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OUTLINE

O Motivation

O Non-irradiated/irradiated 25x100 pixels:
= Interpixel resistance, R, (Nps,ds, Q)
= Charge sharing(N,,Qy)

o p-stop/p-spray isolation vs ALD-layers with negative
oxide charge

= Breakdown voltage, V,4

0 Summary




Motivation: Finer granularity pixels for Phase |l I'NEsLﬁ'r’f@

Q Thin n-on-p Phase Il planar pixel sensors: 255100
= Finer granularity increases local electric fields — lower V4 X '

More implants — higher capacitances (= noise, lower rise  VVide design w/ p-spray
time of signal)

10 um 15 pum

— optimize:

o Isolation doping levels & depths (V,4, charge sharing)
o Mask levels (=price)

o Number of high T processing steps

p-spray
50x50: Wide design w/ p-spray A

6x8 um? DC-coupling vias with
tapered edges
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Normal vs Wide design: Breakdown voltages iAo @

O Si/SiO, interface charge density Q;=3el10 cm
O Tuned e/h lifetimes for p-bulk (high purity):

common p-stop
7,= le-2 s, 7, = le-2 s (see back-up for 3D-structure designs [1])
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Voltage [V] Voltage [V]
Q0 50x50: O 25x100:
Vg 2 1 kV: Normal design with p-spray V,q 2 1 kV: Normal design with both isolations
\ J
|
[1] A. Dierlamm, A. Junkes, C. Scharf, D. Schell, Pixel Phase Il Further investigation of interpixel isolation
Sensors, 10.12.2014 & charge sharing
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Non-irradiated 25x100 pixel: R, e

U Normal 2D-design with (uniform) p-spray: Interpixel gap = 15 pum, 200 pm
thick, d,s = 1.0 um
0 T=293 K, V=-500 V P-spray doping (N,) scan for varied Q;

1.00E+14 Al -
—
Nps 2 3e15 cm: Isolation @ V=0
1.00E+12
. =—1pum: lell cm-2
N
1.00E+10 &1 pm: 2ell cm-2
E, =#=1 pm: 5ell cm-2
F ]
£ 1.00E+08
85 um o
1.00E+06
0 I—I—I—I——IJ /.
1.00E+04 =i
N
V_15 pm
1.00E+02

1.00E+05  1.00E+07  1.00E+09  1.00E+11  1.00E+13
p-spray doping [cm-3]
|:> Q; = 1lell cm2(expected for non-irr. device): pixels isolated at all values of N

1.00E+15 1.00E+17
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Irradiated 25x100 p-spray pixel: R e

U Defect models:
=  Non-uniform 3-
level model
=  Proton model [2] 1.00E+11

U Design: as on previous slide; T=253 K, V=-1 kV
Q ®=1.4el5n,cm? Q;=1.6el2cm=

1 I . I + _
Isolation due to P-spray doping scan: O n*depth=1.5um
[2] R. Eber, PhD Thesis, 1.00E+10 “—syrface(traps 3 N,s depths ,” .‘\r O Rpias=1Q
KIT, 2013 N girfp
1.00E+09 F N
0] \ [e) ,GI N
0[] S |- R SR —— — ,____F__.gn----e----“
—_— —+—1 pum: 3-levels @ surface
.g. 1.00E+07 =——1 pm: Proton model
r= 1.5 um: 3-levels @ surface
© 1.00E+06 =©= 2.5 um: 3-levels @ surface )
3D-design as on > O 3D 1 um: 3-levels at surface I Isolation due to
previous slide 1.00E+05 ! J p-spray
1.00E+04 .
W,
1.00E+03 ' < |
" Pixels shorted?
1.00E+02

1.00E+05  1.00E+07  1.00E+09  1.00E+11  1.00E+13  1.00E+15  1.00E+17
p-spray doping [cm-3]
O 3-levels close to surface:
= dys £ 1.5 pm: Local R,y minimum for 1e13 cm=3< N, < 1e16 cm — surface traps compensated by
p-spray acceptors (role of Q;?)
= dps =2.5pum: No local R;,; minimum, breakdown @ N, = 1e17 cm™ (also for d,s = 1.5 um)
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Irradiated 25x100 p-spray pixel: Charge sharing

O Charge sharing corresponding to R, plot on previous slide
O Charge injection: middle of centermost pixel

