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v related presentations:

Monolithic pixel detectors fabricated with single and double SOI wafers
Development and Evaluation of Event-Driven SOI Pixel Detector for X-ray Astronomy

Development of X-ray SOI Pixel Sensors: Investigation of Charge-Collection Efficiency
Development of Superconducting Tunnel Junction Photon Detector on SOI Preamplifier Board
to Search for Radiative decays of Cosmic Background Neutrino




SOI Pixel Sensors

Technology characteristics: e s A G

=
*

v Bonded SOI wafers by SOITEC Co. nandle wafer High q

. . . . . . bonded
with low resistive “active wafer” for circuit B 25 ...> E’
and high resistive “handle wafer” for sensor.

v Commercial Fully-Depleted(FD) SOI process (0.20um)
by Lapis Semiconductor Ltd.

SOl wafer

Pros: SOl Pixel Sensors
¢ bonded wafer 1 poly + 5 metal process /

thick X-ray, thin HEP :fully depleted
* FD-SOI features
low-power, hi-speed, no latch-up,
<1K-300C operational
* monolithic (no metal-bonding)

fab. cost, small material, high density pixels
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SOI Pixel Sensors

Cons:
* cross-talk between the sensor and the circuit
because of very thin BOX layer: 200nm

* back-gate effect
readout affected by bias voltage to the back

* radiation effect - TID effect
readout affected by holes trapped in BOX layer

SOI Pixel Sensors
BPW(Buried P-Well) is effective to reduce the 1Py Smeta process /
back-gate effect
- increase capacitance......
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SOI Pixel Sensors

Cons:

* cross-talk between the sensor and the circuit
because of very thin BOX layer: 200nm

* back-gate effect
readout affected by bias voltage to the back

* radiation effect - TID effect
readout affected by holes trapped in BOX layer

To solve these cons, INnNovative Double-SOI (SO'Z Iayer) is introduced!!

Double-SOI Pixel Sensors
1 poly + 5 metal process /

SOI2 __ sl / A =

150nm //

i0) % | o

high Volt.
Al
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Double-SOI process

2"d Sj layer (SOI12) made by SOI-process twice

v’ shield against cross-talk & back-gate effect : NOW IN PROGRESS
vV control to compensate trapped hole charge : TODAY’S TALK

_?.-.—.--.‘-

Negative View

Pso~10Qcm with CoSi2: ~170kQ)/sq

w/o CoSi2: ~1IMQ/sq The 15t metal layer

5i:46 7nm
Si02:158 . 7nm
Si:84nm

Si02:156 Onm

s.0 kv x150k I s pstrate 2" Si (SOI2
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Total dose in high energy physics

TrTEG6 : 3kGy — 2MGy (200Mrad) | experiments
LHC(HL-LHC) ATLAS - Inner Pixel Detector

18 species each for NMOS/PMOS 158 kGy/yr (1.6 MGy/yr)
- several L, W (Weff=Wxm). ILC ILD - Vertex Detector
-- low, normal, high threshold volt. 1 kGy/yr
-3 kinds of body connections. T e
Llum] W[um] m Comment
> S D 5 900 020 5 4 nvt_bf
l T l T l l T 1 0.50 5 10 nvt_bf
BOX 1.00 5 20 th_bf
I I 0.20 5 4 Ivt_bf
body floating source-tie multi-body-tie 0.50 5 10 Ivt_bf
(bf) - typel(s-tie) can be applied a variable volt. 1.00 5 20 Ivt_bf
- type2(s-tie2) (multib-tie) 0.35 5 7 iohvt_bf
0.35 5 7 iohvt_bf
Measure Id-Vg curve before/after irradiations. go0 & 15 e
| g A] 100 5 20 Ivt_stie
) S S S = 040 10 4  nvt_s-tie2
t '°;r Threshold (Vth): (1)(2)8 ? 240 nvt_s-ltiEZ
0 SO SO N A O SO : nvt_multib-tie
S N 1 A | NS M B Vg@I1d=(100nA)x(Weff/L) 0.50 5 10 nvt_multib-tie
i ST "'__I'_ﬁ_'ﬁ_"_IE_"_ﬁ'_ﬁjﬁ.'iﬁIE_"_I'_ﬁ_'ﬁj'_ﬁﬁ;”_ﬁ'_ﬁ_'ﬁ_"_ﬁﬁ 1.00 5 20 nvt_multib-tie
1513 a's ' 'niu' = i_r. = 1i-.1' = i 1.00 5 20 ios-tie
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TrTEG6

Vth Shifts — typical TR

tr10 : LO.5_ W5 _m20_colvst

Thresholds shift negatively due to holes by irradiation.

