CMOS Sensors with internal gain
CASSIA = CMOS Active SenSor with Internal Amplification

Heinz Pernegger / CERN Experimental Physics Dept.
On behalf of the CASSIA collaboration in DRD3:

DRD 3
©OKEK

SOLID STATE
DETECTORS

&P S
- A * Tsukuba Universit QP AT
» Technical University Athens Y 9 ofike
° University Bonn ¢ KVUShU La n|VerS|ty \\*// KYUSHU
. W
e CERN * IIT Madras/ Chennai ub -2 UNIVERSITY
o i * University of Glasgow AR 098 Condaniuapes dutyn
PP CPPM Marseille Yy g : - (L) vt st e e
. . UNIVERSITAT - Indian Institute of Technology Madras
» University Zagreb/FER * GSI Darmstadt
GSIEHeInEzeEEm fir Schwerionenforschung GmbH ¢ IPHC St raSbourg ° ~ nive rSity ZuriCh _ : :
) e AU Universitit o1a University
KEK University Bern =) Ziirich™ ELZ of Glasgow

H.Pernegger (CERN)

CEPC workshop November 6 2025



CASSIA Sensor with internal gain in CMOS imaging process

 The CASSIA project aims to implement a pixel implant structure with internal gain in a CMOS
imaging process for future use in MAPS for tracking, timing or time-tagging

* This addresses a major goal of DRD3 CMOS research plan and is a DRD3 WG1 project

* Design the pixel implant structure with internal gain in a way that it can be implemented in
commonly used MAPS pixel matrix (either existing or future sensors)

* Internal gain for
* Much higher signal-to-noise in thin monolithic sensors (simplification of circuits)
* Substantial improvement of time resolution for tracking sensors
* Aim at limited gain in linear amplification range to keep noise rate low enough for HEP trackers

* Discussion with Tower Semiconductor Research director indicated that this can be done in TJ180nm
CIS imaging process on which many HEP sensors are based and we have substantial experience for
tuning implant profiles

* A transfer of results to finer-pitch processes (e.g. 65nm) is envisaged for a future stage after initial
developments in 180nm
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CASSIA sensor design variants with different electrode and gain layer designs

e CASSIA1 design jointly by CERN and University Zagreb /FER

* Main focus : demonstrate that internal gain can be achieved in
180nm CIS with existing doping profiles

Electrode and gain layer configurations:

A. no gain layer (reference)
* voltages necessary to achieve gain are within process B. NW electrode + p-type GL depth 1

capabilities | C. NW electrode + p-type GL depth 2
CE/RW 1N ',>'| e |

D. Shallow electrode + p-type GL depth 2
E. Deep electrode + p-type GL depth 2

24 single pixels with different gain layer \
designs and implant spacings NS /

Four 3x3 pixel matrixes : 1 matrix without
gain layer and 3 matrices with different

gain layers (different gain layer doping ° Implemented Iow-gain NMOS PMOS
concentration and depth) avalanche (LGAD)/SPAD- pweit | el |
type sensor in Tower | -
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process
* top biased electrode,

substrate and PW on P- EPITAXIAL LAYER

6N e
* pixel pitch 80um General structure of the CASSIA sensors

H.Pernegger (CERN) CEPC workshop November 6 2025



TCAD simulation

NW electrode + p-type GL depth 1 20um

e TCAD in 2D cylindrical 103 Shallow electrode +
— M1 p-type GL depth 2
* Use Okuto-Crowell — MY 12um
model for charge 107°1 —— M3 ;
multiplication | f No GL
: o (breakdown
* bias electrode, < 107 ‘o PW
substrate/PW on GND g @165V)
_9_‘
* current electrode/GL S 10 _
(solid) and electrode- ﬁ J | NW electrode
surrounding p-well 10~ 5 SV 5 S PR oo e s e S g “ | + p-type GL
(dashed) depth 2 12um
10-13,I

0 15 30 45 60 75 90 105 120 135 150 165
Voltage (V)

TCAD matches measurement results very well
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Dark and illuminated visible light : IV curve and gain

* bias voltage applied on n+ electrode & illuminated with visible light
* very well controlled gain modes : LGAD mode 82V to 98V, SPAD mode >100V

SPAD gain 4000 (substrate R limited)

SPAD mode /
: , 108 , / 1104
- |=—illuminated :
107 |—dark M3
! J o) 106% 110°
107 B |
5
< % I = 10 {10°
§ 108} X ! £ | s
3 | Low Gain mode | -y
° ] g 10% 8 110"
1010} J g | Low’' Gain (1-100)
E =
* 100+ 1100
10-12; M3 [
: | | | 1 '2 | | 1 | ‘1
70 80 90 100 110 120 10720 80 90 100 110 120°
NW bias (V) NW bias (V)

