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CMOS scaling and front-end chips
for silicon pixel sensors

B Industrial microelectronic technologies are continuously advancing
and bringing CMOS towards the 10 nm frontier

By 65 nm CMOS has attracted a wide interest in view of the design of
very compact front-end systems with advanced integrated
functionalities, such as required by semiconductor pixel sensors with
low pitch for applications in high energy physics (silicon vertex
trackers) and photon science experiments (high resolution imagers)

B, Digital figures of merit (speed, density, power dissipation) are
driving the evolution of CMOS technologies. What about analog
performance?

B For analog applications in which speed and density are important,
scaling can be in principle beneficial, but what about critical
performance parameters such as noise, gain, radiation hardness...?
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65 nm CMOS in the pixel detector
microelectronics community

B Several pixel readout chips are currently designed by our community
in the 65 nm CMOS node

B In this talk, T will focus on two examples, representing two rather
different application fields, which set diverse performance

requirements: the RD53 chip for pixels at HL-LHC, and the INFN
PIXFEL chip for imaging at X-ray Free Electron Lasers

B I will not cover other very interesting developments based on 65 nm
CMOS, such as the MPA chip for the Pixel-Strip modules of the

phase-IT upgrade of the CMS Outer Tracker and the CLICPIX chip
for the vertex detector at CLIC.
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Pixel detectors at the LHC
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Hybrid pixel sensors

- A pixellated sensor chip is connected to a
matching readout chip by an array of solder bumps _

8i)

- Sensors LR
- Particle sensitive volume is a high resistivity silicon bulk®w "t oo
(1-10 kQ2cm, 250 um typical thickness, thinner for SO

higher radiation hardness and less material), can be
fully depleted for fast charge collection by drift

- Typical pixel dimensions at LHC: 50 um x 400 um (will
decrease for HL-LHC, probably o 50 um x 50 um)
- Radiation-hard to 50 Mrad at LHC (1 6rad for HL-LHC) bump-bond

* Front-end chips (Nanoscale CMOS)
- For any event (particle hit in the sensor) provide pixel
position, Timing, pulse amplitude
- Only a small number of pixels are hit in any event
- Analog pre-amplification, discrimination, time stamping,
digitization, zero suppression (sparsification)...

readout
electronics

sensor
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LHC pixel upgrades

Current LHC pixel detectors have clearly demonstrated the feasibility and power of
pixel detectors for tracking in high rate environments

Phasel upgrades: Additional pixel layer, ~4 x hit rates
- ATLAS: Addition of Inner B Layer (IBL) with new 130nm pixel ASIC (FEI4)
- CMS: New pixel detector with modified 250nm pixel ASIC (PSI46DIG)

Phase2 upgrades: ~16 x hit rates, ~4 x better resolution, 10 x trigger rates,

16 x radiation tolerance, Increased forward coverage, less material, , ,
- Installation: ~ 2022

- Relies fully on significantly improved performance from next generation pixel chips.

13-14 TeV collision energy

\ injector \
’ upgrade imi
A . I ILCT
consolidation Cryogenics regions installation }
Point 4
; dispersion
button collimators, suppression
R2E project collimation,
R2E project >
experiment beam : experiment 2 x nominal luminosity experiment
Fuc:'r]mnalv pipe nominal luminosity upgrade p— upgrade
inosity \ phase 1
70% radiation
_ damage

V. Re — IN2P3 Microelectronic School, Frejus, May 18, 2015




XFELs as probing tools

B X-rays have been a fundamental probing tool

B

since their discovery

With the advent of FELs, matter can be
probed with X-ray beams with unique features:
very high intensity (orders of magnitude larger
than in synchrotron sources), coherent,

ultrafast (down to 10 fs) pulses, broad energy
range (100 eV - 10 keV)

A number of facilities already operational
(LCLS, FLASH, SACLA, FERMI), other being
built (Eu-XFEL, SwissFEL) or upgraded
(LCLS>LCLSTII)

Broad science base accessible at FELs:
structural biology, chemistry, material science,
atomic and molecular science (AMO)
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2D X-ray imaging challenges

B Many measurements based on scattering of
coherent X-ray pulses and detection of
diffraction patterns with a large pixel camera

B New detectors are needed to comply with
extremely challenging requirements

® pulse structure: high rate single shot
imaging (5 MHz), frame storage of a
complete bunch train (2700 pulses) ® angular resolution: 7 mrad to 4 urad 2
® dynamic range: single photon counting,  Pixel size from 700 um to 16 um (also
integration of up to 10* ph/pixel/pulse gepe?d)mg on the distance from the
ample
® energy range: 0.25 keV to 25 keV . P _ .
. T angular coverage: diffraction
radiation hardness: 10 MGY tol GGY exper‘imenfs requir‘e a 0.1 nm

over three years of operation resolution = scattering angles of 120°
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Advanced pixel detectors and readout microelectronics
Particle tracking at LHC- Phase II:

* Very high hit rates (1-2 GHz/cm?), need of an intelligent pixel-level data

processing
* Very high radiation levels (1 Grad Total Ionizing Dose, 10 neutrons/cm?)

* Small pixel cells to increase resolution and reduce occupancy (~50x50um?
or 25x100 1m?)

= Large chips: > 2cm x 2cm, 3 - 1 Billion transistors

X-ray imaging at free electron laser facilities (next generation:

= Reduction of pixel size (100x100 um? or even less), presently limited by the
need of complex electronic functions in the pixel cell:

= Large memory capacity to store images (at XFEL, ideally, 2700 frames
at 4.5 MHz every 100 ms)

= Advanced pixel-level processing (1 - 10000 photons dynamic range, 10-bit
ADC, 5 MHz operation)
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Microelectronics-oriented collaborative efforts
in The high energy physics community

AIDA WorkPackage3 (2011-2014) had the goal of facilitating the
access of our community o advanced semiconductor technologies,
from nanoscale CMOS to innovative interconnection processes.