By applying V,, properly,
the threshold can be recovered to the pre-irrad value.

vth : tr10 : nch_L0.50_W5_m20_colvst vth tr10 pch L0 50 W5 m20 colvst
BRI e o R T T e

vth[V]
vth[V]

[T
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I
1l
(9] ]
<
o
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@®Vsoi2= 0V VSOI2=-3V @VS0I2=-10V @VS0I2=-25V
®VsoI2=-1v VSOI2=-4V @VSOI2=-15V @VSO0I2=-30V
@®VsOI2=-2Vv @VS0I2=-5V @VSOI2=-20V @VS0I2=-35V
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Optim.VSOI2[V]

TrTEG6

Vth Shifts — all TR types

Optimum V.,,: Voo, per dose to recover the transistor thresholds
to the pre-irrad values measured at VSOI2=0

Optlmum VSOI2 to compensate vth shift _ nch Optlmum VSOI2 to compensate vth shlft pch
o i1l - gg;gébbdv floatmg; s F T R Hil
- » -.- - : ‘:-E_::_'_".' ] g 0_
S - 19 £
sof . body PSS 1E.F
- - ; . = 20
o 10
B0 = | e o
-405* | Red : body floating _E _405_ ..................
oo ; . | Blue : sourcetiel | i - -
- e : S i | Sky : source tie 2 ] B
SO;NM@S el Ry e . 50:—P|V|
1 10° 1
dose[kGy]

Noticeable differences are observed between NMOS & PMOS TRs,

among body connections notably in NMOS.
Separate V., settings may be optimum to compensate TID.
-example case: 4-voltages for NMOS/PMOQOS, bf/s-tie2. (s-tiel,b-tie are not considered)
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TrTEG6 )
Vth Compensation-example case

_ _ Optimum VSOI2 to compensate vth shift _ nch _ . _ Optimum VSOI2 to compensate vth shift _ pch
& o 1 & o 1| Red : average of body floating TRs
o o F — . .
D -or BME D 10 T 1 | Blue : average of source tie2 TRs
E F o B N ]
5 -20F = -20 \\/
O r 1 O r
-30- . -30f
40f | 1 ok oS
-5c§ -50§
1 10 107 10° 1 10 107 10°
dose[kGy] dose[kGy]

Applying the 4 average curves for each V., type,
transistors are recovered in the range of 1-0.05V for NMOS, 0.1V for PMOS

thh Vth Vth(prelrrad VSOI2—0V) nch thh Vth Vth(prelrrad VSOI2—0V) pch
= 0.5¢ 1 = 0.5 -
2. = H HE : HE e : : [ HE— 2. = H : H : :
04 ie2 £ 04
S 03 o B o3
0.2 e 0.2F
e R — 0.1
- =3 -
o =g oF
_0_1§.~ .......... __E -0 1%
_0_25_ .......... __E _0_2%_
-0_3? .......... é _0_3?
-0.4F | = -0.4f
_0.5: 1 N N 1 Lo daiad i i1 :||Hj3 = _0.5:
1 10 1

dose[kGy]
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INTPIXh2:10kGy-100kGy (10Mrad) Total dose in high energy physics

experiments
LHC(HL-LHC) ATLAS - Inner Pixel Detector

Integrated-type pixel sensor

—PlxeL”S|z.e: 18um I>(<$8um 158 kGy/yr (1.6 MGy/yr)
-Handle: Cz(n,0.7k{2cm) ILC ILD - Vertex Detector

-SOI2(common to all TRs): Cz(p,10Q2cm) 1 kGy/yr
-BPW(for shield back-bias effects) : GNDed

VDD/]’

[E ol
) J[r@—'{

* E STORE
A
<

+V

|-|[l v RST

VSS(GND) ——
on-pixel circuit

Storage _1

|7 READ
COL_OUT i]

capacitor —]

Evaluate the functionality of electronics & response to IR-laser.
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INTPIXh2
Reset Voltage Response

The functionality of electronics by “injecting” RESET voltage(V_RST).

