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CERN'S missionigtesbuild particle accelerators

The Large Hadron Collider (LHC) will be the most
powerful instrument ever built to investigate particles
properties.

e Four gigantic
underground caverns to

host the huge detectors

S _ | L e The highest energy of any
—gPoint 8 iy s -
R accelerator in the world

e The most intense beams
of colliding particles

e It will operate at a
temperature colder than

outer space




The ATLAS
Collaboration

36 Countries
165 Institutions
2000 Scientific Authors
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ATLAS superimposed to
the 5 floors of building 40

Diameter 25m
Barrel toroid length 26m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons



|

|




Inner silicon tracker




Gilicon as material for Trackers!
Actual situation
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Detector surface
Globally stays constant
Pixel area goes up
significantly

Cell size goes down significantly

Detector Strip length

[cm]

Strip length
[cm]

pixel size pixel size
[wm?] [wm?]

ILD ATLAS 50x400 25x100 (50x50)
pixel
SlD CMS pixel  150x100 50x50 (25x100)
VELO 1to7 cm 55x55
ALICE 50X425 28x28
CMS strips 9.8M 42M + 172M
CMS Pixels 127M 2GP
ATLAS strips  6.3M 60M
ILC ATLAS pixels  92M 5GP
VELO 171k 41M
200 ALICE 12.5M 12.5G



What is measured

* Measure space points

 Deduce
 Vertex location
* Decay lengths

* Impact parameters
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Signature of Heavy Flavours

Stable particles 1 >10°s Ct

n 2.66km
i 658m
Very long lived particles t©>1010s

m, K% K© 2.6 x 108 7.8m
K0, E*, A° 2.6 x 1010 7.9cm
Long lived particles 1>1018s

T 0.3 x 1012 91lum
BL, B, A, 1.2 x 1012 350pum
Short lived particles

0, n° 8.4 x 1017 0.025um
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Decay lengths

o o @ Secondary vertex
rimary vertex
L=p/mcrt

* By measuring the decay length, L, and the
momentum, p, the lifetime of the particle can
be determined

* Need accuracy on both production and decay
point
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Impact parameter (b)

b = distance of closest
approach of a
reconstructed track
to the true interaction point

beam
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Impact parameter

 Error in impact parameter for 2 precision
measurements at R; and R, measured in two
detector planes:

a=f(R; & R,) function of intrinsic resolution of
vertex detector

b due to multiple scattering in detector

¢ due to detector alignment and stability

14



Impact parameter

* o, = f( vertex layers, distance from main vertex, spatial resolution of each
detector, material before precision measurement, alignment, stability )

* Requirements for best measurement

Close as possible to interaction point

Maximum lever arm R, - R,

Maximum number of space points

High spatial resolution

Smallest amount of material between interaction point and 1% layer

Good stability and alignment - continuously measured and correct for

100% detection efficiency

Fast readout to reduce pile up in high flux environments
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Basic considerations

Gilicon Pixel detectors




Why Silicon?

» Semiconductor with moderate bandgap (1.12 eV)

> Energy to create electron/hole pair (signal guanta) = 3.6 eV
e (c.f. Argon gas = 15 eV)

8711 T '_ T

e high carrier yield 'El §
e better energy resolution and high signal 5l "““““Fi/ | &
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Energy bands: isolator - semiconductor - metal

In an isolated atom the electrons have only discrete energy levels. In solid state
material the atomic levels merge to energy bands. In metals the conduction and
the valence band overlap, whereas in isolators and semiconductors these levels

are separated by an energy gap (band gap). In isolators this gap is large.

A
ey M ... occupied levels .. empty levels

conductign band - single empty levels (electron)

@i single occupied levels (holes)

empty -
fermi conduction band cgngucltlo.n Ea'ld
ener
9y Egap >5eV conduction COFEUEiOﬂ b_and

— — — — — — — —

R [

electron energy

occupied
valence band

valence band

occupied Metal Metal
valence band (conduction (partly
Semiconductor Semiconductor band partly overlapping

Isolator atT=0K at7T>0K occupied) bands)
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Comparison of different semiconductor materials

14 32 31433 31415 48+52 6 £
28.086 7261 | 69.72474.92 | 69.72+430.97 | 112.4+127.6 | 12.011 g
5.431 5.646 5.653 5.451 6.482 3567 | B
2328 5.326 5.32 413 5.86 3.52 E
1.11 0.66 1.42 2.26 1.44 5.47-5.6 %j‘
117 0.74 1.52 234 1,56 ~ 2
1.9 16.0 12.8 111 10.9 5.7
1415 938 1237 1477 1040 3527
0.98,0.19 | 1.64,0.08 0.067 0.82 0.11 0.2
0.16 0.044 0.082 0.14 0.35 0.25

Source: hitp://www.loffe.rssi.ru/SVA/NSM/Semicond/ ; S.M.Sze, Physics of Semicon. Devices , J. Wiley & Sons, 1981,
J. Singh, Electronic & Optoelectronic Properties of Semiconductor Structures, Cambridge University Press, 2003
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3-10% 1-10" 47107 210" = 1020
1-10% 6 - 1018 7-1018 2-101° =10m
~1450 3900 8500 < 300 1050 1800
~450 1900 400 <150 100 1200
145-10" [ 2.4-10™ 2106 2 =10%
2.3-10° 47 =108 = 109 > 1042
3-10° =10° 4-10° =100 3-107
3.62 2.9 42 =7 443 13.25

Source: hitp://vwww.ioffe.rssi.ru/SVA/NSM/Semicond/ ; S.M.Sze, Physics of Semicon. Devices , J. Wiley & Sons, 1981,
rrencr SRRSO RPIR A TIRn PR s S Reia ey Structures, Caméridge University Press, 2003

Comparison of different semiconductor materials

*usually considered an isolator
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Doping intrinsic silicon

A pn junction consists of n and p doped substrates:

« Doping is the replacement of a small number of atoms in the lattice by
atoms of neighboring columns from the periodic table

» These doping atoms create energy levels within the band gap and therefore
alter the conductivity.

Definitions:
» An un-doped semiconductor is called an intrinsic semiconductor
 For each conduction electron exists the corresponding hole.

« A doped semiconductor is called an extrinsic semiconductor.
« Extrinsic semiconductors have a abundance of electrons or holes.

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging
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- In a semi-conductor the electric current is vehiculed by
two types of carriers: electrons (negative carriers) and
holes (positive carriers).
- N Doping: excess
semiconductor.

