LePix - High Q mownolithic pixels
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Hybrid versus wmonolithic approach

Both uses CMOS for
fromt-end and readout

n+ well

| & electrons

& holes

P

ntegrate the veadout c’wcn}&tr@ - or at
least the front end - together with the
detector bn one plece of silicon
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Plero Glubilato - VCI 2013 ~Vienwnn, 11 Feb 2013

Hybrid and wmownolithic approach: pro and cons

- Established, proven,
effective technology

—~ Mwiqu@ posslbuﬁcg to use
the best sensor depending
ow the radiatlon to track

- Plenty of room for extremely
acvanced Ln-pixel electronie

CrcH compLe)cf,tg, mLdd power
consumption, material budget

- Producing small (< 20 um) pixels
still a challenge for bump bonding

- Young technology

- Sensing material Linited
to substrate stlicon

- Not so much room b pixel for
acvanceo stonal processing

- Radiation tolerance could still be an
Lssue for high doses applications

~ Cost effective, simple, Low power and
Low material budget

- High resolution (pixels < sum)
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Reminoler: nolse sources in a stngle MOS stage

digg = Gm " AVeq

Nolse, Weak Lnversion

‘ .“...{L'Lcmr (1/f)

= -+ d Im~1
(WL Coxzfa 9m f m

P thermal

Nolse, strong Lnversion

2T
+ y) df A
I

Transconductance g, Ls related
to power consumption:

Flrst pixel stage: higher curvent (power)-> better performances ano Lower nolse




] Power depends on &/C

stgnal

noLse

Assumiing, =GOS

S
N
A

Goodl detection e Power to meet S/N goal
7 Parawmeter, soy 25

Awnalog power Ls very strongly dependent on @/C => wants low C
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Power depends on &/C visualized!

Assuming Zmp&ct NOLSE Veq = 0.16 mV

Transistor nolse at 40 MHz BW for 1 uA
(1 UA/1LOOXL00 P pixel =410 WM/ CIm=2)

U

225—)%24mV

U

2500 ¢
4 fC 0.4 fC
1pF ~— 100 fF

20

S
N
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Mowolithic approach - sta nolard MA.P.S.

Charge collection by

(opto) CMOS process, '\ dtffusww. Collection
Low €2 substrate \ q tlme of tens of ns.

Usually o standard .

@ electrons

@ holes

Fast, deep R S{fective collection depth
oy A N limdted to the epitaxial

capacitance, cost, L
complexity ayer (~10um)

sensor, front-end and rvead-out are embedded tn the very same silicon
detector. No external clreuttry, no bump bonding.




Mowolithic approach - high L substrate

Low doplng, high £ B Charge collection by
(>~100 €/c) substrate N, L= ovift: faster, less
‘ ' recombination, higher
radiation tolerance,
faster collection (ns)

& ¢lectrons o ‘,

P CTRL Effective collection depth
Mowolithic integration - o0 Y depends (also) on the
> low capacitance -> Low ; \ applied substrate bias

power -> key to low mass

Higher stgnal, faster response, better radiation hardwess (> 10 MRad), save
sﬁmpticltg, higher price (cwr@vut%) thaw traditional M. AP.S.
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) LePix: high Q substrate monolithic in IBM 90 nm

NMOS in PMOS n High resistivity substrate
p-well n-well (~ 400 Q c)

i) 90 wim (BM Process

n-well collection electrode Ownly few transistors in the
(small) collection electrode

for Low C (hence Low power)

High Q p-substrate

~ Pixel clock costs significant powe\; move all the electronic at the periphery,
Lines from every pixel. Exploit 90 nm low K dielectrics in the metal.

- Need for Uniform depletion layer (collection by drift, better radiation
tolerance) makes Large pixel difficult (50 wm seems alrendy betng a Limit).
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- Possibility of large arven detector by stitehing.




] Lepix pixel cell Layout (top view)

Owtg one PMOS
transistor Lin the plxeL
(or magbe very few...)

