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l. Introduction
- ALICE ITS upgrade project

The ALICE ITS will be replaced with an entirely new detector during LS2 (2019)

New Layout for improved resolution

7 layers, 12.5 Gpixels in ~ 10 m?
Inner layer radius 22 mm

XIX, 0.3 % (innermost layers)
Spatial resolution ~5 um

Requirements Beam pipe
Chip: 15 mm x 30 mm x 50 ym
Pixel size: O(30x30) pm?
Power density < 100 mW/cm?
Integration time <30 s
Required radiation tolerance : TID 2.7 Mrad & NIEL 1.7-10%3 1 MeV ng,/cm?

Thin sensors, high granularity, large area, moderate radiation

=» Monolithic silicon pixel sensors

See L. Musa Thursday h.14 plenary talk
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l. Introduction
- Technology

TowerJazz 180 nm CMOS imaging process
= Gate oxide 3 nm thick, good for TID tolerance

NWELL PMOS NMOS
Spacing DIODE Spacing TRANSISTOR, TRANSISTOR
<> <> —

(o] () J7 ) /1) I

pwell * nwell pwell Deep Pwell
| Collection|

deep pwell

. /deep pwell = Allows in pixel PMOS
diode ' $7,
Deplietion™., Epitaxial layer
reglon’.. ’ = Thickness: 18 — 40 ym
K ) = High resistivity: 1 — 8 kQ-cm

--,.. | Reverse substrate bias
epitaxial layer | . |ncreases Depletion region
» Reduces collection diode

capacitance

p substrate

Particle hit
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l. Introduction
- Chip development

Since end 2011, 4 MPWs and 5 engineering runs.
Small scale prototypes for sensor optimization
Full scale ALPIDE prototypes (1024 x 512 pixels)
= ALPIDE-1&2 ( lab and beam test)
= ALPIDE-3 ( coming back from foundry in October 2015 )

=  Front end optimization and revision from ALPIDE-1&2

< The first full scale prototype : ALPIDE-1 >

1024 x 512 pixels
(28 x 28 ) pm?
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2. ALPIDE principle of operation
- In-pixel hit discrimination

Pixel analog Multi event
Front end buffer

Reset

OUT_A OUT D

7

STROBE

—— Collection
diode

. . Reset: ~1ms
Particle hit ‘1’ ~ 2 pys Peaking time

W PIX_IN | outa

STATE
Threshold (Latch)

AV=QIC:~10ns Particle hit

« The front-end acts as an analogue delay line

« ~2 us peaking time
« When STROBE is asserted, the front-end binary output is latched into the multi event buffer
« Hit driven architecture

* Pixel state register readout by a zero suppression circuit based on priority encoding
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2. ALPIDE principle of operation
- Sensor configuration and reset

< Diode reset > < PMOS reset >

PIX_IN ¢ . : PIX_IN ¢ IRESET

A : VREiff -5 ¢ A ¢ l/RTESET_P

€ (EBCD) I & @ T & [ O © &

pwell nwell nwell pwell nwell] nwell
deep pwell deep pwell deep pwell * deep pwell

Collection p~ epitaxial layer Collection p~ epitaxial layer
diode diode

p substrate p substrate

Spacing Diameter Spacing Spacing Diameter Spacin
S>> ) B) p@bp@g

Diode Reset
VRESET D

DO > P
PIX_IN

Collection “A~ Collection
Diode Diode

» Sensor NWELL collection electrode
» Octagonal shape with 2 ym diameter
» Spacing between NWELL and PWELL : 2 pm to 4 um
* Reset mechanism
» Diode reset : p+in NWELL, Reset current depends on the sensor leakage and signal amplitude
« PMOS reset :
» Reset current limited by IRESET (> leakage) - control on the reset circuit conductance
 Additional capacitance on node PIX_IN
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2. ALPIDE principle of operation
- Pixel analog Front end