- P doping : excess of holes (deficit of electrons) in the
semiconductor.

of electron carriers in the

Hole in the Boron atom

P doping

Boron doping
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Operation of a pn-junction with forward bias

Applying an external voltage V with the anode to p and the
cathode to n, e- and holes are refilled to the depletion
zone. The depletion zone becomes narrower (forward
biasing)

Consequences:

» The potential barrier becomes smaller by eV

« Diffusion across the junction becomes easier

« The current across the junction increases significantly.
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Operation a pn-junction with reverse bias

Applying an external voltage V with the cathode to p and the
anode to n e~ and holes are pulled out of the depletion zone.
The depletion zone becomes larger (reverse biasing).

Conseqguences:

» The potential barrier becomes higher by eV

 Diffusion across the junction is suppressed.

e The current across the junction is very small (“leakage
current”)

» This is the way we operate our semiconductor detector!

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging 24



Drift velocity and mobility

DIl H ey v = —u E and for holes: | Vp = —ipE

for electrons:

Mobility _e'T, n = € T

for electrons: Hn = m, and for holes: P my,

10x108 —
Va=pné e ... electron charge
- "\ " _~" | ELECTRONS 9
é 8 N / E ... external electric field
2 ,’ s ‘_4 m,, m, ... effective mass of e-and holes
z© / vy« o€ /..—---"‘” 7,7, ... mean free time between collisions
§ . :’ g A HOLES for e- and holes (carrier lifetime)
w
g // // /
n //
g 2 7 .
o Si
V (300K)
0 4
0 1 2 3 4x10
£(v/cm) Source: S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985
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Width of the depletion zone

Effective doping concentration in typical silicon detector with p*-n junction

« N, =10 cm=3in p* region T —
N, =102 cm?3inn bulk . =

without external voltage:

wp - (2)502 i Ny = 1012 om-3

p =23 um

Applying a reverse bias voltage of 100 V-

W, =0.4 um
W, =363 um

p*n junction

Width of depletion zone in n bulk:

... External voltage

... specific resistivity

.. mobility of majority charge carriers
.. effective doping concentration

: . 1
W =~ Nf280£ryp’\/‘ with p = euN_,

Z2F T <
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Resistivity

Specific resistivity is a measure of silicon purity

1 n.,n, ... Charge carrier density for electrons and holes

P = Ly, 1y ... Mobility for electrons and holes
e(z”nne +1”pnh) P

e ... elementary charge

Carrier mobilities: u,(Si, 300K) = 450 cm?/Vs
1(Si, 300K) = 1450 cm?/Vs

The charge carrier concentration in pure silicon (i.e. intrinsic Si) for T = 300 K is:
n,=n,~ 14510 cm=3

This yields an intrinsic resistivity of:
p =~ 230 kQQcm

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging 28



Potential and field inside the junction

» Solving the Poisson equation for an abrupt p-n junction diode

Poisson equation ' n
— . i depleted
ﬂ p(x)=e-N_ = const l e I
¢(Y) — Ne — electric field strength linear
e N, function of depth
E(w)=0 w ¥ — depleted zone growing in
depth proportional to sqrt(V)
-N,

Electric field strength

e N "
E(x)=-——L(w-1) B Ny
£ Emax == It
-E,_| £
ﬂ d(w)=0 o4

Electrostatic potential w 2. ¢
w= ((-7)

H\ r

E'Ngf

e Ny 1 i
p(x) =——L - (w=x)’ .,
£ 2 Depletion depth w e




Depletion voltage and sensitive volume

* Below depletion (V<Vg)
— Depletion zone x, growing with W« NiZ particle
— Only charge generated inside depleted (mip)
volume will be detected

— Charge generated in ‘neutral zone’
(field free zone) will recombine

* Depletion Voltage Vg,
— Sensor depleted of free charge carriers
— Electric field throughout complete device particle
— Complete sensor volume sensitive (active) (mllf’}___

— Example:
+ d=300um
* Ngy =[P]=1.5x101? cm™3
(p =~ 3kQcm) depletion voltage V detector thickness d

dep
. Vdep::'100V \‘*-. . 2
V, =——.|N ‘-d
dep ’ eff
.6‘ }
/

* Full charge collection only for (V>V )

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging effective space charge density N 31



Depletion voltage determination

Q " Full Depletion Voltage Vip”

= Definition
= For a semiconductor detector to operate, it is necessary

to create a carrier depletion layer in the pn-junction area.

= The potential where this condition is reached is the “ Full Depletion - Distinet kink T
\oltage “ (Vgp). ISTINCT Kin

= Determination of Vg from CV curves

1x1710
The evaluation of V, can be performed by the double

linear fit of the logarithm of the capacitance versus the
logarithm of the voltage (CV method).

C (Flem?)

The frequency is generally taken around 1-10 kHz. I

Lol Ll L1 11l
1 10 1100 1000

Reverse bias (V)
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Design considerations

" The Key Parameters "

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging
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Micro-strip Silicon Detectors

Highly segmented silicon detectors have been used in Particle Physics

experiments for nearly 30 years. They are favourite choice for Tracker and
Vertex detectors
(high resolution, speed, low mass, relatively low cost)

Pitch ~ 50um

I

Main application: detect the passage of ionizing radiation with
high spatial resolution and good efficiency.
Segmentation — position

Resolution ~ 5um "



Silicon pixel sensor principle

« Operation
e Multi-PN diode in reverse bias Aluminum contact

» Depletion layer start from junction
« Particle ionises Si, producing e/h pairs

Sensor pixels

« e/h pairs drift in E-Field to electrodes

Solder bump flip
chip

) P rO pe rti e S interconnections &=

Thickness from 50 to 300 um T
=> signal 24000 e/h pairs (80 e/ pum) bae
High segmentation required

Generic pixel detector

Advantage of using silicon

“. Charged

. particle

num (ohmic contact)

Electrons
High-resistivity
n-type silicon

Charged
1 particle

Cross-sectional cut

* Low ionisation energy

+ Fastsignal collection * Relevant parameters for performance

» Leakage current

*  Depletion voltage (Vdep) Operational Voltage
*  Collected Charge

*  Heat load

FRENCH-UKRAINIEN school
for High Energy Physics and Medical Imaging
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* Depends upon detector capacitance and reverse current

* Depends upon electronics design
 Function of signal shaping time
* Lower capacitance = lower noise

 Faster electronics = noise contribution from reverse current less
significant

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging 36



Constructing a detector

Let’s make a simple calculation for silicon:
* mean ionization energy I, = 3.62 eV.
« mean energy loss per flight path of a mip dE/dx = 3.87 MeV/cm

Assuming a detector with a thickness of d = 300 um and an area of A =1 cm?
« Signal of a mip in such a detector:

dE/dx-d 3.87-10°eV/cm-0.03cm

~ 3.2-10% " h* — pai
Iy 3.62¢eV ¢ pairs

* Intrinsic charge carrier in the same volume (T = 300 K)

n;-d-A=145-10"%m™3.0.03cm - 1cm? ~ 4.35-10%e~h* — pairs

Result: the number of thermal created e-h+-pairs (noise is four orders of magnitude
larger than the signal).

