ﬁ SOOI

Silicon-On-Insulator Pixel Detector Project

YRHAAURDCOR ML fr

Institute of High Energy Physics
Chinese Academy of Sciences

Overview of SOl development
(from the HEP perspective)

International workshop on CEPC, 6-8 Nov. 2017, Beijing

Yunpeng Lu on behalf of SOIPIX collaboration



Outline

Concept of SOl pixel sensor

Technology development

— Shielding

— Radiation

— Transistor layout

— 3D integration

— Stitching

Applications in high energy physics
— FPIX for general study

— SOFIST for ILC vertex

— CPV for CEPC vertex

Summary



Introduction

* Advantages of SOl technology for tracking

Full CMQOS circuit at 0.2um process node

High resistive (up to >10kQcm) substrate, full depletion/ over
depletion(fast charge collection)

Pixel pitch below 10um possible

Sensor can be thinned to ~50um

S

Double SOI wafer and process available (for better shielding &
radiation hardness)
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* Avariety of n/p-type substrate

— Double-SOIl wafer in continuous optimization

Wafer types

Layer Single SOI D-1 (SOITEC) D-2 (Shinetsu) D-3 (Shinetsu)
SOI1 P-type 40nm, p-type 88nm, p-type 88nm, p-type 88nm,
~18 Qcm <10 Qcm <10 Qcm <10 Qcm
BOX1 200nm 145nm 145nm 145nm
SOI2 n/a p-type 88nm n-type 150nm p-type 150nm
<10 Qcm <10 Qcm 3~5 Qcm
BOX2 n/a 145nm 145nm 145nm
Substrate n/p-type CZ, FZ | n-type CZ p-type CZ p-type FZ
725um, 725um, 725um, 725um,
0.7 ~ 25 kQcm >700 Qcm > 1.0 kQcm > 5.0 kQcm




Sensing diode

* Two ways of implantation
— P+, highly doped
— BPW, moderately doped

* Dedicated contacts to

access the collection
electrode.

a b

Impunty Impunty
Buried
Oxide SOI Si
Buried p-Well

Fig. 5. (a) Normal implantation method to create p-n junction in the substrate
and (b) buried p-well implantation method. By fixing the BPW potential under
peripheral circuit, the back gate effect is completely suppressed. In the pixel area,
BPW may be used to extend sensor area.
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Fig. 2. Simplified SOI pixel process flow.
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Double SOI

* Shield the capacitive coupling between sensor and circuit
— Enable complex function
— Improve frontend performance

 Compensate the trapped charge by TID
— Enhance TID tolerance
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Effect of Double SOI

Cross Talk from Clock line
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Effect of Double SOI ||5fF |2

Coupling: ' /!

Gain of Charge I

Amp increases ~3 ZS ZS

times by cutting Single SOI Double SOI
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NMOS
Irradiation with Gamma-ray /0 normal Vth

Source-Tie Tr.
L/W =0.35um/5um

Vso=0V .
< = -
= /ff';’w 4100 kGy f,/
2, 6
! &4l
- -8 0 kGy
_;’ 0 kGy Dol
1-050 05 1 1.5 71050 05 1 15
VlV]
e OkGy
e 0.5kGy
1kGy
e 2kGy
5kGy
e 10kGy
20kGy
100kGy CEPC workshop, Nov 2017, Beijing (by U. of Tsukuba)




| FPIX2:DSOI 100KGY
_

© 5x5 cluster charge about the maximum charge
cluster_3_only cluster_3_only

pixel in an event — Entries e
o :_ i‘tdll l?(:fv 6724/ ;::
5x5 cluster charge [ADC] e
ol Non-irrad (200V)
600 c
depleted “E
200 ® non irrad P —i® oA M
400 ' - cluster_3_only o
300 " oIt S maltd
o e " 100kGy (200V)
O - VSOI2 : 1/0=-4V ,
100 oF l"{ ' i"ﬁ‘m Pixel=-8V , Dec=-12V
& i M"\NII}‘\--.-A‘“..; R P TLT WP TP SRR T W R TP
] 00 200 DU ¥ 500 1000 1500 2000 2500 nns(-:mn
0
0 > 1 ' I tive double-SOI all ti
nnovative double- allows operation
VVDET [VV] ]
of SOI devices to 100kGy
Recent study extended to 1MGy
K. Hara, TIPP2017 May 22-26, 2017 BEIJING - N e 7