100kGy
E‘ 4500
N VDD/I’
S 4000/ VSOI2=-2.0V STOREx A
g oo [ el |2
o 3500 2
! |
g, 3000 t L
T 2500 . * 7 STORE L1
< : preirrad 5||O_ =
2000 | VSOI2=-11.0V ’_[l E somee | 3
- —@— preirrad G205 capacitor —]— 8
- = oL
1000, FEEE
500, i%gggﬁw The sensor irradiated to 100kGy is recovered
ey jts functionality by V.
O 3001400 600 800100012001400 Y oY Vson

But continuous calibrations per dose are required...
V_RST[mV]

Dynamic range is not fully recovered : single V,, is employed.
V.o, depending on transistor type is preferred.
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INTPIXh2
I R- La Ser Res ponse IR-Laser : 1064nm, 10ns pulse

pre-irrad sample

204 00

Light Image = ADC(light) — ADC(pedestal)
- Int. time:120ns

- back bias voltage: 100V

- reset voltage: 0.85V

Row Ad

166168 170172174 176178 180 182184 186
Column Adr

100kGy sample

= 600 = 600
3 188 3 188
2 3
é 186 l:% 186 500
184 184
182 182 400
180 180
178 178 300
176 176
200
174 174
172 172 100
170 170
16? 0 16‘? 0
98 200 202 204 206 208210 212 214216 218 98 200 202 204 206 208210 212 214216 218
Column Adr Column Adr
The response is almost saturated... The image is obtained !
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INTPIXh2
IR-Laser Response: ADC curve

Even after irradiated up to 100kGy,
obtained the same linearity and sensitivity as pre-irrad one.

Single-wafer sensor(w/o SOI2) has a higher gain than double-SOl-wafer one.
(due to smaller SOI2-sensor capacitance)

E‘ 8000 E @pre-irrad w/ SOI2=0V VRST(pre-irrad:w/ SOI12)=0.55V
> 7000 @ 100kGy irradiated w/ SOI2 , VSOI2=-10V VRST(pre-irrad:w/0S0I12)=0.45V
9 C | @pre-irrad w/o SO12 VRST(100kGy:w/ SO12)=0.95V
@) - VSOI2(pre-irrad)=0V
O 6000 VSOI2(100kGy)=-10.0v
< E . INT_T=120ns
a0 5000 . o
© - . o ¢
S 40000 X ® o
L o
- 0 . [ ]
3000 e o .
C ® * L
2000;— . ° : o’ further studies are now in progress on
1000 o ° - pixel cros.s talk |
0;‘ - need a higher gain ?
b 246 8 10 12 14 16 18 20 — Read-out buffer response w/ SOI2
/ Depletion bias voltage [vV] - energy peak of y-ray sources ......
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Summary

We are developing SOI pixel sensors for high energy physics.

Double-SOI can compensate the TID.

* Threshold voltage of transistors is recoverable.

e Sensor response is also recoverable.
(Data with higher doses will come soon!)

* The optimum V,, are different among NMOS/PMOS, body-
connections ....

* Design based on the obtained information is next step to further
minimize TID effects.

* Other SOI2 properties are being evaluated.

By employing innovative double SOI technology, the radiation tolerance
(TID) has been enhanced substantially.

Designing pixel sensors for future collider experiments is set forward
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BACK UP >>>
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Fully-Depleted
Silicon-on-Insulator(SOI) Technology

SOl - Transistors are isolated by the insulator.

FD — No parasitic capacitance.

NMOS PMOS NMOS PMOS

SOI-CMOS Bulk-CMOS
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SOI Wafer Production

| Soitec
w

Smart Cut”

" Splitting
Cleaning and

o
4

’ ° w q SOl wafer

T Initial silicon

OX|dat|on

A \ ) Tlantatlon 7\/
: A ‘

‘

SOl processed : Low R

recycled ‘ l

handle wafer : High R

2014/6/7 TIPP2014@Amsterdam



Main process parameters
(Lapis Semiconductor Co. Ltd.):

0.2um Low-leakage Fully-Depleted SOl CMOS

1poly+5Metal layers, MIM cap(1.5fF/mm?), DMOS
Core (I/0O) voltage=1.8 (3.3)V

SOl wafer 200mmf, 720umthick
top Si: Cz 18Qcm p, 40nm thick,
Buried Oxide(BOX): 200nm thick
Handle wafer: Cz(n;0.7kQcm), FZ(n;7k), FZ(p,25k)
Double SOI available

Backside Mechanical grind, chemical etching, Implant, Laser
process annealing, Al plating (thin to 50mm possible)
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* KEK organizes MPW runs twice a year

* Mask is shared to reduce cost of a design

* Including pixel detector chip and SOI-
CMOS circuit chip

= University & institution

KEK, FNAL, LBNL, AIST, CNS, Kyoto Univ., Tohoku Univ.,

Univ. Tsukuba, RIKEN-XFEL, JAXA, Krakow, Hawaii, IHEP,
and more...