H.Pernegger (CERN) CEPC workshop November 6 2025



Break down in GL area or edge ? Light emission measurements

* bias electrode >100V and record light emission

* Light emitted uniformly across GL and spot size matches GL diameter

M2 - 20um GL diameter M3 - 12um GL diameter

- =T
l\ I
gl
r——
———
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Photocurrent and gain uniformity across pixel

Photocurrent
* focused 2um FWHM laser beam TS
782nm scanned across pixel

* Light emitted uniformly across GL and spot
size matches GL diameter

Photocurrent (A)

* compare GL diameter 12um (M3) and GL
diameter 28um (56)

|
. |
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* Very uniform gain across gain layer

area 1ﬂ;%v”'

* Still significant gain outside GL area

(~x2 in fill factor) /;/
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Pulsed laser measurements (triggered 1060nm laser)

* Pixel matrix exposed to triggered Laser setup
pulsed laser * Laser source (1060nm) . Vbias o
° ' < o . e . DEEP PWELL - ' DEEPPWELL .
pulse width <100ps * Used fortiming and gain == wreeswmmmsnne
* laser not focused (expose area>pixel) measurements

* Pixel connected to external amplifier
* bias electrode through amplifier

* record single pulse waveform to analyse
amplitude and arrival time wrt to external

trigger

cividec

Instrumentation

Diamond Shaping Amplifier

Cx

* record electrode current as function of pulse
frequency

8l Serial Number: CxHV0051

* record electrode current without laser (dark
current)
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-V in pulsed laser measurements (triggered 1060nm laser)

e |-V in dark, 10kHz, 50kHz and 100kHz
* substrate and PW GND
* n+ electrode bias to +V
* matrix without GL 1pA/pixel until 160V

* Study charge amplification as function
of electrode and GL implant
configuration

* different gain layer diameter for each
configuration

. NW electrode + p-type GL depth 1: CASSIA M2/54/S5
. NW electrode + p-type GL depth 2: CASSIA M3/56

. Shallow electrode + p-type GL depth 2: CASSIA M4/519
. Deep electrode + p-type GL depth 2: CASSIA S13/514
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1070 5
1 —— S4 dark b)
1074 —4-- 54 10kHz
1 —|— S450kHz 7
105 1~ $4100kHz 7
§ 10710 4o
& S AU AU S
1071 {TT s
10712 ;
| GL dia 20um (narrow spacing to PW)
101 .
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Bias Voltage (V)

0 10 20

e NW electrode + p-type GL
depth 1

e LGAD mode starts at 30V
to 40V

* Transition to SPAD mode
about 15V later

* larger GL area reduces
amplification voltages




-V in pulsed laser measurements (triggered 1060nm laser)

NW electrode + p-type GL depth 2 Deep electrode + p-type GL depth 2
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Single pulse amplitude distribution (triggered 1060nm laser)

Pulse Amplitude Distributions vs Bias Voltage, M3
* Single pulse

. 86V 90V 94V
measurements: — T e
6000 1 o =10.008 1 o=0.014 1T o=Q011
* for each external laser
trigger the CASSIA o
single pulse signal is 2000 -
recorded for the s ol NLGAD peak
. Z | , | ,
Centr.a! pixel on § 96 V 100 V 104 V
ampllfler OUtPUt 6000 - g:gf ﬁ . ﬁ:g:g?g . g:gfg%g
* amplifier gain = 4000 - _ .
6.7mV/fC - | | LGj} peak
. e SPAD peak
Analysis: N | _ | A _ A
« determine amplitude 00 05 10 15 20 25 00 05 10 15 20 25 00 05 1.0 15 20 25
* use arrival time to Pulse Amplitude [V]
reject any noise V>V.c =84V : LGAD amplitude increases with applied voltage

@Ver =104V : transition to SPAD mode: second peak occurs
V>VgR : detector operates in SPAD mode
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Mean sin

ole pulse amplitude as function of electrode/gain layer implantation

Deep P Well: Mean Pulse Amplitude vs Bias Voltage for Laser Measurements Extra Deep P Well: Mean Pulse Amplitude vs Bias Voltage for Laser Measurements
E f;ﬁﬁgfﬁ A R i A B E 0018 SRS
: = B LAAD: 4B - SPAD: M3
* Mean amplitude depends on: s “"F s S 00E e iass
© - LGAD: 8§ © - SPAD: S6
2 0.005 / B 00
. . . a = » _ g -
* gain layer size, i.e. flux, hence I amplifier saturation $ oot
. . s - S 0.01—
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2 B -
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V'vmnlvl V'anlvl