This included 65 nm CMOS for new mixed-signal integrated circuits
with high density and high performance readout functions

Design work was started at various institutions to develop blocks for

analog and digital needs in HEP with full documentation and laboratory
tests.

The international collaboration RD53 (2014-2016) was approved by
CERN with the goal of developing a 65 nm demonstrator chip according
to the specifications of the ATLAS/CMS phase-II upgrade of the
innermost pixel layers in the Tracker

This work will be also supported by AIDA-2020 WP4 (2015 - 2019)
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RDH53: an ATLAS-CMS-LCD collaboration

- RDb53 was organized to tackle the extreme and diverse challenges associated
with the design of pixel readout chips for the innermost layers of particle
trackers at future high energy physics experiments (LHC - phase IT upgrade

of ATLAS and CMS, CLIC)

A 50 ym x 50 pym mixed-signal pixel cell

65 nm CMOS is the candidate readout for the phase IT upgrade of LHC in
technology to address the 65 nm CMOS
requirements of these applications. e s
It has to be fully studied and qualified || _Puclfonsics 102tpicloxzsum e ‘
in view of the design of these chips. == )|
+ ATLAS: CERN, Bonn, CPPM, LBNL, LPNHE Paris, = W [
Milano, NIKHEF, New Mexico, Prague, RAL, UC Pixel cell £ Confi
Santa Cruz. ~Zoum x 100um Coniz
CMS: Bari, Bergamo-Pavia, CERN, Fermilab, Bieltn ] L oomwae L & [
Padova, Perugia, Pisa, PSI, RAL, Sevilla, Torino. e.g. 2x2 or 4x4 1 3{ata com.
- Collaborators: ~100, ~50% chip designers Pixel region column P taverece
Pixel chip: ~256 x 1024 pixels of ~25um x 100um piR S ialen
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RD53 chip architecture

Pixel Columns: ~256 pixelsx 100um
Pixel Rows: e.g. ~1024 pixels x 25um Pixel data: -(_
o (Parallel/serial) o ,
; I - Timing (clk, , ) 254D
- | o | | . < Z C t ]- t i >0
: - s /on rol (trig, ,) P =
Digital Config
/
Config 4 = <{DAC
Vv | Region < =
ADC proe i g =
it Proc. Sl tas 9 E g
v 2=
X3
; A D
Pixel cell i S >
~25um x 100um i V " Config
Trigger :
match -
\ v —{Control
Pixel region: Col.
e.g. 2x2 or 4x4 Int. I HF I Data comp.
Readout
_ - — Interface
Pixel region column H
- . . EOC: End Of Column
Pixel chip: ~256 x 1024 pixels of ~25um x 100um

*  95% digital (as for FEI4) *  Pixel regions with buffering
+ Charge digitization (TOT or ADC) + Data compression in End Of Column
+ ~2506k pixel channels per chip «  Chip size: >20 x 20 mm?
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Low Power 65 nm CMOS

- Mature technology:
- Available since ~2007
- High density and low power

- High density vital for smaller pixels and increased
data buffering during bunch trains

- Low power tech critical to maintain acceptable
power for higher pixel density and much higher
data rates

- Long term availability

- Strong technology node used extensively for
industrial/automotive

- Significantly increased density, speed, and
complexity compared to previous generations!

e Access: CERN frame-contract with TSMC and
IMEC
Design tool set, Shared MPW runs, Libraries,
Design exchange within HEP community
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The Low Power (LP) flavor
(Vop = 1.2 V)is less
aggressive than other variants
of the process (thicker gate
oxide, smaller gate current,
higher voltage), and more
attractive for mixed-signal
chips where analog performance
is an essential feature.




Specifications for threshold setting, noise, power, speed in
the ATLAS/CMS RD53 pixel analog front-end

Need of detecting charge released by MIPs in heavily damaged sensors
(4000 e-) at extreme irradiation levels without efficiency degradation

Threshold setting for higher tolerable noise occupancy: Q, i, = 1000 e-

ENC < 150 e rms at Cy = 100 fF (mostly determined by series noise, ENC is
proportional to Cy)

Threshold dispersion after local tuning: g, < 40 e rms

(includes contributions by discriminator threshold mismatch and
pixel-to-pixel preamplifier gain variations)

These specifications are based on the so called 4o rule (empirical):

Qi min> 4ENC + 4 04,,,. They have to be achieved by analog circuits integrated
in a small silicon area and operating at very low power:

Maximum power dissipation: 6 yW/pixel
(50 tm x 50 tm, or 25 m x 100 pym)

Maximum Hit time resolution = 25 ns, A/D conversion time < 400 ns



General schematics of a pixel analog
front-end in 65 nm CMOS

Threshold adjustment by

Cra for chrg DAC or autozero;
feedback capacitor ampliTude infor‘maTion by
Cr ToT or Flash ADC
SENSOR | SHAPER DISCRIMINATOR
. 6 ::CD |
Q 4% vV /\\ ToT clock fransmitted by
L o v T the chip periphery, or
PREAMPLIFIER generated by a locally
. . V,  triggered oscillator
PA forward stage: high gain, low
hoise : : : :
| Trend is to skip the shaping stage in the
Charge restoration: handle RD 53 HL-LHC pixel cell, mostly because of
sensor leakage current after power constraints (noise filtering in the

extreme irradiation levels (max. . preamplifier, or correlated double sampling
20 nA at 2x10% n/cm?2) "at the discriminator input )



Critical parameters for analog front-end design in 65 nm CMOS

B There are some critical performance parameters for analog design in
nanoscale CMOS (with focus on LP 65 nm) for detector readout integrated

circuits. Among them:

B Intrinsic gain Charge carriers in the device channel
By Thermal noise (short channel effects, strained silicon)

By Gate leakage current Interaction of charge carriers with
B 1/f noi the gate oxide; tools for evaluating
noise

the quality of the gate dielectric

Radiation-induced positive charge in the
‘ Radiation hard b : . : . :
adiation haraness gate oxide and in lateral isolation oxides

‘ . Random components of local process
B Device matching - parameters dependent on device size
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Designing amplifiers in 65 nm CMOS:
the intrinsic gain

It represents the maximum gain that can be achieved with a single
transistor amplifying stage. It gives an indication concerning the design
complexity that is necessary to implement a high gain amplifier.

