SIRM-Détecteurs LPNHE - Paris

: Ecole de simulation de détecteurs silicium/}: du 15 au 17 septembre 2014

Expérience pratique de simulation dans la fondeur FBK

Gabriele Giacomini
FBK (Trento, Italie)
mercredi 17 septembre 2014
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FBK is here!
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" Centre for Materials and Microsystems
http://cmm.fbk.eu

MTLab Fabrication Facility

http://mtlab.fbk.eu




-5< Silicon Facility Expertise

TCAD simulation
CAD design

il
;
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p

Material Characterization:

* XPS

* SIMS

* ToF-SIMS
* TXRF

* AFM

* SEM

-

Fabrication —>

Custom CMOS design
Development of ROIC by
exploiting state of the
art CMOS tech

(external services)

Device testing




=5 MTLab Facility: MicroFabrication Area

FONDAZIONE
BRUNO KESSLER

Two separate clean rooms

* 500m? of clean room (class 10-100)
» 200m? of clean area (class 100-1000) equipped for MEMS technology

6-inch wafers (Si, Quartz, Glass) — 0.35 um processing

-

*Dry/wet oxidation
*sputtering Metallization
*Diffusion

LPCVD

*PECVD

*Projection lithography: CD 2um
*Stepping lithography: CD 350nm
lon Implantation

*Dry/wet etching

b




UNO KESSLER

Centre for Materials and Microsystems

Silicon Radiation Sensors
http://srs.fbk.eu

IRIS

Integrated Radiation and Image Sensors
http://iris.fok.eu
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FONDAZIONE
BRUNO KESSLER

Development of silicon radiation sensors

Sensors on high- Sensors with internal

resistivity substrates gain for light detection
- pixel detectors - Silicon Photomultipliers
- strip detectors - SPADs

- drift detectors

- 3D detectors
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=5 Pixel detectors

Medipix 1&2 NA48/ALICE experiment

BRUNO KESSLER
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« Medipix1: pixel size 170x170um? * ALICE SPD layout
» Medipix2: pixel size 55x55um? * pixel size 50x400um?
Substrate thick.: up to 1.5mm Substrate thickness: 200pum

Leakage current ~100pA/cm? for 300um substrates .
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=3¢

Strip Detectors: single side

Custom development of strip detectors:
- DC/AC coupled,

- very low leakage,

- high yield




700 large-area double-sided 600 large-area double-sided

IN-spec detectors fabricated In-spec detectors fabricated
in 2002-2004. in 2003-2005.

ALICE Industrial Awards in 2006

10
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Double side

fabrication process

p-implanted silicon
I n-diffused silicon
P p-diffused silicon

I Aluminum metal
I dielectric
silicon

I PECVD overglass
11




FONDAZIONE
BRUNO KESSLER

-3¢ Active edge

* 4.5um wide trench
« 200pum deep
* polysilicon filled

INFN-BA, CERN

LPNHE Paris

pixel sensors compatible with
ALICE ROC
(epi wafers, 100um thick + sub)

* pixel sensors compatible with
ATLAS FE-14
(200um-thick FZ + waf-bond sub)




'=’( Silicon Drift Detectors

BRUNO KESSLER

2 public project:

- INFN/INAF (2011-)
development of very large
linear SDD for astrophysics experiment

- ESA - PoliMi (2010-2012)
development of gamma ray spectrometer
based on SDD coupled to LaBr; scintillator




6000

4000

Counts

2000

Silicon Drift Detectors

X-ray detector

gamma spectrometer

5/Co, 137Cs, %9Co spectra measured
with the SDD coupled to a 1” LaBr,
crystal

T=-43°C i
A 1.5us sh. time 800}
] 700}
. 600}
129eV FWHM )
> < 5 so0r
7] jo}
&)

5500

6000 6500 7000

——
%Fe Spectrum 00l

4001

300

/\ | il
— e 100

Energy (eV) 0

C. Fiorini, IEEE TNS, VOL. 60,

3,0%
8,5% ’
4 @1202kev < @662kev
2.1%
2,2% @1330keV
@1170keV ]
\
260 460 660 860 10100 1210{) 14100
Energy [keV]

Energy resolution @ 662keV measured with a PMT = 3.2%

NO. 4, AUGUST 2013 2923 14
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=3¢ Silicon photomultiplier

FON 0

UNE
E<SSI| FR
ESSLER

BR

| 3.2x3.2cm?

