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MAPS, Where? PAST:

MAPS
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" ‘ istorical message: STAR proved MAPS could work in colliders; ALPIDE/ITS2 made MAPS
Lt Brookhaven the technology of choice for large-area precision vertexing.
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Pixel-Detectors in Pixel-Size—Power Space

Domain Name Size of Pixel Power / Pixel
F AGIPD HEP/ NP ALICE 3 Vertex Detector ~10%10 ym?(R&D) <0.05 uW
[ | ALICE 3 Middle/Outer tracker ~50x50 um? (concept) ~0.75-1.25 pW
i PILATUS3 HEXITEC ePIC Silicon Vertex-Tracking (EIC)  20x22.5 pm? <0.1 pW
\ T ALICE ITS2 (ALPIDE) 27%29 pm? ~0.3-0.4 pW
102k @ RD53y EIGER2 ¢ PccT clinical ~ , NUSTAR ALICE ITS3 (MOSAIX) ~20 pm (18-22.5 um) ~0.1-0.25 W
E UNGFRAU
- J FCC-ee Vertex Detector ~25x25 um (concept) ~1-2 yW
-y i Timepix PCCT R&D . FCC-ee Tracking Detector CLD (50x50 pm?) ~2-3 yW
%_ [ SPAD/SiPM A CMS pixel RD53 / HL-LHC 50x50 ym?/25x100 pum?  ~50-150 W
= - X UFXC DEPFET ATLAS pixel (LHC / IBL era) 50%250 pm? ~5-10 pW
—_ 1L Medipix . CMS pixel (Run-2/3) 100x150 pm? ~20-35 pW
g 10°E = P . ATLAS pixel Photon EIGER2 7575 pm? ~100 UW
a X HCDA/-\S'CFOPIX Science PILATUS3 172x172 pum? ~160 pW
o [ _ L JUNGFRAU 75%75 pm?> ~60 uW
Q | FCC-ee traCkmg AGIPD (FEM/mod.-derived, XFEL) | 200x200 pm? ~450-600 pW
S— @ FCC-ee vertex UFXC 50-100 um pitch ~10-50 yW
o 10°F ALICE3 outer Medipix3 / Medipix4 55x55 pm? ~5-20 pW
; C Timepix3 / Timepix4 55x55 pm” ~10-50 pW
8 [ ® ALICE ITS2 Astro-  NuSTAR (Caltech) 600 x 600 ym” ~50-200 YW
i . . Physics HEXITEC (RAL) 250 x 250 pm? ~100-300 uW
- @ ALICE ITS3 tracking MAPS occupy the small-pixel, v AstroPix ~130 x 40 pm? ~1-10 oW
10~k ® ePIC SVT Iow-power region7 while spectroscopic and DEPFET (eROSITA/Athena WFI) ~100 pm (75-130 pm) pitch  ~10-50 W
C m— . HCD (HxRG family) IR: 18-36 pm, X: ~100 pm ~1-10 pW
i phgton Seiehe detgctors trade. Igrger plx.els Medical PCCT clin. CdTe/CZT-NAEOTOM o = 225 um (R&D: 150 um) ~50-200 pW
P ALICE3 vertex and higher power for richer per-hit information Imaging  PCCT (R&D / Medipix-based) 55-110 pum pitch ~10-50 W
E . 1 L L 1 L P 1 L . ] L P Energy-integrating CT (legacy) mme-scale scintillator n/a
10 20 50 100 200 500 1000 Other SPAD arrays / SiPM pixels 10-50 pm pitch ~1-100 pW

Pixel Size (um)
bserved trends;

* Power / pixel spans more than 4 orders of magnitude across detector architectures.

* Pixel pitch alone does not determine power; timing, noise, digitization, buffering,
radiation tolerance, and data transmission are often dominant.

* Per-link throughput commonly approaches practical limits of order 108 —10° hit
words or data items / second,

* At low occupancy, sparsified and event-driven readout use available bandwidth
more efficiently than continuous full-frame readout.
L? Brookhaven
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Pixel detectors
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Operation of Semiconductor Radiation Detector 1

onization, transport and charge collection — electric field separates and transports them

adiation deposits energy — electron—hole pairs are created diffusion transports (recombination and trapping)

top electrode

P* - type diffusion ground |E|‘ |¢|A
0
A A |E|
- ma HW)_
= ke glg
Deplete = o n-bulk AE
. O = =ou Q| =
W region = ol & - o|8 .n-bulk +
V| with fiel £ = Q Q|35 i 3
O+ - | -~
g o| 2 : 5 Elh . | 5
« | Non-depleted 2 Wl 3 holeeledtron A 9 hole  electron R
no field ' + : 0 5
¥ z o | 15 60=0 | 15
generated positive oo ctric field 0 Xg W dx 0 Xg W dx
charge voltage lines distance distance
N¥ - type diffusion bottom electrode
qNp X X - depth from top surface
|E(x)| = (W —x) = |Elmax\1—-) for 0<x<W
Xo — depth (from top) where |E(x)| = Esi ( W) Xo — position of generation (0 < xo < d)
the electron-hole pair is generated 0 for W<x<d
- W - depletion depth (edge of field)
holes drift toward the top electrode )
(directed by the electric field) 2e6; (Vi = V) kT NN d - thickness of detector
@ electrons drift toward the bottom electrode W= qNp fOT' Vbi = FIH nlz |Elmax — maximum field at p* junction
(if xo < W, initially by field; below W, by diffusion) Np - donor concentration in n-bulk
(x) qND(W xzw) E < xz) for 0<x<W
p\x) = X —— =LCLpyax\ X ——— or X =
¢ Brookhaven  w~36¢"/ . (x) = si 2 2w
¢ N eh P
ational Laboratory EMAXW
for W<x<d
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Operation of Semiconductor Radiation Detector 2

harge generation - ionization
Deposited energy is converted into mobile electron—hole pairs

o Edep

~ eV
Ne,h— w WN3.6 /e_h+
ransport
At high field, add only verbally that velocity eventually saturates.
Drift — driven by electric field Vep = $”e,hE
— directed and fast
— reduced trapping and spreading
— driven by concentration gradient
— random and slower
— produces lateral charge sharing
ollection

Carriers terminate on electrodes, but the electrical signal begins while
they are moving, not only when they arrive.

L? Brookhaven
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Operation of Semiconductor Radiation Detector 3

ignal induction — physical electric field transports charge; how that motion is observed by particular electrode is defined by weighting field.

weighting potential is auxiliary Laplace solution most of potential change very week sensitivity electron pulse is
0 V 1 V 0 V occurs near E2 far from pixel center concentrated near collection
0.12 -
° B-B' at mid-depth +0 7 T clectron
25 - 0.10 - — total
; 0.8 -
50 45
- 0.08 - g
e 3 06
_; 100 1 & 0.06 - E
Q ©
& 125 L 0a-
© 0.04 5
150 c
175 - 0.02 0.2 -
200 A-A’ through E2 :
T T T T T 0.00 . . i , . 0.0 T f T T
00 02 04 06 08 1.0 0 50 100 150 200 250 300 0.00 025 050 075 1.00 125 150
dw lateral position x [um] time [ns]
N . ignal devel ver more of drift; hol
weighting potential broader lateral sensitivity signa se © opts ,E (: ore o td ﬂ,l ole
. motion contributes more stron
penetrates farther into bulk at the same depth aly
0 0.14 . 1.0 7 === electron
: == = hole
25 0.12 - : — total
: 0.8 -
B 50 - .
- —ls o\S o e = =5 =T o 4 o = - - 0.10 - o
o A € 751 3 0.6 -
N~ T 0. 5 2 5 0.08 °
@ 00 > 100 - s g
P++ ' 002 ‘% 125 0.06 - £ 0.4-
° S
] 150 - 0.04 - : <
: 0.2 -
& A’ 1751 0.02
oV |
- pitch = _ _ _ 00 02 04 06 o8 1c 0.00 o 50 100 150 200 250 300 O'Oo.oo 025 050 0.75 1.00 125 150
X: pItC =100 Hm, d=200 Hm, Wsmall_zO Hm, Wlarge_7O Hm P lateral position x [um] time [ns]

