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Advances in 3D silicon sensors: lecture outline 

�  Section I  
�  Introduction and basic principles 

�  The 3D devices idea 
�  Basic features 
�  3D device history 
�  Basic technology 
�  3D devices performance 
�  Applications: Examples  and Exercises 

�  Section II   
�  Advances for future 3D devices 

�  Process and Layout optimization 
�  Edge geometrical efficiency 
�  Thin active region 
�  Charge multiplication and 4D devices 
�  Applications: Examples  and Exercises 

�  Selected texts: Papers and Books 
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The 3D devices idea 

�  Device with three-dimensional (3D) columnar electrodes 
which can have separations smaller than the sensor 
thickness, was developed (1997) to solve the problem of 
charge trapping in then-proposed GaAs sensors, a 
potential problem today for silicon pixel detectors in the 
inner layers at the LHC upgrade, the planned HL-LHC
(2020).   

�  List of main features: 
�  Small collection distance 
�  Very rapid charge collection  
�  Quite low depletion voltages 
�  Moderated Electrical field peak in critical places 
�  Reduced charge sharing 
�  …… 
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3D silicon devices: basic features… 1 
�  In 3D devices electrodes are cylindrical 

compared to planar, that show spherical shape 
�  the electric field lines terminate on cylindrical 

geometries rather than planar ones of generally 
smaller areas.  
�  This results in a higher average field for any given 

maximum field in the drift path of ionization charges 
�  Drift velocity consequently increases. 

�  3D vs Planar: Depletion volume grows along  
different directions  
�  3D: Orthogonal to silicon surfaces (E-field parallel) 
�  Planar: Parallel to silicon surfaces (E-field orthogonal)  
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This technology has many potential applications
such as extreme radiation environments, luminos-
ity monitors and medical and biological imaging.

The fabrication of 3D structures depends on the
capability of etching narrow holes with high
precision in the silicon bulk. One possible way is
by using deep reactive ion etching. Deep reactive
ion etching has been developed for micro-electro-
mechanical systems (MEMS). It allows one to drill
micro-holes in silicon with a thickness:diameter
ratio as large as 20:1. In the 3D detectors presently
processed at Stanford (USA) by a collaboration of
Brunel, Hawaii and Stanford scientists, this
technique is used to etch holes as deep as several
hundred microns, with diameters B1/20 times the

depth at distances as short as 50 mm from one
another. These holes are filled afterwards with
polysilicon doped either with boron or phosphorus
which are then diffused into the silicon crystal in
order to make the detector electrodes. The silicon
substrate used for the first run p-type, and the
crystal orientation /100S: This crystal orientation
is preferred for a better surface quality. Once the
electrodes are filled, aluminium can be deposited
either as a bump contact on the top of each
electrode, which can then be readout alone or as a
connecting microstrip to several electrodes of the
same type. An example of the 3D layout is shown
in Fig. 4. The electrodes in this case are distributed
in an hexagonal pattern and the edges are
completed by an active trench, doped appropri-
ately to preserve the electric field distribution
inside the detector.

The response of a 3D detector, where all the
electrodes have been connected together by an
aluminium microstrip is shown in the oscilloscope
snapshots of Fig. 5. The signal amplitude of the

ARTICLE IN PRESS

Fig. 3. A 3D detector (left) compared with a standard planar detector (right). The same charge generated by a traversing ionising
particle (approximately 24 000 electron/hole pairs) is collected by a 3D detector over a much shorter length. This results in faster signals
and a much lower depletion voltage. The dashed lines show how the depletion grows from the n+ contact when a reverse bias is
applied.

Fig. 2. In 3D detectors the electrodes and active edges are
fabricated inside the detector bulk using micro-machining
techniques.

Table 1

3D versus planar detector design parameters for a 300mm thick
silicon substrate. The depletion voltage quoted is for a detector
prior to irradiation

3D Planar

Depletion voltage o10V 70V
Collection length B50mm 300mm
Charge collection time 1–2 ns 10–20ns
Edge sensitivity o10mm B300mm

C. Da Via et al. / Nuclear Instruments and Methods in Physics Research A 509 (2003) 86–91 89
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3D silicon devices: basic features… 2 
�  Collection distances (IES) can be as short as 50µm while the charge 

generated by the traversing particle can have much longer track lengths, 
depending on the application, by varying the substrate thickness. 

     (as an example, 24000 e-/h  for a 300-µm-thick silicon substrate) 
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�  Charge collection: 

�  In a planar detector, each charge along 
the ionization path is at a different 
distance with respect to the collecting 
electrode, so the peak signal induction 
occurs at different times.  

�  in a 3D detector the ionization path is 
parallel to the collecting electrodes. All 
charges along the path are at almost 
the same distance from the collecting 
electrodes. Ignoring some diffusion 
spreading, the arrival of all the charges is 
simultaneous, inducing a signal with a 
faster rise time with smaller spread. 
�  Ten times faster response compared to a 

planar structure due to the shorter carrier 
drift distances. 
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3D silicon devices: basic features… 3 
�   3D devices have a non-uniform signal response due to the 

presence of low/null E-field regions between electrodes of 
the same doping type, and within the electrodes 
themselves.  
�  Charge generated in these regions will initially move by diffusion 

(slowly), thus increasing the trapping probability (i.e.  after 
radiation damage.) 
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3. 3D detectors state of the art before IBL 3.2. Full 3D detectors

(a) (b) (c)

Figure 3.5: Simulation results of full 3D detectors. Elementary cell of a 3D detector (a), simulated

equipotential lines for a quarter of elementary cell with bulk doping equal to 1012 cm´3 and bias voltage

equal to 5V (b) and drift lines in the same conditions (c) [63].

to the bulk, where electrical quantities are not affected by surface effects, it is possible

to perform a 2D simulation on a slice of the full structure taken from the middle of the

substrate along a plane parallel to the wafer surfaces. This will greatly reduce the number

of nodes and, as a consequence, the required computational time. To further reduce the

complexity of the simulation, device symmetry can be exploited by only simulating a

quarter of the elementary cell. Simulations of electrical quantities are typically performed

by grounding one type of electrode and by applying a reverse bias ramp to the other

electrode type. Considering an n-type silicon bulk with doping concentrations of ND=1012

and ND=1013 cm´3, full depletion voltages can be estimated to be equal to 1.6 and 8.8 V

respectively. Equipotential lines for the first case (ND=1012 cm´2 and Vbias=5 V) are

reported in Fig.3.5(b) while the drift lines for the same operating conditions are shown in

Fig.3.5(c). Despite full depletion in this conditions is already reached, low field regions

are present between electrodes of the same doping type. This is explained in detail in

Fig.3.6. The electric field distribution for the examined 2D structure can be extracted

along the desired direction for different applied reverse voltages. Between a p` and an

n` column, the field shows a large peak at the junction column (p`) and a decrease

followed by a smaller peak close to the other column (Fig.3.6(a)). The maximum field

value is equal to roughly 6ˆ104 V/cm, still considerably lower than the critical value

(„4ˆ105 V/cm), but allows for fast carrier drift times. On the other hand, along the

line connecting two n` columns, the field has a lower magnitude and an almost zero field

region is present (Fig.3.6(b)). These differences in field distribution cause the amplitude

and timing evolution of the signal to be dependent on the particle hit position. This

77
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3D silicon devices: basic features… 4 

�  Electric field defined by 
�  Electrodes shape and 

multiplicity 
�  Bulk doping 

�  Depletion voltage can be 
calculated by (simplified) 
cylindrical approximation 
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3.2. Full 3D detectors 3. 3D detectors state of the art before IBL

(a) (b)

Figure 3.6: Electric field distributions for different applied biases, extracted along the drift lines connecting

a p` electrode to an n` electrode (a) and along drift lines connecting an n` to another n` electrode (b).

The bulk doping concentration is equal to 1012 cm´3 reverse biases are equal to 0, 5, 10, 20, 30, 40 and

50 V. [63].

(a) (b)

Figure 3.7: Readout electrode current in response to a MIP particle crossing the device in the center of a

quarter of an elementary cell (a) and in the zero field point of the same structure (ND=1012 cm´3) [63].
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3.2. Full 3D detectors 3. 3D detectors state of the art before IBL

(a) (b)

Figure 3.6: Electric field distributions for different applied biases, extracted along the drift lines connecting

a p` electrode to an n` electrode (a) and along drift lines connecting an n` to another n` electrode (b).

The bulk doping concentration is equal to 1012 cm´3 reverse biases are equal to 0, 5, 10, 20, 30, 40 and

50 V. [63].

(a) (b)

Figure 3.7: Readout electrode current in response to a MIP particle crossing the device in the center of a

quarter of an elementary cell (a) and in the zero field point of the same structure (ND=1012 cm´3) [63].
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3D silicon devices: basic features… 5 
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�  Electrodes geometry (i.e. diameter) is not only a technology 
driven choice:  it affects  the capacitance of a 3D device.   
�  Electrodes capacitance should be larger than the one of a standard 

planar device, because of the shorter inter-electrode separation and 
the extension of the electrodes all the way through the silicon bulk. 
�  Affects the signal and the noise of a 3D detector   

�  Simplified calculation can predict the main features of geometrical 
capacitance: 

�  Capacitance proportional to Δ (electrodes length) 
�  inversely (ln) to the IES =L 

�  Larger IES worsen charge collection performance 
�  Should improve for smaller d 

�  This increases the E-Field at junctions 

!

!"# $%&' ())"%*+,-./0%*/,-1)23-45,--6775839:3-1;<<;-=)"";

!!"#$%&$'&"#$%&$'&(( )*+)*+&,#,-#.'/&,#,-#.'/ 00 -.%-,1#-.%-,1#

!"#$%&$'&('#)*+',-./012'3411567
89:8;8:<'=#$(8>)&

:?>9)@A:B =?>9)@A:B
C#D&$'B@$D#>&

:?(E=&'B@FB($#(&

G8B(#:>&'F&(C&&:'! #:H'='&)&>($9H&B'>#:'F&'A#H&'I&$E'BJ9$(
,2#',3,45+'$&6$#6.%+7$'&+&,#,-#.'