We have to remove the charge carriers

— depletion zone in inverse biased pn junctions 38
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Reverse current

: characteristics on p-type watfer: a selection criteria
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Leakage current and breakdown of irradiated

devices

Q ™ Break-Down Voltage Vgp”

= The breakdown voltage is defined as the highest measured voltage for a defined normalized leakage current.

o " Leakage Current ”

= The leakage current is a sensitive and effective signature for quality assurance and control. It originates from the
introduction of generation/recombination centers.

100

- | —— Ie:l4ncq/cm2

B 2

R0 = —=— 5cl4 ncq/cm

E - |—— lel5 ncq/cm2
5 60 |-
E N
2 N
) =
g 40
g [
20

0 100 200 300 400 500 600 700 800 900

FRENCH-UKRAINIEN school Leakage current chdFaét&Fistics of pixel
for High Energy Physics and Medical Imaging sensors for different proton fluences.

0
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Design considerations _
guard rings

Thin planar process
*sLow leakage current (before and after irradiation)

* Low operational voltage

¢ Less power consumption . . .
’ P P Readout chip connection to thin sensor
s Short drift path =» |ess trapping > Can lead to internal stress
» Canintroduce disconnected bumps (open)
“* Higher electric field at low Vbias (fast collection > Alignement inaccuracies
time)
. ) chip bending of thinned ATLAS FE-14 ROC at 260°C

¢ Less material (good for tracking) 120 @ ATLAS

E 100 + EXPERIMENT

Drawback S w0
»Smaller initial signal [ ’
.. &
“*Thinning cost extra money 5 20 + s
D | 1 ! | | | 1 1 I
*sHandle with care 0 50 100 150 200 250 300 350 400 450 500
FRENCH-UKRAINIEN school for chip thickness / pm
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How much charge can be collected : The Charge signal

B Collected Charge for a Minimum lonizing Particle (MIP) Most probable charge = 0.7x mean

e Mean energy loss Mean charge

dE/dx (Si) = 3.88 MeV/cm
= 116 keV for 300um thickness
Measured Landaw distnbution
e Most probable energy loss 200 - "; Eﬂuﬂ.mi&a‘:ﬁm
=~ (0.7 xmean
= 81 keV - v
E 150
« 3.6 eV to create an e-h pair E T ey oo
= 108 e-h / pm (mean) 5"
= ~80 e-h/ um (most probable)
58 <
e Most probable charge (300 pm)
0 =23 T T T F ~ 1 1 1
~ 24000 e ~36fC 20 30 40 50 B0 7O B8O S0 100
charge dewposiied (remio-coulomish 45

FRENCH-UKRAINIEN school for
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A few considerations on charge collection in case of trapping (lrradiation)

 Charge collection in pixel detectors:
The total charge collected by a detector , Q, can be written as : Q=Q, . 6. n
0 is the geometrical factor and m the trapping factor

For a planar pad detector with no segmentation, the weigting field E,, is 1/d (ramo**) and the induced current by a moving charge Q'y(t) is :

i(t) = Qy (1).E, Ve, (1) = Q, (t)%.vdr(t)

V4 (t) is the carrier drift velocity that depends on the detector internal field, and Q’(t) is affected by trapping: Q,()=Q,e"

tdr -t

-1
The total collected charge can be written -~ Q ()= [Qy.€” PRV
0

7, is the trapping time constant that is inversely proportional to the trap concentration. t,, is is the drift time or carrier transcient time

|t could be rewritten as : 0=0 V_Vi Kl- o tdr/[t) }
For constant electric field, we assume a constant drift velocity v, (t) = V,, we have: >dt &
w is the full detector depletion depth and w = V.. t, is used for planar detectors { 0 } Y n

44
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Charge collection distance for large trapping

« If Q,is the charge deposited by a MIP particle in a detector of thickness d (in microns), then Q, can

be expressed in terms of number of electrons: Q,(t)=80.d
. . L] -ty [
* So, Q(t) in electrons could be written as : t «
Q) Q(t) = 80.W.—‘%L- elt L
tdr ] %
» For situation with large trapping , such as HL-LHC, up to 10'® n,,/cm?, we have : a3 <=1

t
Thus: Q@0 L =80, .t °80.d_ o

d
* dccpis expressed in microns and is defined as a charge collection distance or trapping distance
* Note that dgis equal to 20 microns for 10'® neq/cm? if 7, is 0.2 ns, v4,=107 cm/s

» Conclusion : it doesn’t matter if a detector with thickness d>50 um is fully depleted or not; the collected charge
is about the same if d =950

It is in the order of 1600 electrons for 10'° n,,/cm?.

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging 45



L_ow or moderate fluences

T
t

—>=>1
* Forlow or moderate fluences, where: t o

stow{ —l.tﬂJ

2 1,
* In this case, the detector depletion depth is still an important factor in the collected charge, which depends on the

voltage :
2e.,V
W=
e.N
Good Idea

» The idea is to decouple the drift length and the detector thickness === Go toward 3D
detectors where condition is satisfied (column separation 40 to 400 uym) and the
total induced charge by mip isstill80d =2 24000 electrons for 300 pm.

FRENCH-UKRAINIEN school for
High Energy Physics and Medical Imaging
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Improving charge collection efficiency

d
Qp = 80-7 doce (very high fluences)

cc

The weigting field in 3D detector is given by :

* A is the electrode spacing

 Itis clear that the collected charge in a 3D detector is amplified by d/Ac, as compared to planar
SeNnsors.

* For a 300 pm thick sensor with 50 pm column spacing, the amplification is 6 !

