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n*-in-p Benefits and Issues

Starting with “p-type” silicon, with n*-readout , (n-in-p), has

benefits: Edge Ring
— Tolerance against radiation (bulk) damage Guard Ring Sio,
* Depletion from the readout side always v Bias Rin

* Good signal even partially depleted, initially or
heavily damaged towards the end of life

— Collecting faster carrier, electrons
* Larger signal, reduced charge trapping
— Single-sided process
* Cheaper than double-side process
* More foundries and available capacity, world-wide

— Easier handling/testing Al p*
* due to more robust back-side than patterned
— Wafer availability in 6-in. with higher resistivity
Specific requirements B n+implant
— N-side Isolation HV() B p+ implant
* against electron-layer in the silicon surface
attracted to the “positive” charges in the Si-SiO, R R O O PP
interface e R
. pstoporpspray  EeSERREEERErais .
— Bias structure .
. |: AC-coupIing reai(_)lL.Jt, g.g.,cstrip s¢|e.nsors " /4 nAg
|Sernesqour<:st|ng testability in DC-coupling, e.g., pixe e L R PT . bumps
— HV protection
* between the front edge and the ASIC, in hybrid GND Support structure

pixel modules
Y.Unno, PIXEL2012 at Inawashiro, 2012/9/6 17



Novel n*-in-p Strlp Sensors

Collaboration of ATLAS with 97 54 .
Hamamatsu Photonics K.K.
(HPK)

Silicon wafers :

— 6in., p-type, FZ <100>, 320
m thick wafers

— >3 kQ cm wafers available
industrially
Strip sensors

— large area
* 9.75x9.75 cm? sensors
— 4 segments

* 2 axial, 2 stereo

* 1280 strip each, 74.5 mm
pitch

— Miniature sensors

* 1x1 cm? for irradiation
studies

— Y. Unno, et. al., Nucl. Inst.
Meth. A636 (2011) S24-S30

— And the poster (ID=8)

T

xial

[ FP1

P2

F3

97 .54

P4

P5

Stereo

P&




Novel n*-in-p Pixel Sensors

n-in-p 6-in. wafer process in HPK FE-I3 (~1cm L) FE-14 (~2cm L)
— ATLAS FE-I13 and FE-14 pixel sensors
— Isolation structures FE-13 1-chip pixels

* p-stop (common, individual) or p-spray
— Biasing structures
* Punth-thru dot at 4-corner (PTLA) or PolySi resister

* “Bias rail” is a metal over insulator, no implant i FE-14 pseudo 4-chip pixels
underneath. )
* No electrode in the silicon, other than the bias “dot” FE-14 2-chip pixels
\7 1 lamo = ~a 1 Nl..-] 1o _a.o ARl Arrn I"\f\dd)

< /J L
5

FE-14 1-chip pixels
PTLA

7

Biasing Commo

FE-13 4-chip pixels

Scheme
HPK n-in-p 6-in. wafer
\ _ Thinned sensors
PolySi —  Finishing 320 um wafer process first

— Thinning the wafers to 150 um

ety ¢ e ae e e dShiro, 2012/9/6 19



Pixel modules - Bumpbonding

e Latest achievement

Lead-free bumps (SnAg)

4 cm x 4 cm pixel sensor

4x FE-14 (2 cm x 2 cm) readout ASIC’s
80 col.*336 row™4 chips =1M bumps
A sample in the HPK display table

GOOD Bump short Bump missing

¥ - F

-

P 2 2 2

. -

¥ 83

Most of bumps( >about 99.8%) look “GOOD”.
But, some of bumps have short or missing.
We are trying to improve the vyield.

Y.Unno, PIXEL2012 at Inawashiro, 2012/9/6

\"
\ »
’

ASIC side

Sensor side
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The goals of R&D

Application
— For the very high radiation environment, e.g.,
— High-Luminosity LHC which aims to collect data of 3,000 fb!
* Presently running LHC goal is 300 fb-?
Fluences of hadronic particles in HL-LHC
— Pixels: ~2x10'® 1-MeV neutron-equivalent (neq)/cm?
— Strips: ~1x10*° neg/cm?
Understanding of the radiation effect, specially in the surface, after
the studies of irradiated sample:
— Surface resistance — Interstrip resistance
— Punch-thru onset voltage — PTP structures
— Effect of the surface potential — Bias rail, Bias-PTP gate
— Potential of the p-stop



Interstrip Resistance

1.0E+13

Non-irrad.