3)9C'D@))'H&=)&(89:'I9)(#<&'#:H'J8<J'KKL'&I&:'#('I&$E'J8<J'D)@&:>&B6

*'$89$-:/M'
? &)&>($9H&B'#$&'3=#$(8#))E6'H&#H'$&<89:B
? D&#B8F8)8(E'9D')#$<&'B>#)&'=$9H@>(89:'B(8))'(9'F&'#BB&BB&H

N#(&$#)'H&=)&(89:
#:H'>#$$8&$'H$8D(+'
>J#$<&'>9))&>(89:'
8:'#'I&$E'BJ9$('(8A&

L 
d 

Δ	



C = !"si

ln 2L
d

!
If L >> d 



Advances in 3D-silicon sensors 

Siena 

3D silicon devices: basic features… 5 

Oct 5, 2013 10 

�  Electrodes geometry (i.e. diameter) is not only a technology 
driven choice:  it affects  the capacitance of a 3D device.   
�  Electrodes capacitance should be larger than the one of a standard 

planar device, because of the shorter inter-electrode separation and 
the extension of the electrodes all the way through the silicon bulk. 
�  Affects the signal and the noise of a 3D detector   

�  Simplified calculation can predict the main features of geometrical 
capacitance: 

�  Capacitance proportional to Δ (electrodes length) 
�  inversely (ln) to the IES =L 

�  Larger IES worsen charge collection performance 
�  Should improve for smaller d 

�  This increases the E-Field at junctions 

C = !"si
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d

!
If L >> d 

2782 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 5, OCTOBER 2008

Fig. 10. Substrate doping concentration as a function of depletion depth below
the column tips as obtained from C-V measurements of 3-D test diodes (stc
type).

Fig. 11. SEM micrograph of a test wafer after DRIE.

to be caused by defects on the column walls, but further inves-
tigations are necessary to gain deeper insight into this problem.
Nevertheless, it should be stressed that the current reaches high
values only at bias voltages largely exceeding the full depletion
voltage.

Fig. 12(b) shows the capacitance as a function of the reverse
voltage in a subset of the 3-D diodes considered in Fig. 12(a),
chosen as representative of the different layout options (column
pitch and surface diffusion geometry). The C-V curves are very
similar to those obtained from stc diodes. Nevertheless, it should
be noted that in dtc diodes the main contribution to the capac-
itance is due to the junction-to-ohmic column capacitance. As
a matter of fact, the saturation values of the capacitance for dtc
diodes are higher than for the stc ones and, among dtc diodes,
they are higher for the 80 m pitch both because of the larger
number of columns and of the shorter distance between them.
Fig. 12(b) also evidences how the layout of the surface diffu-
sion impacts on the capacitance value at very low voltage, due
to the perimeter contribution. In diodes having a uniform sur-
face diffusion, the perimeter contribution is absent, so that the
capacitance value at low voltage is smaller than for diodes where
the surface diffusion has a strip-like geometry. This effect is en-
hanced by the rather high oxide charge density, and eventually
vanishes when lateral depletion is reached.

Dividing the diode total capacitance at full depletion by the
number of columns, capacitance values in the range from 18 to
20 fF are obtained for dtc diodes. The same values were also

Fig. 12. (a) Leakage current versus voltage, and (b) capacitance versus voltage
curves of 3-D test diodes (dtc type, i.e., with ohmic columns) from the 3-D-
DTC-1 batch.

Fig. 13. Experimental and simulated capacitance versus voltage curves of a
single column 3-D test diode (dtc type, pitch 80 m). Schematic drawings of
the structure (top view and lateral view) are shown in the insets.

confirmed by direct capacitance measurements performed on
single column test-structures (see Fig. 13).

Comparing capacitance measurements with simulations and
analytical calculations, it was also possible to estimate the depth
of the ohmic columns, adopting the two following procedures.

1) AC (small signal) simulations were performed using the
same junction column depth as extracted from stc diodes
(190 m), and the ohmic column depth as a parameter,

Authorized licensed use limited to: UNIVERSITA TRENTO. Downloaded on December 9, 2008 at 05:05 from IEEE Xplore.  Restrictions apply.
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3D silicon devices: basic features… 6 
�  Carrier velocity saturate at high field (at E~3 

102 KV/cm mobility ~ 1/E) 
�  e- saturation speed of ~100 µm/ns   
�  h saturation speed of ~80 µm/ns  

�  We expect a short collection time, so the signal 
formation to the electrodes will have fast peak 
�  ~1/4 ns for the fastest component 
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Solid State Detectors and Electronics – Sensor Physics II Helmuth Spieler

TRIUMF Summer Institute 2007 LBNL

First consider a detector operated at partial depletion b dV V> . The field

0( ) ( ) ( )e dq N
E x w x E w x

!
= " " # " (17)

The local velocity of a charge carrier 0( ) ( ) ( )v x E x E w xµ µ= = " (18)

Note that the velocity does not depend on the time during which the charge carrier is accelerated, as in
normal ballistic motion, since the charge carrier also interacts with the crystal lattice, exciting lattice
vibrations (phonons). Since the characteristic times for phonon excitation are much smaller than the
transport times, the carrier is always in equilibrium
with the lattice, so the velocity is only a function of
the electric field, at every position in the depletion
region.

In Si at 300K the mobility at low fields is 1350 cm2/
Vs for electrons and 480 cm2/ Vs for holes.

The mobility is constant up to about 104 V/cm, but
then increased phonon emission reduces the
energy going into electron motion, so the mobility
decreases. At high fields E > 105 V/cm the mobility
µ $ 1/E and carriers attain a constant drift velocity
of 107 cm/s.

(
(from Sze)3. 3D detectors state of the art before IBL 3.2. Full 3D detectors

(a) (b) (c)

Figure 3.5: Simulation results of full 3D detectors. Elementary cell of a 3D detector (a), simulated

equipotential lines for a quarter of elementary cell with bulk doping equal to 1012 cm´3 and bias voltage

equal to 5V (b) and drift lines in the same conditions (c) [63].

to the bulk, where electrical quantities are not affected by surface effects, it is possible

to perform a 2D simulation on a slice of the full structure taken from the middle of the

substrate along a plane parallel to the wafer surfaces. This will greatly reduce the number

of nodes and, as a consequence, the required computational time. To further reduce the

complexity of the simulation, device symmetry can be exploited by only simulating a

quarter of the elementary cell. Simulations of electrical quantities are typically performed

by grounding one type of electrode and by applying a reverse bias ramp to the other

electrode type. Considering an n-type silicon bulk with doping concentrations of ND=1012

and ND=1013 cm´3, full depletion voltages can be estimated to be equal to 1.6 and 8.8 V

respectively. Equipotential lines for the first case (ND=1012 cm´2 and Vbias=5 V) are

reported in Fig.3.5(b) while the drift lines for the same operating conditions are shown in

Fig.3.5(c). Despite full depletion in this conditions is already reached, low field regions

are present between electrodes of the same doping type. This is explained in detail in

Fig.3.6. The electric field distribution for the examined 2D structure can be extracted

along the desired direction for different applied reverse voltages. Between a p` and an

n` column, the field shows a large peak at the junction column (p`) and a decrease

followed by a smaller peak close to the other column (Fig.3.6(a)). The maximum field

value is equal to roughly 6ˆ104 V/cm, still considerably lower than the critical value

(„4ˆ105 V/cm), but allows for fast carrier drift times. On the other hand, along the

line connecting two n` columns, the field has a lower magnitude and an almost zero field

region is present (Fig.3.6(b)). These differences in field distribution cause the amplitude

and timing evolution of the signal to be dependent on the particle hit position. This

77
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Carrier drift simulation: a m.i.p. parallel to electrodes 
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�  Charge collected (e or h)  to the electrodes is 
proportional to the speed, and can be 
reduced by carrier trapping (τeff) 

�  λ =  τeff vd  (different for e or h)  

�  Easy calculation for “pad” like detector: unitary 
primary carrier charge created at distance x 
from collecting electrode 

�  dVw/dx = 1/L   L=IES 

�  The Signal Efficiency SE=S/Ncarrier 
A m.i.p. signal  uniformly distributed through the 
bulk   

�  e or h 3D Signal Efficiency (L < λ ) > 37 %  
�  SE~λ/L    if λ/L < 1 (i.e. for planar after radiation 

damage) 
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�  “Ramo” theorem: Signal to the electrodes is 
proportional to the speed  
�  i(t) = -q v(t) Ew 
�  Ew and Vw depends on electrodes geometry  

�  3D  like PAD diodes 
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(a) (b)

3D Devices: history 

�  1985: Proposal to drill column on a silicon wafer 
�  1997: First proposal of a 3D device 
�  1999: First fabrication of 3D device 
�  2001: First results with special edges (active) in 3D device 
�  2003: First results of irradiated 3D device 
…… 
�  2010: 3D detector become a technology for the ATLAS-IBL 

Upgrade 
…… 
�  2015 first collision tracks will be reordered by 3D detector 

After more than 10 years from the first device proposal the 3D 
devices are today a viable solution for a pixel particle 
detector  
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How to build a 3D device: Basic technology 

�  Since the proposal  ~ 5 generation of 3D devices have been 
produced. Many improvements/simplification are done and 
more silicon manufacturers are today on the game. 

�  Variety of processing methods developed  
�  The original full-3D design fabricated at Stanford [1] and in parallel at 

SINTEF in Oslo [2], with fully penetrating electrodes, has been 
complemented by a modified-3D design by FBK-Irst in Trento[3] and 
CNM in Barcelona [4] in which the electrodes do not penetrate the 
entire substrate thickness. 
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[1] C. Kenney, S. Parker, J. Segal, and C. Storment. IEEE Trans. Nucl. Sci. , VOL. 46, NO. 4, AUGUST 1999 
[2] T.E. Hansen, et al., J. Instr. 4 (2009) P03010 
[3] A. Zoboli, G.F. Dalla Betta, M. Boscardin, C. Piemonte, S. Ronchin, N. Zorzi,L. Bosisio, IEEE Trans. Nucl. Sci. NS-55 (2008) 2775 
[4] G. Pellegrini, M. Lozano, M. Ullan, R. Bates, C. Fleta, D. Pennicard, Nucl. Instr. and Meth. A 592 (2008) 38. 
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How to build a 3D device: Basic technology 

�  The fabrication of a 3D device 
implies process for etching 
narrow holes with high precision 
through the silicon bulk. 
�  First attempt was to build 3D 

diodes  by laser drilling and 
diffusion [1]. 

