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 LHCb Upgrade II requires tracker with = HVCMOS advantages:

better radiation hardness and spatial .
resolution.
Chip . Stave
Reticle size ( [ Plane T ¢
Module E é

Upstream Pixel Tracker for LHCb Upgrade 11

Area: ~8 m?

Radiation hardness: ~3 x 10'° neq/cm?

Bunch timing: 25 ns

Time resolution: 3 — 5 ns

Monolithic Active Pixel Sensor
(MAPS), Excellent spatial resolution.
Large deep n-well as charge
collection node. Fast charge
collection.

Enclose readout circuit inside deep

n-well. Great radiation tolerant.
charge

signal CMOS

\ electronics

p - substrate

o

Power consumption: ~200 mW /cm?

Sensor cross section
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COFFEE Chips rEatrakenach G

CMOS sensOr 1n Fifty-FivE nanometer procEss chips
* Targeting to achieve full-size, full function chips meeting the LHCb UP

Tracker requirements in few years. { { {
 COFFEEI: Validate the 55 nm low leakage process COFFEE
* COFFEE2: Explore and validate the 55 nm HV-CMOS process kﬁ

 COFFEE3: Validate the readout circuit structures and core performances
Cwmos sensOR IN

Firry-FIVE nm PROCESS

COFFEEI1 COFFEE2 COFFEE3 COFFEE4 COFFEES
2023.4 2024.1 2025.6 2026 2027

Quarter
chip

Chip size: ~2cm * 2cm
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COFFEEI chrp, 3 X 2 mm?* Verrfy the feasibility of 55 nm process. NIMA 1069 (2024) 169905
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Sensor cross section Schematic design of COFFEEI in-pixel circuit
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COFFEE2 Introduction sy TREtEbREIAGE QUG

COFFE2 chip, 3 X 4 mm?, the first HVCMOS chip in 55 nm process, triple-well structure

.;m-. -‘ m -
~ e : m Deep N-well
COFFEE2 chip floorplan Sensor cross section

e Section 1: 32 rows X 20 columns pixels matrix, with sensor and in-pixel circuit.
Studying for in-pixel charge sensitive amplifier (CSA), CMOS and NMOS comparator
design for process validation. JINST 20 (2025) C10011

e Section 2: Passive diode, real validation of sensor.

* Section 3: 26 rows X 26 columns pixels matrix, with digital readout periphery for novel
electronics structure study. JINST 20 (2025) C03023
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COFFEE?2 Test
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Section 1

Control

Injection/ ¢

.. . Py \ ot Signal
* Charge injection test: JINST 20 (2025) C10011 R rereton Conerstor,
L j | | [Laser |
 CSA work well TS 5
* (CSA response curye consistent with simulation | | Sy -
. . Re @ " Power i Oscillo- ‘<—
In-pixel electronics: = | Supply | Output{ scope
4 | ¢ Row & column_select  ———— T
| \ = DAQ
bias Bench setup
| |
Cinj | Amp @ ||
= N my Lo
T Outp_ut
Injection bl |
§ 04 ] g ° ——4— Test result
& e g ——— Simulation
e}
: : 250 : . ['US] : - : : : 0.00 025 0.50 Chaog(_;e injecli;??)n Vi 125 150 175
CSA output vs Vinj CSA response curve
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Section 1 ;Zanrag,e CMOS
e Lasertest: JINST 20 (2025) C10011 \_ electronics |
« NMOS comparator work well CC I
* Crosstalk happen when CMOS comparator on P = l
* Power supply noise from the digital circuitry gespimg J
couples through the N-well of the PMOS bulk oY _zi- p - substrate

terminal to the signal collection electrode (DNW).

