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Substrate normally:

•n-type  p-type
•4 kW-cm FZ 
•Doping of ~1012 cm-3

•[O] ~1015 cm-3

•[C] ~1015 cm-3

•300mm thick
•Orientation <111>

+v

Incident
particle

n-p type substrate

metalized
contacts

oxide ����������		����������		����������		����������		

300 mm
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S. Ramo, Proc. IRE 27 (1939) 584
From H Spieler, lecture notes (99), 

The induced current on electrode A is

where Vq1 is the “weighting potential” that describes the coupling 
of a charge at any position to electrode A.

Note that the electric field and the weighting field are distinctly different.
· The electric field determines the charge trajectory and velocity
· The weighting field depends only on geometry and determines how charge motion 
couples to a specific electrode.
· Only in 2-electrode configurations are the electric field and the
weighting field of the same form.
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From S. Watts
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After trapping: 
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241Am 

Measurements
Performed using the
ATLAS FE-I3
Readout chip
and  the TurboDaq system
(developed in Bonn)

Measurements by 
A. La Rosa  CERN
B. Now UniGe!

Type Energy Percentage 

Alpha (� ) 
5.485 
MeV 

84.5 % 

Alpha (� ) 
5.443 
MeV 

13.0 % 

Beta (� ) 52 keV Unknown 

Gamma 
(� ) 

59.5 keV 35.9 % 

Gamma 
(� ) 

26.3 keV 2.4 % 

Gamma 
(� ) 

13.9 keV 42 % 
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� Short collection distance 

� High average e-field at low Vbias

� Parallel charge collection
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8 .6  e 15  n /cm 2
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3 .7e 15  n /cm 2

N O N  IR R A D IA TE D
C . D a V ia  e t a l M arch  06

After neutron irradiation
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1
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1
0�

1
mm mm

    

WAFER BONDING 
(mechanical stability)
Si-OH + HO-Si -> Si-O-Si + H2O

DEEP REACTIVE
ION ETCHING (STS) 
(electrodes definition)
Bosh process
SiF4 (gas) +C4F8 (teflon)

��
�����
�����
�����
���
 

 
������ ��
������
�����������
�����������
�����������
�����
������������������������������������������������
���
����
����
����
�

��
�����
�����
�����
���
 

 
������
���������
���������
���������
���
����
� !������
� !������
� !������
� !�� ������ �� ����������������������������
 ���� �� ���� �� ���� �� ���� ��

��
��"��
��"��
��"��
��"
 

 
#�
� !�#�
� !�#�
� !�#�
� !�
��� � ������ �� 
$
 ����
�
$
 ����
�
$
 ����
�
$
 ����
�

��
��%��
��%��
��%��
��%
 


������
�������
�������
�������
�
������$$��������$$��������$$��������$$�� ����


$
 ����
�
$
 ����
�
$
 ����
�
$
 ����
�

��
������
������
������
����
 

 
�"�
� !��"�
� !��"�
� !��"�
� !�
��� � ������ �� ����������������������������
 ���� ������� ���� ������� ���� ������� ���� �������

$
 ����
�
$
 ����
�
$
 ����
�
$
 ����
�

��
���#��
���#��
���#��
���#
 

 
&�����
�&�����
�&�����
�&�����
�
������$$��������$$��������$$��������$$�� ����


$
 ����
�
$
 ����
�
$
 ����
�
$
 ����
�

��
��&���
��&���
��&���
��&�
 

 
&'�&'�&'�&'�
�
�����������
�����������
�����������
����������
����
���($�)���)����
���($�)���)����
���($�)���)����
���($�)���)

�



2������
����32������
����32������
����32������
����3
�3
�4���3��3
�4���3��3
�4���3��3
�4���3�

LOW PRESSURE
CHEMICAL VAPOR 
DEPOSITION
(Electrodes filling with 
conformal doped polysilicon 
SiH4 at ~620C)
2P2O5 +5 Si-> 4P + 5 SiO2
2B2O3 +3Si -> 4 B +3 SiO2

p

n

METAL DEPOSITION
Shorting electrodes of  the same type 
with Al for strip electronics readout
or  deposit metal for bump-bonding

5��'������
�
��������
��	����'���)
*����

�������
 ) ��$������
�

3) ������"������� 7)��		��"�����
�	����
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����1���� 
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11:1 1997

24:1 2009
Today

40-60:1

110:1!!!

