the	
average	radiation	length	of	a	module	within	the	
Belle	II	acceptance	is	only	0.21%	X0		

30/01/18	 A.	Messineo	Università	&	INFN	-	Pisa	 22	

3. The Belle II PXD

The basic building block of the Belle II PXD is a DEPFET module
(Fig. 2). Each module consists of DEPFET sensor matrix with 250
columns and 768 rows. Pixel size in the inner layer ðr–ϕ " zÞ is
50 μm " 55 μm for the 256 pixels closest to the interaction region,
50 μm " 60 μm for the pixels further out. In the second layer the
pixel dimensions are 50 μm " 70 μm and 50 μm " 85 μm,
respectively. The DEPFET signals are read out row-wise by 4 DCD
(Drain Current Digitizer) chips arranged at the end of the matrix.
Each DCD has 256 ADC channels which digitize the DEPFET current
using an 8 bit ADC. The rows of 250 pixels are multiplexed to one
readout row, hence 4 DCDs are sufficient for these 1000 channels.
Thus only 192 readout steps are needed for reading out a complete
matrix which, with a digitization time of 100 ns per row, takes
20 μs. Each DCD is followed by DHPT (Data Handling Process by
TSMC) chip which performs pedestal subtraction, common mode
correction, and 0-suppression. The data of one frame are, after
receiving an external trigger, transmitted to the DAQ via a 1.5 Gb/s
LVDS link per DHPT. The gate and clear signals for the DEPFET are
generated by 6 SWITCHER chips, each chip having 2 times 32
channels with a voltage swing up to 50 V. The DHPT controls the
timing of the switchers synchronously with the digitization of the
DCD. The ASICs are described in more detail in [4]. The chips are
directly bump bonded on the sensor which provides two alumi-
num layers and one copper layer for signal routing and power. The
copper in addition serves for the bump pads. A module is fabri-
cated on special SOI silicon wafer, which allows a thinning of the
sensitive area to 75 μm. A frame of thick silicon stiffens the
module and supports the ASICs. DCD and DHPT appear outside the
Belle II acceptance. Including the frame and the SWITCHER chips
the average radiation length of a module within the Belle II
acceptance is only 0.21% X0. Two modules are joined to form a

ladder. The ladders are arranged in two layers at radii of 1.4 cm
and 2.2 cm, respectively, see Fig. 3.

Due to the rolling shutter mode readout the power consump-
tion of a matrix is very small, since only the active pixels consume
power. However, charge collection in the internal gate is active
even if the transistor is off. Hence the active area of the detector
needs only cooling by a moderate flow of cold nitrogen. The DCDs
and DHPTs on the ends of the ladder produce about 7 W per
module. This area is mounted on a sintered steel block with
integrated cooling channels, made in 3D printing technology.
Liquid CO2 is evaporated in these channels providing very efficient
cooling.

4. Gating

Like KEKB, the superKEKB uses a continuous injection scheme.
Every 20 ms single e $ or e þ bunches are alternatively topped up.
Initially these freshly injected bunches produce large background
in the detector and need about 3 ms to cool down. Since these
noisy bunches pass the interaction region every 10 μs they flood
the DEPFET detector with its integration time of 20 μs with
background hits making the data unusable. Applying a short
CLEAR pulse during the passage of the noisy bunch, while keeping
the DEPFET gate in the OFF state, the detector can be made blind
for this background. In normal operation the positive CLEAR pulse
is applied when the DEPFET gate is on, that is negatively pulsed.
Hence the signal electrons in the internal gate are repelled and
removed to the clear contact. By applying CLEAR and keeping the
gate off, the signal electrons are kept in the internal gate while all
electrons in the underlying bulk are directly removed to the clear
contact. This blinds the sensor for the background and protects
signal information, which may have been collected before the

Fig. 1. Left: view of a DEPFET pixel. Right: arrangement and control of a DEPFET matrix. Schematic view in the Belle II module gate and clear (¼ reset) are generated by
one chip.

Fig. 2. View of an outer module of the Belle II silicon pixel detector. Shown is a real sensor module with all ASICs and SMD components. The total length of this module is
8.5 cm and its width is 1.2 cm.

H.-G. Moser / Nuclear Instruments and Methods in Physics Research A 831 (2016) 85–8786

dominantly contribute to the power budget. In case of SuperKEKB
this does not spoil the material budget since the forward direction
is not instrumented.

4. Thinning technology

To cope with the low material budget, a thinning technology
based on wafer bonding has been developed; details are described
in Ref. [4] for example. The technology allows building a
mechanical rigid full silicon module. A full scale sample with
large area diode is depicted in Fig. 3.

In addition the first DEPFET production on thin base material
has recently started.

5. Summary

The paper gave a short review about the challenges related to
detector development for vertex detectors.

A promising candidate for vertexing is the DEPFET active pixel
sensor.

The thinning technology presented allows coping with the
demanding material budget.

The radiation hardness requirements at SuperKEKB however
make it necessary to improve intrinsic radiation hardness of the
MOS structures of the DEPFET. First results with thinner
dielectrics show the potential to handle this issue.
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Fig. 4. Sketch of a DEPFET ladder in the first layer of the SuperBelle pixel vertex
detector showing the steering and readout ASICs, the four-fold pixel structure and
a cross-section.
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