A

NMOS comparator output | ¥ CMOS comparator output

~ CSA output (comparator off) :
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COFFEE2 Test
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Section 1

Bench setup:

Control
* Radioactive sources test: JINST 20 (2025) C1001L_L__
‘: I d. t. .I . : \:
* °°Fe (5.9 keV X-ray), Gaussian fit ~  pC "e7e%%; Radioactive |
W Sources
° |.l~49 mV~1640 e~ T;st """
* 0~49mV~160e- | [ 1 Board |
920 [ Power | | T El-é—ger { Oscillo-
° - t S
Sr (3-source), Landau fit i iy orr
 MPV: "’34 mV~1120 e s |
* Depletion depth: ~10 um ERS
g 1o 55Fe test 2501 20Sr test
* 120f- 1 =49.24+ 053
- 0 =4.8810.57 e
100_— .
80:— § 150
so;— = 100
40/—
- 50 4
20—
%' 30 %0 3 25 30 35 40 45 50 55 60

Values [mV]

Values [mV]
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COFFEE2 Test
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Section 3

* Charge mjection test: JINST 20 (2025) C03023 3

e (CSA work well
e Radioactive sources test:

e 99Sr (B-source), Landau fit
MPV: ~50 mV~1100 e~
* Depletion de

1.10 1

1.05 A

Voltage [V]
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0.90 4

u~73 mV~1640 e~
o~2.6 mV~58 e”

1.00
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— Inj=0
’:\ ~— Inj=0.1
N
o

pth: ~10 um
400 1
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100 4
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lllllll

0.02 0.04 0.06 0.08 0.10

55Fe test

1
i

99| ©
! ~

o lo Sector 3

COFFEE2 chip

—— Single Hit
—— Fitting (Landau+Gauss)

0Sr test

500 1000 1500 2000 2500
Signal [e]
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COFFEES3 chip, 3 X 4 mm?, peripheral digital readout and function modules, design for
future quadruple-well process

e T Passive diodes TR PLI T

—
T T BT T e Tl AT Sy P - PMOS il
M R A | ¢ S m e | P-stor fN10s NmOS  PMaS a
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PMOS NMOS

 pwell

.....
oy

#
.....
.

collection node

Top view of single pixel

B .o Future quadruple-well process, add a
— i ~ vl deep p-well under n-well, reduce cross-
- ‘ Sl m Deep N-well

talk between n-well and deep n-well.

SGIISOI’ Cross SCCtiOIl
DLL LVDS driver/receiver

* Architecture 1: NMOS comparator and CSA, for current triple-well process

e Architecture 2: CMOS comparator and CSA, for future quadruple-well process

* Peripheral digital readout matched with the pixel array

* Peripheral function modules: DLL, LVDS, PLL

* Passive diodes: same design as COFFEE2 chip, pixel areas are the same as architecture
1 and 2, for further study of sensor and process.
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COFFEE3 Test

______________________________________
e ~

Passive diode Bench SCtUp: /c.v test setwp e meer )
* Breakdown Voltage: ~—70V i ___________I_IjUf_L_Pf_)i_Pl_Pfii{ffI: _____________ i
* Leakage: ~10 pA oo el 0RO
* Not fully depletion when breakdown —-— ﬁ adapter . Chip
. Capacntance ~100 fF at =70V 1 e Sewp\—lJ L |
~ 4000 ¢  * T * T T 7 e et :;/
< : ] e
E 3000 F 1~ 700 | ;
S 2000 - 1B |
= : 3 E 030F  parasitic parameters, metal pad -
S 1000F | =70V ¥ § %95  and wire are included E
: ] & _ F% ;
1000 E i 8500t} = 110 kHz
F ] 4sof * 200kHz ]
—2000 |- - AL MHz
~3000 - : 350" ]
—4000 E e S R R I R B R
70 —60 -50 -40 -30 -20 -10 0 o0 20 30 40 50 60 70 80
Bias Voltage (V) Bias Voltage (V)