�  Today the technology combines 
micro-machining and standard 
Very Large Scale Integration 
(VLSI) processing 

�  Optimized solution is by using 
deep reactive ion etching 
(DRIE)[2] 

�  Exploit the high-precision 
etching techniques in silicon  
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KENNEY et al.: SILICON DETECTORS WITH ELECTRODE ARRAYS 1227

TABLE II
FABRICATION STEPS—SCHEMATIC CROSS SECTION DIAGRAMS. THE
DIAGRAMS ARE SHOWN AFTER EACH SET OF STEPS. NEITHER THE
WAFERS NOR THE STRUCTURES ARE TO SCALE. THE SUPPORT

WAFER WAS THICKER THAN THE DETECTOR WAFER, BUT WITH NO
STRUCTURES TO SHOW IT WAS MADE SMALL TO SAVE SPACE

Fig. 4. A view of part of a set of etched holes, showing the increased depth
reached by holes of larger diameters. The wafer was 540 m thick and the
etch time was 5 h. The photo-mask hole diameters from top to bottom are:
four holes at 30 m, four at 25 m, and one at 20 m.

diameter holes etch more rapidly, as is evident from Fig. 5(a).
There is also an increase in diameter, shown in Fig. 5(b), due
to imperfect sidewall protection. This is the main reason the
current depth-to-diameter ratio is limited to 11.5, as shown

(a)

(b)

(c)

Fig. 5. Plots of: (a) hole depths as a function of etching time, (b) actual hole
diameters as a function of etching time, and (c) depth as a function of actual
diameter for various hole diameters on the lithographic mask.

in Fig. 5(c). Fig. 6 shows a wafer from an initial test batch,
illuminated with light coming from a ceiling light fixture
through the holes. The bright squares on the right are high-
density arrays of holes for the p-electrodes of pixel detectors.
(This sort of view cannot be seen with wafers produced by
current methods, since the support wafer is in place before
any holes are etched.)

C. Filling the Holes
The holes were filled with polysilicon (poly) [33] so pho-

toresist could later be spun evenly over the wafer surface.

[1] J. Appl. Phys. 53, 9154 (1982); doi : 10.1063/1.330427 
Deep Reactive Ion Etching 
[2] Sensors and Actuators A 144 (2008) 109–116 doi:10.1016/j.sna.2007.12.026 
 

Rather challenging process for a  
mass production 
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3D-DTC with passing through columns: simplify process 

•  Column depth equal to the wafer 
thickness, etched from both sides 

•  Deep RIE 
•  Full double side process 

•  No support wafer 
•  Surface isolation with p-spray on 

both sides 
•  Columns (~12 µm diam.) 

•  “empty”, doped by thermal 
diffusion and passivated by SiO2 

•  Poly silicon filled  (LPVDC with SiH4) 

•  Edge protection in order to improve 
the mechanical yield 

•  Wafer deformation: critical bow for 
processing and IV performance 

•  Aspect ratio:  depth to width ratio  
•  20 
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3D columns: pictures 

Etch stop for DRIE 

≈ 12 µm 

≈ 10 µm 

≈ 234 µm
 

6 ohmic columns as shown in Fig. 2. The dead region is calculated
as the distance from the middle between the guard ring and the
nþ electrode and the middle of the dicing line.

The fabrication process of single sided 3D detectors involves
the use of non-standard steps [7] with respect to planar technol-
ogy, such as DRIE-ICP and adhesive wafer bonding (supporting
wafer). An alternative 3D architecture consists of 3D double sided
detectors proposed by Pellegrini [8] in which the 3D electrodes
are etched in both sides of the wafer without reaching the bottom
surface of the substrate, partially overlapping nþ and pþ col-
umns. 3D double sided detectors have been fabricated in Float
Zone o1004 p-type silicon from Topsil manufacturer. The
thicknesses of the wafers used for the IBL production are
230710 mm with resistivity in the range 10–30 kO cm. Boron
implantation using an ion beam is made for the p-stop insulation
of the nþ electrodes as well as for the common p-stop that
surrounds the sensitive area of the detectors. The back side of the
wafer was covered with 1 mm of aluminium (opened using the
photolithography mask for pþ holes) for protection during the
etching of the 10 mm diameter nþ holes, in an Alcatel 601E
machine using the Bosch process reaching depths of 210 mm for
the FE-I4 detectors.

Holes were partially filled depositing 1 mm of polysilicon that
is subsequently doped by boron nitride (BN) wafers and a thin
wet oxide is grown on the polysilicon inside the trench for
passivation. Holes for nþ electrodes were created on the front
side in the same way as those on the back side; however, the

phosphorous doping of polysilicon was made using POCl3 and a
1 mm layer of TEOS is deposited for passivation of the doped
polysilicon inside the holes. Next, metallization is performed
depositing 1 mm of aluminium/copper on the front side and
1.5 mm on the back side. Finally, the front side is passivated with
0.4 mm of silicon oxide plus 0.4 mm of silicon nitride for protec-
tion. The metal deposited on the back side is also patterned to
create aligner marks for mechanical mounting and then passi-
vated as well.

4. Experimental results

A shielded probe station Karl Suss PA200 was used for
electrical testing. The sample and contacting probes were placed
in a Faraday cage to provide an electrical shielding and keep them
dark. The detectors were connected to the measuring electronics
by a probe needle, contacting only the guard ring surrounding the
pixel electrodes. The chuck was used to connect the back contact
to ground. The current–voltage characteristics were obtained
with a HP4155 Semiconductor Parameter Analyzer. A thermal
chuck was used to keep a constant temperature of 20 1C.

For the IBL production IMB-CNM has produced three batches
of 24 wafers. The detectors were all characterized electrically
before they were sent to an external company for the under bump
metallization deposition and flip chip to be connected to the read
out electronics. The full depletion voltage and the wafer bow were

P-stop

13um

AlPassiv

Polysiliconn+

Fig. 3. (Left) Details of an FE-I4 pixel detector. In the magnified window it is possible to appreciate the two electrode contact holes surrounded by a p-stop ring, the metal
layer shorting them and the passivation opening for bump bonding interconnection. (Right) Cross-section of nþ columnar electrodes in p-type silicon. The image shows
the top part of the columns where the p-stops diffusion can be appreciated.

Fig. 2. Layout of the p-type FE-I4 detector (left), and design characteristics (right).

G. Pellegrini et al. / Nuclear Instruments and Methods in Physics Research A 699 (2013) 27–30 29
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Ohmic Side Junction side 

50 µm 

125 µm 

ROC die chipà  
80 x 336 pixels 
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�  Operation of 3D devices as detectors implies 
�  Bias voltage beyond full depletion 
�  Stability : I leakage  vs time 

�  A single column defect can discard a full detector for early 
breakdown 
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columns in two FBK sensors from one wafer of the qualification
batch (A09-W14) is shown in Fig. 8. The sum of the 80 columns I–
V curves gives then the total sensor I–V curve, as shown in Fig. 9
for all sensors of the considered wafer. The two sensors shown in
Fig. 8 correspond to sensors S6 and S5 in Fig. 9. The detailed
mapping performed using temporary metal probing allows one to
identify the presence of a defect in a single column of 336 pixels,
as in the case of sensor S6, to be responsible for the sensor early
breakdown. For good sensors, the leakage current at the operation
voltage is in the order of 100 nA, a factor of 10 below the
specification value. The current slope, as defined in Table 3, is in
the range from 1.22 to 1.34, well below the specification. The
breakdown voltage of about 45 V, close to the intrinsic value
measured on small area devices (3D diodes), demonstrates that
the 3 good sensors on this wafer are free from defects.

The reliability of the temporary metal technique has been
validated by comparing I–V curves measured on wafer to I–V
curves measured after bump bonding. As an example, Fig. 10
shows results relevant to four sensors from the same wafer (A09-
W14). Sensors S7 and S3, that were good at wafer level, remain so
after bump bonding, with very similar leakage current and
breakdown voltage values. Sensor S4 was bad on wafer and
remains so after bump bonding, showing early breakdown. A
peculiar behaviour was observed for sensor S5, which after bump

Fig. 7. Current versus voltage measurements of eight 3D sensors from one wafer
of the qualification batches from SINTEF (a) and SNF (b), using the temporary
metal selection method. Note that three sensors in (a) have very early breakdown
and that their curves lie on top of each other.

Fig. 8. Current versus voltage measurements of two 3D sensors (S6 (a), and S5 (b))
from one FBK wafer (A09-W14) using the temporary metal selection method. In this
method the 336 pixels of each of the 80 columns of the matrix composing the sensor
are joined together using an aluminium strip, so each I–V probes defects at column
level. This can be clearly seen for sensor S6, where one column is responsible for the
early breakdown of the sensor. This is not the case of sensor S5, where all columns are
recording similar current values and breakdown points.

Fig. 9. Current versus voltage measurements of eight sensors belonging to one
FBK wafer (A09-W14). Each curve corresponds to the sum of the 80 I–V curves of
the type shown in Fig. 8. Each measurement is recorded twice to check
reproducibility. As anticipated by results in Fig. 8, sensor S6 is a bad one, whereas
sensor S5 is a good one.

C. Da Via et al. / Nuclear Instruments and Methods in Physics Research A 694 (2012) 321–330 327
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Sintef: ATLAS IBL FBK: ATLAS IBL 

�  Process step optimization for a stable and robust technology 
�  Crucial production yield 

�  Today we have large variation : min 44 %  ….. max 88 %  
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�  3D sensors by design exploit a self-
shielding effect within a cell 

�  Best for a binary readout 
�  charge sharing between adjacent cells 

is considerably reduced as compared 
to planar sensors 

�  In 3D sensors, however, the magnetic 
and electric fields are co-planar which 
minimizes considerably the effect of the 
magnetic field. 
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of the TOT distribution of the three sensors versus tilt angle
for field off and on. At zero degree beam incident angle and for
the two 3D sensors, charge collection is maximum as charge

sharing is minimum (see Section 5). When the sensors are tilted,
charge sharing increases and a fraction of the charge is lost in
neighboring pixel cells that do not go over the electronics thre-
shold. Hence, TOT decreases. At larger angles, the threshold
effect is somewhat compensated by the longer path of particles
in the silicon bulk which produces more charge. There is an
additional effect of the Lorentz angle for the planar sensor in
the magnetic field. A TOT increase near the Lorentz angle is
visible.