8ulps & ol

L is the transistor gate length, o is the CMOS process scaling factor. If
L,..n Scales by 1/a in agreement with scaling rules, g, rys stays constant.

Keeping the intrinsic gain constant with scaling below the 100 nm threshold
(when you depart from classical scaling rules in advanced technologies) is
considered as a major challenge which affects the design of analog circuits
in hanoscale CMOS

But Low Power CMOS processes do not follow aggressive scaling trends
closely...

The value of the intrinsic gain is maintained across CMOS

=) technology nodes from 130 nm to Low Power 65 nm if inversion
conditions are the same.



In’rrmsuc gam in the LP 65 nm CMOS

- - -[]--130nm Foundry B
| —2&— 90 nm Foundry B
. —@®— 65nm Foundry A

- - -[J--130 nm Foundry B
1201 —&— 90 nm Foundry B
. —@— 65 nm Foundry A

- NMOS ] NMOS
100 + -1 —
When Thg 901.6 S - W=200 um | W=200 um 1 M. Manghisoni, et
leng’rh Lis ;_g - Vt10V O Vot10V 1 al. “Assessment of
i —1. , i — L. 1 a Low-Power 65
reduced, the o 80f 1 r .2 Strong T nm CMOS process
transistor STC(YS § - A B A inversion 1 for analog front-
; ) B ]l 1 end design”, IEEE
!n ‘rhe.same % 60 i _ Trans. Nucl. Sci.,
Inversion = - 1 vol. 61, no. 1,
conditions if the g a0 N Ezbr;g}'é%l“'
drain current Iy & ¢ )/ :
is correspondingly 20 -0 ‘Weak -
increased (at : K mver'@lbn; _ _
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For the minimum gate length of the process, the same value of the intrinsic gain is
achieved at the expense of an increased I;. If this is not allowed because of power
dissipation constraints, a value of L larger than the minimum one has to be used.

This is an example of the fact that in analog circuits it is often impossible to take full
benefit from CMOS scaling in terms of a reduced silicon area. This is true also for
other analog parameters (1/f noise, threshold dispersion,...)



Gain stages in RD53 pixel front-end circuits

The good intrinsic gain properties of the LP 65 nm process make it possible
to design amplifier stages with relatively simple schematics and an
adequate forward gain in a low-power pixel front-end.

LBNL design

INFN-Pavia |
prototype 1 d

™M y
v ™ l

VBP l
IBP=0.5->5uA

In own

<t
! UEI"-.IFDLI N
B Folded cascode with local feedback and act S

load
B Input device: W/L=9 ym/0.1 ym Power -
dissipation: ~3.6 uW Gain stage with active cascode

Low frequency gain ~100 dB, gain-
bandwidth product 140 MHz 1001, Frejus, May 18, 2015




Open loop gain - 130 nm vs 65 nm inverting amplifier stage

vExample of an amplifier design in 65 nm, where the same currents and
inversion coefficients were used as in a 130 nm design of a regulated
cascode amplifier, and transistor W and L were sized accordingly.

70 | T T TTTTIT T T TTTT T T TTTT0 T T TTTT0 T T TTTTIT T T TTTTIT T T TTTT0 T T TTTT T T TTTTIT
60 - -
m 0
O,
£ L
© 40 -
o i
Q i
(@] L
g 30
z i
8 130
= nm
© 20 N 65 nm
10 Fcp Preamplifier gain stage
0 i Lo Ll | \HHH‘ | | \HHH‘ Lol | \HHH‘ | | \HHH‘ L1
1 10? 10* 10° 108

Frequency [Hz]
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Gate current

‘ Charge carriers have a nonzero probability

(larger for electrons with respect to holes) of gate

directly tunneling through a silicon dioxide n+ poly

layer with a physical thickness < 2 nm (100- Igso Igc Igdo

nm scale CMOS) source f f K drain

B A reduction of physical oxide thickness of a i g ¥ /
few A may give several orders of magnitude - Pesub '
increase in the gate current.

By This current results in an increase of the static 10 e

ower consumption (manageable limit of gate _w P
eakage current density =1 A/cm?) for digital ~ ¢ 17 F — Simulation

circuits and might degrade analog performance
(shot noise in the gate current, discharge of
storing capacitors, current load on global voltage
references,...)

By Gate dielectric nitridation increases the
dielectric constant, allowing for films with a
larger physical thickness as compared with
SiO, (Cox = €ox/Tox). This mitigates the gate
leakage current; however, its value can sizably 38 ©OE 16 §& b Be 30
change in devices from different foundries. Gate Voltage (V)

Gate Current Density (A/c

V. Re — IN2P3 Microelectronic School, Frejus, May 18, 2015 21



Gate leakage current in nanoscale
CMOS flavours and generations

Interestingly, the gate leakage current is observed to decrease for the types of
stresses adopted by the industry in advanced CMOS (tensile and compressive
stress for NMOS and PMOS, respectively)

These types of stresses increase

electron and hole populations in : A T ' E
energy bands where they have low . 10" [-280 o ]
tunneling probability through SiO, § N: D e
(in addition to enhancing their 3 Vestoy 1
mObIIITy in the ChGnnel) :.qé; 10" L Vps=V =0 ;
We made tests on 130 nm and 90 2 107 ]
nm GP (General Purpose) transistors £ | 3
and on 65 nm LP (Low Power) © 107 L Foundry B 3
transistors (Vpp = 1.2 V). TheseLP &5, GP devices :
devices were optimized for a reduced E Foundry A 3
leakage (larger equivalent oxide Tl L, DoV
thickness, different level of 130 90 65

hitridation with respect to other Technology Node [nm]

flavours, different silicon stress).
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Gate current in LP 65 nm CMOS

The value of the gate current is maintained across different CMOS
technology nodes from 130 nm to 65 nm (Low Power version)

10_4 % T T T ‘ T T I ‘ I I I ‘ I I I ‘ I I I ‘ I I I
10° L— — — —/— ———————————— E
10 1 Alem”
.
— O .10 F
10 ? 130 nm process
" ) —{ }— 65nm process -
10 _
NMOS W/L =200/0.70, VDS= OV -
10-14 | | | | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ]
0 0.2 0.4 0.6 0.8 1 1.2
s V]
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Gate current and global design of a CMOS readout chip

Analog VDD

In a single transistor in the LP 65 T ---
nm process, the gate current has a
very small value (of the order of 100
pA/m? for the NMOS, 10 pA/um?
for the PMOS).