- == -

Each pixel Ls perma wethg
connected to tts front-end
electronies Located at the

border of the matrix. ' Owne or two dedicated Lines per pixel: fine
piteh Lithography => 90 nim CMOS
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ntegration time

Blasing diode Switches for storage , |

e L

Reset

Stove veference

Store signal

Readout

Pixel cell Switches for veadout

Ow periphery CBS. Parallel storage for all pixels: no volling shutter,
synehronous tntegration time tndependent from readout time.
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LePix depletion depth measurements

3

A
o

~400 Q e => X103
45 wmw depletion @ 40 Vv

W
o

Depletion depth [pum]

10RHZ Model :CP—RP
20RHZ Model Cp-Rp
A 50RHZ Model Cp-Rp
50kHzZ Model Cs-Rs
200kRHZ Model Cp-Rp
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O Test beanm setup (both CERN SPS and PSI eyclotron)
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PP L cPix with 200 Gev T at CERN SPS

Counts [-]

100 150 200 250 300 350 400 450 500

Cluster peak LADC counts]
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Difference (Signal - Refer = | MSEEES m

O Volts blog &0 Volts blos
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BTN ( cPix with 200 MeV T and p at PSt eyclotron
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Effictency problem (—70%) : depletion forms “bubbles”

1: CVanDort/Vsub30_Vmetal29_Vpely30_des.tdr 0-0 2: CVanDort/Vsub30_Vmetal30_Vpoly30_des.tdr 0-0

Deptet’wm
should

, 11 Feb 2013

hbarris [ome-3] [ idgnaily [wm-]
ADEHE SES

228412 . > EX N
15602 1LEE R
12605 ; L2E+05
B.5E.02 BEEL0Z
azEa1 G2

Lenni

2

D@pL@tLOA as We
SUPPOSE Lt was
during beam

i
)]
g
N
)
>

|
Q
A
S
:5

s

————l ‘ hileriy [ere-3)
FOE+ 15 : \ el =0 |-}
22E+12 ‘ e | LIE+IT
15608 | | 188408
126405 . 126405
95502 SEE2
&2EQ1 b . BEEG]

Levo Gl

7

P




| Lepix noise (@ room tewperature)
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[eENC]

nolse

Lnput

/’

rt Level: egration time depend
nsistor W LeakRage current te

Equivalent

220
ntegration time [us]

Equivalent 'quut nolse (all system tnelusive) at room temperature Ls about 25
e-, accordingly to what expected for the tnput capacitance measured value.




o] LePix with ““Fe @ room tempernture

Entries 5742
Mean 2014
RMS 67.86

Swall peak (6,49 kev)
m: &.45RkeV (294 ADC)

callbration peak (5,9 kev) G: 143¢eV (6.5 ADC)

m: 5.90 keVv (269 ADC)
c: 136¢V (6.2 ADC)

t|||rt|||ri|||11||\{‘\\~.__1__|||
150 200 pai) 300 35

ADC counts [-]
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=i Looking at photons

Bven Lf LePix was designed as High Buergy Physie detector with extremely
Low power consumption and wmaterial budget...

..Lt proved effective as (far Lower energy)) photons detector prototype.
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Absorption Length {(um)

\

Extreme Far (or vacuum) ! Neal UY

! 1
Ultraviolet ~ Ultrayiolet yis'it{te,lﬂ
10 ‘ 1000
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Back-tllumination + thinning + full depletion

T @ electrons
" Dbolew =~ ~ .
) L

¥ 6 keV

- Back-illuminated, fully depleted
device could see the whole spec

- Spectroscopic capabilities over full
detection range thanks low notse.

-~ Soft X-Rays (0.5 keV - 10 kev)
absorption length 4 ume — 100 .

T & electrons

- Vistble range 0.05 um = F . color
bmaging without filters.

- Large area (l/qs to 20 x 20 cm?) and
small pixel piteh (down to 1 wm) are
ey characteristics for Synehrotron
Light Sources and Free Electrons
Lasers.




g;s- Back-illumination + thinning + full depletion

Back-Lit
+ Thinning
+ Fuu@ depLe‘ceo{

Standard Back-Lit Backe-Lit
+ Thinning

= = Full depletion
? | critical for Low
: : , penetrating Y
| Epitaxial I e by bl VU, W S . "‘x.mra;tc: window
} ‘ | fi.} \

\ 4

v
| Epitaxial layer Epitaxial layer Depleted regfon

i i i
dallee dullee dal=s
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Thinning proauces
stress ow the material

Traps and defects at
the interface capture
charge ad makes an
uniform depletion
field Limpossible

Need a contact to

deplete th& Eubstrate
N SESs =

\

L QITASS

winodow
thickwness

Status

I
I
: Low energy mplant +
| 500 C annealing

I Low energy bmplant +
I Laser annealing

| ) 20
I A-Sl contact deposition
| by sputtering

LW In-situ dopeot poly

\ I (spp)