NW electrode + p-type GL depth 1 NW electrode + p-type GL depth 2
(a) (b)

Deep N Well Electrode: Mean Pulse Ampitude vs Bias Voltage for Laser Measurements

gain layer
* bias voltage in LGAD and SPAD mode

Shallow Electrode: Mean Pulse Amplitude vs Bias Voltage for Laser Measurements

* Observations: 0 Teom o0E s
* all structures using GL depth 2 (plots b- oup T e T

d) have ~ same gain in LGAD mode

0.01—

0.008 [—

* structure with GL depth 1 has x2 larger
gain in LGAD mode (shallower gain
layer)
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CASSIA Dark count rate for different designs

Dark count rate for M3 W1R8

' Climate chamber .y
) O.p erate CASSIA In * Controlled temperature and : o —®
climate chamber humidity _

* measure at 0C, * Light proof | =
10C, 20C and 30C » Used for dark count and IV 100?

measurements ~ ./
* count pluses at | F1 ¢
amplifier output O
(same setup as in 1071 -
triggered laser '
setup)
~$- M3 30C
NW+ gain layer depth 2 diameter 12um -8~ M3 20C
1072 - M3 10C

M3 0C

85.0 87.5 90.0 92.5 95.0 97.5 100.0 102.5
Bias Voltage [V]

* extremely low dark count rate in voltage range of interest: <0.01 Hz/um?2 at RT
* after Vgr=100-104V transition to SPAD: with Vexcess=15V (Vbias=120V) DCR ~ 0.1 Hz/um2 at RT

* DCR scales exponentially with temperature (thermally generated noise in active area)
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CASSIA Dark count rate for different designs

NW electrode + p-type GL depth 2

Extra deep p-well Dark Count Rate T=20C

NW electrode + p-type GL depth 1

* DCR normalised to Gain layer

Deep p-well Dark Count Rate T=20C

dlfed e 006 -
* Vi = voltage at start of LGAD N
amplification £ o + gmene 3 e
* Room temperature
' ,..,.-A——-"‘""’V'/' 0.01 -
* Best results are obtained with gain layer V-Vig[V] IR VAV .V I

Shallow electrode + p-type GL depth 2

Shallow electrode Dark Count Rate T=20C

formed by GL depth 2 and either Deep electrode + p-type GL depth 2

nOrmaI Or deep electrOde COntaCt Deep n-well electrode Dark Count Rate T=20C -
0.035 1 . /,._.//
 Using only shallow electrode E oo PR ¥ v ez
. . . . . [ = 0,020 & S1awWIR220C o & S20_W1R2 20C
implantation gives significantly worse : %
results (surface defects?)
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CASSIA2 design 4x4 pixel digital dedicated to SPAD
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= in SPAD mode, quenching § APD SPAD
circuit required to stop the ON
avalanche after detection and ) :
restore bias voltage to its uenchii /| avalanche
initial value above breakdown iOFF
Vg e \\/JE;AS Reverse voltage
recharge

= 6 4x4 matrices with NMOS-input quenching (i.e. connecting to
SPAD anode) and digital readout

= 6 4x4 matrices with AC-coupled quenching (connecting to SPAD
cathode, i.e. collection electrode) and digital readout

s ] (can be bonded to collection
electrode of single pixels on other chips)

= several single pixels with passive quenching resistor and other
test structures
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Summary & Outlook

* With the CASSIA project we propose to develop CMOS sensors with internal amplification to address research
topics in DRD3 WG1 Monolithic sensors

e Develop LGAD and/or SPAD structures in CMOS pixel sensors for high time resolution, higher SNR, possible
simplification of circuits & low power circuits

* Engineer pixel designs in TJ180nm now and enable transfer to 65nm in the future

 The CASSIA project is included in the DRD3 working group on monolithic sensors to address the research program
through the design and test of dedicated prototype sensors

e Results of CASSIA 1 have shown that we can operate the CMOS sensor in LGAD and SPAD mode

* The sensor operates very stable with smooth transition between LGAD and SPAD mode

* Dark count rate is exceptionally low in voltage range of interest <0.01 Hz/um?2 at RT and operational dark
currents are low (1pA/pixel)

* A first study with different electrode/gain layer implantation designs has been carried out and is basis for next
developments

* Design of CASSIA2 is complete with in-pixel electronics towards designs for

* optimal GL design and implantation for full pixel efficiency for charged particles

» dedicated in-pixel electronics for LGAD (amplifiers) and SPAD (quenching circuits) operation
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Thank you for your
attention
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