L? Brookhaven ik =qv- Ew,k . i,— instantaneous current induced on electrode k g— moving carrier charge, v— instantaneous drift
National Laboratory Aka —q\Pwk (f)'(pw’k (1) velocity of carrier, E,, ,— weighting field of electrode k, Q,— total induced charge on electrode k, ¢, ({)—
vV = qE weighting potential at where carrier is created, ¢, (f)— weighting potential where the carrier disappears 7




E-Field Engineering for Semiconductor Detectors 1

rom depletion engineering to electrostatic potential engineering
1) p-n junction

electrons and holes diffuse across junction — potential barrier
x: P* E1(-1V) and P* E2 (-2V) with Na=0(1017 cm~3)

P+* implants in N- layer (N,=10" 't :A

cm3) at 300 K) — thickness 4um.
. . + 1
pplied electrode biases + space B P E1 B2 B’
charge shape electrostatic potentiat $ = = = == = = === e ccccucanna T
— drift field transporting signal e". - _
\ P gsig N™  Np=0(101% cm™3) :
V2 = - qiNp ptt :
Esi F
— 2 qND 2 d ' : ]
Pa-a(y) =-2+ e (y°-dy) N,=0(1018 cm_3)5 vA
g I _ _Sl 0 under £1 under E2
** T cross-section A-A’ ok e
_ (vertical through E2). _ B e o !
S 1.0 4 S
= Prmax = —1.63V =-10- |
% f_; ¢, = —1208 V i
3 8 i¢ |
& g I
:..5 g 1.5 - [ &g = —1.627 \"I
£ £ Apgg ~ 0.418 V |
< o . ‘ S 20 - ~ 162V i
Li_(f - ——qs—f’ (Poisson) | cross-section B-B’ |
L4 = = ) 5 (horizontal at mid-depth. !
0 Bottom (p**) d 0 "

ntire N- acts as drift region guiding carriers to electrode of higher
potential — e- drift towards E1, h* are collected by P implants.
ow about current flow? for depleted N- layer, only leakage and transients.

L? Brookhaven

& = 11.7¢ (1036><10'12F/ ); V- —k—T—259mV
National Laboratary N A cm); VT = q

E. Gatti and P. Rehak, Nucl. Instrum. Methods Phys. Res. 225 (1984) 608

majority carriers diffuse to regions of lower concentrations —
potential barrier A9 Np=0(1017 cm3)

x: P* (-1 V) and P** (-2V) implants —ﬁ—

in P- layer (N,=10" cm-3) at 300 K). pt

o equalize Fermi level, electrostatic

= 14 _3
potential adjusts at thermal equilibrium NA=O(10"" cm™)

Na1 +t
Api = @2 — @1 =VrIn|— P

N, . .
* Barrier between P" and P~: A8 '\',«'-\FOUO18 cm™3)

1 017 #(x) [V] Electrostatic potential ¢(x) along A-A’
0 ¥
AgoP"'P' = VT In (m) ~ 6.9 VT P* E P~ epi
N ~10"7 em=2 E Na=10"cm™

0.5

i
i
] A
f
i

=-1.0V4 !
i
i

1018 Viop
App+p- = VrIn <—> ~ 9.2V

e Barrier between P~ and P**:

A¢’total
=1.00V

1014

]
-15 | |

region is electrostatically "boxed
in" by 2 potential barriers o0V T : .
for minority e E |

-2.5 +
x=0 X3 Xz X3 X

ow about current flow?
 for undepleted, uniformly doped P- layer, current density is approximately:

V_ LAV L ) _2‘
CNL "l =10um

Jo = QupNAE ~ qupNy === py 7=~ T=or
Holes are majority carriers everywhere, they drift through entire structure



E-Field Engineering for Semiconductor Detectors 2

3) MOS structure - photogate

VDD

lectrically controlled
potential well — storage

well is primarily controlled L M2

dynamically by gate
voltage Q

Vpg = Vi + Ys-— C..

Qaq = —+/29&siNas

Vrp = flat-band voltage,

1, = semiconductor surface potential,

Q. = semiconductor charge,
C,x = oxide capacitance per unit area.

A_Av 1.54

1.0

po~12V

PG increased

0.5

ntegration

electrostatic potential

=20V

PG lowered
05¢s=0.4V

ransfer

electrostatic potential

lower surface potential
| - shallower storage well

0 1 2 3 4

depth y [pm]

Brookhaven

National Laboratory

©

RESET

Ml

rom field shaping to controlled charge storage and transfer

integration: Vp.=2.5V, V,=0V;
transfer:

Vpe=0.5V, V,=2.5 V.
pt pon-Si2 ate,_3
+NA:O(10 cm™ )

Gox~10nm
N+ g7 """ "°"°°° LS ) -Bb’
B .
: P"
]
"N = 14 =3
WA Np=0(1018 cm™3)
BB ™ ™ TX closed,
25 charge stored
2.0 under PG
% 1.5+ electron-storage region
1.0 1 °
0.5
0.0 transfer barrier closed
30 FD i3 X o b
pen,
251 \ charge transferred to FD
2.0 \ barrier removed
% 1.5
1.0
(I) rises continuously toward FD
0.5
0.0

0 2 4

6 8 10 12

lateral position x [um]

ey limitation: Si-SiO; interface is part of active storage
region — dark current and interface-state noise important.

4) Pinned PhotoDiode

echnological control of

potential well — storage well is

primarily defined by implanted

doping profiles + pinned
surface potential

epresentative dimensions:

Buried N well = 0.8 um
Depleted P- epi = 5 um
TX gate length = 1.2 um

P* pinning layer =100 nm

[ ’
o A-A p* buried n p- epi
— S 1.0
-+ ;_ subsurface storage maximum
© = 05
= =]
2 i
=
o
+- 2 o5
C v
=1
5} J
g %7 PPD accumulates
<4
§ 151 charge
K —2.0 {backside —2.0 V
p* buried n p- epi
S S 1.0
q) — increased PPD potential
Ll < 054 as stored charge is removed
(2] T
C =}
© § 0.0
[ [o}
3 -0.5
o
g ~-1.0-
< . q
g -151 PPD being emptied
[
@ _2.0{backside —2.0 V
0 1 2 3 a 5
PPD is

RESET

|——<j

x: Vpp=3.3V, Vepr2.8 V, Vo=

-2.0 V; integration: V=0 V;
transfer: VTX—Z 5V

p plnnln% Iayer

ANAO1O 3)

- -

B!

, buried n charge

, storage w

+ Np=0( 10% em™3
L)

Na=0(1 ol4 cm'3)

o]

electrostatic potential ¢ [V]

electrostatic potential ¢ [V]

87A" Np=0(1018 cm™3)

FD

closed

TX barrier

PPD storage well

TX closed, charge in
buried charge storage well

filled PPD

FD

TX open,
1 charge transferred to FD

continuous increase of ¢ towards FD

PPD being emptied

PPD

1

2

coupled electrdstatic structure in which implant pro ﬁ
transfer gate and floating diffusion are designed to yield storage and complete transfer

5 6 7
al posmon X

iles, surFace pinning layer,

esult: low dark current, low image lag and low-noise charge transfer.
N. Teranishi, Y. Ishihara, and H. Shiraki, Japanese Patent JP 1,728,783, 1990
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E-Field Engineering for Semiconductor Detectors 2

omparative: Photogate vs. Pinned PhotoDiode

©

Brookhaven

National Laboratory

Potential well created mainly by gate
voltage

Charge stored close to oxide interface

Well depth dynamically adjustable

Interface dark current can be significant
Transfer controlled by clocked gates

Voltage-defined storage

Potential well created mainly by
implants

Charge stored below the surface
Surface potential pinned

Surface dark current strongly
suppressed

Transfer controlled by dedicated
transfer gate

implant-defined storage with voltage-
controlled transfer

hotogates create charge-storage wells electrically;

inned PhotoDiodes embed well in doping profile and use gate

only for controlled transfer.