< Principle > Qn < Front end schematic >
AVpix In =7 AVpix in = A Vsource VDDA

VDDA Cinv'
AV e J}BIAS > ITHR

MO

source AV _ Qsource ITHR
AVsource ouT A Cour A Sooice D—ol M4

PIX_IN Csource
M1

o2

AVpix In

VCASP
D cl M2 Coource > Cour a (Parasitic)

D ouT A
J_ ‘ curfeed
M3 ”7

Cout A

IBIAS
l Practical implementation

ITHR, VCASN : To define the OUT_A baseline voltage level

curfeed net : To set M3 gate voltage level to allow IBIAS+ITHR current
Active low output (OUT_D) : M8 current (defined by OUT_A) > IDB

The front-end work on the weak inversion to reduce power consumption
IBIAS = 20 nA, ITHR = 0.5 nA =2 ~40 nW (1.8 V supply voltage )
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2. ALPIDE principle of operation
- Pixel analog Front end principle

M3

Combined capacitance to reduce layout area

M8

curfeed i
}? Ccurfeed

<~

GNDA

C and C 42 Cs

source curfee

Charge threshold parameters
OUT_A baseline value : ITHR,VCASN

Threshold of second stage : IDB

0.3

0.2
OUT_A base Iinc()a1

V]

OouUT_D

Diode connected clipping transistor M6
To compress pulse duration for large input

OO

<OUT_A>

Input charge

Clipping point
(OUT _A - curfeed > Vth M6)

Threshold of second stage
(IDB = lysg )

Charge Threshold

o

— 100e-
150e-
— 5000e-

Input charge
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3. Measurement results
- ALPIDE 2 electrical test charge injection results

< Threshold distribution >

< Noise distribution >

. o

—— Sector 0
Sector 0 {(Mean 12.7 e, RMS 1.8 g)

(Mean 169 e, RMS 13 e)

Sector 1

{(Mean 150 e, RMS 9 g)
Sector 2

(Mean 148 e, RMS 3 g)
Sector 3

(Mean 161 e, RMS 11 e)

—— Sector 1
(Mean 12.6 e, RMS 1.7 )

—— Sector 2
{(Mean 9.9 e, RMS 1.5 ¢)

—— Sector 3
(Mean 8.4 e, RMS 1.3 e)

0

100

Sector

Spacing
[um]

2

0
1
2
3

2
4
4

250 30 25 30
Threshold [e] Noise [e]

(=)

« Error function (S-Curve) fit results (substrate voltage : -6 V)
« Charge threshold : ~155 e- with 10 e rms
* Noise:~1le
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3. Front end Optimization
- ALPIDE 2 beam test results

Nominal threshold setting I+, = 500 pA

—1 1 Il
= 1 N T T

=
Q
c
Q
O
—
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-
9o
s
@
+—
o)
0O

Efficiency Fake-Hit Rate

—- - Non-irradiated

= 3 1.0x10" 1MeV neyfem’
Substrate voltage : -6 V,

Epitaxial layer : 25 pym thickness

Spacing : 2 ym

Fake-Hit Rate/Pixel/Event

1077
107°

X - 10°°
. E-,___

sensitivity limit o

0.015% pixels maske-:W o -y T— - mE-----m0 S

| | | | | | | | | | | | | | | | | | | | | | | | | | | | 10—] 1
200 400 600 800 1000 1200 1400 1600

PA

Threshold Current |
= ~100% efficiency with fake hit rate of 108 at the nominal threshold setting

10—10

i (
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3. Front end Optimization
- ALPIDE 2 beam test results

Nominal threshold setting I+, = 500 pA

Substrate voltage : -6 V,
Epitaxial layer : 25 pym thickness
Spacing : 2 ym

Resolution (um)

[0
R
L
@®
N
7))
| -
)
o
2]
=
O

Resolution Cluster Size
- -W Non-irradiated
- -B 1.0x10"° 1MeV n.,/em?