1.1
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Charge sharing [a.u.]
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0

-0.1

[ [
=+=1 um: 3-levels @ surface 261'3 1.5e16 Q Rbias =1MQ
| | \\
V=-1kV N
| ®=1.4e15n,,cm2 \
| — -2
Q;=1.6el2cm Charge evenly
distributed to all
electrodes
All charge at
centermost pixel
N
1.00E+05 1.00E+07 1.00E+09 1.00E+11 1.00E+13 1.00E+15 1.00E+17

p-spray doping [cm-3]

O Charge sharing changes as step-function: no intermediate values
U R, ~ 5 kQ: pixels shorted
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Irradiated 25x100 p-spray pixel: Very high Q; MSAEoF @

PHYSICS
1.00E+11 T T I T
——3-levels @ surface, Qf=1.6e12 cm-2 )
OO ——Proton model, Qf=1.6e12 cm-2 ﬁ aVv=-1 kV’ ®=14el5 neqcm-
LO0E+09 1 _i- 3-Jevels @ surface} Qf=2e12 cm-2 I
1.00E+08 . :—-—%{ d Rint @ Qf =2el2cm=Z;

G 1.00E+07 % D = Significant local max. & min

= d,=1/um ' l : :

S 1008406 - P° ! l = No effect on threshold N, — local
100405 .' R, min. due to interaction of traps &
Loogron D" TFm- - --0--0--® LJ( p-spray acceptors

3el6
1.00E+03
11 L |
1.00E+02
1.00E+05 1.00E+07 1.00E+09 1.00E+11 1.00E+13 1.00E+15 1.00E+17 1 ?—@ “I’
p-spray doping [cm-3] 02 ——Qf=1.6e12 cm-2 ;
I
— 08 -o- Qf=2e12 cm-2 !
= |
@ 07 ]
W 06 dps=1pm: .
_ t . | 3-levels @ surface :
0 Charge sharing @ Q;= 2e12 cm™: 2° .
. 0.4 ” ” 1
= 6% charge sharing @ lower values of N % N selz !
<= |

= Charge sharing -0 @ R, local max
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Irradiated 25x100 pixel: R, of p-stop & moderated p-spray

Moderated p-spray:
= Center: peak=2 constant
values, d=1.5 um

» Elsewhere: peak=varied,
d=1 pm

HELSIN
BRI @
U Normal design with (common) p-stop: Interpixel gap = 15 um, p-stop width =5 pum
O d=1.4el5 neqcm'z, Q;=1.6el2cm? @ T=253 K, V=-1 kV
1.00E+11
1.00E+10 l iAo =
P-stop doping scan for 3 N ;
1.00E+09 P , Ping pst !
depths: 3-levels @ surface ¢ ‘
T _e Elsewhere
1.00E+08 Qe———— ————— e -—i"-—-:a‘s:c:e- - [ p-spray’ affects
P S —
—_— P 1 ) On|y Vbd
C 100E+07 === ==+ == = = = — — — = |
= | . :
.E% 1.00E+06 ' As in uniform
[ . p-spray when
—t—1 pm \ ]
1.00E+05 1.5 um . | Ngo< 2616
-©=2.5pum | cm3
1.00E+04 — ——Mod. p-spray: 1e17 cm-3 L - s i —i
—a— Mod. p-spray: 1e16 cm-3
1.00E+03
1.00E+02
1.00E+05  1.00E+07  1.00E+09  1.00E+11  1.00E+13  1.00E+15  1.00E+17

p-stop doping [cm-3]
O All d,: pixels isolated at all values of N,y — surface traps compensated only at location of p-stop

|:> Suitable tool to study depth distribution of N;;: P-spray with varying Nys & d ¢
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ALD for radiation hard detectors u"NEsLTSi'T’ﬂ@

O Atomic Layer Deposition (ALD)
= Provides potentially interesting material systems: high-¢ materials HfO,, Ta,O.
etc.
» Possible to tailor amount & type of oxide charge — negative charge —
segmentations isolated without implantations

» Pinhole free deposition — practically stress free
= Applicable on large surfaces
= Low T process, typically ~300° C