10



CCD (1970) APS (1993) MODERN MAPS
. > @ :

@ >
THE ERA OF CHARGE TRANSFER THE BEGINNING OF A NEW ERA THE FUTURE OF IMAGING

National Laboratory
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CCDs vs. MAPS: Charge Transfer vs. In-Pixel Readout

CCDs single pixel polysilicon

. read_out ~20/x 20 x 20/jum3  direction of parallel transfer gates 2UMP
harge-domain signal transport cycle ionising 7¢” charge transfer «— 9 resetpads
Signal charge is transferred pixel-to-pixel ¢4 1 particle;
- and converted at one or a few output nodes. 2

Readout mostly sequential ¢3 L
Electronics ¢1
in pixel none ¢I;I)%'.

excellent uniformity, lowest read noise, large-
area imaging

P - EPITAXIAL LAYER +'+
~ 20 pm partially depleted +*_

Ma!n ) serial charge transfer; clock complexity; transfer
limitation jnefficiency especially after irradiation

MAPS

ocal charge-to-voltage conversion
Charge is collected and converted locally, ionising horizonal and veritcal readout lines
pixels are addressed through electrical , particle
interconnects. :

output amplifier

Readout rolling shutter, global shutter, ROl or event-driven

Electronics  analog front-end, discrimination, timing,
in pixel memory, ADC, intelligence

parallelism, integration, speed, functionality,
scalable systems

P - EPITAXIAL LAYER N

. +“.\
Main pixel nonuniformity, analog/digital coupling, fill-factor leted -

limitation trade-offs

@ Brookhaven

" National Laboratory
12



CCDs v.s. MAPS (CMOS Image Sensors) - 1

CCD as a Bucket Brigade

Each bucket represents a potential well carrying collected charge

Clocked transfer -

1"@”'{ l\.___/j |L\.____/J' t\.__./l 1"'\/Jr l\.__./!

Output node / ADC

0.00

Pixel 1 Pixel 2 Pixel 3 Pixel 4 Pixel 5 Pixel 6

Charge packets are shifted together by the clock phases

CCD: Charge Moves

L? Brookhaven

National Laboratory
13



CCDs v.s. MAPS (CMOS Image Sensors) - 2

APS /| CMOS MAPS — Every Pixel Measures Its Own Charge

No bucket brigade. No charge transfer between pixels.

s
l F
W W
A, o =4 =,
! F
W W U
Jad, o = =,

I L? R — MAPS: Charge Stays — Information Moves
National Laboratory

14



CCDs v.s. MAPS (Origins of Si Pixel Tracking)

Before MAPS, CCDs proved that a fine-pitch silicon imager could also be an extraordinarily precise tracking detector.

Secondary (de
‘DT> K +m1

*Tracks 2, 1and 5

* Position:

cay) vertex
— 117

(x = 0.53 mn), y = 0.67 mm

—

£

N
-

0.6

0.2+

first charm decay seen with Si detector by ACCMOR Collaboration in 1984, using thin

1970 — CCD invented in Bell Labs (optical)
1981 — Particle tracking proposed
1981/1983 — CERN beam test

1984/1985 — ACCMOR NA32 (first tracking)
1987 SLD CCD VXD proposal

1‘19090 VXD1 (120 Mpixels) ]

i
;L%.:#
_ L o
TC T ~ - ] -
A i
~ -
-
3
— S

_°®—— 4 COPPER

Primary interaction vertex

j'+ ) * Proton—target interaction TARGET
s [ \\ * Production point of the D™ meson
~ X * Position:
/ 4+ (x=0.56 mm,y = 0.63 mm)
- 8 \
\
A
- « \
A
- \
NA32 experiment (CERN SPS) _ X
L I : | ! | A L
0.2 0.4 0.6 0.8 10
x {mm)

target followed by CCDs at 1 and 2 cm beyond (view along beam direction).

L? Brookhaven

National Laboratory

C.J.S. Damerell et al., NIM A 253 (1987) 478-481.
C.J.S. Damerell, NIM A 541 (2005) 178-188

~
-

i "1 __....-"2
! - ’___x-" -.-f. 1 . fj
*./___, A

- I
PR, § 5
xr 8
S
x
e
i o
ccm ccDz2
0mm

Partly assembled ladder for SLD VXD
3 CCDs on top and two CCDs on bottom

* 1990-1998 — SLD VXD2/VXD3
* 1992-95 VXD2

* 1996-98 VXD3 (307 Mpixels)

* 1998-2005 CPCCD, ISIS, thin
ladder for future Linear Collider

* ~2000 GLCvertex, LCFI, US LC
vertex collabs




CCDs v.s. MAPS (Turning Point)

Active Pixel Sensors: Are CCD’s Dinosaurs?

Eric R. Fossum

WEE
Jet Propulsion Laboratory, California Institute of Technology _' .
4800 Oak Grove Drive, Pasadena, California 91109 USA

=%
ABSTRACT
Charge-coupled devic

arg ) es (CCD's) are presently the technology of choice for
their invention in 1970,

—
moslimagingapp\ica\inns‘ In the 23 years since l é‘ \ '@F
¢ they have evalved to a sophisticated \evel of performance. However, o F
can be certain that they will be supplanted someday. In '1' vt

® as with all rechnologies, We
§ this paper, the Active Pixel Sensor (APS) technology i5 explored 25
a possible successor 1o the CCD.

Vo
MEASURE IN PIXEL

active transistor within the pixel unit cell. The

the Achilles’ heel of CCDs. This perfect charge transfer makes gl out SIGNAL

ugoft,” difficult to use under low light conditions, difficult to manufacture in large array sizes, difficult 10

integrate with on-chip clectronics, difficult tures, difficult to vse at high frame rales, and difficult 10

manufacture in non-silicon materials that extend wavelength res

pixel over ‘metallic wires rather than

ponse. With the active pixel, the signal is driven from the
being physically transported

An active pixel i defined as a detector aray technology that has at least one
APS eliminates the nec

d for nearly perfect charge transfer —
CCD’s radiation

in the semiconductor.

This paper makes a case for {he development of APS rechnology. The state of the art

is reviewed and the application of
APS technology 1© future space-based scientific sensor sYStems is addressed.

¥ l‘NTRODUCTlON

The charge-coupled device (CCD), while presently the imager technology of choice in scientific applications, is 8 dinosaur
jon. The likely successor 10 CCD technology is the Active Pixel Sensot (APS) technology, just emerging

ed imager laboratories in Japan for applic.ation 10 high‘dz:ﬁnitian 1elevision (HDTV) and electronic still
ile APS technology is still in its infancys it is easy to extrapolate 10 the demise of CCDs- The APS technology

features of CCDS, yet circumvents the major weaknesses of CCD technology-

' heel of CCD technalogy is fundamental 10 its operation = the need for the perfect

stances through 2 semiconductor. Although CCDs have become 2 technology of choice for present-day
of imaging and spmtroeﬂ:upic instruments due o their high sensitivity, high quantum efficiency, amd large
Jnown that they are a particularty difficult technology to master. The need fnrmaf—pafﬁzﬁ charge trans_fer
efficiency makes ccbs(l) radiation "soft,” (2) difficult 10 reproducibly rmanufacture in 1arge array sizes, 3) incompatible
with the on-chip electronics inlegration requirements of miniature in;\mmenls: (4) difficult 10 extend the gpectral
i ivity range through the VS8 of alternative matetials, and (5) limited in thei?

rechnology that preserves the positive auributes of the CCD yet climinates

transfer of charge ACTOSS

readout rate. A DEW imaging sensor
the need for charge transfet could quickly eclipse

in microli for the production of semiconductor circuits such as
ors since the

considera!

ph}'sical fill-factor
microlenses oF binary Optics ¢an increase the effect
range are similar to the ccD. Thus, the Al

k}\ Brookh

National Lab

um%msamrsam

P Sensors —

paper real,
image Al-generated
16
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Non-Nepleded v.s. Depleted Q Collection Volume

MAPS

Classical MAPS

charge collection primarily by diffusion
Small collection electrode (typically n-well
diode)

!

Electronics outside sensing node
!

Medium capacitance (10-30 fF, medium Q/C)

!