1-OE+12 _ :4::-_._'.*_'.'..""‘.!"‘.i' "'." L. A T ‘j" L L 5xl012 neq/cmz
a | e ST T 1x1013
~ 1.0E+11 - -
§ 1x10%4
% 1.0E+10
w
w 1x1015
a 1.0E+09
o
o 1.0E+
g 105408 ©5.00E+12 | 1.00E+13
1 0E+07 -1.00E+14 —1,00E+15

Aonon
1.0E+06 ' ' ' ' '
0 200 400 600 800 1000 1200
Blas (V)

* Interstrip resistance
— decreases with fluence
— increases with bias voltage

Y.Unno, PIXEL2012 at Inawashiro, 2012/9/6 22



PT resistance, R (MQ)

PTP Onset Voltage — after irradiation

10
. * Onset voltage
Non-irradiated _ Increases with
% fluence
iy No gate \
1| % z
1.
; % Yoo Full gate - Irradiated
R . 2 Full gat
ull gate
n
7
Strip o’ r&ﬂjﬂfp
0.01
150 2100 50 0
. PTvoltage, V (V)
PTP - Insurance for protecting 1x1015
integrated AC coupling ~5 mA gﬂiﬂﬁﬂj
capacitors from beam splash 1x1014
AV (Implant-Metal) <100 V 0.01
-150 -100

http://dx.doi.org/10.1016/j.nim4.2012.05.071"*" " "B oltage. V (V)



http://dx.doi.org/10.1016/j.nima.2012.05.071

Bias Rail Effect — after irradiation

Efficiency

Bias rail No bias rail
g 100
1 Rosssiss O O (@) @) (@) @) @) q = Effici
ERSS S S - B - B < A * A A~ 8 B T 50 iciency
a
0.8 | O "‘qo—) 0
o X KEK3-NR B
O KEK4-NR =
0.6 | o O KEK5-NR % 50
+ KEK6-NR >
O KEK4-NR-2 S o
0a| g O KEK5-IR <
O KEK6-IR @
£ 50
°
02 | S :
0 _ : - ' -
© 0 100 200 300 400 500
0 ‘ ‘ Coordinate along long side of pixel (! m)
0 200 400 600 800 1000 _ _
Bias voltage (V) (a) PolySi x p-stop (b) PolySi x p-stop, 2x10%°
| st beamtest 2nd beamtest (c) PTLA X p-stop
SCC93  999.7+0.005% (NR) N/A

SCC94  998.7+0.01% (NR)  ©99.6+0.01% (NR)

SCCY95  999.7+0.01% (NR)  €95.6+0.02% (IR)

SCC96  “94.2+0.02% (NR)  “94.9+0.02% (IR) o

Weighted averages and errors of: “(100, 125, 150V), (100, 200, 300 V),
€(800, 900, 1000 V)

Beamtests with MIP particles
Thin (150 um) FE-14 pixel sensors

Irradiation (2x10*°> neqg/cm?)
—  Successful operation up to 1000 V

* Reduction of efficiency specially
http://dx.doi.org/10.1016/j.nima.2012.04.081  underneath the bias rail

Y.Unno, PIXEL2012 at Inawashiro, 2012/9/6 24
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Insensitive area - after Irradiation

Bias ring

+ . -
DC-pad P -blocking implant

Polysilicon resistor
j

| .

\ ¥
Alm\etal \

an

N\

Sum of Hit Efficiency
s

ESiAN
fff;
o

N*-implant strip el

v

Fig.9 Structure around the polysilicon bias resistor of the n-side.
The n*-implant strip ends at the DC-pad; no n*-implant strip was
designed under the bias resistor in this detector.

230 1 -

Sum of Hit Efficiency

—&— Non-irrad(65V)

—— 1.2x10™+Warmup(80V)
—&— DC-pad

—F— Bias resistor

= Non-irradiated S

%: Effective Length -

;_ Strip End 1016.9 +/- 9.5 HM

“—“B00 1000 1200 1400 1600 1800 2000

2
zZ

frradiated Ix10* m_focm

Pad Center

Effective Length

Strip End

992.5 +/- 5.6 um

L 1 n 1 n
800 1000

Normalized response

n 1 n n n 1 n n n 1 n n n 1 L " L
1200 1400 1600 1800 v ”uZni_ﬁDD

New result from a

Fig. 10 The charge collection under the bias resistor where non™-

200 300
Position [uml

+

implant strip was fabricated has been measured by using a laser light
(1064 nm). The laser response was obtained for non-irradiated
(circle) and the irradiated (cross) detectors. The areas of the bias
resistance (square) and the DC-pad (diamond) are shown together.