As for the FBK 3D sensor (green line with circles in Fig. 10), it
should be mentioned that, due to early breakdown problems
occurring at about 10 V [4], during the beam test it was biased at
8 V, a voltage for which the substrate is not fully depleted. This
could be confirmed by TCAD simulations. Fig. 11 shows the
simulated hole density distribution along a vertical plane passing
through a read-out (nþ) column and a bias (pþ) column. As can
be seen, the region between the two electrodes is indeed
depleted, but a large portion of the substrate at the bottom of
the device is not depleted. As a result, charge collection is
expected to be rather inefficient from the non-depleted region.
This is confirmed by the plots in Fig. 12, showing the time integral
of the simulated current pulses induced by minimum ionizing
particles hitting the detector perpendicularly to the surface in
three points shown in the inset, chosen as representative of
different electric field conditions. The charge collected in 20 ns
(peaking time of FE-I3 read-out circuit) is in the range from
13 000 to 14 000 electrons, in good agreement with the values
indicated in Fig. 10.

The STA sensor was biased at 35 V and was fully depleted.

Fig. 8. Effect of magnetic field (left: no field and right: field ON) on planar (top)
and 3D (bottom) pixel sensors.
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Fig. 7. TOT distributions for tracks going inside (yellow histograms) and outside (gray histograms) the electrodes for the STA and FBK sensors, at 01 and "101, from the
EUDET data. Due to early breakdown problems, the FBK sensor was biased at a voltage not permitting full depletion of the substrate. Hence charge collection was not fully
efficient (see Section 4.4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

P. Grenier et al. / Nuclear Instruments and Methods in Physics Research A 638 (2011) 33–40 37

off and on. Systematic errors have been estimated, in a similar
way as for the efficiencies, to be of the order of 3% absolute.
Results are presented in Fig. 13.

In the absence of magnetic field charge sharing is minimal at
zero degree and has an expected symmetric shape versus tilt
angle. Overall, charge sharing is always larger for the planar
sensor compared to the 3D devices which have a similar behavior.
Charge sharing is close to 100% for absolute tilt angles larger
than 201. When subject to a magnetic field, charge sharing for the
planar sensor is minimum at a value corresponding to the Lorentz
angle. Our fitted value (!7.470.4)1 is in excellent agreement
with the ATLAS measurement (!7.670.6)1 [19] when taking into
account B-field and temperature corrections.

We will note again the negligible effect of the magnetic field
on the 3D sensors which shows similar behavior with field off
and on.

5.3. Charge sharing between neighboring cells

Charge sharing between neighboring cells is illustrated in
Figs. 14–16. Fig. 14 shows the 2D probability of charge sharing
over two neighboring cells from the EUDET data at normal
incidence. Fig. 15 shows the projection on the 50 mm direction
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Fig. 13. Overall charge sharing probability as a function of beam incident angle
with magnetic field off (top) and on (bottom).

Fig. 14. 2D probability of charge sharing between two neighboring cells for the FBK (top), STA (middle) and PLA (bottom) sensors, from the EUDET data at normal incidence.
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�  Lorentz angle carrier drift in magnetic field 
is less effective for 3D sensors 
�  The sharing probability is symmetrical 

around  the orthogonal incidence 
�  Increases crossing the 3D cell 

�  For planar sharing is minimized for track 
paths along the Lorentz angle  direction 

PLA=planar pixel 
STA=poly filled column 3D  
FBK=empty column 3D Beam test data 
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�  Tracking efficiency and resolution 
are fundamental features of pixel 
detectors.  
�  Tracking efficiency is defined as the 

probability of finding a hit close to a 
track.  
�  3D sensors are not 100 % efficient for 

normal incident tracks: the column 
volume and the “zero” field regions 
affect the efficiency 
�  Given the high aspect ratio of the 

electrodes, track length inside  
electrodes is small for inclined tracks, 
enough charge can be collected in 
the bulk region to recover efficiency. 
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Fig. 4. Schematic views of the passage charge particle: (a) with tilted beam (two sensor cells visible), normal incidence of the beam: two possible track paths are shown
(b) through the bulk and (c) through a bias electrode.

Fig. 5. Efficiency maps reconstructed from the Eudet data for the 3D sensor after proton and neutron irradiation. From top to bottom: (a) mask detail centered on one cell
and extending to half a cell in both directions; (b) 2D efficiency map at 01 for the proton irradiated sensor; (c) 1D efficiency projections of (b) along planes including the
read-out (blue curve) and bias (red curve) electrode regions at 01; (d) same as (b) at 151; (e) 2D efficiency map at 01 for the neutron irradiated sensor; (f) 1D efficiency
projections of (e) along planes including the read-out (blue curve) and bias (red curve) electrode regions at 01; (g) same as (e) at 151. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

A. Micelli et al. / Nuclear Instruments and Methods in Physics Research A 650 (2011) 150–157 153

5. Charge sharing

5.1. Introduction

Charge sharing is another important feature of pixel detectors
as it is directly related to tracking resolution and radiation

hardness. The generated signal of a track going through a sensor
can be shared between two or more cells. High charge sharing
results in better tracking resolution as the track position can be
more precisely determined. On the other hand, less signal will be
available to each of the hit pixel cells, decreasing the probability to
go above the comparator threshold and therefore being registered.

It is well known that charge collection efficiency decreases
under radiation exposure. Hence it is desirable to minimize
charge sharing for detectors running in a high radiation environ-
ment, such as ATLAS, in order to maintain high efficiency.

5.2. Overall charge sharing probability versus tilt angle

The overall charge sharing probability, defined as the ratio of
the number of tracks with more than one hit over the total
number of tracks Ntracksð41hitÞ=NtracksðallÞ, has been determined
as a function of the beam incident angle for both magnetic field
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Fig. 9. Overall efficiency as a function of the tilt angle with field off from the
EUDET data (top) and with field on from the BAT data (bottom).

Fig. 11. Simulated hole density distribution along a vertical plane passing through
a read-out (Nþ) column and a bias (Pþ) column.

Fig. 12. Time integral of the simulated current pulses induced by minimum
ionizing particles hitting the detector perpendicularly to the surface in three
points.
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values. (For interpretation of the references to color in this figure legend, the
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�  In application to experiment with solenoidal 
magnetic field the detection efficiency can be 
recovered, by track curvature:  
�  3D empty column electrodes (FBK) show  

high efficiency, greater than poly filled ones 
(STA): the  electrodes penetrate/diffuse fully 
the sensor bulk volume decreasing the 
collection volume size. 

Beam test data 
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�  Charge collection after high level of radiation damage is one of the main issues  

�  Primary charges are trapped along their drift path by bulk defects 
�  The effective trapping time teff  decreases as the radiation defect density increases 
�  λeff = Vdrift x teff  define the trapping length 
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than protons for electron collection. This is not
good news for vertex detectors at the LHC,
since the radiation environment is dominated
by charged particles close to the interaction
point. However, since the source of the differ-
ence is an impurity-related defect, it may be
possible to improve matters by defect engineer-
ing—see Section 4.

* Fig. 3 can be scaled to any fluence. At
1014 n cm!2, for protons, Leff is B1500 mm
and 500 mm for electrons and holes, respec-
tively. Roughly, the collected charge will be
pexp(!x/Leff), where x is the distance tra-
velled. By 1015 n cm!2, these numbers will be
150 and 50 mm for electrons and holes, respec-
tively. Thus, for a 300 mm detector, charge
trapping is significant at 1015 n cm!2, and
catastrophic at 1016 n cm!2. The challenge for
future R&D is to find ways around this
problem.

2.3. Signal efficiency and the weighting potential

The majority of work on understanding radia-
tion effects in silicon detectors has concentrated on
pad diodes. Real detectors are segmented and the
weighting potential is significantly different. This
has important consequences as illustrated in
Figs. 4 and 5. Fig. 4 shows the weighting potential
and signal for electrons and holes as a function of
position in a 340 mm pad detector. The signal is
calculated using Eq. (1). The collection electrode is
on the n+ contact located at x ¼ 0:034 cm. The
total signal, SignalT(x), is the sum of the electron
and hole contributions. For a minimum ionising
particle (MIP), since electrons and holes are
generated uniformly, one can define the signal
efficiency, SEMIP, as

SEMIP ¼ ð1=DÞ
Z D

0
SignalTðxÞ dx ð9Þ

where D is the total thickness.
SEMIP is one when all the electrons and holes are

collected. In a pad detector, due to the weighting
potential, electrons and holes contribute equally to
SEMIP:Moreover, the same value for SEMIP will be
obtained whether the collection electrode is on the
n+ or p+ contact.

Fig. 5 is a repetition of Fig. 4 except that the
weighting potential is for a strip detector. The
ratio of the strip spacing to detector thickness
affects the weighting potential and was chosen as
0.166. At a fluence of 1015 n cm!2, Fig. 5 clearly
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�  3D detectors should perform better compared to planar devices 
�  charge collection distance (λ) and substrate thickness (Δ) are decoupled 

�  λ can be optimized according to the radiation hardness (λ ∼ λeff) 
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� Performance compared to planar with similar IES 
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3D device performance: after irradiation …3  

�  Signal speed after irradiation (….. and also noise , capacitance ,  stability)  

�  An IR laser (1064 nm, pulse width of 0.1 ns) was used to scan the 
devices with the spot focused on the centre of the bulk silicon. 
The spot had a diameter with a FWHM equal to 7µm. 
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Figure 4. Waveforms for various positions of illumination for a bias voltage of 20V. An increase in the
time required for the peak charge shown as the position moves towards the edge of the device.

completed [11]. The bias voltage of 20V is greater than the lateral depletion of 3V, but less than
the full depletion beneath the columns of 40V.

The waveforms from which the charge collection map was created are shown in figure 4.
From these, the major peak of the signal and the majority of the charge was collected within the
first few nanoseconds but an integration time of 20 ns was required to fully collect the charge.
For longer integration times, a reflection of the signal along the cable between the amplifier and the
oscilloscope caused an erroneous result to be produced. Another aspect of the charge collection that
can be analysed with the waveforms is the rate of charge collection. When considering illumination
for positions between the columns, shown in figure 4(a), the earliest peaks and consequently the
fastest signals occur in the centre of the device, shown for waveforms collected at 140 and 170µm.
This corresponds to the area of highest field strength [11]. In the region of high collection efficiency
below the columns seen in figures 4(b) and 4(c)) the total charge collected is constant. However,
the collection of charge takes a longer time as the position of illumination moves away from the
column, as shown in the waveforms at 230µm in figure 4(b) and 80µm in figure 4(c). The columns
of each type appear to have physical differences between them. The junction columns appear to
penetrate to 170µm whereas the ohmic columns only appear to reach 135µm.