Etching rate depends on exposed area

etching rate depends on aspect ratio

M. Puech. ALCATEL
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12 KeV X-ray scan at ALS, Berkeley, in 2 µm steps, of a 
3D, n bulk and edges, 
181 µm thick sensor.  

&������� "���� ��	����
 ����
�
�
��

�����
��

�
 Fabricated at Stanford, J. Hasi (Manchester PhD thesis)

5 mm
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At 15o
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P. Hansson et al. Nuclear Instruments and Methods in 
Physics  Research A 628 (2011) 216–220 signal

Test beam setup
SPS, 2009
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A TRENCH IS ETCHED AND DOPED 
TO TERMINATE THE E-FIELD LINES

AFTER THE FULL PROCESS IS 
COMPLETED THE 
MATERIAL SURROUNDING
THE DETECTORS IS ETCHED 
AWAY AND THE SUPPORT
WAFER REMOVED : NO SAWING 
NEEDED!!! 
(NO CHIPS, NO CRACKS)

E-field
p + + Al

n ++ Al

n ++ Al

����������� "�

���	
����
�
���
�
�� ��� � �����������������
���
�����
��
�� !!"#

TOTEM detectors
3x4cm2 512 mstrips

H. Niewiadomski
PhD thesis
Manchester 2009

Active edge response
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J()���&�C&�

&������( "��A�68�)6�/A�9N5+2� m��
P. Hansson et al. Nuclear Instruments and Methods in Physics Research A 628 (2011) 216–220
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Passivation

n+ doped 200 ±
10 um

p- type substrate 

p+ doped

Oxide0.8um
1um

Metal

Poly 1um

Oxide
Metal

P-stop p+

Oxide 1um

5um 10um

UBM

230 um

3D ATLAS R&D Collaboration
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Data from Steve Myers
CERN sLHC 23rd June 2010.

2010 2015 2020

In
te

gr
at

ed
 lu

m
in

os
ity

Phase 0

Phase 1

Phase 2

Phase-0 : 15 months: 2013 to spring 2014
Phase-1 : 12 months: 2017-18
Phase-2 : 18 months: end of 2021-22?

L~2.5×1032 cm -2s-1

L~1-2×1034cm -2s-1

L~5×1034cm -2s-1

L int=1fb -1

L int=300 fb -1

L int=3000 fb -1

By 2030

1x1015ncm-2

~3x1015ncm-2

(5x1015ncm-2 with safety factor)

2x1016ncm-2

FLUENCES
EXPECTED AT
INNERMOST LAYERS

IBL

CH������	���
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Ec

Ev

Ei V2(-/0)+Vn   Ec-0.40eV
V2(=/-)+Vn   Ec-0.22eV
VO- Ec - 0.17eV
V6

CIOI
(0/+) EV+0.36eV

� � �

��������	
���
�����

V,I  MIGRATE UNTIL THEY MEET
IMPURITIES AND DOPANTS TO
FORM STABLE DEFECTS

CHARGED DEFECTS==>NEFF, VBIAS

DEEP TRAPS, RECOMBINATION 
CENTERS     ==> CHARGE/SIGNAL 

LOSS

DEEP TRAPS, GENERATION 
CENTERS==>LEAKAGE CURRENT

�����������	�

Primary Knock on Atom

Displacement threshold in Si:
Frenkel pair    E~25eV
Defect cluster E~5keV

�������

����	
������

�� ����
���� !�� �L!	'�����"�������	��
�

Effect on sensors
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e- 0
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Fluence = 10
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protons cm
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E
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ft
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e
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 (
m

ic
ro

n
s)

Electric Field ( Volt/micron )

Electrons

Holes

T = -20 oC

t tr vdrift l
)exp(

l
x

dt
dx

dx
dV

q
dt
dS W -=

��&%%�4E������� #

=> COLLECT ELECTRONS, INCREASE  E-field
and USE SHORT ‘IES’ (THIN SUBSTRATES FOR PLANAR)

��

�
��

� --= )exp(1
l

l L
L
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Inter-electrode spacing [ mmmmm]