CEPC workshop, Nov 2017, Beljing = 11



Layout Shrink (Active Merge) SOl

Bulk CMOS PMOS NMOS
PMOS NMOS B ] B H
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In the SOI process, itis
possible to merge NMOS | Salicide

& PMOS Active region COnnectio:\-

and share contacts. I
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Charge Amp

+

Shaper

+

Discriminator
+

Share Handling

+

19bit Counter

+
7bit register

(in 2,340 um?)

| Sma//est Countlng type P/xel of th/s kind.
| (much smaller thande&gned in 0 1 3um process)
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3D integration

* Lower Tier (Sensor + Analog)

 Upper Tier (Digital)

* MPW available through SOIPIX
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Transistors in the upper/lower tier
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Fig. 5 Id-Vds characteristics of NMOS and PMOS transistors located at lower
and upper tiers.
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Stitching Exposure for Large Sensor

SOPHIAS by RIKEN

Reticule size e
~25mm X 31mm s
iy .u-%.’;;;‘, e &::1

» Width of the Buffer Region can be less than 10um.
» Accuracy of Overwrap is better than 0.025um.

15
CEPC workshop, Nov 2017, Beijing
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FINEP{XEL DETECTOR: FPIX2

(" « |Pixel size: S8um[]

p SETS On-pixel circuit oL our o
» : vDD138 =
- Handle wafers:
>single SOl RTDx
25kQ-cm p, 500 umt Pt r
>double SOI SENSOR % dF b3
1kQ-cm p, 300 umt Y o {L‘}Hm
* Rolling shutter RO N2l P2
8 parallel outputs veal = GND

A

j GND =

In Development:

U to demonstrate excellent spatial resolution achievable
with SOl technology (=>tracker for SOFIST TB)

U as demonstrator of TID tolerance (FPIX2 equipped with
three middle-SOIl regions)

chip layout (3mm-sq)

TID: hole accumulation in BOX/GOX
Middle-SOI: compensate TID effects by
applied negative voltages

PIXEL Analog signals are digitized (2ms) by
external SEABAS2 12-b ADCs (8 parallel)
DECODER A <
1/O
K. Hara, VERTEX2017 Sep 11-15, 2017 Las Caldas = NS = 14
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~— RESIDUALS ;. x
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Detector system

SOFIST:
Pixel size: 20x20 um?
Active area: 1x1 mm?

FPIX:
Pixel size: 8x8 um?
Active area: 1x1 mm?

{20 30mm

Proton Beam -++--—41--1F -~

Signal output S i |

Pixel size: 20x20 pum?

K. Hara, VERTEX2017 Sep 11-15, 2017 Las Caldas
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* Pre-amplitier

* Comparator (Signal discrimination)

* Shift register (Switch memories)

* Analog signal memories (Store signal charge)
* on-chip 8-b column ADCs /column

SOFIST V.1: beam tested

Timestamp
output

Pixel size: 25x25 pm?
* Pre-amplifier
* Comparator (Signal discrimination)
* Shift register (Switch memories)
* Timestamp memories (Store hit timing)
(time info digitized by the same column ADCs)
SOFIST V.2

S

—

RS

23
4
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SOFIST SPATIAL RESOLUTION

\—-/SOFIST resi (c_track~0.57/0.65.m)
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- Readout: external s =>on-chip 8-b ADCs

SOFIST#1(BPW 14x14) SOFIST#2(BPW16x16)
plC'TS for “blchk Cuse” Residual X: 4 Residual X: 5