I-V curve C-V curve
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 COFFEES3 Test
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Phase locked loop (PLL) module Benchsetup: o o jccion  signal |
. .. {  Supply Generator |
* Design for synchronizing the clock . ]
among chips and back-end electronics VLD g
. Trigger i PC
* Voltage-Controlled Oscillator (VCO) VC Voltage] ] 0
and frequency multiply functions work Y Ty T
. 4 i  Power 4 Oscillo- | DAQ
well within the range up to 640 MHz  Supply | Ouput’ scope
N 700 \ \
é B 0.35 —— freq_in 40MHz
é“ C ® testresult freq_out 320MHz
€ 600 — 0.30
L.T:} - #® simulation result —_—
500 —_ a 0.25 A
: 8\ 0.20 A
400 § .
300 f_ g 0.10
200§— — 0,00 “'\Wwv\‘\”mnm ‘ \VV‘WLWAW
D_ | | | Dl2 | 1 1 D-|4 1 | | D-|6 | | | D-la | | | JI \IU’(3 I\“I IIt 1|2 [\l."] (‘) 1b 2‘0 Time [ns] 3’0 4’0 5‘0
oltage .
VCO test ’ 8x test, input 40 MHz, output 320 MHz
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e

Pixels matrix array test system

Test platform based on Caribou system

Control and Readout (CaR) board

Feature Description DRD 3
Adjustable Power Supplies 8 units, 0.8 -3.6 V, 3A

Adjustable Voltage References 32 units, 0 -4V

Adjustable Current References 8 units, 0 — 1 mA

Voltage Inputs to Slow ADC
Analog Inputs to Fast ADC
Programmable Injection Pulsers
Full-Duplex High-Speed GTx Links

PC + ZC706/2CU102 + Caribou board + chip carrier board muosmus

Caribou system architecture

ZC706 evaluation board

SD card

Zynq System-on-Chip ]

Ethernet

Memory
controller ﬂ Clock
synthesis

DDR RAM

<5m

CaR board

FPGA fabric

8x power
supplies

References:

32x voltage
8x current

Detector

17x LVDS + 8x GTx

Detector-specific
— — firmware PIO
Common firmware
PIO
L blocks
\ -
— digital differential =—— digital single-ended - analog

—

—
— -

Ad
0) 0

Trigger Logic
Unit

(Optional)

— power

Chip board

Programmable Clock Generator
External TLU Clock Reference
External High-Voltage (HV) Input
FEAST Module Compatibility

FMC Interface to FPGA

SEARAY Interface to Detector Chip

8 channels, 50 kSPS, 12-bit, 0 —4 V
16 channels, 65 MSPS, 14-bit, 0 — 1V
4 units

8 links, <12 Gbps

17 bidirectional links

10 output links, 14 input links, 0.8 — 3.6 V
Included

Included

Included

Supported

Included

320-pin connector

Resources for various target applications @

Evaluation Board

DC power supply

Control & Readout Board

Chip Board

SourceMeter
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—_—

Peripheral circuit
* Data LVDS transceiver works up to 640 MHz

supporting to 1.28 Gbps data transmission A\ \\A\A\AAAAAAAAAA
Serializer_TX s . S4 OUTP TX 64.0 MHZ |
D\'IN_TX , s3 > B »
_— OUTN_TX
640 MHz Clock -
o i OUT RX

VIN_RX

* Delay Locked Loop (DLL) delivers clock
phase delay as expected

CIk_ref CIk_ref] m—————
CIk_ref @7 Up @W [ —Outl—
Out6

5 UPN I —Oout2——4
Out . . Lock_up l : —Out3 ﬁl
Lockceircuit PFD DOWN Cp VCDL | |—Outd——y

Out3 Lock I I | —Outs—1
DOWNN L I

Out4 Lock_down LPF (X 9 Et 6__9

VC_SW ' ,
RSTB J 4 | D l b It
Start DLL — ——VC C ay y
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COFFEE3 Test e R EX AT FTETA | %