C. Da Via' April 08

(<����� �
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Trapping times from Kramberger et al. 
NIMA 481 (2002) 100 

These data: DaVia et al. Nuclear 
Instruments and Methods in Physics 
Research A 603 (2009) 319–324

9x1015ncm -2

CB

VB

The carriers move less � less signal  since the signal is formed 

when charges move – characterized by carrier trapping time t

L

Effective drift
length
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[9] C. Da Via et al.”, (NIMA-D-08-00587)
[10] G. Kramberger at al., Nucl. Instr. Meths. A 554 (2005) 212-219
[11] G. Kramberger, Workshop on Defect Analysis in Silicon Det, Hamburg, August
2006. http://wwwiexp.desy.de/seminare/defect.analysis.workshop.august.2006.html
[12] G. Casse et al., Nucl. Instr. Meths. A (2004) 362-365
[14] T. Rohe et al. Nucl. Instr. Meths. A 552 (2005) 232-238
[16] F. Lemeilleur et al., Nucl. Instr. Meths. A 360 (1995) 438-444

75m�
���

71m��
��

Signal Efficiency (prop 1/L IES) Signal charge (substrate thick. D)
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• Baseline layout decided
– 14 Staves, 
– 14 FE chips/stave
– For 3D single chips
– (224 to build 25%)
– For planar double 

chips (448 to build 
75%)

Very tight clearance:
– “Hermetic” to straight tracks in 

�  (1.8º overlap)
– No overlap in Z: minimize gap 

between sensor active area.

Layout parameters:
– IBL envelope: 9 mm in R
– <R> = 33 mm.
– Z = 60 cm (active length).
– �   = 2.5 coverage.
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Preamp 

A
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FDAC

TDAC

Config Logic
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���
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���� m�

synthezised digital region (1/4th )

160

18FE-I3

FE-I4A
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Design by GF Dalla Betta, C. Kenney, A. Kok, G Pellegrini
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A. Kok, T-E Hansen

3DC
Manchester, Oslo,
SLAC, Prague, Purdue
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20
0 

mm mm
m

3D-CNM34, irradiated with protons at 5E15neq/cm2: 
1D hit efficiency in the long pixel direction for edge 
pixels. All edge pixels have added together.
Operation conditions are: FE-I4 threshold = 1300e, 
bias voltage = -140V, magnetic field = 1.6T, tilt angle 
= 0 degrees. 

Edge pixel: regular length 250 m�
• Inactive area: 200� m
• Actual efficiency extends:
• 50%: 20-30� m
• Effective inactive area from
dicing: ~200� m.
• Same for all 3D samples.

Z
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Wafer 17 
GR current on wafer vs total current after bonding,  

20ºC
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Wafer 15 
GR current on wafer vs total current after bonding,  

20ºC
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“Channel” 2D type
(maximized filling)

Neutron or x-ray beam

Converting  medium

silicon

C. Da Via et al. submitted to IEEE-NSS 2011
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Square pores, 10B (80% enrichment), walls 5 mmmmm
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Cylinder pores, 10B (80% enrichment), walls 5 mmmmm
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Simulation for neutrons from  J. Uher et al. NIM. A 576 (2007) 32–37

converter

sensitive volume
aaaa

Neutron or x-ray beam

Detection 
Efficiency
~5%
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• Pseudomonas diminuta
phosphotriesterase:  This 
enzyme catalyzes the 
hydrolysis of 
organophosphorus pesticides 
and nerve agents.  Its crystal 
structure is being studied by 
Hazel Holden’s research group 
at the University of Wisconsin, 
Madison (see PDB file 1DPM).