3D VERSUS PLANAR

particle particle

n+ p+ n+
300 pm _.“““: “. — | — ; | l
th'i ck E—— 'Z'T'.'_Z'_'_Z'_'_:'_'_:"""""'_'_:'_'_ """""" %
— . =,
+— oR® s 300 pm = .
Same i
’._b Generated e\ e ﬂ_ gcpgléﬁlt;rr'sg
- ch 11
50 pum s * + g
depletion c=0.2pF P
3D planar
“*COLLECTION PATHS ~50 pm 300 pum
<+*DEPLETION VOLTAGES < 10 v 70 v TN -
<+ CHARGE COLLECTION 1-2 ns 10-20 ns i sosor B bump bonds ¢
<+ EDGE SENSITIVITY < 10 pm 300 pm :
<*AREA COVERAGE active edges other 47
ATLAS FEI4 module
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3D Principle

Amplifier

Lateral depletion: Amplifier

p columns at GND , Strip layout 0 > o m O
n columns at HV y ‘ 5] @ ©
2 ' : ] Pixel layout

Q

column ! QJO W

; n column ol 9
'9 8
QJo

a ) oé

Amplifier

ULl

Back plane at HV

.
(-

Concept:
Short drift distance (less trapping)

Long ionisation path (large signal) Crossing particle

Electrons collected at n columns
Holes collected at p columns

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging

Double or single type

small pixel cells 25x100 pm?

* We need narrow columns!

High column depth/width is better...

Courtesy CNM
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Silicon pixel detector for
ATLAS

challenges and Constraints




Planar Technolgy

The planar process is a manufacturing process used in the semiconductor industry to build individual
components of a transistor, and in turn, connect those transistors together.

It is the primary process by which modern integrated circuits are built. The process was developed

by Jean Hoerni, while working at Fairchild Semiconductor, with a first patent issued 1959.

The key concept was to view a circuit in its two-dimensional projection (a plane), thus allowing

the use of photographic processes concepts such as film negatives to mask the projection of light

exposed chemicals. This allowed the use of a series of exposures on a substrate (Silicon) to create

silicon oxide (insulators) or doped regions (conductors). Together with the use of metallization

(to join together the integrated circuits), and the concept of p-n junction isolation (from Kurt Lehovec),

the researchers at Fairchild were able to create circuits on a single silicon crystal slice (a wafer) from a
mono-crystalline silicon bar.

The process involves the basic procedures of (SiO,) oxidation, SiO, etching and heat diffusion.

The final steps involves oxidizing the entire wafer silicon dioxyde with an SiO, layer, etching contact vias to
the transistors, and depositing a covering metal layer over the oxide, thus connecting the transistors

without manually wiring them together.
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Challenges for a new inner tracker

!

1
N

AR

\| Barrel semiconductor tracker
Pixel detectors

Barrel transition radiation tracker
End-cap fransition radiation tracker

End-cap semiconductor tracker

High Luminosity LHC conditions will affect
Drastically the current design

» Peak Luminosity will increase by a factor 5-7 :
5_7 1(%*34

> Average Pileup : a factor of 8 <p> ~200

> Integrated luminosity : a factor 10 : 3000 fbh-1

> Radiation hardness : a factor 20 : 2x1016 neq/cm2

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging

Upgrade of ATLAS phase 0

« Same or better performance required !

Use quite “transparent tracker” Low X0
Provide V. High granularity sensors

Go du deep submicron technologies -65
nm CMOS

Raise the transfer data band-with (5Gps)

Improve the layout and mechanics




Hybrid Pixel Detectors used in ATLAS for 900 MChannels

* Hybrid Active Pixel Sensors

* segment silicon to diode matrix with high granularity

PARTICLE
/

!
(50x50 um2 or 50x125 um2) PRIECTORCHE 7
(= true 2D, no reconstruction ambiguity) ++,z-*
* readout electronic with same geometry ¥ e
(every cell connected to its own processing electronics) Bume sxan ogr
* connection by “bump bonding”
* requires sophisticated readout architecture /
* Hybrid pixel detectors will be used in LHC experiments: / e

ATLAS, ALICE, CMS and LHCDb (VTT/Finland) =

¢
.

) T h \0‘ ;; )
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Fluences and signal collection

(HL-LHC conditions )

250eStrip_ Pixel layers

Radius from beamline [cm]

T - T ' Frao : [P
ATLAS Inner Tracker Fluences at the HL-LHC | W 3D FZSi, 235 um, (laser injection, scaled!), pad [Da Via 2006]
_ : _ | V n-FZ Si, 280 um, (-10°C, 40ns), n-in-n pixel [Rohe et al. 2005]
Q 0 3 ; § = all (Z=0cm) [ | & p-FZSi, 280 um, (-30°C, 25ns), strip [Casse 2004]
o 1 pixel Iayefrs = Neutron I 1 o p-M('IZ.Si, 300 um, (-30°C, ps), pad [Bruzzi 2006] |
= 10175 —— oo — charged pion 10" 7y 20000 | @ n-epi Si, 150 um, (-30°C, 25ns), pad [Kramberger 2006]
™0 = P T H Fotet H (- 1 A n-epi Si, 75 um, (-30°C, 25ns), pad [Kramberger 2006] |
= 1 ! — : I (@) | & sCVD-Diamond, 770um, (RT, us), [RD42 2006] (preliminary data, scaled)
< 2 1 1 i i o CVD-Diamond, 500um, (RT, ps), strip, [RD42 2002-2006] (scaled
{1 - 00 0 S . WHR I S PPN T | ®p , 500um, (RT, us), strip, [ ] (scaled)
5, 10 ; 1 : ' short stripsf ilong strips i E 10 "6 15000 A SiC, n-type, 55 um, (RT, 2.5ps), pad [Moscatelli et al. 2006]
ot = 1o E - e E (D)
A A S Y o
= E " a 1 1 i 3 — 10000 i
- 1 | - —
g [ilg i : . ©
S 10" =_£E . : 1: ....................... ?H 10™ %
()] E : i 3
= Fii o1 : = ‘D 5000 I
- 1 1 : : a |
1013 E_;E E : ,: : .......... = 1013 1
C Sheffield FLUKA 2013 E ' .
E 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 T 0 : ! . ! ‘ :
0 20 40 G0 %0 100 0 120 40 60 80 100 120
|
|
|

O, [10" cm?]