\I

\I Molecular Beam EPLta)%

L

1000 - 2000
A
400 - 700 A

200 A

100 - 200 A

Process O(epevwlewt, SO,
LePix functional

Several SOl prototwses
functional

Prototypes functional,
high leakaoe

Standard MSL process

De\/etopiw@ n-house
Copa bititg

[From Craig Tindall, LBNL]




A LB NL thin window for inereased transmission

Entrance window transmission Deposition pro{LLe

Transmission

Concentration {atoms em™)

)

MIM
T e
1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1

1000 0 0.2 0.4 06 0.8 1 1.2 14

E (eV) Depth (um)

LBNL low temperature process: cold ®  Spreading  Resistance  Analysts
implant at 33kev, -160°C to create (SRA)  weasurements show P
amorphous layer, annenling @ 500°C contact extending to 0.3 - 0.4 pm

(10 min Nitrogen atmosphere). depth.
[From Craig Tindall, LBRNL]
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M First processed LePix prototyype

- Few LePIX watrices have beew thinned dowwn to about Soum and back-
processed at LBNL.

- Back-process consisted of two steps: low implantation and annealing.
- The annealing step is eritical (tevperature issue) so that:
- We lost two chips annealed at the highest temperature.

- Two chips annealed at 50°C below the standard temperature arve dead as
well. owne lost after the first tests (working at the beginning, even though
we could not see any stgnal from any source, and thewn Lost) and one dead
stnee the very beginning.

- owe chip annealed at 100°C below the standaro temperature is alive and
working.

\
i
Q)
o
<
V)
L
e
i
=
<
<
o
>
|
)
AR
Q)
Q'
13
>
|
Q
)
AR
—\5
=
I
Q
L,
¢
o




N Processing is NOT such an easy step....

|  Thinned (50 pm)

’ chips oo not Like

thermal stress!
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O . but we have a first working device!

Entries 6071
Mean 148.6

Back-tlluminated >>Fe RMS 32.05

W
o
o

Counts [-]

calibration peak (5,9 kev)
m: 5.90 keV (170 ADC)
C: 346¢eV (10 APC)

200 250
ADC counts [-]
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N Conclusions

- Near-commercial CMOS process, Low cost bn case of Large production runs
(engineering runs still expensive, but other foundries claim do the same).

- Reasonnble radiation tolerance (10 MRad / 10** Neq) frome seratch.

— High spatial vesolution (1 wm pixel pitch) possible, Large area though
stitching, now aommemmug avallable.

- Large edgeless detectors through stitching.
— Low power consumption (10 mwW/em?), hence Low material budget.

—~ pectrum in a mownolithic LS poss’ubte, yet many processing
parameters to be lnvestigated/optimizen.

- Soft X-ray (10 keV) seems a feastble goal for a 50 ~ 100 i depleted device.
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&

0 EZM> ¢ e T

Thin PMOS

Pix 1 ref Pix2vef | Pix2sgn

Pix 1 sgn

B500us/  ROOEMRER 40 442513200 ms RIS ’m1 S5y EY 4
- e | ‘

Lo l@% to veach Low power, putse measurement tllustrates Very
Low capaci’ca nee, arounol 4 fF {or small collectlon node plxets.
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LePix also sports “digital” pixels

Digital readout

* The curvent stgnal s converted to a voltaoe
step by integration on the wput parasitic
copacitance (~ 10 {F).

Voltage step sensed at the source and fed to
a preavwplifier-shaper-discriminator chain.

Stack of only two tra NnSLstors.

Margin to operate the sensor at Low power
qusp% (0.6 V).

Enough headroow for leakage tnduced ™C
variations.

Pixel cell

Ownly one external Line per pixel. The rise time of the signal, but not its final
amplituole sensitive to the parasitic capacitance of the Line.
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o LePix rvadiation (10 MRad X-Ray)

g

Voltage [mV]
g

L
=

£

W‘r‘l’r‘l'llll'l'lln'l'lnl TTTT [ TTT1 .

l\
1
l

TTTT Illl]llll TTTT IIIIIIIII T

150

i

lltllllllll‘.lltl 113 ‘EI‘ 100 { v | o I ;
G 80 100 120 140 160 180 200 640 660 680 700 720 740 760 780 800 620

Clock counts [-]  Puos #2 Clock counts [-]

(4.2 krad/min, biased) and post (green) rad, one week at room T (Yellow)

Some sectors wore offected thaw others bmmediately atfter Lrradiation,
reasonable vecovery atter one week.
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