- h_resx_4 - — h_resx_5
g Entrigs 1784 '5 = Entrias 2401
& 140 Mean 01603 5 220 Meal 0AETF
C Std Dev 2,795 2o0F Sid Dav 2,721
1o & i it 12,1 /9 F «F I rtt 12,58/ 9
o Constant 1385 « 5.8 1ang- Constant 2277 =T 8
C Mean 0,2746 = 0,06563 1e0f— Mearn 0,868 = 0,006
.d | 100~ Sigma 1,504 + 0,054 E Sigma 1,367 & 0,035
Residual X ¢ 40f-
“F 4 3 o
g 1.50 % 0[05 Lm uf 1.37 % 0.04 m
Bl — F
. 1.57 = 0.08 um = 11.49 = 0.06 1tm
anf sofE-
: | 1.58 & 0.05 um 4.f L, 1.33 = 0.03 pum
2al- E
E 20k
P = P . [e— pEmnnn 11
—15 =14 4 o 10 15 =15 =10 -5 o 1] 15
Residual X [um] FResidual X [um]
Residual ¥: 4 Residual ¥: 5
h_resy_4 P — h_resy_5
‘g 160~ Entrigs 174 ‘g ,’d‘.]; Entrios 2401
I C Mean 0,087z i E20 Maan —0,1204
140 Stal Daw 2825 soab- St D 2,694
E 1  ndl 16,79/ 9 E w? f 1 ig
120~ Consiant 1485 + 6.4 180 Constard 2122 7.8
F Mean 09,1282 = 0,0481 180 = Maan 0,06%11 = 0,03750
Residuql Y 100 Sigma 1,378 4 0,048 E Sigma 1,348 « 0,095
- 140
woF- 1.38 + 0J05 um =F 1.35 = 0.04 im
1=
6ol 1.55 &+ 0.08 tm eof 1.38 = 0.05 um
a0l B0 |
: 1.54 = 0,04 um _F 1.32 = 0.03 um
S/N"‘"’SOO “F 20F |
c:u—|_| T TR BT T N D;-v--n_nu TR L Lot
—15 =10 5 o & 10 15 —-15 -10 -5 o 5 10 15
Fesidual ¥ Jurm] Fesidual ¥ [um]

K. Hara, VERTEX2017 Sep 11-15, 2017 Las Caldas ~

(




CPV chip concept

* Fine pitch matrix with in-pixel discriminator

— 16um pitch to achieve single point resolution < 3um

— In-pixel discriminator to enable a low power operation in a continuously colliding mode
* Pixel structure

— Sensing diode, amplifier, discriminator

— Half of matrix are analog readout for calibration
* Thinned down to 75um thick

— Backside process

CPV2 function blocks CPV2 pixel layout
Voltage CcDs ‘
amplifier stage Inverter Column bus o — T
Protection - _— ; i Sea o
diode
Velamp
Vdiode —q t t
reset
—o/o——| L & o
Vil"l | t
I

CEPC workshop, Nov 2017, Beijing



Noise and threshold

* S-curve measurement

11—
L] ~ - :
 Temporal noise ~6e i
0.8—
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Single point resolution

e Single point resolution measured at different laser beam intensity
— Increase of signal amplitude favors single point resolution
— 2.3um achieved at the optimum signal/threshold ratio

S.P. resolution measured as a function of threshold

45
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Summary

* Applications for the future e*e” colliders are trying to exploit
following SOI features:
— HR substrate that can be fully depleted
— Full CMOS signal processing capability at 0.2um feature size
— Improved shielding and radiation hardness by Double-SOl
— SOl wafers that greatly simply 3D integration
— Regular submissions to foundry accessible via MPW run

* Synergy can be made among these HEP applications:
— Thinning
— 3D integration
— Radiation hardness
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Dose Increase in Lightly Doped Drain (LDD) Region

* Major cause of the drain current degradation by radiation is Vth
Increase at gate edge due to positive charge generation in spacer.

« Charge in spacer control the Vth of the parasitic transistor.

« To reduce this effect, lightly doped drain (LDD) dose should be
increased.