Architecture 1 test ’ {7 [Power Supply
* (CSA working as expected with charge injection i
* End of column readout function validated

VDD i q
i —l}— — :[:> ./>' So—>o 2

1@! BT, | ;;;‘f_’,;j 5%
(OFFEEB (anbou DAQ

-HV

Comparator outpt

| .. .
Charge injection ) ;
l‘..‘..._._..._.___._....._.;. A1 A ARttt =D 00.0mVidiv 1 @ -100ns ] [H €D S 1440my | s.opsiiv 10651 '
T P A T S PR 1 T 50.0mVidiv 5001 BudS0M n—-:,,-,_j,,_._
) T 26.4us
T s787okHz |

Value Mean Min Max StDev  Count  Info
o Max |#56.0mV  [356.0m |56.0m  2560m 0.0
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Pixel

Architecture 2 test = @J

R O
* CSA and comparator working as expected ‘ Rre) SN gy o s
* CSA and comparator output is clear q consar - ol iy

""""""" 1 T 1| e
* Typical time over threshold (TOT) of J ) |

MASK

laser signal 1s consistent with simulation

u
(8-bit) (?-bit]

« >°Fe signal can be seen

Threshold vs. ToT

g F
S 094
2 F
B oaol threshold 1.0
= 092—
7 =
= C
0.9 <
C éo,gs-
0.88— ]
C — «— &
r z i i
oss— Test result -  TOT 2.0l Simulation
C . 8
R MR S R . 0.84— £
B 40.0mVidiv 0 | @ «=® / 208mv || 20.0us/div 5.0Mss 200.0ns/pt [
A 2.0mVidiv 500 Single Seq C
@ 7.0mVidiv 500 1acqs RL:1.0k 0.821- 0.85
¢ Auto September 9,2025 10:50:37 C
08—
Value Mean in lax N
’mposw.a e b b b b e b oy o 0.80
0.2 0.4 0.6 0.8 1 1.2 1.4 ' . ; 3 . ; J ;
TOT (us) 0.2 0.4 0.6 0.8 1.0 12 1.4
ToT (ps)
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Architecture 2 test

* Full readout chain works well with laser test
* Only unmask pixel column 0, row 1

Sensor — in-pixel CSA and comparator — End of column readout circuit

EOC dlgltal output
TR 1*“ WU f'; I Tt _T\'ET)*UWF\ My

l\ | “"U | ! \\fr

|Emp ypacket
) L o o L
C | \
omparator output; Empty packet

Only one valid hit

Empty packet

| header: 0100 header: 0100
v 4 bit 4 bit 8 bit 8 bit 6 bit 2 bit 7 bit 3 bit
CSA OUtpUt header CHIP_TS LE_coarse TE_coarse LE_fine TE_fine Addr_Row Add_Col
o/i1|0/1]0|0/0|2|0|2|2/0f0O|2|X/0|2|/0|2/|2|2/1|0(/0]|0|0]J0|O|O|0O|/O/O|0O|0|1]|0/0|0O
| Valid hit Row and column

' header: 0110

&3 90.0mVidiv N
@ 800.0mVidiv
@7 600.0mVidiv
@7 40.0mV/div

@ 2.15ps ‘m_/276.0mv ‘ 1.0ps/div  5.0GS/s 200.0ps/pt

—_— m Run Sample l
T m 26 095 acqs RL:50.0k
<« m Auto September 22, 2025 00:01:0

500
500

500 By:250M

‘

‘ Value Mean Min Max StDev  Count Info
©&» max

[Froomy_[ggosorzim [720m fioszm [iAsm [0k |

address are correct
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- Summary

« HVCMOS prototyping chip in 55 nm process for UP

* Many encouraging results from COFFEE chip:
* Breakdown Voltage > —70 V, leakage ~10 pA
* Sensor, in-pixel CSA and comparator, digital circuit work well

* Future plan:
* Using high resistance wafer
* Quadruple-well process
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