Y. Unno et al., IEEE TNS 44 (1997) 736-742

beamtest (Poster ID=52)
1015 pm

995 um

 Underneath the gate (metal) seems
insensitive after irradiation

— 20 um width

Y.Unno, PIXEL2012 at Inawashiro, 2012/9/6 25



Sensor Edge — Field Width

300
800 |- # p-bulk p-edge 320um FZ1
B p-bulk p-edge 150um FZ1
700 - p-bulk p-edge 150um FZ3
n-bulk n-edge 200um
-é- 600 n-bulk n-edge 320um
=2
£ 500
E
% 400
s o
G ]
300 - il
nonirrad, .:‘.L
200 - - & i
100 ~ P
0
1.0E+12 1.0E+13 1.0E+14 1.0E+15 1.0E+16
Fluence (1MeV-n,/cm?)
Figure b: Fluence dependence of field width hold up to 1000 V.
http://dx.doi.org/10.1016/j.nima.2012.05.071

Field width =X + X'

P-Sub

~——Total Edge Width—— |

1x10%4 neg/cm?
10uA at 2000 V
-15° C

* Field width
— Area with no implantation
* Required field width
— decreases as fluence increased

Hot electron images confirm that
— the highest electric field is
— in the bias ring (n* implant)
— notin the edge ring (p* implant)

.uiiu, PIXEL2012 at Inawashiro, 2012/9/6 26
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P-stop Potential - TCAD

75 um ptich

0 —
200 V bias -
~ &
& L)
Z -..
- 3
[
- —100 — W -50-]
4 4
- a
E =}= P& g
& P15 i == P10
- P30 -&-pis
B ""‘ PG N—S“‘ip = e P15
-4~ P10 oW
@ Pas == NP Nil
== PG
—200 - -100 - - P30
| . | = | J | T T T T T T T
-300 200 -100 0 -20 0 20
Y coordinate (pm) % coordinate (pm)

Fig. 7. Electric potential Psi charted vertically through silicon in common p-stop
structures with p-stop widths of 6-45 pum at the centre between the n”-strips
(P6-P45), and at the n*-strip (P6 N-strip).

Fig. 6. Electric potential Psi near the silicon surface between n*-strips in common
p-stop structures with p-stop widths of 6-45pum (P6-P45), together with
references without p-stop and with interface trap charges of 1 = 10" cm 2 (NP)
and nil (NP Nil).

* Silicon wafer
— 320 um, 3 kQ cm (=4.7x1012 cm’3)
*  Condition: Non-irradiated
*  Ratio of p-stop potential-to-bias voltage seems stable for the change of the bulk resistivity
* Y.Unno et al., Nucl. Instr. Meth. A636 (2011) S118-S124
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Multi guard ring® EIE 4% p-edge

1800 1800
100 1150um FZ1 P-stop 1700 [150um FZ3 P-stop
1600 1600
1500 1500
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}ﬁ 1300 g‘ \\N }ﬁ 1300 —
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|
900\ [/ 900
800 ' ' 800
nonirrad 1.0E+14 1.0E+15 1.0E+16 ] 1.0E+14 1.0E+15 1.0E+16
BHE (ny/cm?) nonirrad BHE (ny/cm?)
1800
m% —4—1GR-N —l—=1GR-M 1GR-W
1700
—8—2GR-M —<2GR-W 3GR-W
1600
1500 \
}ﬁ 1300
& 1200 7 Multi guard®8IMNZ LV AL, REBSTTRLY
1100 —
10 EE. mﬁ- |ﬂ£€ mj_o
sox T/ 1GR
800
nonirrad 1.0E+14 1.0E+15 1.0E+16

BHE (ny/cm?) 32



1800
1700
1600
1500
1400
1300
1200
1100
1000

900

800

= (V)

nonirrad

1800
1700
1600
1500

S 1400

Eﬂ 1300

& 1200
1100
1000

900

800

nonirrad

Multi guard ringD EBIE M % n-edge

150um FZ1 P-stop

q;==s=ll======:=;;3;E§EEE:;§;;5¢
.mé

1.0E+14

BHE (ny/cm?)

1.0E+15 1.0E+16

320um FZ1 P-stop

1.0E+14

1.0E+15

BHE (ny/cm?)

