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Background & Motivation

Current R&D targets for two applications:
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LHCb U
CEPC Inner Tracker (ITK) pstream tracker upgrade Il (UP)

® Requirements: Time resolution ~ ns; Spatial resolution ~10 um; Power dissipation < 200m\W/cm? ;

® Differences:
*  LHCb UP requires higher hit density processing capability ( ~100 Mhz/cm?) and higher radiation resistance (> 100 Mrad , >10%>N,, /cm?);
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HV-CMOS Pixel Sensor: a promising candidate for both applications

It is also called the “Depleted Monolithic Pixel Sensor (DMAPS)”

Signal processing circuits
HV-MAPS

Deep n-well

3o | Sensitive volume:
£\ Charge collection node Tens of pum -> hundreds of um

Depleted zone

P-type substrate

Cross section of a single pixel of a typical HV-CMOS pixel sensor
» Fast charge collection: ~ ns;
- Radiation tolerance (NIEL): >10'5 N, /cm?;
«  Power consumption

» Position resolution More advanced process nodes bring potential benefits! (180 nm -> 55 nm)

* Radiation tolerance (TID)
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COFFEE Series Development Roadmap

CMOS sensOr in COFFEE2 COFFEE3 CHIR 1.0 CHIR_x Einalversion

Fifty-Five nm process

2cm X 2cm

55nm HV-CMOS process Small prototype Process modification and validation *full size sensor Full size sensor

COFFEE series development 2023.08 2025.01 2026.01 2027 >

/ \ S
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Design Overview of COFFEE?2

Three independent regions in COFFEE2:

. . . . L. d
1. Passive diode arrays chamcterlstlcs study
* \arious sensing structurgi;@m\@m&%&ances, with/without P-stop ;
comm
For the

2. An active pixel matrix including 3 variations of pixel design:

* To quantitatively evaluate the “cross-talk" iSéLE %ftﬁﬁﬁMOS pixel

. ixel
sensor technololwgrhlm@ew\’p‘ﬂﬁ&%%d guide the overall design of
ns
For ehar8§SHiecior chip

3. An active pixel matrix with a new readout architecture:

1T
*  Very small pixel size 25X 25um? (for a E@/ﬁy@g‘w&l‘ggngr);

. ! cess The COFFEE2 design includes three independent regions.
«  New matrix re Im&twé(;)
i‘]ectufgg il 55 |
For new @F&ﬁa peripheral data processing included; Published paper: 1. NIMA Volume 1069 P169905 (2024)

2. 2025 JINST 20 C03023 . ;
3. 2025 JINST 20 C10011. ;
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https://doi.org/10.1016/j.nima.2024.169905
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Results from COFFEE?2 N2

Cmos sensOR IN
Eiwrry-FivE nm PrOCESS

Feasibility study of a commercial 55nm HVCMOS process for future R&D

» For the sensor: breakdown voltage ~ -70V for regular resistivity wafer (10 Q-cm) 8
« For electronics: the in-pixel amplifier & comparators work as the simulation predicts " COFFEEZ, the first prototype in 55nm HV-
. . . . ‘g CMOS process
 For the sensing diode + in-pixel amplifiers: clear response to laser/ °>Fe / °Sr sources P
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LLayout and Targets of COFFEES3

Architecture 1: In pixel digitization, hit signal
readout in parallel to EoC

Architecture 2: In pixel TDC, hitsignal
readout in priority to EoC
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Pixel Column Lﬁ Pixel Column
m g 2
TS(Y R [} Address 0
Address 0 @ eg|:| Bus ' i | ='f 1 e
x R AR AR | = .
R ! . ' Hit « _
Hit " =0 eg|:| hitecture 2 Ej pe 2L
Ss Ere T i it~
kTS Re i inaie wmied =/ “ue
Hits _ @ ’ Array: 48 row 12 column Array: 32 row 12 colum gi 3L
3R TS @ Regl:l K Pixel: 40 pmX 145 pm | Pixel: 40pm X 100pm ﬁr 4
4 TS Reg = »[a[
® — EoC (End of Column)
.
n 5®
EoC (End of Column) 1 |
High incident flux processing capability driver/receiver +  Low power consumption and high potential for position
(>100 Mhz/cm?) COFFEES3 layout, 3X4 mm?2 resolution (~100 mW/cm?2, ~5 um possible)

Main design:

» Two independent readout architecture, both could be scaled to large sensor (~2 X 2 cm?);

> Necessary digital and analogue Peripheral Function Modules;
To answer:
1. If it possible to meet (Time resolution ~ ns; Spatial resolution ~10 um; Power dissipation < 200mW/cm?) at the same time;
2. What’s more can 55 nm process bring to DMAPS?
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Architecture 1: a simple in-pixel design leads a small C; .