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging 53



Effects of Radiation in pixel sensors

.... with particle fluence:

o Current/fluence 10 p
1. Radiation induced leakage current o2} % Rz Ko
% | ootz
independent of impurities; every 7°C 5o > ope EPL -2 and 4 Ko
’ = i
of temperature reduction halves current o R —
& typeFZ- 410 Qem
< cool sensors to ~ -25°C = o wipefZ- 100
. . 107 80 min 60°C n,rg]]::cz-mnm
2. “type inversion” from n to p-bulk ool | e papeER 300
& increased depletion voltage 0% 10t a0k, 10t 00
(I)eq [CII] L] [ Ml P Theesis]

oxygenated silicon helps (for protons);
n+-in-n-bulk or n+-in-p-bulk helps

25000

20000

(]

15000

3. Charge trapping IR

the most dangerous effect at high fluences N

< collect electrons rather than holes i [ —— N
< reduce drift distances « o

Fluence [10414 nfem”2]
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Overview of R&D activity
ATLAS planar pixel




Summary of R&D contributions within ATLAS

Goals

* Performance : evaluate & improve sensor design for radiation tolerance up to
SXIOE’neq/cm2 fluence.

* Productions : work on various wafer productions (Cis, VIT Advacam & FBK)

Biasing Structure Bumpbonding
* Optimize Biasing structure e Better UBM material
Active Edge * Higher Efficiency at Pixel * Higher Flip-Chip
= ) Yiel
* Smaller Edge size boundary ield
* Higher Efficiency ~ Bump
at Edge region Bias-rail Poly-Si Under Bump
L 0 q
’ .0 Metalization
W e
Simulation Guard Ring [\ Z Qb: n Radiation Tolerance
* Doping concentratio &t P-stop Assembly
. Sy V Production...
* Charge collection , Bt
FRENCH-UKRAINIEN school for High Energy 57
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New challenges on interconnections for Edgless

pixel sensor

Solder bumps on edgeless sensor S

Recently we have demonstrated a SnPb solder bump process
on the edgeless sensors on a wafer level

SnPb solders before reflow process

50-500 pm
April 9, 2013

Support wafer

Juha kalliopuska@advacam.com

Date 4 Apr 2013
e 210817

T

20pm EHT = 10.00kV Signal A = SE2 Date 4 Apr 2013 ZEISS
- Wo= 7mm Photo No. = 5284 Time 21:07:23

FRENCH-UKRAINIEN school for -
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ATLAS pixel detector uses

R&D :Towards (n-in-p) Edgless Sensors for the future

Nn-1N-N-sensors

double sided processing (back side is

structured)
all sensor edges at ground

most expensive part of the module

Exploring n-in-p sensors as alternative
Studies show radiation hardness

single sided process ~ price benefit of factor
2-3
— Develop Active Edge Technology

Absence of guard rings on back side lead to
risk of (destructive) sparking to the ROC

FRE&gCH—UKRAINIEN school for High Energy Physics and Medical Imaging

2.(]1 m

external ground pad

n—side '

OV pside

guaud rings pixel aves

n-in-p

IS N S .-

1 'H—
[t

HV p-side

metal lines on the chi

v
Glue (Aralditor EPO-TEK 301)

readout
chip

oV

sensor




Pixel Design challenges

Bias Ring N-iN-N
Guard Ring

2
id

p-spray/stop

GND
HY —>

n bulk

techniques

EF SV EEEEEEEEEEEEN

More suppliers (Japan, EU )

Better radiation hard tolerance FRENCH-UKRAIIRIEN
school for High Energy

Physics and Medical Imaging

o

+
L1 [, P -
Al == | BCB p-substrate
‘ (i Bias Ring
Guard Ring o
Improve radiation tolerance
Reduce cost HY
Improve spatial resolution and occupancy K )

o S B L L R B H H A

o Mo arias . T ) n-1N-p

B . oF S Moderator Simulation Process solutions Parylene irradiaticr.s... Ring

g 8F == Electrical Cabling Fsilmingry ' jl g

:c; 1.4:— === Titanium Cooling Pipes ITK Inclined S|02

= F W Support Structure +

% 120 b Pixel Chips .

L i n-in-p p-spray/stop :

_ ~50% less expensive than n-in-n
= Single-sided processing p bUIk c 150 um

1
|

n* R/O kept

Material budeet reduction



Typcical examples of VIT-LAL Edge design

« VTT OMEGAPIX (SlimEdge & Edgeless) designs: z =

1. 12 GR +BR
2. 1GR + BR Z
3. 0GR+ BR
' 12GR+BR
5. 1GR & no BR |

« All designs:
e Active Area: 4800 x 3360 pm?2
* Array: 96 x 24 (¢,2)
* Pixel Size :35 x 200 pm?2
e Thickness: 100 & 200 um

OBiasRing+1GR
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VTT SlimEdge:

e

] B1asR1ng + 0 GR \

1GR + BiasRin

— , - —_
< HER V77_1BR_1GR_100um_Wafer_1 R 3 z BB v1T_1BR_100um_Wafer_1
5 100 B VTT_1BR_1GR_100um Wafer 2 | i E - 5 BEEN viT_1BR_100um_Wafer_2
3 I VTT_1BR_1GR_100um_Wafer_3 3 3 10°| I vTT_1BR_100um_Wafer_3
VTT_1BR_1GR_200um_Wafer_4 3
VTT_1BR_200um_Wafer_4
o LI E B2 r_15R_200um Weter_
107 = =
10— =
E . E
TE =
107 = =
E | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 E
0 20 40 60 80 100 120 14 100
Bias Voltage [\.F] Bias Voltage [V]

@ D @ D

VTT: BiasRing + 1GR VTT: BiasRing
100-200pum thickness 100-200pum thickness
Vbd ~ 100V to 140V Vbd ~ 75V to 120V
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ADVACAM Active Edge Sensors ~ £Z41€

» 1 hickness:
50um, 100um, 150um.

il so_z e 2erF 2NO SR

50-2 NiAu__ 4 BRF 2 NO GR

- m BRF 4 BR 4 F 3NO GR |
100-4 NiAL :: :|: ':: > UBM:
. Platinum (Pt) or Nickel-Gold (NiAu).