———————9
-——---—0

However, when bias voltages for
analog front-end circuits have to be

distributed across a large chip (e.g., l

a 4 cm? pixel readout integrated vex | - [ v
circuit), the total gate leakage
current has to be taken into account | | ‘ 10:1
in the design of reference voltage x| T

\

and current generators (typically, S

, . - ¢
DACs) and current mirrors. Analog ground

Pixel Cell
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1/f noise: gate stack fabrication process

o

B, Interaction between charge carriers in the
MOSFET channel and traps close to the Si-
SiO, interface leads to fluctuations in the

term in the spectral density of the noise 0=0=0=010—0

drain current. This can be modeled with a 1/f SHRea i Ea G i
0— 00—
source drain
voltage generator in series with the gate. —]L betrate

(gate electrode and dielectric) may
affect the density of oxide traps and
their interaction with charge carriers — |

in the channel, impacting on the 1/f de, 4kTT + K
noise spectral density. df g Cox WLF*

B The process recipe for the gate stack e, __T

>

By For a physical oxide thickness < 2 nm (same order of the tunnelling
distance) the traps at the interface between the gate dielectric and
the gate electrode (fully silicided poly gates) can play a major role.

B 1/f noise may be affected by mechanical stress in the silicon

channel (enhanced carrier mobility and drive current). 25



1/f noise from 350 nm to 65 nm NMOS

B The 1/f noise parameter K. does not show dramatic variations across
different CMOS generations and foundries in NMOS.

K
S'lz/f(]c B f
CoxWLf f
o k: 1/f noise parameter <

e o 1/f noise slope-related
coefficient

(= 0.85in NMOS, =1-11inPMOS)

10

NMOS

| | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
350 nm 250 nm 180 nm 130 nm 90 nm 65

nm

Technology Node
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1/f noise in PMOS:
CMOS generations from 250 nm to 90 nm

1/f noise appears to increase (for a same WLCyx) with CMOS scaling

90 nm Foundry B W/L = 600/0.35
130 nm Foundry A W/L = 1000/0.35
250 nm Foundry C W/L = 2000/0.36

RN
o

Cm=5pF

v lA"‘f ! “'“"‘\' ; '”'l‘ll ‘IA \
V_[=06V dd ¥ L w |
Vol ! ,N

r
|D =500 pA

Noise Voltage Spectrum [nV/Hz”z]
\

| \\\\\H‘ | \\\HH‘ L | | | | I
10° 10* 10° 10° 10’ 108

Frequency [HZ]

V. Re — IN2P3 Microelectronic School, Frejus, May 18, 2015

27



1/f noise: NMOS vs PMOS

By Inbulk CMOS, the fact that PMOSFETs feature a smaller 1/f noise
with respect to equally sized NMOSFETs was generally related to
buried channel conduction.

By Indeep submicron processes, it was expected that the PMOS would
behave as a surface channel device, rather than a buried channel one
as in older CMOS generations.

By With an inversion layer closer to the oxide interface, 1/f noise is
expected to increase. Ultimately, PAOSFETs should feature the same
1/f noise properties as NMOSFETs. However, this was not observed
in CMOS generations down to 130 nm and 90 nm.

By A possible interpretation can be related to the different interaction
of electrons (NMOS) and holes (PMOS) with traps in the gate
dielectric (different barrier energies experienced by holes and
electrons across the Si/SiO, interface) .
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Noise Voltage Spectrum [nV/Hz”z]

100

-
o
T

NMOS and PMOS in an FD-SOTI technology

We previously found that NMOS and PMOS have the same 1/f noise
only in one case, that is, in fully-depleted 180 nm CMOS SOI
transistors. A possible explanation was that in a very thin silicon film
(40 nm) conduction takes place very close to the Si-SiO, interface.

Isolation Oxide NMOS Gate Electrode PMOS Body
/ |
Buried Oxide
FD-SOI CMOS devices
WI/L = 100/0.5 —_
|_ =50 uA | P-Sub
V. =06V ]
DS
e e e W SOI CMOS

Frequency [Hz]
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1/f noise: NMOS vs PMOS

B Inbulk CMOS processes close to the 100 nm threshold, the PMOS
still has a lower 1/f noise than the NMOS. However, this difference

tends to decrease with newer CMOS generations.
100 e e e Lo 100

——NMOS ——NMOS

—PMOS

10 |

Noise Voltage Spectrum [nV/Hz "]
Noise Voltage Spectrum [nV/Hz'"]

-_—

- 180 nm NMOS Foundry A - 90 nm NMOS Foundry B
- WiL=200002 - WIL = 600/0.35
10° 10* 10° 10° 10’ 108 10° 10* 10° 10° 10’ 108

Frequency [HZz] Frequency [Hz]

180 nm 90 nm
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Noise Voltage Spectrum [nV/Hz”z]
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-
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65 nm LP process: 1/f noise

In the 65 nm LP process by Foundry B, NMOS and PMOS have similar 1/f noise
(especially longer transistors).

This could be explained by a "surface channel” behavior for both devices, and/or
by the fact that the gate dielectric nitridation decreases the barrier energy
experienced by holes across the silicon-dielectric interface. This would make it

easier for the PMOS channel to exchange charges with oxide traps.
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- 65 nm transistors W/L=600/0.10 .
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j @ 15=50 pA, Vps=0.6 V
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Thermal noise and CMOS scaling

By The origin of thermal noise can be traced to the random thermal motion of
carriers in the device channel.