200 400 600 800 1000 1200 1400 1600 1800
Threshold Current | pA

Spatial resolution of 5 um is achievable rhR (

Average cluster size ~2 pixels
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3. Measurement results
- ALPIDE 2 beam test results

=  W,,, Input transistor (Sector 0 ) vs. ~ 4 * W, Input transistor (Sector 1)
= Detection efficiency > 99% ( specification ) for both Sectors
= Low threshold setting: Comparable noise level (Gaussian noise)

Sec.

[e] [e]
0 : 169 13 1.8

= Nominal threshold setting:

1 . 150 9 1.7

= Sector 1 has lower fake hit rate (lower RTS noise)
< Hit map —random triggers >

< Fake hit rate vs ITHR > E 500

Sector 0 - Sector 1
— Sector 0 - -

Nominal threshold setting Iyz = 500 pA Sector 1

=
NN}
-
]
e
o
s
@
==
[+
o
o
=]
=

100
ITHR [DAC]

I:::'Illl‘llll|I|_-|I|-|,|I.'I‘|II|‘

=
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Present prototype satisfies ALICE ITS requirements [ALPIDE-1&2]

Pixel Optimization for ALPIDE-3
3 multi-event buffers
 Charge threshold mismatch
« Testresult: Q, ~150 e- with ~10 e rms(mismatch)
e Pulse duration variation
- Very important in trigger mode detector operation
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4. Front end Optimization
- Device sizing base on Monte-Carlo simulation

> ~ 220 pm?

st
s
14 pym 3:”m

Device size limited by layout area.
" Device size limited by load capacitance

9
< Contribution to mismatch by device> Aror = ZAL' -> Total area fixed
i=0

OUT_A

3 um

GNDA

*rms0 [e7] | W/L[um/um] | Area[um?] | rms[e]

ms— M50 > rms0 depends on circuit
2.70 1.8/8.5 15.3 0.69 VAREA - Large area required

0.06 0.92/0.18 0.16 0.14 *rms0 : normalized mismatch value for 1 ym? transistor area

0.03 0.22/0.18 0.04 0.14

2. rms0,)? > Weighted sum of squares
;A—i - Area distribution is important

0.22 0.5/5 2.5 0.14

4.63 2/8.4 16.8 1.13

diode cap. : 2.5 fF

0.92 0.5/10 5 0.41

Version Qurle-] | rms[e-]

Monte | AlpDE-2 | 94.1 5.0
0.34 0.42/7 0.2 Carlo

0.17 0.5/3 15 0.14

ALPIDE-3 78.3 1.7

0.58 0.22/4 0.62
0.04 0.42/0.2 0.14 * Mismatch reduced by factor 3 from ALPIDE-2
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4. Front end Optimization
- Parasitic capacitance impacts charge threshold

Variation of parasitic capacitance amplified by miller effect

Cascode transistors to avoid Miller effect on parasitic < Sensitivity of the Charge threshold on C; >
capacitances between high gain nodes

« M2 for Cpy: PIX_IN to OUT_A
« M9 for Cp,: OUT_Ato OUT_D 80

VDDA 79 5 —
M

IDB i .
0 D_ol ; Without cascode [M9]
ITHR :
souree [>—0| M4 , i dQthr 2.2e”
Cs ! dCcP, O0.1fF
M1 . .
: VCASN2 : ' :

—l__<. VCASNl ws & D— : : With cascode [M9]
.._o| M6 "3 ! dQ,, 0.6e
dcP, 0.1fF

Extracted Cp, value : 0.38 fF > 25% variation : 0.1 fF

Effect of Cp; mismatch variation on Q,, reduced by factor 4
( rms from transistor : 1.7 e~ < without cascode : 2.2e")
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4. Front end Optimization
- Pulse duration uniformity

— 50¢-
— 100e-

—is. | OUT_A

. Inputcharge « [ arger M4 to reduce |l variation

4V _ Ipischarge | Before clipping = Iryg «  Longer M6 (clipping transistor) to reduce the clipping point

dt ~ Coyr 4 {After clipping = Iryg + Iue varigti on (clipping ) PPIngp

Clipping point « Diode connection : Fixed clipping point by V, of M6

* V¢ p: Configurable clipping point by VCLIP voltage

«  Cascode transistor[M9] to reduce Cqr A Variation

OUT_D

* Larger M7 to reduce Iz variation

x107®
0

V]