* Present process has rather low dose in LDD region to aiming lower
power.

/®_|, @\ Parasitic transistor
\'.'..,o e r" .’; . ;‘ -'::-:__L " "‘../

LDD (Lightly Doped Drain)

(bv I. Kurachi)
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V., for ave. degradation=0 (V)

Drain Current Change Compensation by Applying Vsub

Required Vsub to recover drain currents are different between NMOS and PMOS.

Even though, Vsub to make drain current change within 10% for NMOS and PMOS with L=0.2-10
mm up to 100 kGy exists.

Compensation of BOX charge by applying Vsub may be the best way to improve radiation hardness
to MGy range even for FD-SOI MOSFET.
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Figure 10. Ips-Vps characteristics of the NMOS/PMOS transistors.
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—FNAL TEST BEAM
FPIXZ

[FTBF' 120GeV protons from Main Injecto

4.2s beam splll ever 1 mmute

FPIX2

SOFIST FEI4 scint.
SOFIST

30mr

Trigger

Bus
Y 1 TimeStamp

Trigger Logic Unit
SEABAS2

“high speed DAQ sysiem...’

R.Nishimura et al.

+ Trigger generated by a SEABAS2 board using Scint.(5mm-sq) and ATLAS
FE-14 (2mmx1.75mm ROI) i 2k /sp'\“

- Data of 4 FPIX2 and 2 SOFIST sensors acquired per TLU requgst.
All R/O boards (SEABAS2) implemented with same TimeStamp firmware

- Last FPIX2 made accessible for exchanging to irradiated DSOI
SEABAS2(Soi EvAluation BoArd with Sitcp): 16ch 12bit 40MHz ADCs, Giga-bit Ethernet
K. Hara, VERTEX2017 Sep 11-15, 2017 Las Caldas Mo 13
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Analog pixel calibration

» >°Fe radiative source 5.9 keV peak
* CVF=123.3uV/e

3*3 pixels
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Infrared laser test

* Focused infrared laser beam
— 1064nm wavelength to simulate MIP track
— Micro-focused beam waist 3.4um
— Adjustable pulse energy ~plJ

* Pixel response and position residual measured
— With a step size 1 um

— With beam intensity tuned to change the signal charge

Loy lonnlony l.‘.\l‘ ............ L D:"‘-""\/\“HL' .‘I|‘. L L PP i‘‘|‘.‘|“|‘.‘|‘.‘|‘.‘|.‘I i Ew ’/‘I ------------------- I‘ --------

Ll Ll el L, Ll
0 2 6 012 14 18 8 20 22 2 4 6 8 10 12 14 16 18 20 22 2 4 8 8 10 12 14 16 18 20 2 2 4 & 8 10 12 14 16 18 20 22
position[um] positionfum] positionfum] pasition[um]

45000 — Entries 393190 50000 — Enlries 383216

F 50000— Entries 393216 s0000[— Enties 393216
E Mean  —-0.01231 r [ Mean -0.02889 o - Mean -0.03524 5 Mean  0.0164

wo000E- AMS 4117 r AMS 2556 r AMS 2209 r AMS 2.751
E 40000 — ~ r

35000 0000 - <0000 aaonaf

30000 C E L
E 30000 — 30000(— 30000[—

25000 £ F

200001 F F r
E 20000 — 20000 20000
15000 — L L N
10000~ 10000 — 10000 10000
50001 C r F
= 1 L L L L L L \T IS EPRTRT SRS TAPArIN BPASTE AP AATArA B WA A [ PR N I e RN BRI B SP I PRI S A C
8 6 -4 -2 0 H 4 6 8 10 o -8 -6 -4 4 B B 1 0 8 6 -4 4
residuallum]

PR I P I A
6 s 10 S s e 4 2 [ z
residualfum]

signal charge ~ 1600e signal charge=r2300¢1op, Nov signai«thiarge ~3200e" signal charge ~ 4700

2 0 2 EXN) 2
residualfum] residualum]