1.0E+16

1800

150um FZ3 P-stop

1700

1600

1500

S 1400

H &
g 1300
& 1200

1100
1000

900

800 : :

1.0E+14 1.0E+15

nonirrad FEHE (n,/cm)

=4—1GR-N =—lli=1GR-M 1GR-W

=0—2GR-M ===—2GR-W 3GR-W

1.0E+16

BRATR L. FEXIRIICp-edgeD A MM EE

MR,



Hot spotx &2

1GR-N 150um FZ1 p-edge 1e14

INAT ARG

Hot spotiz 52
YAVARENRELELTUVDIGIERET D,

RAUOME
BRHGEERICKYBFEHRINES. BER
[ZIENT B,

AP

TAUAME
\
v Ll L
INATRYG GR Edge
r2Z
| EER || S

P-sub




Hot spotix =2

3GR-W 150um p-edge FZ1 1el5 3GR-W 150um n-edge FZ1 1e15

A7 RYSG S TR e
r’g‘. 4 = g

Guard ringDE MR, B EICERGL ETNATRYLVI T
TAOOMENES TS,



P-stop BALEITE

P stopM/\YRZFFIEH L. P-stopBHLD/NIT X
BEKFEEET Do

vdlt

*  150/320 um/E . FZ1/FZ3

- MATE:5.7e12, 1.1e13, 1.2e14, 1.2e15 n,,/cm?

« 7=—U27:60°C6557HY

BITEREE:JERRST:+20°C., H5TER:-20°C

R

7
e

i e

P-stop BBALAITE
« INATFTREE(0~-1000 V)ZEN L T-EFDP-stopE
1-L€IE~IIJ_~E-§_60
P-stopBALBITE 222 Z
| ‘ O\ __P-stop
] (A) 1GQ
- ] ] L] ]
N+ P-stop
INTREE p-bulk
P* i strip 36




P-stop =& fiZ (V)

P-stop B {3 D 5T {ih

P-stopBHIDEZEZILE

£ Z L EBIETDP-stopEAfL

120
#B73-30-2-P1  WBZ3-75A-3-P2
® AB73-100-2-P1 ¥ BZ3-75B-2-P1
100 4 BZ3-75C-2-P1 ®BZ3-75D-2-P1 |
X ° | BZ3-75(-2-P2  =BZ3-75F-2-P1
80 BZ2-40-2-P1  #BZ2-75A-3-P1 _|
W BZ2-100-2-P1 A BZ2-75B-2-P2
, ® BZ2-75C-2-P2 | BZ3-75A-3
60 BZ3-75B-2 BZ3-75C-2 |
i X BZ3-75D-2
40 T X ® 9
rn X F_J
| ] -
* e 4 ) v
20 ﬁ—;__, P
v
0 1 1 1
nonirrad 1.00E+13 1.00E+14 1.00E+15

BEENIEZ 5EP-stopBHANREEBERIIZIT

BEA = (nfem?)

1.00E+16

ra
[ |

x4 5E

L

P-stopE 1D £ 252 L E

T HENE

0.6
¢BZ3-30-2-P1 MW BZ3-75A-3-P2
A BZ3-100-2-P1 < BZ3-75B-2-P1
0.5 { BZ3-75C-2-P1 ®BZ3-75D-2-P1
T +BZ3-75E-2-P2  =BZ3-75F-2-P1
04 3 BZ2-40-2-P1 4 BZ2-75A-3-P1 |
' ® W BZ2-100-2-P1 A BZ2-75B-2-P2
O BZ2-75C-2-P2 | BZ3-75A-3
0.3 BZ3-75B-2 BZ3-75C-2
BZ3-75D-2
N X
0 2 T g
O
[0 X
0.1 ’L,, {2 o
v ¥ | .:,
0 1 1
. 1 OOE+13 1 QDE+14 1 ODE+15
nonirrad

TBHE (ng/cm?)

24,

P-stopBHNDEZEZILE J_lh*‘H'éillAli TEZTEB7RLN,

37

1.00E+16



=A. T,
,\Eﬁ ; '%%

MZED B ATLASTY T L—FRICHE Tz, pEi ) av e o —D MG EEEIC
LA MEETILEIEEET B,

- 2EZILERE
- @TEZIELBEDOEELIL, BFREHNIZKS T H—DIEEIT/NILIEDIEE L
LTHEMETES,
e Multi guard ring
— BBEHRICTEBEAGuard ringDEK . IBIIKEFE S, £ TNAFRYLS TIAH0
MENEZTNAIENL, NIILIREAICP+ABRSIN TS EZ AN D,
— p-edgeHin-edgeKYUTEBEMNBRLIDIL. n-edgelZIIPNEENHYNBEERLIZKY
BIGMEREINTAIVORENEEZOILLEDH=HTH D,
« P-stopEEfi
— BHEHEMNMEZSITONTP-stopBRMNKREEBMITIADE. EEZLEREICHTD
B EN—FELELHENIEMND, BT/ NILYDIRINFE (T TIXIBEB ELLY,

SE.NoDBERZTM—NIERIDILENH D,

38