VDD € The Cgipge

I HV bias Pixel pitch: 175 um

Capacitance between DPW and VDNW is the main source of C;yqe-

N“V-FVDNW' - - - - - - -
18%30 um? wun A simple in-pixel electronic structure (small DPW size) is crucial for
small Cyioge-

Deep pwel'

Very deep nw i
-A-

Ay
N

Charge collection node

'

P- substrate I

Cross section (left) and top (right) view of “a pixel”: VDNW and P-substrate formed
the charge collection electrode. Capacitance of the diode contributes from the “DPW
with VNDW ”, and “VDNW with Psub”.

€ The power consumption:

1 Cq Vv
Tesa X —— TW & Tegpo—
le21g 9m Cs sigmin
| mi§= Capacitance_with HV Cyy = 24.12F
‘ Capacitance_with_PWELL/DPW || Cpwer = 185.9fF
For a determined temporal response, a smaller C; and larger signal

are crucial to reduce the power consumption of the in-pixel amplifer.

. 4 Architecture 1: only a CSA and a comparator in pixel 2 A

very compact in-pixel ASIC layout.

Capacitance (F)

| --» potential for low power & small pixel size (high

BV Voltage () S position accuracy)
TCAD simulation of the C;,4. of “the pixel” vs the biasing voltage of the substrate.

)
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Architecture 1: design for Higher Hit Density Processing Capability

Architecture 1: Pixel Hit Parallel Transmission to Array Bottom Pixel 1  Pixel 2 Pixel Column
Tt " z
XN 3 J_LI l 3 1
EoC (End of Column) EoC (End of Column) EoC (End of Column) 0.98 g:'
s =@ 0 a3 Awem) 2 o w
g)nfg:;t:rotrhit pulse to digital signal by g;)r:ﬁ:l(l‘lyout digital signal to EoC .(C)E(;acpm,e leading and tailing edge % 0.96
Each column shares an EoC module 0:94
! 2 3 4 s g 7 g 09 1 2 3 4 5 €] 7 8
i ;
Hit density[/25ns*cm~2] m
TS TN 2 X 3 X 4 X 5 X 8§ X 7 X 38 For high hit density, there will be some loss in efficiency.
One pixel column architecture in COFFEE3.
Pixel 1
T . S )
- TOT last 100 ns -1.6 ps > Limitation: while hit density increase (eg. > several tens of Mhz/cm?)
@ Can not provide independent time stamp » Timestamp information inaccurate;
\gounter for each pixel at EoC » Efficiency loss;
LE T N 4
- » To handle higher hit rates: 4 EoC modules for each column, and
TE 6 . .
two FSMs for each Eoc in COFFEE3. The area of the peripheral
> This concept with 1 EoC for each column, while hit density increase, the digital circuits does not significantly increase (still less than 10% of the
timestamp information maybe inaccurate. whole sensor).
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Architecture 2: for more possibilities & High hit density processing capability

Architecture 2: the event time information are recorded within

. . L . IN PIXEL READOUT LOGIC IN PIXEL MEMORY
each pixel. Then read out to the bottom of the array in order of priority [/ -  AnalogFront-end | tacen N (mmommm e !
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Hit..‘1 TS@ REQD ! Lﬂeg[l' ! M Injection 4TDAC in detector Q WrLE (next pixel} ; = Ar?derOM g :
RS @ Rea[ ] 2 75 (©) reg[T52] 2 5@ rea[_| o SR i LE ! “EIH i
it~ |Packagea [TS3, Address3] M50 READ:D lactch ! i
L@ Reg[l 3 75 () Reg 3 LIC) Reg|:| Pixel Config ¢ | i
READTTTTTTT T
4 @ Regl:l # s® Regl:l 4 =0 Reg[’ | Package2 [TS2, Address2] ‘ EREEZE
TSLE_p {6-b)
| EoC (End of Column) | | EoC (End of Column) | ‘ EoC (End of Column) | —
(a) Convert hit pulse to digital signal by (b) Capture leading and tailing edge (c) Read out package(time stamp and address) LE_Flag TE_Flag M RAM m N m N
comparator and store time stamp in pixel to EoC in priority order - WrlE_p
- - - - - - - - - CLK
No limitations like Architecture 1, time information is accurate. cwroc | generation D B T
{20MHz) & Sync
circuit
WrTE_p | ‘
PIXEL N m TSTE_p (2-b)
Time-to-Digital Converter I