Examples of Mask layouts. : 20.6mm x 20.6mm
SOl-wafer
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Body Floating Source-tie Source-tie2

(

Seminoductor parameter analyzer

Eﬁ%l SMU3 SMuU2 SE/I_Sﬂf_J
g2 2

VAN
(A

I
1
{

[V A

I
1
q

vwo_o -

1
shield :
&

Vgate

Vsource Vdrain

NMOS PMOS
Lvsor Vsource=0V Vsource=1.8V
Vdrain= 1.8V Vdrain= 0V
Vgate=-1.0~1.7V  Vgate=2.8~0.1V
S >ENSOF VBPW=GND VBPW=GND
: VSOI2=0V~-20V  VSOI2=0V~-40V
T VBACK
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TrTEG6

gm shifts - typical TR

| drain [J'ﬂ'l]l!I

Trans conductance(gm)
= (1d/Vg) @linear region

The gm shift are more complicated than vth.
The gm can be recovered to some extent.

I
I a5 (s 05 i 13 .. a0 .a

dgm :tr10 : nch_L0.50_W5_m20_colvst

(%))
j=]

(&)
o
III|IIII|III!III!IIII{'III!III!IIII!II

dgm :tr10 : pch_L0.50_W5_m20_colvst

- o N M
o O O
o O O

dgm/gm[%]
dgm/gm[%]

1 |II I|I II]IIII| LIl

-50
-100
-150
-200
250

8
[er5)
III|IIII|III|III|IIIIIII|III|III|IIII|II
IIIIIIIIIIII|IIIIIIlIIIlIII'III]IIII'II
[

_IIIIIIIIIIII|IIIIII|II 1

_PMOS

T
dose[kGy]

10

@®VsoI2= 0V VSOI2=-3v @®VSOI2=-10V @VS0I2=-25V
®Vsoi2=-1v VSOI2=-4v @VSOI2=-15V @VS0I2=-30V
@®Vs0I2=-2V @VS0I2=-5V @VSOI2=-20V @VS0I2=-35V

dose[kGy]

—
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Pixel Readout - FPGA

Sub Board Main Board

ih‘“lll‘

KEK JAPAN

SEABAS Sub Board LHOPIX V2

Chip User FPGA SITCP

DAQ Software for INTPIXh

Dag —Monitor Display_1
~ Control INTPIxh ~Display Optians ———— 7D hist (Raw data)
Stant Integ. T. [us] Display Data(All piel)
20 3
= Raw dala =
T RST HIT. [ng] 3t
S T [ Set Log ¥(1D only) ook
CDS_RSTHLT. [ng] I e 0D el
Kurn, of Callb events LT L 000

500 3 ann 2] I~ Set Log 2(2D only)

P—— Scan T. [ns/pixel]

—T [ s

TRIG_Delay_T. [us]
Current event =

2D Hist Range

& 43 so0f
RSTV [mV] ~Run Mode —————— | | | | |
I test pulse [ swal € Calib Data Only (T R TR
¥ save data CDS_RSTV [mv] (f: %:l: ngyws Data
507D (IREY (e 300 f’ © One Pixel —Monitor Display_2

(relative path) BNW [mV] © Lim Piel

T - 20 ist (Raw data)
. 0|

Save flle hate - s4p waﬁe: Pixel Aug;ess
500_vS0_iz0_e [ ROLL = 5
— 64 [ a2
save Log (| ET 5 |
I~ GAIN
™ EN_ACUTAX ‘N‘T’\’}Zi“[;\flafa'"
I~ EN_ABUFx ~
¥ AOUT_SW. 1500 j
Status Log
[2013-12-19 15:23:57] 500 event were taken =]/ [clear Log

[2013-12-19 15:23:57) DAQ event end (500 event)

[2013-12-19 15:23:57] Tatal 1000(ealih:500, data:500) events Save Log
[2013-12-19 15:23:57] ** Stop run **

[2013-12-19 15:23:57] Glose file j

H Update Timer far ion.
’V Updlate interval [s] [ 1 o0 2