The data collected for a scan between the two column types as a function of position from the
back (0µm) to the front (245µm) side of the detectors were used to determine the charge collection
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Figure 23. Velocity profiles for various illumination positions, moving at 45◦ to the strip, for a non-irradiated
sensor, an irradiated sensor and an irradiated sensor after annealing for 20 minutes at 60◦C. The non-
irradiated sensor was biased to 80V, and the irradiated and annealed devices were biased to 100V in (a) and
400V in (b).

80 V is a great enough bias to saturate the velocity across the active region. Post-irradiation causes
this velocity to not saturate due to distortion of the electric field due to deep defects, even at a
slightly greater bias voltage. However, even a short period of annealing provides a beneficial effect
and increases the velocity closer to that of the non-irradiated device. With 400V bias for the
irradiated and annealed devices, it can be seen that the velocity of both the irradiated and annealed
detectors approaches that of the non-irradiated detector.

3 Conclusions

TCTmeasurements allow for the velocity of charge carriers within a device to be measured which a
standard integrated charge collection technique does not. This enables the magnitude of the electric
field to be mapped in a way not possible before. This is because the collected charge saturates at
full charge collection whilst the velocity continues to increase with bias voltage.

There is a clear non-uniformity of the sensors prior to irradiation. The areas of greatest carrier
velocity and charge collection matches the simulated electric field. While full lateral depletion
between the columns occurs at low bias voltages, at approximately 3V, a uniform carrier velocity
between the columns is not achieved until 5 times this value at 20V. Below 20V, the greatest
velocities of the charge carriers are adjacent to the columns. Both the drift of electrons and holes
provide equal contributions to the measured signals. The regions beneath the columns deplete at
different rates depending on the type of the column. The region underneath the p-type column
depletes with a lower bias voltage than the n-type column.

In addition, charge trapping greatly suppresses the contribution of the holes on the signal pro-
duced. This effect is most pronounced around the p-type column. There was no evidence observed
of a double-junction around the p-type column. After irradiation there is clear charge multiplication
enhancement along the line between columns with a very non-uniform velocity profile in the unit
cell of the device. This occurs at bias voltages in excess of the full depletion voltage of the device.
The annealing of the detector further enhances these trapping and charge multiplication effects.
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Figure 23. Velocity profiles for various illumination positions, moving at 45◦ to the strip, for a non-irradiated
sensor, an irradiated sensor and an irradiated sensor after annealing for 20 minutes at 60◦C. The non-
irradiated sensor was biased to 80V, and the irradiated and annealed devices were biased to 100V in (a) and
400V in (b).

80 V is a great enough bias to saturate the velocity across the active region. Post-irradiation causes
this velocity to not saturate due to distortion of the electric field due to deep defects, even at a
slightly greater bias voltage. However, even a short period of annealing provides a beneficial effect
and increases the velocity closer to that of the non-irradiated device. With 400V bias for the
irradiated and annealed devices, it can be seen that the velocity of both the irradiated and annealed
detectors approaches that of the non-irradiated detector.

3 Conclusions

TCTmeasurements allow for the velocity of charge carriers within a device to be measured which a
standard integrated charge collection technique does not. This enables the magnitude of the electric
field to be mapped in a way not possible before. This is because the collected charge saturates at
full charge collection whilst the velocity continues to increase with bias voltage.

There is a clear non-uniformity of the sensors prior to irradiation. The areas of greatest carrier
velocity and charge collection matches the simulated electric field. While full lateral depletion
between the columns occurs at low bias voltages, at approximately 3V, a uniform carrier velocity
between the columns is not achieved until 5 times this value at 20V. Below 20V, the greatest
velocities of the charge carriers are adjacent to the columns. Both the drift of electrons and holes
provide equal contributions to the measured signals. The regions beneath the columns deplete at
different rates depending on the type of the column. The region underneath the p-type column
depletes with a lower bias voltage than the n-type column.

In addition, charge trapping greatly suppresses the contribution of the holes on the signal pro-
duced. This effect is most pronounced around the p-type column. There was no evidence observed
of a double-junction around the p-type column. After irradiation there is clear charge multiplication
enhancement along the line between columns with a very non-uniform velocity profile in the unit
cell of the device. This occurs at bias voltages in excess of the full depletion voltage of the device.
The annealing of the detector further enhances these trapping and charge multiplication effects.
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(a) (b)

Figure 1. (a) Schematic of a p-type double-sided 3D detector and (b) related CV curve. The CV curve insert
shows the inter-column region depletes at 3 V while the main plot shows the under-column region depletes
at 40V [7].

equivalent neutrons/cm2. Studies were performed into the effect of varying bias voltage and also
the effect of annealing on the irradiated sample.

An IR laser (1064 nm, pulse width of 0.1 ns) was used to scan the devices with the spot focused
on the centre of the bulk silicon. The spot had a diameter with a FWHM equal to 7micrometers.
The detector itself was mounted on a copper block with a Peltier element that allowed the tem-
perature to be controlled from −20◦C to 60◦C. A Picosecond Pulse Labs Model 5531 bias-T was
used to connect the high voltage power supply. This has a bandwidth of 1MHz up to 10GHz. This
then decoupled the readout electronics from the high voltage. Eleven strips adjacent to one another
were bonded up, with the central strip connected to a wide band amplifier for readout. An oscillo-
scope then digitized and recorded the induced currents produced by the laser illumination. Scans
with a step of 2.5micrometers were performed over the surface of the device in both orthogonal
directions, illuminating either the front surface or the cut edge (perpendicular to the strips). The
data was recorded for the 10 ns before the laser pulse and the 40 ns after the laser pulse. The DAQ
was triggered on the pulse from the laser driver, for each laser pulse with the final result for any
illumination position taken as the average of many pulses. The laser pulses generated charge pairs
along the path of the beam. The total signal is therefore an integration of the device’s response
throughout its depth. Illumination of non-active areas (metallisation or columns) resulted in re-
duced signals. The metallised areas will prevent the photons from penetrating into the silicon and
producing any charge carriers. Any charge carriers produced in the electrode columns do not, or
only partly, contribute to the signal. The baseline was corrected based on normalising the 10 ns
prior to the pulse and extrapolating that to the rest of the signal. For a full description of the TCT
technology and methods, refer to reference [8].

In order to reduce the diffraction of the light and hence reduce the beam width, for the edge
illumination studies, the cut edge was polished prior to illumination. The laser beam illuminated
the cut edge perpendicular to the aluminium strips on the top surface. The readout strip was several
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�  Before irradiation 

�  Signal collection 
faster in the inter-
column position 
(y-center) 

�  After heavy  irradiation 
(5 1015 neq/cm2) 
 

�  Signal collection speed decreases 
�  Recovered after defect annealing 

�  Improved speed given the higher 
operational bias 

100V 400V 
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Examples and exercises 
�  Calculate maximum time-spread of a m.i.p. within a 3D cell 
  
�  Colum electrodes: 

�  Electrodes can be “empty”, poly-silicon or Epitaxial silicon 
filled 
�  Discuss pros and cons  

�  How much C affect collected signal? 
�  Measure column capacitance C after radiation damage 

�  Derive  the  approximate expression for 
�  Depletion voltage 

�  Signal Efficiency 
�  3D pixel efficiency vs collection distance 

�  Calculate maximal IES admissible 
�  Derive SE formula after radiation damage 
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Advances in 3D-silicon sensors 
Section II 

Advances for future radiation tolerant devices 
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3D advances for future pixels 
�  Advances in Read Out Chip (ROC in 65 nm technology)  

for hybrid pixel detectors allow the design of smaller pixel:    
�  Today : 400 X 150 µm2   ;  Future: 150 x 25 µm2 

�  thinner sensor or smaller collecting charge thickness to take 
advantage of the improved pixel spatial resolution: smaller 
cluster size per track also for large incidence angle 

�  Thinner device for a reduced material budget 
 

�  Smaller Inter Electrode Spacing for radiation hardness 
qualified for extreme radiation hardness 

� High operational voltage 
�  Today radiation tolerance of 3D detectors  

�  Φ ~ 5 1015 neq/cm2: 70 µm IES 

�  Future radiation tolerant 3D detectors 
�  Φ ~ 2 1016 neq/cm2: optimized IES < 50 µm 
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A cycle with controlled temperature and pressure allows the bumps to establish 
the electrical and mechanical connections. The resulting bump has an height of 

A custom pick-up tool for the bonding machine has been designed to match the 
larger size of the new modules. 

The tuning of the process parameters has been performed using both glass
substrates, having the same size of the dies, in order to better investigate the 
effects on bumps by simple inspection under optical microscope, and dummy 
chips. Glass substrates are also used to periodically check the flip-chip 
planarity and the alignment of the mating parts, monitoring the uniformity of the 
front-end corner bumps, which are the most sensitive to the machine settings.
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3D advances for future pixels 
�  Implications: 

�  Higher column density and bump density  
� Narrower electrodes are needed 

�  decrease geometrical inefficiency of electrodes  and lower 
capacitance (noise) 
�  Thinner substrate allow to maintain constant Aspect ratio and to 

decrease the capacitance 
�  Thin electrodes in thin substrate can be easily filled with Poly silicon , 

increasing the column efficiency 
�  More readout electrodes connected to the same ROC channel. 