By When the MOSFET is biased in saturation (Vps > Vs sat). The following equation
can be used for the power spectral density of thermal noise in all inversion
conditions:

S> =4k, TT —

Em
I'=qa,,Nny

e kg = Boltzmann’s constant - v = channel thermal noise coefficient
(depends on inversion region; varies
with the inversion layer charge: =
g 1/2 in weak inversion, = 2/3 in
* n=1+="> strong inversion)
Em
(n =1 - 1.5; proportional to the
inverse of the slope of the I5-Ve _ .
curve in the subthreshold region) - o,y = €xcess noise coefficient

e T = absolute temperature
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Excess thermal noise coefficient

]
S, =4k, ITny —a,,

Em

ay = 1 for long-channel devices. Short-channel devices can be noisier
(ayw > 1) mainly because of two effects related to high longitudinal
electric fields (E = Vps/L) in the channel.

Reduction of charge carrier mobility: = Hyo
at increasing field strength the carrier velocity is 1+£
saturated at v_,,=uyE: (1 low-field mobility, E E,

critical field strength)

Increase of charge carrier temperature:

at increasing field strength the temperature T, I,
of carriers in the channel increases with respect T
to the temperature T of the device lattice
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Excess thermal noise coefficient

In saturation, the longitudinal electric field is E = (V5 - V1)/L.

It can be shown that short-channel phenomena affect thermal noise only
if the value of the ratio E/E_is not negligible, which does not happen if
the device is biased in weak/moderate inversion.

(a)

-

L
(=]

PMOS (D) NMOS
1.2 C L T T T T 1.6 [ T T I ! T T |
: - | —e—L=10 g
L1 14| 1=035}. ... .0 : .
5 : : : ’ . " b “
- H E P i 1.2 b e ‘ P . - ol
0-9 ; 8 : Q ) 4/.—"' 4
08 g ¥ 0y : i L o P ;
E : i 0.8 (- : ,. _4___...5-* L J
2 A e :
| 3 PR B N B 0.6 | i Lt i . ]
0 0.1 02 0.3 04 0.5 0 0.1 0.2 0.3 04 0.5
v_IV] VY]
350 nm CMOS
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White noise in 65 nm CMOS

J Evaluated in terms of the equivalent channel thermal noise resistance:

S%N ny * 0, excess noise coefficient
=—=0yw — e n proportional to I,(Vs) subthreshold characteristic
eq w :
4k T g e y channel thermal noise coeff.
600 71— 7 T T 1 T T T ] S L

- [ A ]
. [ Lirear fit A ] _ 700 | Lirearfi a 4
o 500 - offset =4.75 +/- 7. 71 L 2 ] ) - offset =7.85+-8.92
Q - slope=1.09+-003 1 Q o0 [ slope=1.04+-003 R = ]
§ 400 [ ‘o i 5 i ]
z i 1 2 500 | p ]
Q i [0 . 4
o L A a A - o r R A 4 ]
$ %00 a . g 40 F . R ]
2 2 - - 1
= L - ] = 300 a .
& 200 - 4 . o) F a2 ]
2 A NMOS ] 2 20 [ - PMOS :
o 100 F a L>65nm ] g o ulla L>65nm

[ aa ] 100 ; é

ol o o okHmuquumu‘1““1““1““1““
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800
nylg_[Q] ny/g_[Q]

J a,, close to unity for NMOS and PMOS with L > 65 nm - no sizeable short channel effects
in the considered operating regions (except for 65 nm devices with o, 1.3 )

J Negligible contributions from parasitic resistances
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White noise in 65 nm CMOS

TR (ry=yeey=eyey=peeymymeyemisyemymfmmyem—ye—ge—e—y——g—p————

65 nm process
NMOS W=600 um
Vpe=0.6 V

‘ll.ll

800
500

~fx— L= 65 nm
400 - —&— L=130 nm
300
200

P

—{— L=200 nm
—&— =350 nm
—O— L=500 nm
—&— L=700 nm

P

Equivalent Noise Resistance [Q]

PR S

0 [ dddd bt b2 bk PR deddn
0 0.1 0.2 0.3 04 05 06
Drain Current [mA]

Fig. 7. Equivalent channel thermal noise resistance R, for NMOS devices
belonging to the 65nm process (Vps=06V).
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Noise in NMOS:
CMOS generations from 250 nm to 65 nm

B 1/f noise has approximately the same magnitude (for a same WLC,y)
across different CMOS generations. White noise has also very similar

100 Properties (weak/moderate inversion). < 1/fnoise
- e W/L =2000/0.45, 250 nm process 812/f(f) _ f
< COXwaaf
g F — W/L = 600/0.5, 90 nm process
= ‘;w (1 WI/L = 600/0.35, 65 nM process | 4 k_1/f noise parameter
§ 10 - W C =6pF e o 1/f noise slope-related
3! - L IN coefficient
o L _ 1
« Ml T | =100 uA ] Channel thermal noise
o Vi L D
S af l g R ’ 4k T * kg Boltzmann’s constant
UW AW o el kil 2 _ B
% N ;, *,4,'5 ‘ ur \“ “.‘ I SW = g ) e T absolute te.mperatl.-lr-e
n NMOS | I Al \ m * 0, EXCESS Noise coefﬂ-aent
§ 1 = E = OCWnY ;oye(f:fl‘ilc?igzsl thermal noise
Lol Lol Lol Lol ! \\\\\\\7 I
10° 10* 10° 10° 10’ 10° :.[n weqk . 9m = TD
Frequency [HZz] Inversion: n T
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65 nm CMOS at extreme radiation levels

= At the HL-LHC design luminosity, for an operational lifetime of 10 years, the
innermost pixel layer will be exposed to a total ionizing dose of 1 6rad, and to an

equivalent fluence of 1-MeV neutrons of 2 x 10! n/cm?.
= If unacceptable degradation, a replacement strategy must be applied for inner
pixel layers.