Low radiation resistance

AMS 0.6 pm, AMS 0.35 pm OPTO — IReS/IPHC
MIMOSA 1 — 28 (Ultimate) — STAR PXL —

CBM — MIMOSIS
first MAPS system used in experiment

NP (STAR PXL in HFT in STAR at RHIC)
TowerJazz 180 nm — CERN ALICE ecosystem

FSBB-MO, MISTRAL — ASTRAL — ALPIDE —

ALICE ITS2
ALPIDE = culmination of classical MAPS.

* Sparse data-driven RO replaced rolling shutter
Q collection still mostly diffusion-based.

L?' Brookhaven

National Laboratory

Small Collection Electrode
charge collection by diffusion/drift

Small collection electrode (typically n-well
diode)

Electronics outsilde sensing node
Very low capacitancle (2-5 fF, high Q/C)
Very low arfalog power
Very low noise

!
Low-Voltage operation (partially — depleted
or fully depleted)

!
Excellent energy resolution
!
Potential for precise timing

!
Need sophisticated electric-field
engineering

Radiation hardness relies on electric-field
optimization

Large Collection Electrode
charge collection primarily by drift

Large collection diode (typically n-well or p-
well diode)

!
Electronics inside collection well

!
High capacitance (100 fF and 400 fF not
unusual, small Q/C)

Higher analllog power
Hich voltage opelration (depleted)
Much strongelr electric field
Very shlort drift
Excellent radialltion hardness
Uniforrr# timing
Lowei' gain

!
Lower energy resolution 18



Small Electrode v.s. Large Electrode MAPS

Depleted MAPS

H hird famil
Small Collection Electrode third family

Large Collection Electrode
low capacitance and power SOl

Tower Semiconductor 180 nm CIS — CERN /
Bonn / CPPM / Oxford / Birmingham

TJ-Monopix 1 — 2 — OBELIX — Belle 1l VTX
derivative, MALTA mini — 2 — 3, CLICTD-demo

separate technology branch for fully LFoundry 150 nm HV-CMOS — Bonn / CPPM /
depleted monolithic sensing FD-SOI CERN
Wafer-bonded high-resistivity LF-CPIX, LF-Monopix 1 — 2, RD50 - MPW1 — MPW2
substrates

— MPW3 —- MPW4
l
LFoundry 110 nm CIS — INFN Variants with small and large

AMS / TSI 180 nm HV-CMOS — Heidelberg / KIT / PSI
collection electrode (substrate

MuPix 7 — 8 — 10 — 11 — final Mu3e sensor,
BOX) ATLASPix 1 —» 2 — 3 — 3.1, AstroPix, TelePix
Tower Semiconductor 65 nm CIS — CERN- | .
ALICE ecosystem / RAL / INFN / DESY / IPHC Electronics above sensing AMS 180 nm HV-CMOS — Heidelberg / KIT /
Strasbourg — U. Frankfurt / CEA / BNL / SLAC volume CERN-RD50
A A H35DEMO, H18 / CCPD prototypes, HV2FEI4,
APTS, DPTS, CE65, FASTPIX, MOSS — MOSAIX, Low radiation resistance and ATLASPix precursors
TANGERINE, MANTA, CACTUS, OCTOPUS, CE-TPiX couplings

OBELIX = Belle Il upgrade OKI / LAPIS Semiconductor 200 nm FD-
MOSAIX = ALICE ITS3 upgrade and

SOl CMOS — SOIPIX Collaboration KEK
ePIC Inner Barrel SVT for EIC

CPIX, INTPIX, SOFIST, SOIPIX, XRPIX, SOFI
L? Brookhaven X-ray, Astrophysics, Synchrotron
National Laboratory
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Role of Large Electrode in Charge Collection

Small Collection Electrode Large Collection Electrode

d < d>

) -
o lateral E field A A A A A A A

M L]

istribution of electric field can be improved by
increasing effective sizes of implants:

* smaller distances between implantation islands
may lead to shorts, especially if inversion /
accumulation charge gets trapped at interface,

* large charge collection implants “steal” real estate
from transistors in bulk MAPS and not deep

L?’ Brookhaven internal electrode available.

National Laboratory

enerally electric field in p-on-n (/ n-on-p) sensor
is not uniform in case of very small p-type (/n-
type) implants separated by large lateral distance:
* potential pockets can be created,
* no electric field areas — thus no/slow charge
collection from some regions




L? Brookhaven
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Early MAPS: Charge Collection by Diffusion (2000) 1

Monolithic integration: no bump bonding or separate sensor wafer — low material budget

IONIZING PARTICLE « Small pixel pitch: typically 10-30 um.

JRACK PASSIVATION trengths:, | oy, input capacitance: small collection diode — low noise (after CDS).
* Commercial CMOS fabrication: low cost and high yield, access to stitching.

* Charge sharing: supports spatial resolution better than binary pitch/v/12.

* Mostly undepleted epi-layer: thermal diffusion dominates charge collection.

* Slow and position-dependent collection: increased recombination and trapping sensitivity
:ﬂ:;‘egg R Narrcroo et !Vlam — limited radiation tolerance (TID=150 krad, NIEL>10,; n.,/cm,) and timing performance.
between ) entirely Issues: * Charge spreads over several neighboring pixels: clusters produced — Q single diode .
nelghbourmg by one pixels . Rolli hutt : dout: | ; intearation ti d il
pixels \ olling-shutter or raster-scan readout: long frame integration times and pile-up
* Standard twin-well CMOS: restricts full CMOS circuitry because PMOS n-wells compete for
charge — limited choices of circuit solutions, i.e. 3T, 3TSB or 4T pixels.
$ vdd diode X _GRTE
vdd m R RES_SEL
M1 ROW_SEL orwar vdd_sf RES_SEL SPILL_GATE
RES ELl E {’i"s ¢ ROW_SEL M4y Lo—ws M4
- m3| corumy D2 E
LINE
D1 w1 M2 E‘I):‘,?m
M1 - reset transistor n-well/p-epi >
I = hiagh tential f hol M2 - source follower reverse M1 - source follower ROW_SEL
warmer color = nigher potential Tor noles ond M3 - row switch blasgnd 2 e gnd| gnd |

ey idea: Thin, lightly doped p-type

* Lack of amplification in pixel: Fixed Pattern Noise dominating — frame CDS

First Frame Raw Data S‘gm ’ Second Frame Raw Data Signal 10\).1411 60 Data after CDS Processing

[ i I 1: il
dioE;s ;:E:Le:htz :;:rge (e-). o \\H’ WWM’"I"“ / 4 - 0 '

i s
National Laboratory iy a—

epitaxial layer of standard CMOS,..

HADC] o,
Yo

w60
20

Signal 7‘0\““1 60 ter Pedestals Subtraction
[ADCé st“"zo

process serves as sensitive

3000 <

volume. Small n-well/p-epi 2000}

._—f‘———__:—-

50 60
G. Deptuch et al., IEEE Trans. Nucl. Sci. 49 (2002) 601 , M. Deveaux, JINST 14 (2019) R11001, C. Hu-Guo et al., Nucl. Instrum. Methods Phys. Res. A 623 (2010) 480-482
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Early MAPS: Charge Collection by Diffusion (2000) 2

parameter of the epitaxial layer thickness = 5um

Diffusion-Dominated Charge Collection: Why It Takes ~100 ns . 70

350 60 mﬂn;/ﬂ -
. . o e . — 300 —_ m _mﬂﬁ?d@
or diffusion over a characteristic distance L: [{r?) = 2nDt|, e z %0 ommaie o
o P u] . o
s g 40 K5 5
. . . L? G 200 = == o o
where n = # dimensions; for 1D estimate: |t4i ~ s 3 150 %\@%‘A IR o o/O)MO
© © - linear fit
kT % 100 — —O— central pixel —O % ® / A cluster of 2-by-2 pixels
-1 H . — u _hy- ixi o === linear fit
For e In SI at RT. De — Me 7 © 50 iz:l‘:::gi_zi_i zlx::z 10 -Elnﬁluste;of3»by-3pixels
. _ _ o 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
and using: U, =~ 1,350 sz V 1S 1’ and De ~ 35 sz/s, 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
distance from diode (central point) [um] distance from diode (central point) [Lm]
one gets: L =20 um = tdiff ~ 57 ns, L =30 um = tdiff ~ 130 ns, parameter of the epitaxial layer thickness = 15um
900 175
L =40 um = tge ~ 230 ns i
iff . 800 150
_. 700 —_
% 600 N N z 125
. . % 500 .g 100
imulation type: RN z
g \d]\h 9 75 jele O central pixel
. . . © 300 § © linear fit
transient simulation S ol o ]800 2 o =7 JR——
. . . © 100 [| —2 cluster of 2-by-2 pixels © 25 == linear ft
of minority carrier | —0— cluster of 3.by-3 pixels sty pct
d it +4.001e420 % 2 2 s s 0 12 14 % 2 4 s 8 10 12 1
ensi y 354715 distance from diode (central point) [pm] distance from diode (central point) [um]
13910 parameter of the epitaxial layer thickness = 25um
+2.787e+05 1100 275