\ 4

.Edge Design:

BR+No GR GR+No BR No BR+No GR

Inactive regions:
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Beam Test Telescope

* A tool to study performance of our devices with high energy
particles

FRENCH-UKRAINIEN school for
High Energy Physics and Medical Imaging



Testing the the performances at the borders to increase the overall surface efficiency

 Performances of pixels planaires under High energy Pions

50
45
40

Short Sidefum]

35

30
25
20
15
10

5

% 50
Active Edge 50 um

100

Distribution of residuals

Efficiency

0,0
19700

pl20_residualY

H
H
n

300

Long Side [um] AIDA HIGH RESOLUTION PIXEL TELESCOPE

Last pixel column

(250 um) D. Hohov, Phd Thesis

University Paris Saclay 2019

20050

== DUT#20

2000

1500

1000

FRENCH-UKE =DUT 20 : Efficienty

16

19750 19800 19850 19900 19950 20000 20100
Distance from Pixel Edge (um)
20030
pl21_residualY
— pI20_residualy 3500 — pIZ21_residualY
SE | wwp  DUT#21 = o
il =E ks T
Mean 0.0001332 + 0. 2500 — Conetant 3444 =
Sigma = Mean 003702 = 0.00000
2000 } Sigma 1745 =
a0 17 pm
= 1000 ; . _4
0.988369+£5.3-107 ..DUT 21 : Efficiengy =\0.985571£5.8-1077_
— 0[1 — 0-‘2 T es E‘ui; 7u|.2 43‘.1 4‘3 u‘.1 D!2 0.3)

L0z —0.2 0.1

@

]




Hit-efficiency at the edge with High energy particles

Efficiency

Efficiency vs track impact position

1 — I N L I b | i‘—-!-—'_;:
0.98 e e Y S
— S0 S S e S —
0.96 i 5 : =
0.94 + : ; —
- —t— : ' -
0.92/ BE : | ast oixel | —
<. R A ;. Lastpixel =
0.9% > P > =
0.88| | : : -
0.66F - t Viias = 30 V, Threshold = 2000 e -
= T + Vs =40V, Threshold = 2000 e
0841 | © Ve = 40 V, Threshold = 1600 e -
0.82 - : % ; -
0.8 = - N - N N
10 80 60  -40  -20 0 20 40 60 80

Distance from Pixel Edge [um)]
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® Hit-efficiency above 90% up to 40 um away from the last pixel
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Efficiencies from beam tests

- Efficiency vs track impact position DUT#22

0.8

Efficiency
e o
+= »n

o
()

FRENCH-

wm“r@'mw ALAL J'YT

Last pixel
column
(250 um)

= CERNTB
= DESY TB (3GeV)

| |
10 1 1
"~ 1 1
- =
B *#i## iyt +*++{+* #m i | !
Yo } ! + {} v I I
f - 0,8 4 1 1
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Readout Chip

o
S

N (€
'.,;} MNES

Bump Bonding

S

A charged particle Depletion Zone

==ap Stop
S Bias Rail

=== Poly-Si Resistor
=== n+ Electrode

Position of polagization rail

0 100 200 300 400

0 °
159 tilt

Pixel Matrix Hitmap at 5. 10> neg/cm? and Temperature -15°.
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Simulation activity: Sentaurus Synopsis (Finite element Method)

* Aim: Develop simulations (TCAD input parameters) allowing to simulate performance of
irradiated silicon sensors and performance predictions under various conditions (sensor design
and material, irradiation fluence and particle type, annealing,...).

Materials:

* Close collaboration with other ATLAS sensor simulation working groups (LAL member of
RD50)

 Challenge for irradiated sensors:
* Correct implementation of bulk and surface damage by defect levels

» Defect concentration is function of fluence, particle type, material, annealing, .... !

« Validate the radiation damage model to be implemented in TCAD packages to be able to
simulate of the performance of complex silicon devices after hadron irradiation. The simulation
output is increasingly accurate in term of IV, CV, CCE inter-electrode resistance and

capacitance, break-down voltage prediction etc.
Fluence=0 neq/cm2 Fluence=1e15 neq/cm2

Evaluating different pixel layout

designs and production parameters

(p-stop, p-spray)

ST HHHHE

SUHLUE

| e

IIIIlllIlIIIIIlIIIIIIl]
IIIIII|IIII|IIIIIIIIIII
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Jhe ideal case : ﬂj @JZ'CZ'JZ_ dream

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging
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Vertical Scale Integration (3D)

T e

2D Routing (large chip) 3D Routing (small chip)

idea: implement thin layers of silicon, each with independant specific function.

Optical In

Power In Opto Electronics
and/or Voltage Regulation

Optical Out

Digital Layer T

Analog Layer

Physicist's Dream

Advantages: one object !! Monolithic!! Mamoitgn S1Hgen mke

Reduction of R,L, C

Lower X, , better irradiation tolerance

low consumption, low capacity

Increase functionnalities (intelligence in chip)




conclusions

* R&D on planar pixel sensors is driven by ATLAS High luminosity
upgrade

* The goal is to optimize the design of the pixel sensors to cope

« High radiation levels : radio-tolerant materials

High level of occupancy, favours high granular sensors

Develop innovative approach for device bulk type

Increase full sensor sensitivity , go to edgless technology

Predict, improve new device concepts by TCAD simulations
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Tte end
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Secondary lon Mass Spectrometry (SIMS)

> Analysis method used to measure 1D doping profile.

» Depending on measuring the secondary ions Intensity ejected from a
sample surface when bombarded by a primary beam.
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* To overcome the problem of non-accessibility of Technology
parameters :

*  charge carrier distribution, doping profiles, density of defects and

Impurities etc...

« TCAD simulation is absolutely needed

*  Tool for studying relationship: semiconductor physics - device characteristics
*  Process simulator: oxidation, ion implantation, diffusion, etching etc....

*  Device simulator: electrical parameters by solving eq.: Poisson,

current density , continuity etc..

* Experimental methods used for TCAD calibration

*  Secondary Ion Mass Spectrometry (SIMS) - atomic doping profile

*  Spreading Resistance Profiling (SRP) - charge carriers doping profile

SRP : It relies on stepping a pair of small
probes across the bevel surface of a sample
and the measurement of a resistance when '
5 mV are applied across the probes at each

t
FRENCH-UKRAINIEN school for High Energy Physicssa%% Medical Imaging

p+ backside implant

Optimization of implantation & annealing parameters:
* energy and dose, oxide thickness, annealing time and

temperature

D) & dop

source (U),,
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Sample and
secondary ions
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3D doping Profile Measurment : New Method

« Standard SIMS very helpful tool for: process control, in particular
diffusion, identification of contaminants and failure in the fabrication.