SIPM

array of tiny SPADs
connected in parallel
to give proportional
iInformation

Main Current Projects  Application fields:

EU projects: detection of faint ||ght with hlgh
» Sublima (2010 — 2014) time resolving capabillity:
e Insert (2014 - ...) - huclear medicine
_ _ - biology
National projects: - physics experiments
* with INFN (2013-2015) - instrumentation for material analysis

15
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'9( Simulations des parts de la fabrication

Comportement des détecteurs




T
=< Simulations des parts de la fabrication:

«oxydation and diffusion

- exemple: deux problemes a résoudre
*« ARC
siImplantation 1D

- comment l'utiliser dans DEVEDIT




.
->€ oxydation

FONDAZIONE
BRUNO KESSLER
Bien étudié: SILVACO n’est pas nécessaire.
on line calculateur: http://www.cleanroom.byu.edu/OxideTimeCalc.phtml

PO u r Oxyd er O n falt u n e IjﬂAplecatmns P\acesl Systslzm %@Q&]&? I %. 10:53 AM @J))
Tonyplot: Ruler Tonyplot =-aX
diffusion: . :
w wm aw ATHENA
Delta: 0.00198 0.414
gO athena S|mflag —np 2" R, 0.0800 6o Data from 1000C_1h_wet.str
# mesh define
line x 1oc=0.00 spac=0.10 Length: 0414
line x loc=0.5 spac=0.10 A D
line y loc=0.00 spac=0.002
line y loc=0.25 spac=0.002 Slope: 200
line y loc=0.5 spac=0.005 s o
Ilne y |0C=20 Spac=1 ’VG‘ Temporary (" Permanent
# init wafer —
init silicon c.phosphor=5.5e11 orientation=100 two.d § o
method two.dim grid.oxide=0.002 gridinit.ox=0.001
# 0
diffus time=60 temp=1000 weto2
# nous pouvons lever l'oxide:
# etch oxide all 0.1
struct outfile=1000C_1h_wet.str —
tonyplot 1000C_1h_wet.str 0.2 silicon
i T T | T T | T T | T | | T | T T | T T | T T
qUIt 0.077 0.078 0.079 0.08 0.081 0.082 0.083 0.084
Microns
Pointer: (0.0807318 , -0.324843) ‘ Tonyplot 3.8.5.R © Silvaco 2014
@[ Terminal ][ O >examplez.in ][ O Tonyplot l @ H---

18



- :)( Probleme |I:

Le wafer est n-type mais nous le trouvons p-type apres I'oxydation

go athena simflag = "-P 2"
# mesh define

line x loc=0.00 spac=0.10
line x loc=0.5 spac=0.10
line y loc=0.00 spac=0.002
line y loc=0.25 spac=0.002
line y loc=0.5 spac=0.005
line y loc=20 spac=1

# init wafer

init silicon c.phosphor=5.5e11 orientation=100 two.d
method two.dim grid.oxide=0.002 gridinit.ox=0.001
# la rampe

diffus time=50 temp=500 t.final=1000 nitro

# croissance de I'oxide

diffus time=120 temp=1000 dryo2

struct outf=oxidation.str

quit

Pour faire croire I'oxide sur le silicon, on vy fait
une oxydation apres une rampe, qui porte la
fournaise a la correct température:

A
B 1000°C, O,
S
|_
10°C/min, N,
500°C, N,
i i —
¢ > t (min)




- .
-3( Probleme |

FONDA
BRUN(

Section from oxidation avec rampQ.str (deleted)

Partant de la normal oxidation: 17 = Dara from multiple files
# — e oxidation_avec_rampO.str
diffus time=50 temp=500 t.final=1000 nitro - - oxidation_avec_rampN.str
# ™16 =
diffus time=120 temp=1000 dryo2 = 3
U —
= _|
815 3
© -
Nous pouvons penser qu’il y a une contamination % N Avee. N, dans la ram pe
de boron dans la fournaise (seulment 1 ppm): 214 3 -
(@] —1
# O
diffus time=50 temp=500 t.final=1000 nitro c.boron=1.0e16 5. —
# =13 3
diffus time=120 temp=1000 dryo2 8 —
m —
struct outf=oxidation_avec_rampN.str 312 — Avec 02 dans
- 4 | larampe
:IIII|III|III|III|III|III|III|III|III|III|