+2. 4 e00

250

1000 —
o
900 M 225 omgR e B EE—
- —
175 —w
—————— o
Wl OM

ormer DESSIS ISE-
TCAD now Sentaurus

800 200 foees =i @W
. . A
Dvice Simulator o N
— A

(Syn (o) psys) izz o 125

collection time [ns]

collected charge [e]

100 / O central pixel
linear fit
+0.00E+0 300 \)&\%% 75 C A cluster of 2-by-2 pixels
L—O0— i —=—-linear fit
+0.75E+0 200 CETE] pIXel R 50 [m] :uesal;r‘of 3-by-3 pixels
100 _—A— cluster of 2-by-2 pixels s 0000 o linear fit
N BrDD khave r’? +1.50E+0 R ——cluster of 3-by-3 pixels ) ) ) 0 . . . . . . .
¢l 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
i +2.25E+0
Lf-" National Laboratory 3.00E+D distance from diode (central point) [pm] distance from diode (central point) [pm]
+3. + 23

G. Deptuch et al., Nucl. Instrum. Methods Phys. Res. A 465 (2001) 92-100



Early MAPS: Charge Collection by Diffusion gFQOO) 3

iffusion-based MAPS went from sensor prototypes to working low-mass vertex detector at RHIC
p— W=/ “XLsystemscale \(Uttimate2 ) /7/hatSTAR

e 2 innermost layers at r = (MlMOSA-ZS) demonstrated
il ¢ 0.35um CMOS OPTO * First large-scale thin-MAPS
* 10 sectors, 48 FERES ) ¢ 20.7 X 20.7 pm? vertex detector at a collider
:qci)lﬁosnegffélss~ 396 pixelfs; 928 X 960 « >99% hit efficiency and = 4
. = 0,16 m? active area, matrix pm single-point resolution
sensors thinned to 50 pm * 50 pm sensor * Reliable operation with air
* Air cooling, low material = thickness cooling and ultra-low

0.37% X, per layer * ENC=10-12¢";S/N material
: SOy = 30, >99% efficiency : .
* Frame integration time o * Direct topological
* On-chip discrimination

(rolling shutter): 185.6 ps & cereiestion reconstruction of open-
charm decays

. - Selectable anal ~220 for Pads + Electronics . . . .
Ultimate 2 di ; Total Noise distributions
1 A B C D subarray A
301 subarray B

subarray C
subarray D

/" Why STAR needed MAPS | |

* Reconstruct displaced charm-hadron ERelizay

decay vertices
(D° - Kmt*, ct = 123 pm)

* Improve track pointing from millimeter
scale to a few X10 pm

Entries

1

* Minimize multiple scattering with thin,

\ air-cooled detector layers /

~ Brookhaven: ° TAR PXL detector demonstrated for the first time that MAPS could operate reliably as large-scale collider vertex
Lt National Laboratory detector, paving the way for MAPS in ALICE ITS2, ITS3 R&D, ePIC, FCC-ee, and many future experiments.

L. Greiner et al., “The STAR MAPS-based PiXeL detector,” Nucl. Instrum. Methods Phys. Res. A 845 (2017) 573-578; STAR PXL technical paper, arXiv:1710.02176

ol 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
20240 pm Total noise [mV]




Next Gen MAPS: Collection by Drift/Diffusion

/echnology evolution and bridge )
MIMOSA / Ultimate STAR PXL Remaining limits Towerjazz CIS o ALPIDE: localized depletion + diffusion in HR epi' much
diffusion MAPS large-system proof diffusion + rolling shutter HR epi + deep P-well . t.han early MAPS but not optimal '
STAR proved diffusion-based MAPS could deliver a low-mass, high-granularity vertex  RAL spearheaded TowerJazz deep implant modification.
detector; the next step was to move from diffusion collection toward engineered - Deep p-well made full-CMOS pixel logic possible; =40
depletion and full-CMOS pixels. \_ mW/cm?, =5 pm resolution, >99% efficiency. -

KI'SZ system scale \ /LPIDE \ hat ALPIDE demo’ed

* 7 cylindrical layers — * MAPS — mainstream collider

e 24,120 ALPIDE chips 7 U208 B0 C,h'p VXD technology

- ~12.5 billion pixels " 512 1,024 pixels - NMOS/CMOS inside every

* =10 m? active area JZE s 2R i e pixel without n-well charge

e radii ® 22-405 mm . TowerJa;z 180 nm CIS loss

* 50 — 100 pm thick * HR p-epl, degp.) p-yvell * Continuous, sparse data-
sensors ’ In'-pl).(el.ampllflcatlon + driven readout at low power
=~ 0.35% X, inner layers Ll * LHC-compatible efficiency,

\Event time >2 ps / &Hlt-drlven sparse readout/ fake-rate + radiation tolerance

VPULSE_* AVDD
_________ Cln'
:VRESET D: 160 SF o
| Diode | IBIAS ITHR E
._l ._| .—| M7
: Res;;; : Mo source M4
! ! PIX_OUT_B
L _ _J pix_in T
_ M1 Cc Ve SNEI
Beam pipe
ALPIDE die Ne VCASN "o
R VCASPI:MZ D‘H”t .—”:MS
= __ PWELL ® I .
pix_out IE -
S hy ALICE needed ALPIDE ALPIDE in-pixel curfeed |
7-layer ITS2 |aY°Ut ! * 50 kHz Pb-Pb continuous readout for Run 3/4 heavy-ion physics ;‘I:n‘:c‘)"s"y; gr;:\ntcl)rge M3 4——”
an
* Improve impact-parameter resolution by X3-5 and extend tracking to very low pT transistors together AVSS

L? Brookhaven

National Laboratory * Reduce material budget and enable a 10 m?, all-pixel silicon tracker

2
ALICE ITS Upgrade TDR CERN-LHCC-2013-024; ALICE ITS pages and EP News “Pixels for quarks” (2019); Mager, NIM A 824 (2016) 434; Aglieri Rinella, NIM A 845 (2017) 583; Deptuch et al., NIM A 511 (2003) 240.




Next Gen MAPS: Collection by Drift

ey idea:
* Reverse-biased, high-resistivity p-type epitaxial layer forms sensitive volume.
* Low-dose deep n-type implant extends depletion beneath pixel circuitry and guides electrons to small n-well collection electrode;
* Deep p-well enables full CMOS circuitry without parasitic charge collection

NWELL mwall collection mwall collection
NMOS PMOS COLLECTION MMOS PMOS & e

lecirod, HNMOS PMOS elactrode
[ ] [ ] [ ] [ ]
= -~ -+~ == R o R R — - OO - :J - - OO — - 0 O J T w- ---------- . - O O
PWELL NWELL J,‘ ~- '.‘ NWELL pwall mwell J i =~ L pwall ] nwell pwell nwell 1 = [ 1] nwell
DEEP PWELL 9 DEEP PWELL ____ deeppwen N deeppwel | | desppwel ! L desppwell
Standard T DU
.a i M od ifi ed depletion boundary M Od Iﬁ e d depletion boundary

DEFLETED ZONE

with gap

k. DEPLETION BOUNDARY o depleted zane deplated zone
P EPITAXIAL LAYER e i s : P epitaxial layer p- epitaxial layer
ALPIDE standard process: partially modified Tower process: substantially or fully depleted,
depleted, mixed: diffusion and drift 180 nm — 65 nm predominantly drift-assisted collection

PSCo 65 nm ISC CMOS (effectively 110 nm),
* ~10 um epi layer, 7 metals, 300 mm wafers
* provides reticles stitching diffusion MAPS Tower 180 nm MAPS Tower 65 nm MAPS

- difficult design due to low &™/g TID = 150 krad TID = 2.7 Mrad TID > 10Mrad
NIEL = 10’3 neq/cm?® NIEL = 1.7X10"® neq/cm? NIEL = 10'*-10"° neq/cm?