See also my talk from

“
g & e 0@ 27th RD50 Workshop
bo &o [+

¢ §
‘e&u”& G vite wibs

" AI(CH3)3(g) AI(CH3)2(s) H20 (9) AI203(s) ‘
Pulse Purge Pulse Purge

Repeat ALD cycle N times

http://lwww.beneq.com/atomic-layer-deposition.html

6.6.2016 _ 9
Timo Peltola - 28th RD50 Workshop - June 2016



ALD-passivation layers: Material dependence s e

0.0001

------ HfO2 52nm: -5e10 cm-2
------ Al203 52nm: -5e10 cm-2
—— HfO2 52nm: -1e11 cm-2
—— Al203 52nm: -1e1l cm-2
——HfO2 52nm: -5e11 cm-2
—— Al203 52nm: -5el11 cm-2
——HfO2 52nm: -1e12 cm-2
:,1"— ——AI203 52nm: -1e12 cm-2
HfO2 26nm: -5e10 cm-2

2D test structure for

alumina vs hafnia study: ;
0 200 um thick n-on-p (V(;=30 V) © 106k
3-strip structure @ T=293 K 5

le-05}

le-07

Q Pitch=55 ym, implant
width=30 ym, MO=3 um,

Leakage current [A]

1e-08 - _
DC-cou p|ed ------ Al203 26nm: -5e10 cm-2
Breakdown voltages Vq for HfO2 26nm: -1e11 cm-2
_ _ 1e-09 - =5e10=1e12cm=2 & —— Al203 26nm: -1ell cm-2
QO g(HfO,)=22, g(Al,05)=9.34 !ZQIfl thick HfO2 26nm: -5e11 cm-2
ayer IcKnesses - Al203 26nm: -5e1l1 cm-2
TR BT M DT H T P ST ET T S
le-104 -200  -400  -600  -800 -1000 -1200 -1400 -1600 HfO2 26nm: -1e12 cm-2

Voltage [V] —— Al203 26nm: -1e12 cm-2

1.8

[
—=—HfO2 52nm

- ——Al203 52nm

E==o__ \\ —e HfO2 26nm
2 i IS \\ —=- AI20326nm | |

1.6

A Thicker high-¢ layer: more benefit to V,
O Strip isolation:
= No effect from material & layer thickness
— exclusive dependence on negative
interface charge density Q;

=
IS

[

[y

o
o
"
"
"
"

Breakdown voltage [kV]
&
/
"
"
"
"
'/

R =100 MQ @ V=0, |Q;|=5e10 cm o ~<
5[.)00E+10 1.00E+11 5.00E+11 1.00E+12
Qaf [em-2]
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25x100 pixel: ALD-passivation layers S @

100 pum J

CMS Phase Il pixel 3D-structure:

4 150 pm thick n-on-p 25x100 (normal
design) pixel corner region

U 52 nm thick ALD-layers

HfO,

Q ALD-layers @ V=-1kV:
» No breakdown for expected values
of Q; for non-irradiated device

) . 1e-07 .
= ~30V higher V., for hafnia @ both ——— p-stop: 310 cm-2 | ,'! ! | i
values of Qf — p-stop: 1el1l cm-2 |; |= i i
_ 1e-08 |-~ P-spray: 3e10 cm-2 .. ., i el
0O P-stop: Clear benefit to V,, from — pspray: lellem2 | voderated oo E_J. AV=150 V/
both ALD-layers for whole Qs ——— alumina: 3e10 cm-2 SR
—— alumina: 1e1l cm-2 ! I
range = 1le-09 - n i | ;
= hafnia: 3e10 cm-2 i I
= . 1
Alumina: E-fields 2 —— hafnia: le1l cm-2 ;J i
5 ! ) )
@ Q= -1lell cm?2 S lelo; =4 !
— breakdown @ g i —
M & ’
O edge S te11
le-12 Alumina vs-hafnia vsp-stop/p-spray:
V4 for |Q=3e10 — 1ell cm
leddy 200 -400  -600  -800  -1000  -1200  -140
Voltage [V]
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Summary gﬁ@:@@

0 25x100 interpixel resistance:
» Low ®@/Non-irradiated @ V=500 V: pixels isolated without p-stop/p-spray
at expected Qq