Nous la faison inoffensive avec O, dans la rampe: c 02 04 06 08 1 12 14 16 18 2
Distance from interface

#
diffus time=50 temp=1000 t.final=1000 dryo2 c.boron=1.0e16
#

diffus time=120 temp=1000 dryo2 ‘ Pas d’inversion!

struct outf=oxidation_avec_rampO.str




.
- :)( Probleme II:

Nous n’avons pas de contact parmi l l l l' l l B l l l l
un p-poly et un p-silicon e
~ B-implant
go athena simflag = "-P 2" (a)

# mesh define n-silicon bulk

line x loc=0.00 spac=0.10
line x loc=0.5 spac=0.10
line y loc=0.00 spac=0.002
line y loc=0.25 spac=0.002

e loc=05 spac=0.005 =T

# init wafer

ol
init silicon c.phosphor=5.5e11 orientation=100 two.d b
method two.dim grid.oxide=0.002 gridinit.ox=0.001 (b)

#
deposit oxide thick=0.1 _cili

& n-silicon bulk
implant boron dose=1e15 energy=20 rotation=0 tilt=7 amorph

#

etch oxide all

#

deposit polysilicon thick=0.50 divisions=100

#

implant bf2 dose=1e14 monte energy=50 rotation=0 tilt=7 amorph

#

diffus time=20 temp=800 nitro OI
#

struct outfile=800C_20min.str

tonyplot 800C_20min.str (C) i@ ik

quit

(thanks to G. Paternoster) 21
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Log Boron Concentration (cm-3)

[ [ = = [ [ [
[#%] I ¥} (o)) ~] [#] o
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Probleme Il: nous avons mesure’ que il N’y a pas de contact !

—> La simulation nous dit que le poly n’a pas assez de B dans le polisilicon!

Section from 800C_20min.str (deleted)
Data from 800C 20min.str

polisiljcon
< >

silicon

L 4

Essayons de changer la
temperature et/ou la duree’
de la diffusion:

diffus time=20 temp=800 nitro

&

A. diffus time=20 temp=850 nitro
B. diffus time=30 temp=850 nitro

-0.5 -04 -03 -0.2 -0.1 0 0.1 0.2
Distance from interface (um)

0.3 0.4

0.5

(thanks to G. Paternoster) 22




- .
- 3( Probleme |l

ATHENA OVERLAY
Data from multiple files

20

=< 85 0C_30min.str
850C_ 20min.str

19 800C_20min.str

18

17
Badtohmic cgntact

16

15

14

> silicon

v

13

12

Log Boron Concentration (cm-3)

-

11 rrrryprror1yrrryrorr1yrror{irrrrprorrpriT Ty rTrrprTTTg

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 D.3 0.4 0.5
Distance from interface

(thanks to G. Paternoster) 23




.
- Anti Reflective Coating (ARC
5§ g (ARC)

A

go atlas simflag="-P 2"

mesh space.mult=1.0

x.mesh loc=0.0 spacing=10.0 .

x.mesh loc=10.0 spacing=10.0 Layer 1 (tOp) - Nitride (20 nm)

y.mesh loc=0.0 spacing=0.1

region num=1 material=Silicon *

elec name=cathode bottom

doping uniform conc=leld n.type

# define a beam (be sure to include REFLECT parameter)

beam num=1 x.origin=5.0 y.origin=-260.0 angle=90.0 \
front.refl reflect=5 min.w=-2 max.w=2 \

min.power=0.001

# define anti-reflective coating ane g
§ layer 1 is top layer Silicon (no dopings)

# layer 2 is underneath layer 1

#nitride

interface optical material=nitride ar.thick=0.02 coating=1 layer=1

foxide

interface optical material=oxide ar.thick=0.02 coating=1 layer=2 ( >

AX= 0.5 um

solve init

log outf=ARC.log

solve bl=1 lambda=0.3 index.check

solve bl=1 lambda=0.305 index.check

solve bl=1 lambda=0.31 index.check

# and so on ..

Solve  bl=1 lambda=0.99 index.check Y Y=500 um
solve bl=1 lambda=0.995 index.check

solve bl=1 lambda=1 index.check

quit

24
e
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Anti Reflective Coating (ARC)