Comparison of radiation hardness

L?' Brookhaven

National Laboratory

Snoeys et al., NIM A 871 (2017) 90; G. Aglieri Rinella et al. NIM A 1056 (2023) 168589
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MAPS: Drift-Assisted Charge Collection

trengths:

Main
issues:

National Laboratory

L?' Brookhaven

Monolithic integration: sensor, analog front end, discriminator and digital logic share the same silicon substrate, no bump
bonding or separate sensor wafer — low material budget

Fine pitch and low material: typically 10-30 um, retains principal mechanical and spatial-resolution benefits of early MAPS.

Low input capacitance: depleted collection diode — capacitance of only a few femtofarads provides high charge-to-voltage
gain, low noise and low analog power.

High-resistivity epitaxial layer: reverse substrate bias enlarges depleted sensitive volume.

Drift-assisted charge collection: vertical and lateral electric fields reduce collection time and suppress long diffusion tails.

Deep p-well isolation: PMOS n-wells are shielded from sensitive epitaxial layer, permitting full CMOS circuitry inside each pixel.

In-pixel amplification and discrimination: enables data-driven sparse readout rather than frame-by-frame raster scanning.

Process compatibility: depletion-enhancing implant can be added with little or no change to pixel circuitry and layout.

Weak lateral field at pixel boundaries: minimum of electric field near pixel corners — uneven charge collection.

Charge sharing versus timing: existing trade off between having lateral fields (n-implant gaps) and reducing charge sharing
Small signal charge: thin epitaxial layers generate only a few thousand electrons for a minimum-ionizing particle.
Low-voltage operation: limited voltage headroom complicates low-noise analog front-end design.

Sensor—electronics coupling: digital switching activity must be isolated.

Bias and implant optimization: collection speed, breakdown voltage, capacitance and charge sharing depend strongly on
electrode size, well spacing, backside bias and implant geometry.

Residual diffusion: without additional depletion implant, carriers generated far from collection diode still rely on diffusion.

Geometry dependent radiation response: trapping near low-field pixel corners..

27



MAPS: Drift-Assisted Charge Collection

. . . . . Cluster sized for simulated >°Fe events VBB =0V and -6 V (epi=18 um
Drift-Domination reduces coIIectlon time to 20-30 ns L o6 L 06, (epi=18 pm)
NWELL TRANSISTORS NWELL ® - Data ® E Data
DIODE NMOS  PMOS DIODE 0'5;_ — Sim - E scaled («) 0'55_ —— Sim - E scaled (o)
04 — Sim - no E scaling 04— —— Sim - no E scaling
:_ f
PWELL PWELL A NWELL A/ PWELL 0.3 035
DEEP PWELL '; ‘i;\\ DEEP /PWELL 0-2§:|=f 0.2
il 0.1 0.1 —
‘ O % & w0 2 112
' cluster mult [# pixels] cluster mult [# pixels]
4 . Diffusion MAPS Tower 180 nm TPSCo 65 nm
\ ol broad cluster compact drift focus sharing tuned by implants
Epitaxial Layer P- b -
TCAD Transport MC Response
doping, field, Garfield++ / charge maps,
depletion, Allpix? / 55Fe spectra, 120
lifetime custom MC cluster size E T [—— d =18 um, Seed ;
007 XD 8 100 === d = 18 um, Matrix am visual contrast
- F —— Vg =6V, Mean=16ns|| = r —— V=6V, Mean=23ns|| 4 L — =
0-06? Vg =-3V, Mean =23 ns 0.1 Vg = -3V, Mean = 33 ns 80— jep' 3: Hm, I\SAer O lefUSIon MAPS: broad
E — Vs = -1V, Mean=3ans F —— Vg =-1V, Mean =52 ns L no—n— i~ ‘llm, atrix i F H
D.DSg —_— xaa=01\v\:.il\l-l‘\lzeaﬂ=43;ns 0.08} —zaaioﬂ\).(!\l:lean:;:ns * EeDI ‘1“ 7 CIUSter + Iong CO”eCtlon
3 0,061 60 e / tail (>100 ns scale).
0.03 r L Lt e : : g
- 0.04f- - e A * Field shaping in
W - — Tower/TPSCo: collection
0.01 0.02 C _-_____“::::::-_-_-_:::’-:—_—_--—'_'_‘___4’_’4/—/‘ . . c
o s N S NN NV 0 e — 20— drift-assisted, faster and
0 20 40 60 80 100 120 %20 40 60 80 100 120 140 B
Seed pixel t_90 [ns] Matrix t_90 [ns] C more compact.
:’\ Brookhaven 55Fe event simulated for varied VBB (epi=18 um) M - R B B N
National Laboratory P H VE;B V]

Snoeys et al., NIM A 871 (2017) 90-96; Sulji¢, CERN-THESIS-2017-304; Sulji¢ et al., NIM A 950 (2020) 162882; Sanna, CERN-THESIS-2024-359; Sanna et al., JINST 20 (2025) C06032 28




Depleted MAPS (DMAPS) called HV MAPS 1

eeded
Ingredients:

P-substrate Pixel electronics in the deep n-well

Deep n-well NMOS transistor PMOS transistor

in its p-well
\ IW

\ hd

L? Brookhaven

National Laboratory

Particle

E-field

vailable

“High” Voltage add-ons (present in automotive, BCD

process options) to be able to to apply 50 — 200 V bias.

“High” Resistivity substrate wafers (>100 Qcm — kQ cm)

Combination of multiple deep and shallower nested
wells (for shielding and relaxing electric fields) and full
CMOS

Backside Processing: thinning addition of back bias
contact

L., typically >110nm

min

* Typically smaller and carrying “specialized” processes

processes:
foundries: AMS, LFoundry, XFAB
HV HY VopGND  GNDVop Voo HV HV
Y. paice pMOS !
DP DP DPTUB DP DP
DNTUB DNTUB DNTUB
p substrate hv-ams 0.35 m

Peric, NIM A582 (2007) 876-885, |. Mandic et al., JINST 12 (2017) no. 02 PO2021,
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Depleted MAPS (DMAPS) called HV MAPS 2

4 AMS
(HV350/180) Substrate: up to 2k Ohm-cm

* Bias: > 60 - 100 V

' e * Gate Length: 350 nm / 180 nm

i * Metal Stack: 3-6 metal layers
paricle rack /9"? * No PMOS isolation
o
* Substrate: > 2 kQ)-cm
T Ta i T :D " B I('::Z:‘:Q), * Bias: Voltages up to 280 V
™ W * Gate Length: 150 n,
H * Metal Stack: Up to 7 metal layers
LG * Quadruple well (deep n-well and deep p-well), PMOS
N l . isolation

P ’ . P-substrate
7 * Backside processing

L? Brookhaven

National Laboratory

Peric et al. Nucl. Instrum. Meth. A582 (2007) 876-885, |. Peric et al. Nucl. Instrum. Meth. A765 (2014) 172-176,



HV-MAPS/Large-Electrode DMAPS: Landscape

Large deep-n-well collection electrodes embed CMOS electronics in sensing node: fast drift collection, HV operation and scalable

Large-electrode HV-CMOS principle /Example of foundry path \

v AMS HV350 / HV180 MuPix / Mu3e _AstroPix MightyPix
e HV-MAPS concept; MuPix / 50 um thin SB%L;gg ”rr‘]:z LHCb Mighty
ATLASPIx roots; robust HV options. sensors ol H Tracker
=1.1 m? system p;xeé c 30 MHz/cm?
e TSI180 nm HV-CMOS production Spa%%OE' BIC, Il 99% in 25 ns
AstroPix vi—v4 / ATLASPix-derived accomplished deple tiol;moal 6x10" neg/cm?
Srgion designs; HV DNW; large-pixel i J - /
r Deep n-well = collection eléctrode and electronics islansLbstrate o spectroscopy. | EL_:.;—E;‘
* HR p substrate + reverse HV bias create 2025-2026 migration W
depleted sensitive volume. TSI/Bosch support ceased — AstroPix
* Electrons drift to the deep n-well; shallow and MightyPix paths consider AMS
wells inside DNW host NMOS/PMOS circuitry. and LFoundry options.