Down PU MP

H | | PERIPHERY i e
Layout of 2 X 3 pixels, signal pixel size is 40 X 145 ym? r e Lq

*The actual manufacturing size will be scaled down to 0.9 times the layout size. Cu fowe)

» More integration in-pixel: The analog front-end, comparators, in-pixel DACs, priority readout structure, memories, and TDCs have all been integrated

within a limited pixel area. This further enhances the capability of HV-MAPS to provide high-precision hit information in high hit density applications.
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Architecture 2: design for lower power dissipation

—— VCDL | —— vCDL — VCDL
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Charge
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i Token_i
Digital Readint
D3...D0
ROM (ADDR) |-
-+— Conf. Reg
Readint,
Pxiel_DAC WILEF_|
Phaseo DFF (LEF)
VCDL Readint
_ Phases DFF (TEF) L/
Vth_adj —
WITEF
_—s WILEC Readint
WrLEF
— U | /
CMP —/ WiTEF SRAM (LEC
CSA_OUT Readout T ( )
DIS OUT Controller  [\yrec
[ReadTrit W2 Readint
—\-|  sram(TEC)

Peripheral DLL and duplicated in-pixel VCDL

enable

e

Read ‘cLk 'Rstn

Timer

The comparator output is used for VCDL

Deign of in-pixel Coarse-fine TDC: for lower power dissipation
» Only a small VCDL block in-pixel (DLL is at the Peripheral);

» Almost no static power consumption for in-pixel TDC: only works while pixels are fired;

S - [

LEC

TEC

TIMER X_TSn X TSn+l X TSn+2 X_ TSn+3XTSn+4
«—>

e

DIS_OUT
WrLEC 1
WITEC T '
Phase0 “ \
Phasel | ~ TEF
4’ I :
o
Phase2 d‘ L‘;O ‘
Phase3 _'_0_" I‘*_‘?'_‘
Phase4 ‘\ Qu I.L
Phase5 0_,
WTrLEF
WITEF

6 phases are used for Leading edge and 2 of them

are used for tailing edge.

4.16ns fine timestamp for LE

» Low power for Coarse time-stamp distribution into pixel matrix: 20 Mhz (Convert to 40 MHz, within the pixel);

» One delay line for both Leading edge and Tailing edge information (The ToT information is almost free).
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The Preliminary Test Results of COFFEE3

Power Supply
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Response of Full Readout Chain with Laser Test

Architecture 2: in-pixel TDC Architecture 1: in-pixel NMOS design

[ digital Hit
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4 | ....:...Readout data with
Valid hit on the only unmasked pixel \ ‘ : tlme & address_
T LVDS driver/receiver Ul T -

A0 1 0 mmnvmmmmmmmmmmmmmummmm , Layout of COFFEE3

Empty packet

id com parator
Empty packet

I

I pr—

: €XP 200.0mVidiv L 500M | 100ns
! TP 50.0mVidiv 500 8y:250M D 2630

26 Aps
AT 37.379kH,

4 bit 4 bit

8 bit 8 bit 6 bit 2 bit 7 bit 3 bit

header CHIP_TS

LE_coarse TE_coarse LE_fine TE_fine Addr_Row Add_Col Vakoe Mean Min Max

0/1/1|0j0/1/0]|1

o/joj0/2/0/2/1/0|O|2|2|0/2/0O/2(1|1/1/0/0|0O/O|O|/O|O/O/O(O|/O/O/21|0(/0(O0O ©» max 2560mV__ 256.0m 256.0m  256.0m

A valid transmission packet Correct row & column address

corresponding to a hit

The full readout chain works for both of the two readout architectures.