ATLAS
Data from ARC.log

Available photo current (A)
Source photo current (A)

0.3

0.4 0.5 0.6 0.7 0.8
Optical wavelength (um)

Excel se trompe:
il ne considere pas les
nombres complexes

0.9

available photo current
QE =
source photo current

1.0

QE

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Efficacité quantique

—
=SILVACO
—EXCEL

Lambda (um)




->¢

go athena simflag = "-P 2"

# mesh define
line x loc=0.00 spac=0.10

line x loc=0.5 spac=0.10
line y loc=0.00 spac=0.002

line y loc=0.25 spac=0.002

line y loc=0.5 spac=0.005
line y loc=4 spac=0.01
line y loc=20 spac=1

# init wafer

init silicon c.phosphor=3e14 orientation=100 two.d

method two.dim grid.oxide=0.002 gridinit.0x=0.001

#

deposit oxide thick=0.1

#

implant boron dose=2e14 energy=130 monte rotation=0 tilt=7 amorph

#

diffus time=35 temp=1050 nitro

implant phosphor dose=1e15 energy=200 monte rotation=0 tilt=7 amorph

diffus time=90 temp=1050 nitro
diffus time=20 temp=900 nitro
#etch oxide all

struct outfile=BJT_implant.str

quit

20

19

18

17

16

15

14

13

12

Implantation ionique

Section from BJT implant.str (deleted)
Data from BJT implant.str

Active Boron (/cm3)
Active Phosphorus (/cm3)
Net Doping (/cm3)

0.4 0.8 1.2 1.6 2 2.4
Distance from interface




=D( Implantation ionique
BRUNO KESSLE Comment utiliser le profile dans Devedit - |

go athena simflag = "-P 2" Section from pwell implant.str (deleted)
Data from pwell implant.str

# mesh define 20
line x loc=0.00 spac=0.10

Active Boron (/cm3)

line x loc=0.5 spac=0.10 19
line y loc=0.00 spac=0.002

line y loc=0.25 spac=0.002 18

line y loc=0.5 spac=0.005
line y loc=4 spac=0.01 17
line y loc=20 spac=1

# init wafer 16
init silicon c.phosphor=3e14 orientation=100 two.d

method two.dim grid.oxide=0.002 gridinit.ox=0.001

# 15
deposit oxide thick=0.1

#

implant boron dose=2e14 energy=130 monte rotation=0 tilt=7 amorph 14
#

diffus time=35 temp=1050 nitro

#implant phosphor dose=1e15 energy=200 monte rotation=0 tilt=7 amorph 13
#

diffus time=90 temp=1050 nitro

diffus time=20 temp=900 nitro 12
etch oxide all

extract name="boron" sheet.res material="Silicon" mat.occno=1 x.val=0.2 \ 11
region.occno=1

1 2 3 4 5 6
struct outfile=pwell_implant.str Distance from interface

quit

Pendant la fabrication, nous pouvons mesurer la
“sheet resistance” de I'implantation

27




.
- Implantation ionique
>{

Comment utiliser le profile dans Devedit - Il
Impurities - Doping Profiles - Load ...

=] DevEdit: Load Doping Profile E]@[E] Terminal
Directory - |WACO/Gabriele/PhotoTrans/MPPH | p.R (no active file name) (modified) E]@E]
Filter *str *.csf _r)
—
STD7_S.str 7 5 5 = i i ]
| lIcons e g s T S User Defined Doping Profiles
STD9_S.str
« Slashes ag tr o E User defined profiles
. —
[pwell_implantstr - - =
. E J
File pwell_implant.str bl
=
Cancel | b
=
=
P USE WhiCh impurity profile .......................................................
+3 (Phosphorusy)  Active Phosph) Boron) active Boron) Donors) P.cceptors) Cancel)
- Fon
o— o
B F =]
-1 E-u Done |
T T T e T e T e e e e e e e
0 1 2 3 4 3 B 7 8 9 o
J4 8l 1
Copyright (g0 19922006 SILVACO International, Ing