« Results for 1D doping profiles of dopant are satisfactory.

« Now, we want to study the doping profile at the pixel level of an Advacam
Active Edge Detectors.

> Analyzing small region of interest like the pixel region and the active
edge region, need higher lateral resolution technique.

we need to move to another method called SIMS Imaging.
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SIMS Imaging Method

*What is SIMS imaging? Why SIMS imaging?
> Allow a scan for the samples v Can achieve lateral
surface and depth. resolutions up to 5 ym .
> Depth profiling and imaging can be v" High surface sensitivity at
combined to yield very powerful ppb level can be reached.

three-dimensional dopant maps .
. . v' Sample preparation is rather

simple.

v' Equivalent measuring time
with standard 1D SiMS.

S10EAITEW,
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Oxide layer

Aluminum layer at
the top of the pixel

12

19/09/2016

Tasneem Rashid

14

6
One pixel
L " 27m 0
EGVTTP.ckb Log [0...22] | | EBVTTP.CKD Lin [0...24]
as || Cis
I 127 i
5 10
%
= 1
63
Silicon Phosphorus
2 implant
0 0
30Si 31P
EEVTTP.ckb Lin [0...127] | | EEVTTP.ckb Log [0...24]
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Preliminary results

s
19

Boron implant !
between pixel - -

Cts

Oxide layer I
between pixel | «

. 44
: 2
0 0
11B 160
G2VTTB.ckb Log [0...19] | | G2vTTB.ckb Lin [0...89]
Cts . Cis
- 164 N ) 02
Silicon I | Aluminum layer I
. r . |

between pixel 123 - cover pixel 26
w2 B
41 7%
0 0

| 28s5i2 27A12 160
| GavTTB. Ckb Lin [0...164] || GavTTB.ckb Lin [0...302]
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Results: Phosphorus Implant Doping profile (8)

« Analyzed area: Center Pixel region: SIMS-Simulation comparison.

. Wafer 150-2: 150 um, BR+GR design

) ) Advacam: 150um thickness, Phasphorus implant doping profile
« SDE Synopsys simulation.

..... il GIMS

=

—_
=]

« Simulation parameter:
Analytical doping profile
Peak Value concentration 2E19
Depth of Implant 1.5 um.

= simulation-SDE

Concentration [atom.cm®-3]
&

—
(=]

« The implant extends 2um in the silicon
substrate. 107

« Implant peak concentration 1E19 atom.cm-

(1= .
10 E [ . 1 |

1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1
c o 0 500 000 500 2000 2500
. Oxide layer has not been simulated. 1 ‘ Depth [nm|
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ATLAS-LAL Planar pixel Proposal for HL-LHC

Qe

- TSV technologie 3D

Edgless PLANAR
SHNEON
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U Impact ionisation requires a minimum electric field of 1e5 V/cm in the P layer

v Full depletion of the P-type substrate is needed to avoid recombination

v' The E_; value (~3e5 V/cm) can not be reached in the N*P junction (reverse breakdown)

Cathode

BT

Depletion
Region

a
-
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Reverse Current

» Diffusion current
« From generation at edge of depletion region
* Negligible for a fully depleted detector 1 n
* Generation current Jgen = 2 d T_OW
« From generation in the depletion region
* Reduced by using material pure and defect free
* high lifetime
* Must keep temperature low & controlled

E i
nszCNVexp(—k;] jgenocT3/2exp(%j jgenXZfOI‘AT:8K
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Ajouter un titre de diapositive - 2

Etapes de fabrication Process Planar

Stages in the fabrication of a planar transistor:

(a) original wafer,

(b) After first oxidation,

(c) After first photolithographic treatment,

(d) After creation of the base region and second oxidation,
(e) After second photolithographic treatment,

®

12

“\\\\“‘m‘\\\\m‘
Do /7

After creation of the emitter region and third oxidation, ‘ F'wa..m“mm\m%
(g) After third photolithographic treatment, L2000
h) After metallization; - 124 2 3 2

=SS

12 45 2 5 3 2

2) Masking film of silicon dioxide, (3) base region,
) Emitter region, 1 3 2
) metal film (contacts)

( —

E ) Original silicon with n-type conductivity, _ ¢ W 9
(4

®

22208 o)
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Micro-strip Silicon Detectors

Highly segmented silicon detectors have been used in Particle Physics

experiments for nearly 30 years. They are favourite choice for Tracker and
Vertex detectors
(high resolution, speed, low mass, relatively low cost)

Pitch ~ 50um

I

Main application: detect the passage of ionizing radiation with
high spatial resolution and good efficiency.
Segmentation — position

Resolution ~ 5um
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Principle of microstrip detector

‘J‘JV“J?"i'*‘l"‘I’"?“‘I"’\‘i‘l"'l"ﬁHI*M'\‘
Signal

surface of a Microstrip detector

bonding pads

titiiiRiRIARIRIGR iR RARRARRRRAY
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Single-Type-Column 3D detectors - concept

[ Présenté en Juin 2004 a la conférence de Hiroshima ]

Schéma du detecteur:

Colonnes n

. 2
- S,
7’
AY
. ’
3 < —»>
* s p!
g INN .
270
[ PO _- i
BEREY el
i 1
i 1
i 1
1
A
O Ry :
A 1 ~ 1
’ I
’ | :
Lo - — - -
’ | L
7 I - =5 |
’ ! 2 \\I
’ 1 1
’ I \f
g 1
’ N 1 U
’ 1 /
/ 1 .
1
|

=~ - -

Substrat
p-type

contact

Fonctionnement
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Pad Diode with internal Gain

T 300 ym

P-type multiplication layer

P-type (n)substrate

w——f

P+ anode

L Gaussian N*P junction where the P-multiplication layer becomes completely depleted at a very low reverse voltage
v Electrons are accelerated towards the N* region until they reach the saturation velocity

v' The electric field in the P layer is close to the E_;, value (impact ionisation and gain)

crit/
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Sensors with intrinsic gain (LGAD)

Exploit impact ionization (charge multig*™
(= improve timing performance) and r;

Main focus: LGAD (Low Gain Avalanch

-

- -
-
-

-

N’ Electrode

P-T~yp"e%ultiplication layer (P-Well)
P-Type (p) Substrate
P’ Electrode
I i —_
PERIPHERY ON PERIPHERY