• Purple atoms: zinc
• Red:  bound water
• Yellow: side chains
• 1.8 Å resolution map,

• Present detectors:
• CCDs. Time resolution ms

• Needs faster 
detection for 
protein folding

(<���	��
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�
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cables

to  crystal sample
(X ray  diffraction source)

alignment blocks

cables

silicon sensor

readout  chip

printed  
circuit  
board

a: top view of 3 rows

support  bar

support  bar
(behind plane of sensors)

crystal sample
9999::::
���
���
���
���

9999::::
���
���
���
���

Bump bond to pixel readout
electronics

�����<�	� �����
�
�< )����
��!�� *��T���
;���,
(+�@�
�$�

'�����	+��*�
	��!	���$�
	
"���
�

���!�, ���&

� High signals
� Low noise
� Moderate cost
� High speed – microsecond
GOOD for Protein folding

Orthogonal to focal point
NO aberration
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Microdosimetry measures the stochastic energy deposi tion events  at cellular level

� Radio-Biological Effectiveness (RBE) depends on linear energy transfer (LET or Lineal Energy) which is 
different for different radiation type.  Average chord length <l> independent on radiation direction

� Mixed Field detection in
a small sized array of
cell-like elements of well defined
Sensitive volume  SV is required to 
precisely determine RBE 

� Silicon Dose Equivalent  can be 
determined From the lineal Energy
Spectra and the tissue equivalent 
dose  DTE. . Quality factors Q determined
Experimentally. 

Dsi = DTE SSi/STE
Dose equivalent H =  Q Dsi

~10mm

~10mm

SV Silicon
mdosimeter

Dose distribution  d(y)

Plot from Rosenfeld et al
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p+n+ n

n+

p+E-field

Active 
Edge 
electrode

%�
�

�	��
������
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(n

A
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Bias Voltage (V)

Hemi-Cylinder Sensor IV

Fabricated at Stanford
J. Hasi, C. Kenney

array would enhance
performance
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 Bernard F. Phlips, Member, IEEE, and Marc Christophersen

Presented at IEEE-NSS 2008, Dresden Germany

•Done on Si , GaN and SiC already tried

•Uses Deep reaction Ion Etching 

•Key to technology:

•Photo Lithography works: pixels and strips made
using ‘GrayTone Lithography’ (selects  photoresists
differently at different depths)

•Wafer thinning uses standard processing

•Indium bump-bonding still works on curved structure

•Can be used on all material that allow DRIE

•Resist spray coating

•Alternatives to CMP to improve flatness

Am-241 photon spectrum taken with a fully depleted 
curved pixel detector, half-pipe (1.73 keV FWHM at 
59.54 eV).

Top-view optical micrograph of a pixel array 
on a curved detector(pixel dimensions 150 x 150 � m).

Principle of gray-tone technology: The 3-D resist profile, a) and
c), is directly transferred into silicon topography, b) and d).



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

�!�������� �
!�	

'

&�	
�"�;
!������� ������$���	�
�1������ ����������� 1�
���
�

� ����
3556#

���1�
���
���������
�����	�������
���"�
���
�
��
�� � ����
�� �����
�
�
���������	�����
��
��� ��� ���	����	�����
�
��
!	 � $��������� �1�������

�����
	
"�#

C
1�$��
��
	��"���
��"���� ����
���
	��������
�������� "�

H�"��
��� 

����������
1�$�����!����!�� ����
�����	�����	����
� 1
�'��"���
"������

G��	 ��
���
��
��"��� �1�		�"���$�����

�����
�
!	 �$��!
� �


������<��������
��� �
�����
 ��
��$����	���


������
��U+



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

$
��
1� ���
��%+�C���
���� �������C�����

	
&�	�
�����'�����"�� ��@
�'
�
������7009�

UUU� 
��
��$������� �
�
��1������
	
"��
VVVVVV



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  


����




C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

7��,�
�+�,

�$�+)�.�)(�8�5���)%
��(�+)�&�
�����).��
���8���)%
��(�*&)(�)(����)��,�
�$��&�
9:����&)(�(�)�
#�������2�

�	�����������

���������
����	�������������������
�
��

54



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

0

20

40

60

80

100

120

140

160

0 1 1015 2 1015 3 1015 4 1015 5 1015 6 1015

CNM Voltage
FBK voltage

O
pe

ra
tio

na
l V

ol
ta

ge
 [V

]

Fluence [ncm -2]

C��'�"���!�����
��� �
������
��	��
	��"�
�
&��������� ����
��

"=C� %D=�/% �22 ���

0
 7=E?= EF

C
0$ >D
��& C�D %���

� C�)D

.
�=0��&

 >?=%#� > F G GH EFE EFE GI EJ@ EBB

 EF=%#� > F G GH EF> EEI >IF H>G

 EF=��� > F G? EJ? EHI HJ?