= Nanoscale CMOS (with very thin gate oxide) has a large intrinsic degree of
tolerance to ionizing radiation: what happens at 1 6rad? Spacer dielectrics may be

radiation-sensitive

Thick Shallow Trench Isolation : : “—
Oxide (~ 300 nm); radiation- Thin (rad-hard) gate oxide for 10nm
induced charge-buildup may turn i fevices: become’z . .
thicker (and rad-softer) for I/ b3

. . . lateral parasitic transistors and
« Radiation induced Z?’ecteelec[‘?rii[c :; in t?wl d?;r‘n:;} O transistors qk \
electric charge is L
. : . our
associated with thick ' .
. . . # ubstrate
lateral isolation oxides ... . ..
along STI
. CMOS is usually not sidewall is
. « . 11 |‘ d i
affected by non ionizing <7 2
we

radiation: what happens  cmos scaling,
at 2 x 1016 n/cmz—) decreases in 1/0

devices

P-substrate

Increasing sidewall doping makes a device less sensitive to radiation
(more difficult to form parasitic leakage paths)



NMOSFETs and lateral leakage

In NMOSFETs edge effects due to radiation-induced positive
charge in the STI oxide generate sidewall leakage paths.

Shaneyfelt et al,

Lateral
transistors have
the same gate

hallow Trench |€n91'h as the
Field Oxide mC(in MOSFET

“Challenges in Hardening
Technologies using
Shallow-Trench Isolation”

IEEE TNS, Dec. 1998

Q Drain Multifinger NMOS

O Source

Lateral parasitic Main transistor
devices finger
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"ON" State Current (%)

-100

The analog front-end

at extreme total ionizing dose
+ Among other effects, PMOSFETs (especially minimum size ones) show a large

transconductance degradation, which becomes very steep over 100 Mrad (partial

recover after annealing)

onhgoing

This is probably not so critical for the design of analog blocks, where minimum size
transistors can be avoided if necessary; the study of radiation effects on noise is

Damage mechanisms have yet to be fully understood; they appear to be less severe at

the foreseen operating temperature of the pixel detector at HL-LHC (about -15 °C)

pmos devices : "ON" State Current Variation Versus Dose level
20 e Ban . . . - :

-20r

40+

-60+

—e—reg pmos:120nm/60nm
—e—reg pmos:240nm/60nm
g0l —®—reg pmos:480nm/60nm
—e—reg pmos:1000nm/60nm
—o— enclosed reg pmos:1480nm/60nm|
—o— hvt pmos:200nm/60nm

4 5 108 1’05

10° 10 10 7

10° 10
Dose Level (rad)
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Maximum Current Shift (%)
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“hmos : 120n/60n AV SRS -80

CPPM data with X-rays

(Fermilab and Padova studying radiation

effects with other sources)

Th o150
v
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-60F

Maximum Current Shift (%)

pmos : 120n/60n
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‘ o -100
O7 8 g
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Total ionizing dose effects on noise in
LP 65 nm CMOS

* Noise is a crucial parameter for the performance of the analog front-end
(affects minimum threshold setting in particle tracking applications, single

photon resolution in X-ray imaging)

* The study of total dose effects on the noise of CMOS transistors can be
an effective tool to understand radiation damage mechanisms

* As an example, we developed a model (which worked fine at 10 Mrad TID)
for the contribution of lateral parasitic transistors to the total noise of an

irradiated NMOS

White noise

S2

W ., post _ g m ., main ,pre

SZ

W ,pre gm ,main ,post + gm Jdat

1/f noise
0 2
Sl/f,posz‘ z1+ Af,lat gm,lat
\Yy A
1/ f,pre f gm

V. Re — IN2P3 Microelectronic School, Frejus, May 18, 2015 41




100

Noise Voltage Spectrum [nV/Hz”Z]

1+ pkg3A NMOS W/L=200/0.35 E
- 1d=20 uA @ Vds=0.6 V
10° 10 10° 10° 10’ 10°
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-
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T

Radiation effects on noise
LP 65 nm technology - 10 Mrad

—— before irradiation
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T | I
g
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L l
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| 1 Lol
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<
g
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o
(@p)]
()
O
8
2
o 1
(/)]
S
zZ
10°

10°
Frequency

10*

10° 10’ 108
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Moderate 1/f noise increase at low current density, due to the contribution of lateral

parasitic devices

At higher currents the degradation is almost negligible because the impact of the
parasitic lateral devices on the overall drain current is much smaller

No increase in the white noise region is detected
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Noise Voltage Spectrum [nV/Hz” 2]
=

—

Radiation effects on noise - NMOS

pkg1_n_100_013 @ Vds = 0.6V

3 — ld =50uA prerad
— ld =50uA 100Mrad
B No or very little increase of white
“'LMMMH' ¥ and 1/f noise terms is detected
-_ | ' ‘\va(wb”l\\lw Ww at 50 and 100 Mrad
; “m'mwmm‘f\'m’"‘/‘l,l“‘ﬂ'nim, | “1 “; i B (' \ T W
] Y w i \‘ 0 i "l‘\ )
N 60Co y-rays
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before irradiation |
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We found a nonnegligible effect on 1/f
noise at much lower doses (irradiation
campaign to 10 Mrad TID in 2009-2010)

-
o

Noise Voltage Spectrum [nV/Hz"?]

We will analyze data to find if there is a NMOS W/L=200/0.50
correlation with effects on static g L e e
characteristics at different TID values : 10 10 10 0 10 10

Frequency [Hz]



Analog design in 65 nm CMOS in RD53

The Analog Working Group of RD53 is studying the best design choices for
the front-end stages, that interface the silicon sensor with the large and
mostly digital readout chip

Severe constraints for noise, power, speed, silicon area, immunity to digital
interferences have to be taken into account in the classical analog blocks
(preamplifier, discriminator,...)