�  Sensor thickness to be optimized  (depending on 
signal/threshold)  
� case 1 ~ 150 µm: feasible with “passive” sensor 
� case 2 < 100 µm: charge multiplication necessary 

�  Very slim (or active) edges for hermetic coverage 
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3D Process and Layout: DRIE and Aspect (depth/width) ratio 

�  Trend for new tracking detectors: 
�  Small pixels (50 X 125 µm2) 

�  High bump density 
�  Thinner bulk: constant Aspect ratio 

�  Under control load C 
�  Smaller Vfd  
�  Faster signals 
�  Smaller collection distances 
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3D Process and Layout: design optimization 
•  Relatively low intrinsic breakdown voltage 
 (p-spray related, well understood) 
•   Might be an issue for post irradiation performance 
•   High sensitivity to process defect (a single defect 

kills an entire sensor) 
•   High yield variability 
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Critical regions for Vbd 

Technology used at FBK for the ATLAS-IBL production 
(Presentation by M. Boscardin earlier today) 

Current 3D technology at FBK 

- Double-sided technology 
- Passing-through, empty columns 
- No support wafer 
- p-spray surface isolation at both sides 
- 200-µm wide slim-edge 
- Fabrication process easier than standard 3D 

Substrates 
- High resistivity 
- Float zone 
- 4 inches 
- 230-µm thick 

•  Simplified process seems promising: significant 
improvement on  breakdown voltage 
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3D Edge geometrical efficiency 
�  Slim and Active edges were made by 

etching a trench around the detector’s 
physical edge and then diffusing in dopant 
to make an electrode. The electric field lines, 
which are parallel to the wafer’s surface, can 
then be properly terminated at this ‘‘edge’’ 
electrode.  

�  Normally these processes require the use of a 
support wafer that provides mechanical 
strength and supports the devices during and 
after the active edge etch. The removal of 
this support takes place after a dicing etch, 
which penetrates the device wafer and 
completely surrounds each device perimeter.  
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Edgeless Sensor Fabrication  

Irina Rashevskaya        FBK-irst       -20, 2013  3 

Key steps of the Active-Edge technique 
on EPI wafer: 

Trench etching by DRIE :                   
m wide,                                       

 

Trench filling with polysilicon, to allow 
for subsequent litho steps;               
the deposited poly thickness is about 
half the trench width. 

Deep into the trench, a narrow 
unfilled gap remains, which allows 
separating the devices along the 
trench after the substrate is thinned 
down.  

A thin layer of heavily doped 
substrate is left, acting as an ohmic 
backside contact. 

If required for the bias contact, the 
device can finally be metallized on 
backside. 

Substrate  
thinning 

Device separation along the trenches 

(a thin layer of heavily doped substrate is left) 

thin n+ layer 

 
�  Some advantages of slim/active edges are: 

�  The edge leakage current, usually present after the device has been saw-cut, is 
suppressed. 

�  The dead area which would be otherwise needed for guard rings, chips and 
cracks resulting from sawing, and to control the bulge of the electric field in 
planar detectors is reduced to no more than a few microns. 

�  3D devices have a sort of “by design” protection provided by the column and 
electric field intrinsically parallel to the wafer surface 
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3D edges: Slim and Active 

�  Ohmic (p+) electrodes 
column protect the 
active area from edge 
current 
�  Minimal distance from 

active area 100-150 µm 
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Results from 3D-diodes studies (slim edge) 

M. Povoli et al, JINST 7 (2012) C01015 

Output signal with IR laser scan 

Simulated hole density 
Vrev=15V 

6 

New layout implementations 

- field plate on all devices 

M. Povoli et al, NSS/MIC 2012, Conf. Rec. paper N14-204, pp. 1334-1338 

old design 

new design 

FEI4 pixel 

- floating n-ring 

FEI4-like 3D diode 

- trench-based slim-edge 

G.-F. Dalla Betta et al, NSS/MIC 2011, Conf. Rec. paper N25-4, pp. 1334-1340 

5.3. New slim-edge implementation 5. Improving 3D technology at FBK

(a) (b) (c)

Figure 5.7: Simulated structures for the new slime-edge implementation featuring a single row of p`

trenches instead of a fence of ohmic columns. Different trench shapes where implemented: rectangular (a),

triangular (b) and round (c) [143].

(a) (b) (c)

Figure 5.8: Simulated structures for the new slime-edge implementation featuring a double row of p`

trenches instead of a fence of ohmic columns. Different trench shapes where implemented: rectangular (a),

triangular (b) and round (c) [143].

226

4 

Results from 3D-diodes studies (slim edge) 

M. Povoli et al, JINST 7 (2012) C01015 

Output signal with IR laser scan 

Simulated hole density 
Vrev=15V 

�  Trenches and implants “stop” the edge carrier far from 
active area 
�  More efficient compared to passive Slim 
�  Minimal distance from active area 40-50 µm 

Simulation 
Carrier concentration 
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3D device: thin active region 

�  Process optimization for thin sensitive volume (~150 µm) 

�  Today available thinning methods: 
�  (1) Local thinning  
�  (2) Bond wafer 
�  (3) Optimized combination of (1) and (2)    

�  Technology compatible with 3D device processing 
�  Single sided or Double sided 3D device process 
�  Produced thin devices should be robust 

�  Preferable 3D processing on thick wafer 

�  Thinning method 
�  (1) 3D Double sided process 
�  (2) 3D Single sided process 
�  (3) Robust as (2) with option of single/double sided process as (1) 
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Thin membrane

300um

Etched backside
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•  Advantages: exploit the experience 
with double-sided process, sensor bias 
from the back-side, no support wafer 
(bonding and removal),  

•  Disadvantages: mechanical fragility, 
lithography on etched regions, active 
edge not feasible   
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Sensor wafer Epi layer 

Support wafer P++ Substrate 

SiO2 

•  (1) Local thinning of sensor active 
areas with DRIE or TMAH 

•  (2) Thin active volume on top of support wafer (wafer bond), thinner with  
Epi layer 

•  Advantages: mechanical 
robustness, active edge feasible 

•  Disadvantages: support wafer 
(bonding and removal), bias from 
the front-side.  Post processing for 
back-side bias: easier with Epi layer 

•  (1) and (2) 
combined 

Schematic structureSchematic structure

5mmSOI

n-type High
Resistivity

p+ n+ n+p+ p+

10um

100um
3um

read out 
electronic

Low
Resistivityn-type300um

p d t αAl

m

n+ 

Strip configuration is ok, pixels are also possible

Giulio Pellegrini 5
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Charge multiplication for thin bulk 
�  Charge multiplication in path length λ starts 

after a critical field value 
�  e-  Vcrit > 300 KV/cm 
�  h   Vcrit > 400 KV/cm 

 N(λ) =N0 e (α λ) = g N0 

�  Near breakdown field value in silicon 300 
kV/cm only e- multiply 
�  αe ~0.7 pair/µm   
�  αh ~0.2 pair/µm 

�  Need to rise E-field as close to breakdown 
field as possible for high gain 
�  prevent instability:  

�  g ~10 for linear mode 
�  λ~ 3 µm near breakdown (collect e-) 
 

�  Charge multiplication is always beneficial 
for particle tracking? 
�  Excess of noise? 

�  ENC2 = …….. + A τ 2 Q2 F M2 Idet 

�  F=1 for M=1 and F~2 for M>>1 

Oct 5, 2013 

Charge Multiplication 

E
b

E

NgNN

he
hehe

,
,,

00

exp*

*)*exp(*)(

A. Macchiolo,16th RD50 Workshop Barcelona, Spain, May 2010 

Charge multiplication in path length  

At the breakdown field in Si of 270kV/cm: 
e  0.7 pair/µm 
h  

gain g = 33 possible in l = 5 µm. 
In the linear mode (gain ~10), consider  

   electrons only 
 

Hartmut F.-W. Sadrozinski: UFSD RD50 ABQ 2013 8 

Need to raise E-field as close to breakdown field as possible for high gain 
but not too much to prevent breakdown! 

Noise considerations for tracking applications
Detector thinning effect on threshold setting

Equivalent noise charge (ENC)

ENC2 = Aw C2

T
A1

τp
+ Af C2

T A2 + Bw A3τp

The detector current noise enters in the parallel term Bw

Bw = · · ·+ 2qFM2 Idet

[E. Gatti, P.M. Manfredi, Nuovo Cimento (1986), 9]

[V. Radeka, Ann. Rev. Nucl. Part. Sci. (1988), 38, 217]

Threshold vs. detectors thickness

• Lower threshold limit: 10ENC

• Upper threshold limit: N/6

[H. Sadrozinski, NIMA 552 (2005) 1-6]

Sensor parameters used in the calculations

• τp=20ns

• pixel size: 250×50 µm
2

• RC-CR shaping

• Idet =13nA

(estimated from TCAD, Φeq =2×10
16

, at -20
◦C)

14 / 16 Povoli et al.
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3D Charge multiplication 

�  New design of 3D devices, column:  
�  High E-field at low bias voltages: increase bulk and 

electrode doping 
�  column geometry to  decrease critical field regions 

�  Smaller radius to increase E-field 
�  Tuned shape 
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Surface isolation (2D)
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3D Charge multiplication 
� New cell design for a “tuned low gain” 
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Thin 3D detectors

Scaling of the current sensors geometry and proposed structures

Current detector geometry

• Bulk thickness (∆): 230 µm

• Inter-electrode distance (L): ∼67 µm

• Column radius: 6 µm

Sensor scaling by a factor 3

• Bulk thickness (∆): ∼70 µm

• Inter-electrode distance (L): ∼15-20µm

• Column radius: 2 µm

NOTE: lower thickness should ease etching and filling of the

columnar electrodes

Proposed structures

• Both columnar and trench electrodes

• 20×20 µm
2

elementary cell

• Slight increase in bulk doping (10
13

cm
−3

) to

obtain higher fields at lower voltages

Open questions

• Surface isolation methods?

• Electrode efficiency?

• How controllable is CM in these structures?

5 / 16 Povoli et al.

Simulation results
Charge multiplication simulations (PRE-irradiation)

Simplified structure

Simplified structure

• 1 µm slice extracted

from the middle of the

column

• MIP crossing the

device at different

coordinates

• Results for hit point in

the center of the

structure are here

reported
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Simulated gains vs. bias

• All structures show CM at voltages

lower than 200 V

• Onset of CM ranges between ∼60

and ∼130 V

• Moderate gains (∼7)

• Structures with trench electrodes

can be operated at lower voltages

Signal evolution (1N-1P)
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Signal evolution vs. time

• Excellent rising times (∼50 ps)

• Main peak due to electrons

• At 130 V a secondary peak appears

at 175 ps

• Due to CM effects...