Sensing diode — in-pixel (CSA\comparator\TDC) — EOC (digital peripheral) -> data link-> DAQ
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Test Results of Functional Modules

All the functional modules designed in COFFEE3 work:

 PLL works ups to 640Mhz  LVDS driver/receiver works at « Delay line for in-pixel TDC works
640 Mhz support 1.28 Gbps data as expected 1
link. . EI “’I 3‘1 zI
L - CLK_REF —"OUH
B - — VC_SW =
— | ours
oo _wse b DLL o,
_ ‘L’ ouT6
VOUT_RX #
l] l l Fig 3.1.1 LVDS block diagram
700? ) NO dela)’
§ aoo§ * Test results
= sof- » Simulation results
§ 400;
g
E 300
200;

VCO voltage [V]
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The preliminary test results are positive

However, standard commercial 55nm HV-CMOS process is by no means the ideal MAPS process

VDD

= m “ 1. Triple-well process > cross-talk risks between sensor (deep-n) and

ST " H
T Charge collection node |
P-Type substrate

PMOS transistors; -2 Restrict the flexibility of in-pixel design;

T 2. Break down at ~-70V; - Extremely limits the SNR.
3. No access of high-resistivity wafers;

In collaboration with the Foundry, some process modifications have just been made

for better sensor performances
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Process Modifications for better Sensor Performances

Modifications :
E BB E

COPW CONW CONW CONW COPW

Deep-PW i \ £{4?

p_sub=6.63616e12 / 2k Q*cm
p_sub=1.32768e13 / 1kQ*cm

Psub le12}
Very-deep-NWiI)\§{¢? p_sub=2.65681e13 / 500Q*cm
——p_sub=1.33344el4 / 100Q*cm
1

——p_sub=1.35849e15 / 10Q*cm

p_sub=132
—©— p_sub=2.65:

ent (A)

PO i e LR > BreakdownV: 70 --> > 400V » Capacitance of VDNW/p-sub:
~ hundreds fF --> ~ tens of fF

0 WO T Gl e <

€ Add layers: Deep-PW & Very-deep-NW;

€ Change doping rules affecting breakdown voltage;

100

@ Replace wafer: from 10 Q-cm --> >1k/2k/4k Q-cm; o

-1.220e+02
150

.4.mm
200 e

200 -100 [ 100 200

» Depletion depth: ~10 um = >200 um

Huge S/N gain : Signal increase >10 times, while C; 4 reduce

Yang ZHOU — The TIPP 2026, TIFR, Mumbai, Feb. 2-6, 2026



First Design based on Modified Process: CHIR 1.0

*CHIR (COFFEE-HiRes)

-
Il mm

20 times the layout size of COFFEES3, can be diced into a number of chips
serving various goals:

« Guard rings & Passive sensor design validation:
* (A) 20 arrays of 3x4 passive pixels with diff guard ring designs, each can be
diced into individual 1x1 mm? chip;
 In-pixel FE and Active pixel matrix design validation:
* (B) 9 variations of in-pixel FE designs & 12 variations of pixel sizes;
¢ (C) A 256 x 64 pixel matrix (pixel size 38 um x 150 um) With digital periphery

* Analogue IP & Digital modules and transistors validations
* (D) necessary analog IPs: PLL, DAC, LVDS, SLDO ...
* (E) alternative small pixel arrays and two more SLDO versions
* (F) digital modules and transistors for TID and SEE studies

ww 7z~

The design was completed and submitted just one week ago.

Answers to many key questions can be expected! 2mm  3mm 5.5 mm
Layout of CHiIR1.0, submitted Jan. 24, 2026
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Summary and Outlook

» \We have complete the design of COFFEE2/3 in a commercial 55nm HV-CMOS process; The preliminary test results

are positive, more performance tests are in progress;

» The first design CHIR 1.0, based on the modified process has been submitted; answers to many key questions can be

expected!

» Hopefully, we could have the full-function and full-size chip at the end of 2027.

Time line

A 4

Several MPWs to reach the full-size full-function sensor 2027
2025.1 2026.1

COFFEE3 Process modification

Full functional design

Chip size: ~2cm * 2cm

Y, of the full size

Target: Time resolution ~ ns; Spatial resolution ~10 um; Power dissipation < 200mW/cm? ;
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