OUT_A

oO

N

vl

OUT_D
>

IBIAS

D | MO IDB |
source ITHR

— 50e- | >—(* M4

— 100e- Cs

PIX_IN
150e- —
M1
— 5000¢- —Ol | VCASN2
Input charge BN e D—|
M
|

feed

<
o cur

=

VCASP Ib—q E M6
D—Ol M2

L,

curfeed OUT_A J_CourA
vs JF—— I
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4. Front end Optimization
- Pulse duration vs input charge

- Continuous acquisition mode
- Trigger mode : The front-end is working as an analog memory
- Keeps hit information up to STROBE arrival
t Clipping point

=

t1 : time walk
t2 — t1 : pulse duration window

t2
: trailing edge of OUT_D

Pulse duration window Pulse timing precision

3.1 us > max.tl

2.6 gs 2 min.t2
(required max. delay )

t1
: leading edge of OUT_D

‘Chargethreshold

50 100 200 250
Qin [e]

Reduced
variation by

< STROBE >

ALPIDE-2 ALPIDE-3

108 e
2.9 £0.40

118 e
1.8 £0.33

187 e
0.8 £0.06

5 ke-
0.5 +0.01

3.6 £0.92

6.4 £0.70

8.16 £0.28

1.9 *0.21

factor ~2

—

50 e
2.9 £0.20

100 e
1.5 +0.16

150 e
0.9 £0.03

5 ke-
0.5 £0.01

3.9 +£0.52

5.9 £0.24

5.7 £0.09

2.6 £0.07
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4. Front end Optimization
- Pixel layout picture

<Pixel matrix layout> < Pixel layout >

1
I
|
I

Electrode

Multi event bu
- 3 memory

i
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— o — — o — o — w— ——
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@
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4. Front end Optimization
- 8 different sectors for ALPIDE-3

VPULSE_* P AVDD

Diode Reset Cinj
VRESET D 160 aF

— IBIAS ITHR IDB
[ | >—| MO | )—| M4 | >—| M7
source
HIT_PIX_B
pix_in |

o curfeed

<

VCASN Vcéﬂﬁ
D—| M5 M9

pix_out |_+

pix_out
PWELL )\ ”: M8

curfeed
M3 Ii

AVSS

M3, M5, M6, M8 VCASN2 (M9) Clipping M6 gate M1 bulk
0

optimized size diode conn. AVDD Diode 2 um
optimized size No diode conn. AVDD Diode 2 um

as in ALPIDE-1/2 No diode conn. AVDD Diode 2 um
optimized size VCLIP AVDD Diode 2 um
optimized size VCLIP Source Diode 2 um
optimized size VCLIP Source Diode 3 um
as in ALPIDE-1/2 diode conn. AVDD PMOS 2 um
optimized size VCLIP AVDD PMOS 2 um
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5. Conclusion

« Sensor performance of present prototype satisfies ALICE ITS requirements [ALPIDE-
1&2]

 Improvements in ALPIDE-3
* Front end optimization
« pixel-to-pixel mismatch reduction based on Monte-Carlo simulation
« Charge threshold mismatch 3 times lower
« 2" stage cascode NMOS (M9)
* Pulse duration variation reduced by factor 2
* Resizing of current bias PMOS to reduce discharging variation
V¢ p for clipping point control and pulse duration tuning.