= ®=1.4el5n,cm= Q;=1.6el2cm= @ V=1 kV:
o p-stop: pixels isolated at all values of N & d
o p-spray: R has local minimum for N,s when d ¢ < n* depth
— Could be used to study depth distribution of N;;: p-spray with varying
Nps & ds
o Moderated p-spray: No local R

minimum when N > 2el6 cm3

int center

U ALD-layer passivation:
= Higher V,4: Layer with high-¢ (> 20) & increased thickness (> 50 nm)

= 25x100 pixels w/ 52 nm ALD-passivation: No breakdown @ V=1 kV &
Q;=1el1l cm? — clear benefit to p-stop & similar performance to
moderated p-spray design
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woneor@ , Back-up: 2D vs 3D 50x50 pixel: Wide design with p-spray

0 150 um thick 50x50 n-on-p pixel sensor

0 MO=3 pum, oxide=250 nm, center p-spray width=3 pym
O n*implant: N,.=1e19 cm3, d=1.5 um, lateral
spread=0.8*depth

O Implant & Al rounded corners: r=3 um

U Mesh points: 3D =123k, 2D = 40k _ 6x8 um?2 DC-coupling vias with
tapered edges

B

2D structure
Cut @ center

Bulk:ip

N Bel2 /e ot
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Back-up: 3D 25x100 pixel: structure ire

6x8 um? DC-coupling

O 150 ym thick 25x100 n-on-p pixel sensor, wide with p-spray vias as in 50x50 pixels

0 MO, oxide & moderated p-spray as in 50x50 pixels
Q n*implant & rounded corners: as in 50x50 pixels 10pum- 15 um
U Via position: 90 um/4=22.5 um from implant center
U Mesh points: 133k

p-spray

90 um
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Back-up: 3D 50x50 pixel: corner region cut

O Corner region chopped from 9 pixel structure

. . . .. . t |
for simulation time optimization - Wide: p-spray {
[ )
|
|
le-10} {
3 [
< i
‘5 ______ e
3 lellp =TT T T
[} r
(@]
% 4*_C(corner)=LC(9 pixels)
-
le-12
50x50
E (V) in the sensor ———50x50 corner region
max
5.0E+05 | |
Te13 b
4.5E405 | ™ 50x50 0 -100 -200 -300 -400 -500 -600 -700 -800 -900
soes0s |° 50x50 corner region /' Voltage [V]
3.5E+05 =
§ 3.0805 T Q Corner region yields identical LC, V,4 to
2.2 .5E+05 — 9 pixel structure — sufficient for E-field,
2.0E+05 - V,4 Simulations
1.5E+05 -
1.0E+05
5.0E+04
100 200 300 400 500 600 700 800
Voltage [V]
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Back-up: 50x50 pixel: corner region cut, Normal vs

Wide isilikr@

HYSICS

o=

Wide: p-stop
S
15 um
V
5um
| 3 pm
4 um i
20 um
v

Normal: p-spray

|

U Corner region
structures applied
for V,4 simulations

O Npsiop = 5616 cm*3

Normal: p-stop

L 11.5 pm ‘
\ -

_6pym |
5um
5um B
27 um
N A
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Back-up: 25x100 pixel: corner region cut, Normal vs Wide

HELSIN
INSTITUTE OF
PHYSICS .

Normal:
p-spray
/r
63.5 um
\ 2
6 um
3 um
15 pm
N
21.5 ym
v __

5pum < %
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Normal:
common p-stop

Wide:
p-stop

DC-coupling vias

/m

odified to 3x8 um?2

N

60 um
\ 4
5um
3 pum
4 um |
20 um
N
20 um
v
1.5 um
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Back-up: ALD grown Al,O;: Electrical passivation HELSIN

- Studied by pPCD method i
- Thermally dry oxidized wafer

with very high bulk lifetime - 0
- Assumption:Si0O, passivation \' .
c
reduces S,— 0 3
- ALD deposition of Al,O; 5
- Subsequent annealing at 370°C
30min . N
o G 2000 4000 6000 8000 100¢
52 nm AlLO;: | . Lifetime [us]
25 , - | . ; ) .
ol | \ AN High negative Q,,
|—AILO, as-grown| ) after sintering -
| i —Al O, sintered i i
2" Low negative NALO, bulk_recomblnatlon
3 | Qo after ALD - — | dominates
" — surface 8 AN
s recombination 5 N
dominates [1]
o5 200 46|u_:ife“me L 200 800 1000 05 5650 m'oL?feﬁme [ pg?m 8000 15000
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