Scaling of transistor size to the nanoscale region also stimulates analog design
ideas that depart from the usual schemes of pixel front-end circuits, going
beyond a simple translation of old schematics intfo a more advanced technology.
Among them:

J Switched-capacitor techniques

(avoid local tuning in the pixel cell and additional hardware)
Q Fully differential architectures

(increase immunity to interferences)
d Current-mode schemes



Analog channel in the pixel readout cell:
asynchronous or synchronous?

The classical continuous-time LBNL design, Preqmp with constant
analog processing channel is a current feedback, 2-stage continuous-
well-established solution for time comparator (PA input used as
pixel sensors in high-energy reference in 1° sfage)
physics T_@(

[
To reduce power (and area), this - el 15
channel includes just two stages a <; f2i3
(charge-sensitive preamplifier + e Figs
asynchronous comparator), and o o——
A/D conversion may be based on o o—] —
a tfime-over threshold . l s
measurement. \:f

In an advanced CMOS process, a synchronous architecture may be a good alternative,
with self-calibration and discrete-time signal processing features (correlated double
sampling, autozeroing) clocked by the bunch-crossing cadence

Diverse options are being explored, with interesting alternatives to classical analog
pixel cell schemes



Preamplifier feedback and compensation of

sensor leakage current
. Several schemes for the feedback network are being proposed and studied
(Krummenacher feedback, current mirror constant current feedback,
active transistor resistive feedback)

« Presently, the spec is 20 nA max leakage at 2-10'6 n/cm?

......................................
-
.

Torino design, FNAL design,:_:" 1 o 5
Krummenacher :chve. ; i ke v
feedback ransistor :
| ~ resistive im |_—’\R’;"——||:
0 feedback  :|
1 ) - il
ws “J— s =y

I‘ :
- ..
’. ..
l\ .......................................
Vin &> > Vout
Ll
Source
follower
Preamp

out

(rezgulated
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Asynchronous discriminators

Based on a transimpedance amplifier providing a low impedance path for fast switching

? -1
T _T Bl Based on a transimpedance amplifier

My Mes M, providing a low impedance path for fast
| "°| m switching
6

j ¢ ._T _r—-‘><>—‘>o—.
._I Mnl an |_'M2 vou‘r,dis

Vour | [ Vo é—, _| M. Bl Tail current source made with a native
M, transistor

A=t
} l_ B Power dissipation: ~1.1 uW

INFN-Pavia design
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Digital calibration of the discriminator
threshold in an asynchronous front-end

120

Nonidealities of nanoscale CMOS i
transistors may be addressed by 100} M Before com. (r=5 45 mY)
. . . ] i I After corr. (0=0.49 mV)
appropriate design techniques. This of
includes the digital calibration of analog :
circuits. In an analog front-end channel, 7
the discriminator threshold may be finely = «
adjusted by a local digital-to-analog
converter (DAC).

60

Counts

20 -

S I L T
= 1,2 INFN-Pavia prototype Threshold (V]
—t Z 65 nm continuous-time analo
n )
L J\ B N ’jl' "an front-end channel for HL-LHC
RT*™ 4 e | pinels
ﬁ = 176 Vou ‘:» _'
g p c In || Threshold dispersion:
Veer o % L. " Before correction 380 e rms
-l T Local threshold setting After DAC correction 35 e rms

through a 4-bit current
V. Re - Steering DAC 'May 18, 2015 48




Synchronous discriminators

VBL INFN-Torino
STROBE .
design

Offset (and mismatch) PHI1b PHI1a ?
cancellation based on PHI2 T Caz T
comparator autozero Vin [O>—o0-0 1 N o T
(store offset ona %
capacitor, and then  Vref o0 1 R = e YT
substract it from signal Pz { PREAMP 27 { LATCH
+offset) PHI1b PHI1a

T — I- Threshold dispersion after

AN == | compensation < 40 e rms

Output of CSA. Variations due to

B R / ;;\\y Mismatches (MC analyis) Design compatible with

. ;E”ft;j;/\ w;;ia e Fast-ToT thanks to locally

e o o e / S generated clock. Example:
e e for Qin = 30ke", ToT =
- - - - 250ns

Input to Comparator Latch. Excellent off-set

e o™ 10 ENC= 110 erms @

: Cy=100 fF

2015




A fast and compact synchronous

Fermilab design in 130 nm

CMOS, being converted to d ISCI"ImInClTOI"

65 nm in a collaborative
Fermilab-INFN effort

Gain with positive
regeneration

Switches use BXclk for
reset/compare l)

Out

Clamp to maintain i
constant | 4

Zero FE dead time (can latch hits -

Compact, single-ended
architecture

Correlated double sampling:
 Auto-zeroed

* Increased pileup immunity
* Signal filtering

* No need for trimming DACs
12.5ns reset phase; 12.5ns
active comparison
Low-power, fast, insensitive to
corners

Additional gain and positive
regeneration in 2"9 stage.
BXclk must be well controlled
across a large chip
1.5uW/comparator
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Is a Flash ADC affordable in the pixel cell?
B S ITLLITECLIFLIELITPIYEFEICEC : —
\2‘ — ’iJ 3 | comparator > \
=. feedback .

E resistance E I
R — Vi, »| Comparator >
: ' o
: —| I——NV‘ v Comparator @
. . th2 8
E Leakage ;l; E I rgn
= current . Vins » Comparator » 8
= compensation | . °
% circuit lair™ 14+ Veak d .: | 5
VR DR A ! Vs Comparator @
v R |
ths Comparator >
Source
In @ (regulated follower | I
Cascode) Preamp Vine Comparator >
Out |
« Current consumption is SuA (preamp ) + S8uA Vi T | comparator  }—»
(all comparators) QscReset L it )

» Translating from 130 nm to 65 nm (Fermilab-INFN Pavia collaboration), improves
speed and threshold dispersion (35 e rms) performance

» The Flash ADC may be attractive in 65 nm, provided that a 3-bit charge resolution is
enough for physics needs. Present specification is = 5 bits, achievable with a ToT counter
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Digital-to-analog interferences

»  There are many ways by which interferences can propagate through the

Chlp SUbSTr'ClTe... _/Toltage sensitive
transient node
Noisy digital Ground Quiet analog Ground

\—/" reverse-biased f/ \—/ w
junction 7\

hot body effect:
carriers TA capacitances

substrate

contact substrate

contact

Vbs -> Vt -> Ids -> Vds

A

+  These effects can be mitigated by using differential, low-level digital
signals (LVDS), by isolation techniques, by layout tricks (separated
analog and digital power and signal routing) ...