* Multi event buffer with 3 in-pixel memories
« Contains all final elements for detector

 ALPIDE-3 submitted in June 2015 and expected in October 2015

 The final chip for ALICE ITS detector will be submitted in February 2016
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Thank you for your attention

System IC Design Lab. E
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Back up

System IC Design Lab. E
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ALICE Inner Tracking System at present

ACORDE 3\

EMCal | i . N Tracking

" ) %\ Chambers

TOF ) i Dipole
TRD} I , . e RS Magnet

..,\ ——— |

y \\\ m—
HMPID ' [— -
x PHOS_J{ TS I(7pc)

2 layers of hybrid pixels (SPD)
2 layers of silicon drift detector (SDD)
2 layers of silicon strips (SSD)

System IC Design Lab. E




3 Dongguk University

Hit driven readout

Pixel front-end
Priority encoder
Pixel front-end
Pixel front-end
Priority encoder
Pixel front-end

Periphery
TCIock $ Control TPuIser
+ trigger

Hit driven architecture:

= Priority encoder sequentially provides addresses of all hit
pixels present in double column
= No activity if no hit

System IC Design Lab. E
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Principle of the pulse duration

When Strobe is asserted, the front-end binary output is latched into the pixel state register.

_ _ * Pulse duration =t1 ~ t2
< Pulse signal processing > t1: leading edge of OUT D

OUT D

OUT_A

t2 : trailing edge of OUT_D

< Reconstructed pulse >

width

STROBE

Pixel analog
Front end

state
register

T

i
|
|
|
|
|
: 3 pixel
|
|
|
|
|
|

*Pulse duration difference according to input
charge difference
\%

VDD

t2 ijifferéance
<>

N

t1 diffetence

System IC Design Lab.
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Bulk connection

The gain increases around 29% if the bulk of the input transistor M1 connected to the sour
ce net.

The gain increases around 1% and 4% if the bulk of the cascode p-type transistor M2 and
the capacitor Cs connect to source net, respectively.

800.0 -
700.0
600.0 1

500.0 -
] Bulk connection amplitude increase @ Qin=100e-
"' source (M1, M2, Cs) 35%
== VDDA (M2) source (M1, Cs) 34%

] ~— VDDA (M2,Cs) source (M1) ‘ 29%
0% — VDDA (M1, M2) source (Cs) 4%

] VDDA (M1, Cs) source (M2) 1%
ROD:R: 1 "*' VDDA (M1, M2, Cs) baseline

400.0 |

>
E
<':l
'—
2
O
©
)
©
2
=
E
<

100.0 |

0.0

System IC Design Lab. E
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Comparison of front end layout area

ALPIDE-2 : 192.55 um? é ALPIDE-3 : 226 pm?

28 um 4 om0

. Electrode

State
Register

Configuration

Collection electrode Registers e = Pulsing i

& pulsing capacitor

L5 F IR
£

il iy il teaupd

55
&8 =

AERD

Part of 16.4 pm ' Multi event buffer

~ 2> 3 memory

Analog
Front End

17 ym

System IC Design Lab. E
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Device sizing example

+*rmsO0 : normalized mismatch value, circuit parameter

9 . < Contribution to mismatch by device >
rms0 (rmsOl-)2
i=0 i=0 ¢

VAREA Monte Carlo [ diode cap. : 2.5 fF ]

drms;,;
— " _0

When 4,,; is fixed, 4; equation for minimum rms — A
i

version Qi [e-] rms(mismatch) [e-]

ALPIDE1 94.1 4.95

- Example :
when MO and M4 area fixed by 32.1 ym2, which is two main contributor ALPIDE3 78.3 1.69

rmsOo2 + rmsO42

. s drmsoe
TMS o = ———— for minimumrms » ———= =10

dAy *rms0 [e] | W/L [um/um] | Area [um?]

2.70 1.8/8.5 15.3

0.06 0.92/0.18 0.16

0.03 0.22/0.18 0.04

0.22 0.5/5 25

drms;,;

i L o] 4.63 2/8.4 16.8
°f ALPIDE-3A,=16.8 da, - 0at4.=18.9]

0.92 0.5/10 5

0.17 0.5/3 15

0.34 0.42/7

0.58 0.22/4

20 3 0.04 0.42/0.2
A, Area [um?]

System IC Design Lab. E