* Best for fast timing, radiation hardness and

large-area systems; pays in capacitance / ﬁapability envelope \ ﬁpdated status message
power / crosstalk. What full depletion, ns-scale drift, high * Platform spanning ultra-thin tracking, large-area

large Cdet, higher front-end power, digital-to- improves rate, rad-hardness calorimetry angl high-rate monitors.
sensor coupling - large Cp, higher front-end power, | | ° Real Foundry risk: TSI enabled several

a digital-to-sensor coupling prototypes, but future production needed
Applications: particle tracking, calorimetry, costs migration to available HV-CMOS processes.

. Where Mu3e, LHCb Mighty Tracker, Vi . . )
beam monitors and telescope systems used  AMEGO-X / EIC BIC, beam monitors Main design question today: how much

Common: HR substrate * 60-400 V bias ° electrode capacitance/power is acceptable for

. . Large-electrode counterpart to small- } L |
nestec.l we.lls * guard rlng.s / flelc'l plat.es * full &Iectrode depleted MAPS such as ARCADIA. &‘eqwred timing, radiation and system area? j
in-pixel analog + digital hit logic

"~ Brookhaven HV-MAPS/large-electrode DMAPS deliberately trade capacitance and power for fast drift
Lt National Laboratory collection, radiation tolerance and scalable monolithic detector systems.

Peri¢, NIM A 582 (2007) 876; Peri¢ et al., NIM A 765 (2014) 172; Bespin et al., NIM A 978 (2020) 164460; Striebig et al., JINST 19 (2024) CO4010; Steinhebel et al., NIM A 1083 (2026) 171021; 31



ARCADIA: Fully Depleted Small-Electrode MAPS in LF 110

Process-centered view: backside depletion and low-voltage CMOS are combined in commercial imaging process.

" {dedicaled pad)
Pixel amay 1

Paripheral
glecironics

FIGURE 1

HR wafers - backside lithography
A N
n-epi
Substrale contacts .
(holes in deep pwell Active
thickness:
200um
b
i High Resistivity n-type Si
(B) Y i 1l

HR wafers - no backside ithography p+ wafers - double epi

N W P A N N I

i n-epi i n-epiz

i Active :
Active ! thickness: | |
thickness: | | 48ym .
100pm ! 'y | High Resistivity n-epi 1

i High Resistivity n-typa Si

Y N
p+ substrate
(C) (D)

Detailed cross-section of the ARCADIA fully depleted CMOS sensor technology, depicting the arrangement of the pixel array and guard-ring
terminations on the back-side (A). Embodiments of the technology for thicker sensors with backside lithography (B), for thinner sensors with maskless
backside using a p* implantation (C), and a maskless option (C) using a p* starting substrate as a passive carrier (D).

ARCADIA process cross-section: CMOS on top, backside junction and

substrate bias underneath

Gﬁerent from large- X

electrode HV-CMOS

Key process idea:

* n-type high-resistivity substrate is sensitive volume; fully depleted active volume.

* p+ backside implant, backside contact + guard rings — high negative backside bias.

 Full depletion grows from the backside toward the front-side CMOS.
\. Collection electrode remains at low voltage — safe for standard thin-oxide CMOS. /

~

Electronics are not
placed inside a large
collecting deep n-well.
Capacitance target is
small-electrode-like, not

Qﬁ 00 fF). /

m:ﬁls / LF 110 nm CIA
LFoundry 110 nm

CMOS imaging.

Six metal layers;

1.2 V core CMOS.

Deep p-well isolates
NMOS/PMOS.

Back thinning + B
implant + laser anneal.

Final active thickness

demonstrated/planned
w)m ~100 to 500 pm.

Gﬁerent from ALPIDE \

Sensitive volume is
designed to be fully
depleted.

Charge transport is
intended to be drift-
dominated through thick

silicon. j

ARCADIA occupies small-electrode fully depleted corner of the MAPS landscape: low capacitance
and low power are pursued together with thick depleted silicon and fast drift collection

Da Rocha Rolo et al., Front. Sens. 6 (2025) 1603755; Pancheri et al., IEEE TED 67 (2020) 2393; ARCADIA process / MD demonstrator papers

Brookhaven

National Laboratory

©
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Special Branch: MAPS in SOl Processes

Distinct branch of MAPS: CMOS electronics are fabricated in SOI device layer above buried oxide (BOX), while high-resistivity handle wafer forms depleted radiation sensor.

1) FD-SOI MAPS / SOIPIX

KEK SOIPIX ¢ LAPIS 0.20 pm low-leakage FD-SOI
pixel process

T s =

o) Tt

200nm —=

L L
ey /
BPW

(Buried p-Well)
50~500um

Si Sensor
{High Resistivity
Substrate)

v

Backside Implant.
Laser Annealing, Charged Particle

Al deposit (X-ray, Electron, Alpha, ...)

thin 40 nm FD transistor layer is electrically

Key idea isolated from thick, fully depleted sensor wafer

low collection capacitance ¢ large S/N °
Strengths complex in-pixel CMOS ¢ backside processing
and thinning

Main back-gate effect, BOX trapped charge/TID,
issues circuit—sensor cross-talk

Buried BPW/BNW, nested wells, Double-SOI
Mitigations shield, optimized backside treatment, FZ
high-p wafers ...

L? Brookhaven: Seurces: Y. Arai, SOIPIX Status &

National Laboratory
al., Lapis SOI Pixel Process,

SOIPIX2015/arXiv:1511.05224;

Perspectives, CEPC 2018; M. Okihara et

Common SOl detector principle

thin SOI device layer
BOX

depleted high-p sensor / handle wafer
vias + implanted collection nodes connect sensor to pixels

First MAPS were proposed in SOl processes

* 1980 — SOl CMOS technology matures
(IBM, Honeywell, MIT-LL, etc.)
* 1990 — First discussions on
monolithic SOl radiation detectors as an
alternative to hybrid pixels
* 1990 — demonstration
» 2003-2005 — SOIPIX Collaboration
OKI 0.20 ym FD-SOI and first practical
SOl monolithic pixel detector
FD-SOI:
optimized detector wafer + thin FD logic

PD-SOI/HV-SOI:
thicker active layer + isolation wells
Conceptually attractive for radiation hardness and

HV operation, but largely superseded by the broader
adoption of bulk CMOS MAPS.

2) PD-SOI / thick-film HV-SOI

thick active Si: wells / isolation islands

BOX
handle wafer as depleted sensor

biased wells shield CMOS from
BOX/sensor potential

. use of partially depleted / thick active silicon
Key idea ,h4 deep wells to isolate electronics from BOX
charge and sensor bias

no back-gate sensitivity * thick active silicon ¢

Strengths fast drift collection ¢ high-voltage operation

Main Scarce detector-suitable PD/HV-SOI processes +
difficult customization of BOX contacts and deep

=SUES buried wells, especially deep n-type implants.

Mitigations dedicated funding + collaboration with
foundry for detector-process customization.

isolated plug to diode k . Y _

(sensor substrate bias) | ~ Il |
AC-grounded p-blanket g = =
nmos pmos’ & pmos
STI ‘i-l— ) m"‘ ) =14 Epitaxially
n-film [_n-film__] Igrown Si
p-blanket ~500nm
200nm }[BOX or more
oF e e.g. 1Tum

collecting diode substrate bias

N~ (detector)

Al Deptuch, Patents US 9,437,771 B1 and US 9,923,017 B2 33



Evolution of MAPS in SOl Processes

From first CERN RD19 concept to modern FD-SOI with implanted multi-layer shieldings and HV-/PD-SOI implementations.