...see next slide!
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Simulation results
Carrier movement during charge collection (45ps and 175ps)

time = 45 ps (TOP IMAGES)

• Large concentration of both

electrons and holes close to

the electrodes

• Electrons are present close
to the p+ column (due to
impact ionization)

• Holes are present close to
the n+ column (due to
impact ionization)

time = 175 ps (BOTTOM IMAGES)

• Electrons are almost

completely collected

• Holes are being collected at

this instant
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�  Time evolution of multiplied signal : m.i.p. going through the cell center 
�  (a) e-  and (b) h  45 ns after the m.i.p. event;    (c) e- and (d) h 175 ns after the 

m.i.p. event  

(a) (b) (c) (d) 

Vbias 130 V 



Advances in 3D-silicon sensors 

Siena 

3D Charge multiplication: 4D Ultra-Fast Silicon detectors  

�  Exploiting the 3D charge multiplication R&D  
�  Add a new functionality to 3D devices:  

�  Integrate to the optimal spatial resolution of Pixel detectors the 4th 
coordinate, namely “time” T 
�  Goal is to design devices with T resolution in the range of  a few tens of 

ps 

�  Simulation results support the   
feasibility of 3D-4D devices 

�  Intrinsically fast 3D detectors with optimized  
time resolution 

�  Rise time of the faster signal < 50 ps. 

�  In order to be “time tagger” a device should  
�  Collect the faster carrier 
�  Have short charge collection distance 
�  Optimized E-field 
�  Maintain signal efficiency 

�  Novel R&D on going for Planar and 3D devices 
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Simulation results
Charge multiplication simulations (PRE-irradiation)

Simplified structure

Simplified structure

• 1 µm slice extracted

from the middle of the

column

• MIP crossing the

device at different

coordinates

• Results for hit point in

the center of the

structure are here

reported
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Signal evolution vs. time

• Excellent rising times (∼50 ps)

• Main peak due to electrons

• At 130 V a secondary peak appears

at 175 ps

• Due to CM effects...

...see next slide!
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Examples and exercises 

� Seems that increasing electrode density is a 
beneficial strategy.  
�  Discuss if for a hybrid pixel 3D detector with pitch 

size smaller than ROC size, more readout electrodes  
per pixel, could  be  drawbacks. 

� Design the geometry of a 4D pixel detector 
�  Compare Planar with 3D design 

� Consider: bulk thickness, load C, signal size and “real” 
signal threshold, S/N,  safe multiplication gain, 
collection time, ……    
�  Compare performance for the two solutions 
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THE END 
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Suggested Papers and Books 

�  S. M. Sze: Semiconductor Devices, Physics and 
Technology, Wiley 1985 

�  R. S. Muller, T. I. Kamins: Device Electronics for 
Integrated Circuits, John Wiley & Sons 2003 

�  H. Spieler: Semiconductor Detector Systems, Oxford 
University Press, 2005 
�  Spieler ha anche molti tutorials utilissimi 

� http://www-physics.lbl.gov/~spieler/ 

�  Rossi, Fischer, Rohe, Wermes: Pixel Detectors: from 
Fundamentals to Applications, Springer 2006 

�  G.Lutz : Semiconductor radiation detectors, Device 
Physics, Springer 1999 
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Papers & PhD thesis & Workshops 
�  IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 5, OCTOBER 2008, 2775 
�  Nuclear Instruments and Methods in Physics Research A 587 (2008) 243–249 
�  Nuclear Instruments and Methods in Physics Research A 694 (2012) 321–330 
�  IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 48, NO. 5, OCTOBER 2001 
�  Nuclear Instruments and Methods in Physics Research A 501 (2003) 138–145 
�  Nuclear Instruments and Methods in Physics Research A 509 (2003) 86–91 
�  Nuclear Instruments and Methods in Physics Research A 560 (2006) 127–130 
�  Nuclear Instruments and Methods in Physics Research A 650 (2011) 150–157 
�  Nuclear Instruments and Methods in Physics Research A 549 (2005) 122–125 
�  Nuclear Instruments and Methods in Physics Research A 638 (2011) 33–40 
�  Nuclear Instruments and Methods in Physics Research A 659 (2011) 272–281 
�  2009 JINST 4 P03010 (http://iopscience.iop.org/1748-0221/4/03/P03010) 
�  Nuclear Instruments and Methods in Physics Research A 579 (2007) 642–647 

�  Link to interesting workshops 
�  http://rd50.web.cern.ch/rd50/ 
�  http://tredi2013.fbk.eu/  

�  PhD thesis 
�  Angela Kok, BRUNEL UNIVERSITY 
�  M. Povoli,  DISI - University of Trento 
�  G. Douglas Stewart, University of Glasgow 
�  D. Bassignana, Universidad Autonoma de Barcelona 
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� Column capacitance 
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Thickness     BackPlane Capacitance Signal Coll. Time
[um] Pixels  [fF] Strips  [pF/mm] [# of e-] [ps] for 2000 e for 12000 e

1 250 5.0 35 13 57 343
2 125 2.5 80 25 25 149
5 50 1.0 235 63 8.5 51
10 25 0.50 523 125 3.8 23
20 13 0.25 1149 250 1.7 10.4

100 3 0.05 6954 1250 0.29 1.7
300 1 0.02 23334 3750 0.09 0.5

Gain required

Can 4D-UFSD work? Correct Collected Charge 

Viable sensor thickness 2 µm  10 µm (i.e. 20-100ps)  

Needed Gain: Pixels 4  25, Strips (1 mm) 20- 150  

  SiPM) 

Realistic  
gain & cap 

Good time  
resolution 

Hartmut F.-W. Sadrozinski: UFSD RD50 ABQ 2013 6 

For pixel  thickness > 5 um, Capacitance to the backplane  Cb < Cint (200 fF) 

For pixel thickness = 2 um, Cb ~ ! of Cint, and we might need bipolar (SiGe)? 

Collection time = thickness/vsat (vsat = 80 m/ns) (holes) 

Note: CNM (Barcelona) is routinely producing 10 µm thick sensors.  
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RD50-22, UNM                          V. Fadeyev, Update on SCP Slim Edges 

Method -- SCP Treatment 

Cleaving Passivation 

finished die 

Scribing  

finished die finished die 
with slim edge 

 Diamond stylus 
 Laser 
 XeF2 Etch 
 DRIE Etch 

 Tweezers (manual) 
 Loomis Industries, 

LSD-100 
 Dynatex, GTS-150 

 

Native Oxide 
+ Radiation 

or: 
N-type              P-type 
 

 Native SiO2  
  + UV light  
  or high T 

 PECVD SiO2 
 PECVD Si3N4 
 ALD  

  of SiO2 and Al2O3 
 

All Treatment is post-processing & low-temp 
(Etch-scribing can be done during fabrication) 
 
Basic requirement: 100 wafers (for rectangular 
side cleaving) with reasonably good alignment 
between sensor and lattice. 

3 

 ALD  
 of Al2O3 

� dc 

Oct 5, 2013 

Edgeless Sensor Fabrication  

Irina Rashevskaya        FBK-irst       -20, 2013  3 

Key steps of the Active-Edge technique 
on EPI wafer: 

Trench etching by DRIE :                   
m wide,                                       

 

Trench filling with polysilicon, to allow 
for subsequent litho steps;               
the deposited poly thickness is about 
half the trench width. 

Deep into the trench, a narrow 
unfilled gap remains, which allows 
separating the devices along the 
trench after the substrate is thinned 
down.  

A thin layer of heavily doped 
substrate is left, acting as an ohmic 
backside contact. 

If required for the bias contact, the 
device can finally be metallized on 
backside. 

Substrate  
thinning 

Device separation along the trenches 

(a thin layer of heavily doped substrate is left) 

thin n+ layer 

Edgeless Sensor Fabrication  

Irina Rashevskaya        FBK-irst       -20, 2013  3 

Key steps of the Active-Edge technique 
on EPI wafer: 

Trench etching by DRIE :                   
m wide,                                       

 

Trench filling with polysilicon, to allow 
for subsequent litho steps;               
the deposited poly thickness is about 
half the trench width. 

Deep into the trench, a narrow 
unfilled gap remains, which allows 
separating the devices along the 
trench after the substrate is thinned 
down.  

A thin layer of heavily doped 
substrate is left, acting as an ohmic 
backside contact. 

If required for the bias contact, the 
device can finally be metallized on 
backside. 

Substrate  
thinning 

Device separation along the trenches 

(a thin layer of heavily doped substrate is left) 

thin n+ layer 

RD50-22, UNM                          V. Fadeyev, Update on SCP Slim Edges 

Method -- SCP Treatment 

Cleaving Passivation 

finished die 

Scribing  

finished die finished die 
with slim edge 

 Diamond stylus 
 Laser 
 XeF2 Etch 
 DRIE Etch 

 Tweezers (manual) 
 Loomis Industries, 

LSD-100 
 Dynatex, GTS-150 

 

Native Oxide 
+ Radiation 

or: 
N-type              P-type 
 

 Native SiO2  
  + UV light  
  or high T 

 PECVD SiO2 
 PECVD Si3N4 
 ALD  

  of SiO2 and Al2O3 
 

All Treatment is post-processing & low-temp 
(Etch-scribing can be done during fabrication) 
 
Basic requirement: 100 wafers (for rectangular 
side cleaving) with reasonably good alignment 
between sensor and lattice. 

3 

 ALD  
 of Al2O3 
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3D fabrication processes 

Oct 5, 2013 49 

3.3. Description of alternative approaches to 3D technology 3. 3D detectors state of the art before IBL

(a) (b) (c)

(d) (e) (f)

Figure 3.14: Schematic representations of all the proposed approaches to the 3D technology: the original

architecture (a) is compared with: Single Type Column implementations from FBK/VTT (b) and BNL

(c), Double Sided Double Type Columns from FBK (d) and from CNM (e) and finally the single sided

double type column from BNL (e).

particles and feature rather large low field regions, in which free carriers must move by

diffusion, thus strongly limiting the sensor performance. They were, in fact, extensively

tested in laboratories and beam tests, finally proving to be not sufficiently radiation hard

to be used at the fluences expected in sLHC experiments [84]. A similar STC approach

was also proposed by Brookhaven National Laboratories (BNL), Upton, New York, USA

[83] in collaboration with Centro Nacional de Microelectrónica (CNM), Barcelona, Spain

(see Fig.3.14(c)). The main difference of this technology with respect to FBK’s and VTT’s,

is in the fact that the planar electrode is realized and patterned on the front side, allowing

to implement the so called "stripixel" configuration [83]. Mainly simulation results are

available on this technology and only a few preliminary leakage current measurements.