 E?=%#� > F GJ EFB >?H JGG

 F=%#� > F GH EJF FG@ I@F

&
�'��������	
���%%����
�����������

0

100

200

300

400

500

0 1 1015 2 1015 3 1015 4 1015 5 1015 6 1015 7 1015

CNM  T=-15 oC

CNM T=-10 oC

CNM T= -20 oC

FBK T= -15 o
C

Le
ak

ag
e 

cu
rr

en
t [

uA
]

Fluence [ncm -2

CNM

Confirms
higher damage
for second raw
samples during
last  KA proton
irradiation

CNM
SSC97

Fluence [ncm-2]Fluence [ncm-2]



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  
%
1��� �

�����
����� ���������
��������!��
����������� ����
�

����+�

W
 �X

J	!����
<3036

W��� )7X

@ �4�

W�@�� )7X

@�JL�

�@�� )7X

)70 7 6
9

3+3 6+/
/+3

)36 7 6
9

3+5 30+6
37+/

7+6 3�

)30 7 6 �+� 3/+�

)6 7 6 6 75

0.1

1

10

100

1 1015 2 1015 3 1015 4 1015 5 1015 6 1015 7 1015 8 1015

CNM T=-15 oC

CNM T=-10 oC

CNM T=-20 oC

CNM T=-5 oC

FBK T=-15 oC

P
ow

er
 d

is
si

pa
tio

n 
[m

W
cm

-2
]

Fluence [ncm -2]

�LC���-!��������
��
��

��%
1��� �

�����
��
F�700��@?�� 7����6�<�30 36 � �- ?�� 7� �� �)36� 
� ���*�����������	��",

	
���%%���&
�'���������
����������



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

0

5000

10000

15000

20000

0 1 1015 2 1015 3 1015 4 1015 5 1015 6 1015

M
os

t P
ro

ba
bl

e 
V

al
ue

 [e
- ]

Fuence [ncm -2]

�

����
$�$	��
�"��	��������LC��	!����
�
���	���
��
�������
� ���4��JL�

0

20

40

60

80

100

0 2 1015 4 1015 6 1015 8 1015 1 1016

CNM/Glasgow [ D. Pennicard, IEEE/NSS 2008]

FBK-annealed [A. Zoboli PhD Thesis, 2009]

STA [ NIMA 604 (2009) 505-511S
ig

na
l E

ffi
ci

en
cy

 [%
]

Fluence [ncm -2]

PRELIMINARY 

C. Da Via June 09

�.�=&�
��0�
�K>H? m$=7=IF
  K=
EI=>F?=
  

�������
���� 	
 �

�
���� 	 �

� ��
��

���� �� �����

���� �� �
���



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  
������
����$	� L)C����

J()�8



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

9�0�3�;0��7<��*0*0='���''=2:�0='#�
�.


��(%
��
)�(>

������ ��

�
 !	�
��
���
��		� ����"���*/6R��76R,� ��9�*392��
 +,�   4

�
 !	�
��
�$��������� ��
��300R��	���� 882�*778��
 + ,�   4

�
 !	�
��
�$!�	 �*7<��
���
��		� ,� 259�*882��
 +,� 44�

F
rom

 P
ernegger, V

ertex 2011



C
in

zi
a

D
a

V
iá

, U
ni

. M
an

ch
es

te
r.

  S
ta

tu
s 

3D
, U

ni
G

E
, 2

nd
N

ov
em

be
r 

20
11

  

����� ��	����������"���������	 

P. Hansson et al. Nuclear Instruments and Methods in 
Physics  Research A 628 (2011) 216–220
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P. Hansson et al. Nuclear Instruments and Methods in Physics 
Research A 628 (2011) 216–220
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3D hexagonal

Also started to fabricate 3D on diamond substrates 
(with A. Oh, Manchester, H Kagan Ohio )
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Human organ:
~water 

Segmented detector

Example breast cancer screening: lowering the dose (~0.7mSv) to the 
patient is the goal!

*-Micro-calcification  has high contrast and small size� High spatial resolution detector
**-Fibro adenoma  has low contrast  and big size � high detection efficiency  detector