1) OLD TIMES
CERN RD19
/ IMEC

nMOSFET

pMOSFET

1991-1993

p-Si  Aluminum

rchitecture: HR handle wafer = depleted PIN sensor.

rocesses: SIMOX and laser/strip-heater ZMR; IMEC SOI
CMOS on HR n-type silicon.

emonstrated: working CMOS circuits, sensor diodes +
detector/amplifier arrays; |, gax = 520 nA/cm? @ 100 V.

otivation: Monolithic detector—electronics integration,
full CMOS, 100% FF, low parasitics and fine pixel pitch.

ain issues: back-gate + circuit—sensor cross-talk, SOI-
MOSFET kink, process-induced sensor degradation.

ignificance: first demo of monolithic SOl integration of
CMOS electronics with depleted HR sensor.

L? Brookhaven

National Laboratory

Si02  Poly-Si n-Si

Dierickx et al., CERN RD19,
IEEE TNS 40 (1993) 753.

BONN / X-FAB HV-SOI

oV _I_ —L_ VDD i Y
L= | N[N RT [RTTC]
PWELL NWELL PWELL

double PWELL double,

P bulk
Hemperek et al., NIM A 796 (2015) 8-12y

rchitecture: 180 nm thick-film HV-SOI with multi-well
shielding between the BOX and CMOS electronics;
XTBO1/02: 25/50/100 pm pixels; small deep-n-well
collection electrode; 3T analog readout.
rocesses: XFAB XT180 modified.
emonstrated: >200 V bias, *40-50 pm depleted depth,
C, = 15 fF, =30 e™ ENC; charge collection retained after
irradiation up to 5 X 10'* n.q/cm?; after p-stop/p-field
structures added | gax reduced by =10x and Vg, > 300 V.
otivation: full CMOS, 100% fill factor, no hybridization,
low parasitics and narrow pixel pitch.
ain issues: HV field optlmlzatlon I eax control, breakdown
margin and radiation pe
-induced charge
collection.
ignificance: T wew2
commercial HV-SOI
revived the SOI-MAPS
concept for fast,
radiation-tolerant
depleted sensors. !
PTUB

x-section of XTO18 process B0
featuring deep trenchiisolation: DT HANPLEWAFER

2013-2016

Passivation

Top Metal Top Metal

DTI STI o STI STI DTI
PWELL1 NWELL1

3) MODERN TIMES
KEK SOIPIX / LAPIS
|

/|
a%» % SOl Circuits /
i 't‘B;:’s’ e n-Ch:;l/p-ch. GN
E
" Charge | BNW \ \ =
BNW3 BPW2
Detector BNW?2

2005-present

volution P ¢
Nested wells — Double SOl shielding — Pmned Depleted
Diode (PDD) — Multiple buried wells (3XBNW + 2XBPW)
BPW1 - interface pinning; BPW2 - field shaping; BNW1 -
buried channel; BNW2 - lateral drift; BNW3 - electrostatic
shielding; n* - low-capacitance sensing node

rchitecture: FD-SOI CMOS above fully depleted sensor
with 3 BNWs, 2 BPWs and small n* sensing node..

rocesses: Lapis 1P5M, 40 nm Si, 200 nm BOX, HR wafer.

emonstrated: v fully depleted thick sensor, v engineered
3-D potential, v' charge from entire sensor volume, v very
small C, =3.2 fF, v reduced crosstalk and | g,«=56 pA/cm?
@-35°C, v ENC =11 e rms, v 200 eV FWHM @ 5.9 keV.

otivation: low-noise spectroscopy with strong CMOS
shielding and efficient drift collection.

ain issues: precise optimization of wells profiles and bias.

ignificance: buried implants become a primary tool for 3-
D sensor electrostatic design.

Kamehama et al., Sensors 18, 27 (2018); Arai, KEK SOl Meeting 2026 = 34



Bulk MAPS v.s. SOl MAPS . e =
’4 Pixel >‘

Bulk MAPS oz oz oz D
rade-off of biasing BOX SOl Pixel Circuits | =Veg2 |
A ° P-well - back-side need to be \ Xz’?VBB
biased “negatively” in cases A Xo= : ==2 == - - T
B ©r B, (independent of presence 1 | ' ' ot X9’

or not of blanket n_implants). n(BNWZr)I(BNW” n+ p(BPW1:BPW2)
p

. P-well. and ba.ck-.s!de both large N(BNW3)
negative — significant .

}apusnou T threshold shift of NMOS
transistors, but low substrate
current of majority carriers ' ' ' ' |

* Too small p-well negative y4 %_X

Z1 Zo Z3 24

vdda voltage — increased substarte A
M. current of majority injected Z Coordinate(pm N
il V carrlers 501:02030405060708090 | \
|I:>——| LI 4.0 i :")
—_— 1°&1 \
B High barrier %:3'0 %:u
rdm created and £ g
rT thick BOX 5 0. i\
| - rec.juces VTH 50 2,2/ L §
N V:l.ref 31 V ) PSUB shifts 3.0 A
Lt NBEI;E[EKEL?:;EE M =
s1 L)
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Comprehensive Simulations

Particles interaction with silicon

@ GEANT4

A SIMULATION TOOLKIT

Sensor Doping profile and E-field Transport model + Detector Response

Semiconductor Process and Device Simulation

TCAD software salutions are key lo developing new semiconductor processes and devices, dramatically reducing costs and time lo

Geometry Definition
Layout, materials

Digital Twin

Instantanaous F

Virtual
Exparimentation

GEANT4 Wrapper

position +E

Victory TCAD Lab
Single Preject Budder and Oulpul Visuskzation

40 um inactive + 10 um active Si with
20x20 um? pixels

[ srwecoe W]

Signal Formation & Charge Transport
Charge—electrical signal Drift, diffuse...

comprehensive suite of Technology
Computer-Aided Design (TCAD)
software tools to model semiconductor
fabrication processes and device
behaviors

Digitization

Thr. Noise, Elec response

Simple p-n structure
A0 —

Generic simulation framework for
semiconductor tracker and vertex detector
which combines particle transport and
detailed detector response simulation

10 E, @ 80 keV

L? Brookhaven

National Laboratory

Y. Hu, SVT DSC, 2026.06.09 37




Silicon Barrel Layers

= g 101 dadta Nandaling = - ProbICa J Jl'c al detecld - | Radius[mm](min,max) | Length[mm] | X/X0[%] |
; i
: i~
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Conclusions: Design Space, Not Single Detector

The historical trend is from passive charge diffusion to engineered electrostatics, sparse readout, and system-level optimization.

main idea - evolution

Diffusion Tower/TPSCo
small electrode
M O';':'f crar full CMO:O+ sparse depl:;i::i r—:—gfield -
recurring more in-pixel intelligence
MAPS trade-off ®
small- SOl /
electrode stacked 0
dfv':’if,t; o / timing DMAPS /
HV-MAPS
Early
MAPS ¢

simpler pixel fast / rad-hard

cell drift
—

DMAPS / SOl / PDD / Future
HV-MAPS 3D fields .
‘ ‘ + +
large electrode, full shielding + buried staciI:::Z”i 2:229
drift wells §

-

1 Physics first

Electric field transports
charge; weighting field
defines signal.

Drift, diffusion, trapping
and capacitance decide

kusable pulse.

~

)

3 No universal best pixel
Small electrode: low C, low
noise, low power.

Large electrode: fastest
drift and strongest
radiation tolerance.

\_

Kelectrostatic structures.

)

/2 Electrostatics is the \

technology

Implants, wells, bias and
geometry sculpt the
potential landscape.
Modern MAPS are
designed as 3-D

/

Vertexing, timing, X-rays
and trackers optimize
different figures of merit.
Bandwidth, cooling,
material and services are as
important as pixels.

National Laboratory

L? Brookhaven [

Take-home message: MAPS progress comes from co-optimizing sensor volume, collection electrode,
in-pixel electronics, readout architecture, mechanics, cooling and data movement.

J,
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