28
e



Implantation ionique

->¢

Comment utiliser le profile dans Devedit -

File =] Regions =] Impurities =] Mesh =] Help 7]
1] 2 4 ] B 7
| 1 1 | 1 1 1
1] il
ra ra
=~ L
= {um ]
[ Fra
L — il
4= s
- i
a1 o
et | ——-d
T T T T T T
2 4 5 E 7
i

DevEdit 2.8.7.R (no active file name) {(modified)

—
e

User Defined Doping Profiles

User defined profiles

J |
[pwell -
-

Load File ) Delete)

Profile Name: pwell

Distance Value

0.0000 2.48342e+18
0.0020 2.48336e+18
0.0040  2.48367e+18
0.00B0  2.48377e+18
0.0080 2.48384e+18
0.0100  2.48389e+18
0.0120  2.48392e+18
0.0140  2.48393e+18

Done |

Copyright () 1992-2006 SILVACD International, Inc

EEE

29




=D( Implantation ionique

Comment utiliser le profile dans Devedit - IV

DevEdit 2.8.7.R (no active file name) (modified) |:'||E'||T'i

File =1 Regions v)  Impurities =]  Mesh 7] Help v

TSSO OSSO OO OOUTOUs: AVOTUON: OUULC AOUTune: OO N D Add Impurity

1.7 ol
] rafl .

E - Impurity 7| Boron
L4 EL color =|

Draw Mode | Rectanale  Line | CirclefRing

= = statx: 0 o Microns

3 F Starty: 0 © Microns
1 E EndX: 5 Microns

Endy: Micrans

] i Peak Concentration: 2E473e+18
WSk fra Reference Yalue: 100000

E 3 Join Function =| Multiply
wi- Foo

-
3 E f ~ ¥ Rolloff: =| puwell
A .

£ - 3;; Mode: ©| Log Extrapolation
e - ¥ Rolloff: ©| Gaussian (Dist)
] F hl P Distance: 0.5
. - LRallaffd

E F apply 1 Cancel )
-1 -

T T T T T T T T T T T T T T T T T T T

0 1 2 3 4 3 5 7 8 9 —

TE - 1
Copyright (¢) 1932-20086 SILVACO International, Inc




File = ]

Implantation ionique

Z_

L_

I

ikl

Comment utiliser le profile dans Devedit - V

DevEdit 2.8.7.R (no active file name) (modified)

Regions

1 5ilicon

4] v |

—

| Highlight | Show Mesh  Blackauwhite
| Border | Border Points Crid
Fill Regions Off | Pattern |So|id

Show 7| HMetDoping ©| \ery Fine

Contour Legend =| Off

Impurity Junctions |

Scale | Top | Right | Bottarm | Left

Nurmber of Points: 4
Number of Triangles: 0

Zoom toregion ] Full View )

User Added Impurities

v L

1 Boron 2.6473e+18

[ =4

Copyright (2 1992-2008 SILMACO International, Inc
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Comportement des détecteurs

sexplication de problemes mesuré dans les détecteurs réels
- exemple: effet de I' humidité
 développement des nouvelle détecteurs
- exemple: XAMPS (transient)
» détermination des propriétés dynamiques
- exemple: temps de dérive des électrons dans une SDD
» beaux images pour les publications
- exemple: PT in SDD

32
e



::( | - Effet de I’ humidité dans un 3D

La courant dépende de I'hnumidité: avec une humidité élevée il y a un cassage

métal

meétal au-dessus toute la surface
oV

n-type electrode On simule

I’ humidité
avec le métal

p-type substrate l

p-type electrode

-50V




-
f-3< Il - XAMPS (BNL) Ve ~ GND (read-out)
- =2 uninterrupteur ~ -V (integration)

-5V

drain

n-channel \
_ Floating
Buried p-well source (here,
electrons

accumulate)