The natural evolution of the STC technology is the realization of 3D silicon detectors

with columnar electrodes of both doping type. This technology is known as Double-sided

Double Type Column (DDTC) and was independently proposed by FBK [85] (sketched

in Fig.3.14(d)), and Centro Nacional de Microelectrónica (CNM), Barcelona, Spain [86]

in collaboration with the Univeristy of Glasgow (sketched in Fig.3.14(e)). These new

devices feature not passing-through, empty electrodes of both doping type, etched from

opposite sides of the wafer, junction columns from the front side and ohmic columns from

the back side. This technology is relatively more complicated than STC but still much

86
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5 

New technology 

- partially etched junction columns; 
- passing-through ohmic columns for 

effective slim edges 
- reduction of back-side masks; 
- process simplification. 

optimization of the DRIE step to 
accurately control columns depth 

breakdown simulation: 
20 to 100V improvement 
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A. Micelli Trento, Feb 19 20133

• Main 3D-CNM features:
- Double-side Double Type Columns (DDTC) process
- no supporting wafer  
- isolation: p-stop
- sensor thickness 230 µm 
- no full 3D: columns deepness 210 µm
- column diameter 10 µm
- columns filled with polysilicon 
- 3D guard ring + fences (200 µm):
- Front End: FE-I4 readout chip
- More Radiation Hardness: needs ~150V vs 1000V 
(planar) to achieve hit efficiency >98% (5!1015neq/cm2)200 µm

3D guard ring

p+ implant (fences)

Probe for quality assurance

n+ electrode (readout)
basic cell - 2E

3D IBL Production

FE-I3

FE-I4
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Red open markers  calculated 
Black solid markers - measured  for M 1, !"#$$for %&#$

 

 

 ns 

=2300 e  series noise  

MI ~ MQ 

 Good agreement between measured and calculated noise. 

 

noise due to generation 
current without amplification  
short noise (CR-RC shaping)  

 

Calculation of the noise 
MQ ~5 at 
230 V 

MQ ~1.6 at 
1000 V 

04/06/2013 G. Kramberger, Studies of CNM diodes with gain, 22nd RD50 Workshop, Albaquerque-NM, June 2013 !"#
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Introduction
Mask set

Technological simulation
Electrical simulation for FZ

Conclusions

Motivation
1. Thin p-type epitaxial substrates
2. Low gain avalanche detectors

2. Low gain avalanche detectors (LGAD)

Creating a n++/p+/p- junction along the centre of the
electrodes. Under reverse bias conditions, a high electric field
region is created at this localised region, which can lead to a
multiplication mechanism2.

2P. Fernandez et al, “Simulation of new p-type strip detectors with trench to
enhance the charge multiplication effect in the n-type electrodes”, Nuclear
Instruments and Methods in Physics Research A658 (2011) 98–102.

8 / 29
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Optimize edge protection 

Mechanical fragility of wafers manly due to a cracks on the wafer edge caused by D-RIE 
etch step: 

ü  Need a special edge protection during DRIE etching (electrostatic clamping) to 
prevent the creation of cracks that could cause the breakage during the processing. 
ü  Need a special care during processing 

Mechanical yield with the optimized edge 
protection: 

  
initial 

wafers 
broken 
wafers 

mechanical 
yield (%) 

3D ATLAS 10 25 5 80% 
3D ATLAS 11 25 3 88% 
3D ATLAS 12 23 6 74% 
3D ATLAS 13 20 8 60% 

Oct 5, 2013 59 
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course much higher after bump bonding, since the depleted
volume contributing to the leakage is now much larger. On the
contrary, the breakdown voltage is found to increase after the
bump bonding, sometimes by a large extent. This is thought to be
due to the beneficial release of mechanical stress after wafer
dicing. Apart from these quantitative discrepancies, the guard
ring method was confirmed to be very reliable in identifying bad
sensors, and all the sensors selected based on the guard ring
current in the qualification batch exhibited good characteristics
even after bump bonding.

The quality of CNM sensors from the first production batches
(CNM1 and CNM2) was even better than for the qualification
batch, showing excellent electrical properties and uniformity. As
an example, Fig. 13 shows the guard ring current curves for all
sensors from one wafer (CNM_5737_7). Leakage currents are
lower than the specification values defined in Table 3, and
breakdown voltages are higher than 65 V, which is well above
the specification. The slope of the I–V curves at the operation
voltage ranges from 1.07 to 1.13, which is well within the
requested values.

Since the IBL represents the first project calling for a medium
volume production of 3D sensors, fabrication yield was a major
concern. Results from the first four batches of FBK and CNM are
satisfactory, considering the complexity of the 3D technology and
the large size of the sensors. Despite a major problem with the
second FBK batch, denoted as FBK2, both foundries reached a
good yield, as indicated in Table 4. The average yield on selected
wafers was 62% and the number of good sensors (243) available
from the first four batches is higher than the total number of
sensors (224) required for the mixed planar-3D (75%!25%)
scenario which is the current IBL baseline option.

7. Conclusions

We have reported the main design/technological issues and
quality assurance procedures for the 3D pixel sensors for the
ATLAS IBL project. In order to accelerate the transition from an
R&D phase to the first production ever required for these sensors,
we have adopted a non-conventional model which included a
collaborative effort between all foundries. A common wafer
layout with 8 sensors compatible with the new FE-I4 read-out
chip was designed, aiming at achieving full mechanical compat-
ibility and equivalent functional performance of the 3D sensors to
be produced, while maintaining the specific flavours of the
different technologies. We identified suitable solutions for sensor
edge termination (active edges vs. slim edges), substrate bias pads
(front-side vs. back-side), and on-wafer electrical tests (tempor-
ary test metal vs. guard ring). Qualification batches were fabri-
cated at all processing facilities with encouraging results. Due to
the anticipated installation date of the IBL, the production was
assigned to FBK and CNM since their simpler technology allowed
a shorter delivery time which could more safely meet the
schedule. The electrical characteristics of sensors from the first
production batches are compatible with the IBL specifications,
with an overall yield higher than 60%, satisfactory for the complex
fabrication technology of 3D and considering the large size of the
sensors. Measurements on bump bonded assemblies also con-
firmed that the techniques used for on-wafer tests are reliable in
discriminating the quality of the sensors. The production pro-
ceeded smoothly during 2011: the number of sensors (224)
required for the mixed planar-3D (75%!25%) scenario currently
representing the IBL baseline option is already available and the
spare production will be completed by April 2012. These accom-
plishments are an important milestone in the history of 3D sensor
technology, and demonstrate the impressive progress that has
been achieved in the past few years, with major benefits to come
for the pixel detector upgrades at the Large Hadron Collider.
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Fig. 13. Guard ring current versus voltage curves measured on wafer on all
sensors from one wafer of the first production batch at CNM (CNM_5737_7).

Table 4
Summary of the yield on selected wafers from the first productions batches.

Batch Total wafers Total sensors Good sensors Yield (%)

FBK-A10 12 96 58 60.4
FBK-A11(n) 4 32 14 43.7
CNM1 18 144 86 59.7
CNM2 15 120 85 70.8
Total 49 392 243 62.0

n Due to a major problem in the clean-room, a large number of wafers from
the FBK-A11 batch could not be properly completed. An additional batch has been
started for spares.
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Wafer bowing: leakage current  
The wafer bowing strongly influences the leakage current. 
 
With the optimized edge protection it is reduced of one order of 
magnitude. 

Leakage current on planar test diodes (4mm2) 

Old edge protection Optimized edge protection 
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Wafer bowing: Column alignment 

old edge 
protection 

 misalignment of a 
several μm  

left side center right side 

optimized edge 
protection layer   

Misalignment < 5µm  
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�   As can be seen in Fig.3, interpixel capacitance (i.e. the capacitance between the junction 
(n) columns of the adjacent pixels) is negligible, because of the shielding action of the 
ohmic-p-columns. On the other hand, the backside capacitance (i.e. the capacitance 
between the n-columns of a single pixel and all the p-columns of the sensor) is dominant 
and significantly increases as the number of columns is increased, resulting in higher noise.  

�  On the other hand, a larger number of columns corresponds to lower distance between the 
columns, so that it is easier to counteract trapping effects and to improve the charge 
collection efficiency. 
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Fig.3 Simulated contributions to the total pixel capacitance of the backside and the interpixel 
capacitances for 4 types of proposed ATLAS FE-I3 pixels: 2E, 3E, 4E and 7E, having 2, 3, 4 
and 7 junction (n) columns per pixel respectively. 

 
With a similar approach, we simulated the pixel capacitance of FBK 3D-DDTC sensors 

as a function of the number of junction (n) columns per pixel [14], and the results were found to 
be in very good agreement with those of [17]. As can be seen in Fig.3, interpixel capacitance 
(i.e. the capacitance between the junction (n) columns of the adjacent pixels) is negligible, 
because of the shielding action of the ohmic-p-columns. On the other hand, the backside 
capacitance (i.e. the capacitance between the n-columns of a single pixel and all the p-columns 
of the sensor) is dominant and significantly increases as the number of columns is increased, 
resulting in higher noise. On the other hand, a larger number of columns corresponds to lower 
distance between the columns, so that it is easier to counteract trapping effects and to improve 
the charge collection efficiency. In this respect, 3,4 n-columns per pixel are a good 
capacitance/charge-collection-efficiency trade-off (indeed 3D-DDTC sensors with these pixel 
type have been widely used in test beams [20]). 

Recently, FBK started an R&D aimed at the fabrication of 3D sensors to be bump 
bonded to the FE-I4 chip for the ATLAS IBL. The technology chosen features full passing, 
Double-sided Double-Type Columns (Modified DDTC, see Fig.1(c)) [21]. IBL dictates an 
inactive area not exceeding 225 m at the sensor edge. This spec can be met by implementing 
an active edge, as already proposed by Parker [22][23]. The main drawback is that it requires a 
support wafer (making it incompatible with a double-side process), which is not easy to remove, 
expensive and thus not advisable for a mass production. As an alternative, a border region 
featuring multiple rows of ohmic (p) columns was developed. Simulations, later confirmed by 
measurements [24], showed how the depletion region, extending from the outermost junction n 

 columns, stops at the first p-column row, allowing a very short safe distance (order of 100 
m) between active area and scribe line. The possibility to implement slim edges comes out to 

be another strong motivation to prefer 3D to planar sensors. 
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