* Considerations for optimization:

—= Gain versus Vi ..iqown trade-off, timing performance

* Thin detector integration, radiation hardness

» Proportional Response (linear mode operation)

= Better S/N ratio (small cell volumes and fast shaping

times)

APD'’s.
LGAD structure:
» Core Region: Unifarm electric field, high
1D Simulation @ Pad Centre -
50 - : ' 44
o 1 < S
- —— Gain @ 200 V
—— Gain @ 400 V D S
I —/— Gain @ 500 V o
30 - S
(=]
.% 12 s
20 4 =
2 3
| (=}
41 3
10 - =
| o
m
0 K T T T = 0
5,0x10" 1,0x10" 1,5x10"
Player Implant Dose (cm'z)

FRE]

[G. Pellegrini et. al., NIM A 765, 2014, 12-16]

deGitee2010: 18 production runs at CNM (see spare slides)



LGAD - Time resolution

250 .80 CFD set at <10 mV> ®TB result
' G=23, C=6, 40 db amplifier WE2: Sttar+iand
L 82 120 1 Serandan Data &
200 4 WEF2: Jitter [ ] ,_u{:)
o ) o -84 ) 100 1 WF2: Landau =4
(o)) @0 a 5
g = = 86 = 80 1
S8 E %7 z 3 Goal: 30 ps/plane =
< 9 ® r-88 ¢ E 60 A B
2R S 1004 é 2 A
S g i r-9.0 2 40 - g =
a8 g ] <
RSl g F-9.2 - - .S
g2 | T e 201 ¢ e
— | =lile)
-g S 94 0 Ll T T T T T "% S
(=}
;= 0 : : : . 9.6 0 50 100 150 200 250 300 ) Q
g 0 50 100 150 200 250 ) Z &
Maximum pulse height Vmax [mV] Thickness [um] — =

* Beta source; 75um LGAD (Gain = 5) + Quartz & SiPM trigger
 Time difference between LGAD and trigger : 64ps (Preliminary) [simulation predicts 50ps]

i htemp T
C Entries 2138 160[— o sm
140— Mean 211.7 - Constant 1351
C Std Dev 108 140/ o oge
120 E
s 120~
1oo;— 100:_ 2
FRENCH-UKRAINIEN school for Hj sf- aof_ S
60; eo?— §
40;— 405_ —,\2\ .
20:— zo:— g E
F - E N @
0 (PSPPI S Es 2 i - = b, el ; ; AR W - O =
10 20 %0 0 0 8% aerr’gllol %83 &8 B ® ume_cghzstaom-tim:_' :ons(30[0] *(B; é
n o
« LGAD potential applications: ATLAS HGTD, CTPPS, CMS timing layer in tracker, TOF Z &

NS
>
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Detector Surface [m?]

=
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0.01

0.001

1960

Size matters!
Does it?

Global surface Tracker stays constant

Cell size goes down significantl

& Tracker

v Micro-Pixel a
a
Silicon Calorimeter CMS CMS2

LY | (N | o

m Trackers in Space w FERMI ATLAS2 P

L
ATLAS
i ALICE2
.D AMS 2 * * ATLAS2
DELPHI'97 "D0 o ™
ALICE CMS MS2
CDF, AMSnl o ZEUS *<
MARKI] @ 9 BarBar ) ¢ ®eiten
X CLEO 3 CMS,
DELPHI ATLAS
ALEPH *
NA1L s Belle
)N OPAL  DELPHI
First Si Strips
L
& LEP LHC HL-LHC
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1970 1980 1990 2010 2020 2030

Detector surface
Globally stays constant
Pixel area goes up
significantly

Cell size goes down significantly

Detector Strip length

[cm]

Strip length
[cm]

ATLAS strips 12.6 24 /4.8 >5/25
barrel
ILD  CMS strips 20/ 10 5/25/015 4/4/
barrel 66
pixel size pixel size ratio
[wm?] [wm?]
ATLAS pixel 50x400 25x100 (50x50) 8
CMS pixel 150x100 50x50 (25x100) 6
VELO 1to7cm 55x55 180 -
1300
CMS strips 9.8M 42M + 172M
CMS Pixels 127M 2GP
ATLAS strips  6.3M 60M
ILC ATLAS pixels  92M 5GP
VELO 171k 941M
S ALICE 125M 125G



CiS OMEGAPIX

U1V LICLC
¢ 24 of new design (21, Q2 and £23)
« 8 of old design (£2)

« Q1 & Q2 were very close to the wafer edge

* Both designs:
¢ 12 GR ~400 pm inactive edge
* Active Area: 4800 x 3360 pm?2
* Pixel Size :35x200 um?2 (¢,z)
* 300 um thick

* Different pixel arrays:

+ Old: 16 x 142 (¢,2)

* With longer edge pixel
* New: 96 x 24 (¢,2)

» Compatible with the

3D design electronics :
FRENCH-UKRAINIEN school for High Energy Physics and Med design (L AL)
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FAwerage Break Down Voltage (V)

o888 8

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging

Average Break Down Voltage Vs. Design Pafpis o o2l
L

Design

B EBR-GR, NiAu UEM
BER-GR, Pt UEM

B GR-NoER, NiAu UEM

B GR-No BR, Pt UEM
BR-MoGR. MiAu UBM

B BER-MNo GR., Pt UEM

B No GR-Mo BR, NiAu UBM
Mo GR-Mo BR, Pt UEM

The BR-GR structure with NiAu UBM has higher breakdown
voltage within all designs, around 185 V on average.

The No GR-No BR structure shows a tiny difference between
NiAu UBM and Pt UBM.
The Designs with at least one GR are more stable
than the No GR designs.
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Average Depletion Voltage Vs. Thickness LD
L

14
12

10 B 150pm_MiAu UBM

m 150pm_Pt UBM
100pm_MNiAu UBM

B 100pm_Pt UEBM
50pm_NifAu UBM

B 50um_Pt UBM

FAwerage Depletion Voltage (V)
B @ ©m

M3

Thickness (um)

> The Pt UBM shows higher depletion voltage.

> The 100 um and 150 pm thicknesses sensors has a depletion
voltage around 10 V.

> The 50 ym thickness with NiAu UBM has a very low depletion.

FRENCH-UKRAINIEN school for High Energy Physics and Medical Imaging
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