N-type substrate

Thin entrance window
|
| |

\% -V

back -

depl



-
=3¢ Il - XAMPS

| e détecteur travaille en 2 manieres

Ve ™ 10 v (integration) V. ~GND (lecture)

gate

\

|

Le canal est ferme Le canal est ouvert

"/

Leg électrons vont vers le «drain

| es électrons vont vers le
«floating source» et ils restent

a




-
=3¢ Il - XAMPS

. @1t=0,V,=-2V etlecanal est ouvert:

- La “source” est a GND, comme le drain

go atlas simflag="-P 2"

mesh infile=XAMPS.str cylindrical

contact name=drain neutralu . @t>0, Vgae ~ - 10V et le canal est ferme:
tact =gat: t
282;; 222;?,3.5 QSSJQ - la courant reste dans le source

contact name=substrate neutral

contact name=source current

contact name=collector neutral

#

material region=1 taunO=1e-4 taup0=1e-4
interface qf=3ell

models bipolar

# 028 —

method newton source 1
solve init ]

# -0.24 ]

solve  vsubstrate=0 vstep=-5 vfinal=-75 name=substrate ] V — | t /C

solve  vbulk=0 vstep=-1 vfinal=-10 name=bulk 02— source leakage

solve  vgate=0 vstep=-1 vfinal=-2 name=gate AC freq=1e6 ]

# 1

log outf=XAMPS_transient.log e ‘ v

# N -
solve  vgate=-2 ramptime=1e-6 tstop=1e-6 tstep=1le-11 012 —

save outf=XAMPS_AT _1us.sta ]

4 _

solve  vgate=-10 ramptime=1e-8 tstop=1.001e-3 tstep=1e-11 R

save outf=XAMPS_AT_1ms.sta 7

# 004 T

solve  vgate=-2 ramptime=1e-8 tstop=1.002e-3 tstep=1e-11 ]

# —

C]LIIt [U T T T T T T T T T T T T

0 0.0002 0.0004 0.0006 0.0008 0.001

Integration time
e



Il - XAMPS

Dans un situation stationnant, les electrons ne peuvent pas rester dans
la source mais il doivent aller dans le drain: ils ont fait la source assez
négative qu’elle peux ouvrir le canal.

- La simulation doit étre un transient

Il n’y a pas d’electrons ici
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Il — Temps de dérive dans une SDD

F(
BRUNC

go atlas simflag="-P 2" A

mesh infile=SDD.str cylindrical

contact name=anode neutral

# other electrodes 1 1nS
contact name=cathode neutral u

# I ﬁ
material region=1 taunO=le-3 taupO=le-3

#

models bipolar temp=250
method newton maxtraps=20

solve init
solve vcathode=0 vstep=-2 vfinal=-134 name=cathode
outf=SDD_infile

Puissance du Laser

# DEUXIEME simulation:
go atlas simflag="-P 2"
mesh infile=SDD.str cylindrical

contact name=anode neutral () ‘
# other electrodes ... — )

contact name=cathode neutral

4 0 1lus 50 us
material region=1 taunO=le-3 tauplO=le-3

#

models bipolar temp=250

method newton maxtraps=20 dt.max=le-8
#

beam num=1 x.origin=4800 y.origin=451 angle=270 xmin=-20 xmax=20 rays=200=9» SDD est stimulé par un Laser
#

solve init
load infile=SDD_infile

log outf=SDD transient.log

solve Bl=0 ramptime=le-10 tstop=le-6 tstep=le-12

solve Bl=le-6 lambda=0.7 ramptime=le-10 tstop=1.00le-6 tstep=le-12
solve Bl=0 ramptime=le-10 tstop=50e-6 tstep=le-15

quit 38
e
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=:>( Il — Temps de dérive dans une SDD

ATLAS Concentration des électrons TR —

Data from dopolns.sta
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=y 4 Il — Temps de dérive dans une SDD

Data from dopo500ns.sta Data from dopo700ns.sta

2000 3000 2000 3000
Data from dopole2s.sta
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Hl— Temps de derive dans une SDD
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Il — Temps de dérive dans une SDD

Courant a I'anode
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Transient Time (s)

L’ intégral des impulsions de courant est le méme (la charge du laser c'est la méme)
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SDD avec polarization par punch-through

Potentiel électrostatique
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