Port1 Pf‘N’PQJ.ard Ring Port2 I A Young

! ~ (Intel), "Analog
mixed -signal
circuits in
' ] advanced

nanoscale CMOS

High Resistivity technologies for
microprocessors
and SoC", 2010

Figure 6: Illustration of the three main isolation techniques; PNP guard ring, ESSCIRC
deep NWELL and high resitivity substrate.

P-well
Deep Nwell
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Pixel analog front-end inside the large RD53 mixed-signal
(mostly digital) integrated circuit

In modern pixel readout chips, the analog front-end cell is embedded in an
extremely complex microelectronic system, where analog and digital circuits
coexist in the same small readout cell

A correct layout is crucial to avoid digital interferences in the low-noise analog
front-end; immunity to disturbances on analog supply lines ("PSRR") is also
essential

The "analog island” concept (A.Mekkaoui, LBNL)
50 um X 50 um puxel cell Four' 50 ym x 50 /Jm nixel cells

B Digital nwell guard CLOSED! s o i

e Now analog section is isolated from “outside” | i




Plans of RDbH3

The challenge of analog design in 65 nm CMOS for pixel readout at
the HL-LHC is being tackled by our community of microelectronic
designers in a collaborative way (RD53, the INFN project CHIPIX65)

Current goal: developing/qualifying technology, tools, architecture
and building blocks required to design next generation pixel chips for
very high rates and radiation

First round of submissions in 2014, first prototypes currently being
characterized, other submissions in Spring and Fall 2015

These prototypes will allow us to evaluate the best solutions for the
architecture of the analog front-end
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Pixel analog front-end for particle trackers
versus front-end for X-ray imaging

For tracking, the main specifications of the analog front-end concern
the threshold setting (maximize efficiency, minimize noise
occupancy), the power dissipation (requirements on delivery of power
and cooling to the chip) and the speed (latch hit with the correct time
stamp)

For X-ray imaging at FELs, essential parameters are the analog
resolution (very low electronic noise for single photon detection), the
dynamic range (capability of handling a large number of photons; large
humber of ADC bits, with a fast conversion time), the linearity (in the
lower end of the dynamic range)

Next slides discuss how 65 nm CMOS may be a tool to achieve the
required analog performance in a 100 um x 100 um readout cell for an
X-ray hybrid pixel detector for X-FELs = the INFN PIXFEL project
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INFN PixFEL project profile

B Goal of the project: high performance X-ray imaging instrumentation
for the experiments at the next generation of free electron laser
facilities

Small pitch active edge silicon pixel sensors
65 nm CMOS technology for pixel readout electronics

3D integration techniques for the vertical interconnection of
sensor and readout electronics layers

B Participating INFN groups

INFN Pavia: Lodovico Ratti, Massimo Manghisoni, Daniele Comotti, Francesco De
Canio, Lorenzo Fabris, Marco Grassi, Piero Malcovati, Valerio Re, Gianluca
Traversi

INFN Pisa: Giuliana Rizzo, Giovanni Batignani, Stefano Bettarini, Giulia
Casarosa, Francesco Forti, Marcello Giorgi, Eugenio Paoloni, Fabio Morsani

INFN Trento: Lucio Pancheri, Gian-Franco Dalla Betta, Giorgio Fontana,
Ekaterina Panina, Giovanni Verzellesi, Xu Hesong
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Beam-line and beam-time structure at X-ray FELs

Beam lines with different photon energies Beam-line structure @Eu-XFEL
available at each facility i ¢ e =\
Very different beam structure from one — — e o g
FEL facility to the other | - i
Each pulse is always very short S —— ——— e =
%(%LE?_ czoznginuous opera’ri%n @ 120Hz . . |xs;u S

: ns spacing, with time to readout A " T o e
Future (i.e. LCLS TT) continuous IMHz LINACT sasEz - SH SASES
spacing
Most challenging for detectors are Eu-XFEL & LCLS II, taken as target for PixFEL
Today’s x-ra TOday: LCLS' ~2700 pulses/600ys EU_XFEL
Iaserysource); ~ milliseconds :ntense putlses at e —
- \ ow rep rate

e

|
| —
A /\ jﬂ( ~millijoule A jH ~ femtoseconds
il

Tomorrow: NGLS/LCLS IT

Tomorrow’s x-ray ~ microseconds
laser sources  _100 microjoule —>( }<—

X-ray photons

Intense pulses at
high rep rate

i< attoseconds to femtoseconds

100fs

,' FEL process
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PixFEL detector design and technology

Multilayer device: active edge thick pixel sensor, two tiers
CMOS readout chip (analog+digital/memory), fabricated in
65 nm CMOS, to increase memory and functionality in a small
pixel pitch of 100 ym.

—— VDD

- Wide dynan.wic.: mnge, 1—1.04: | ﬂimE}
- Preamplifier with gain compression "
- A/D conversion in 200 ns n Ao |
»>—e— - out
- Successive approximation 10 bit ADC . .
- Pitch: 100 ym L e

200 mV

amplifier

- 65 nm CMOS readout chip to increase
functional density

+ Readout and memory: 1k frame depth

- Use 3D integration to increase depth by
adding a memory layer




Readout channel

gnd| 08V SO
1 keV /10 keV » - ! So
G /
10-bit

——— b0
Vi m — @ - —
in 1.0V °
» ® - ® / / ADC
0.8V V 0.8-0.3V 1.0-0.2v QU s
1.0V
® Charge sensitive amplifier - dynamic signhal compression 100
® . B Amplifier
Transconductor - voltage to current conversion B Vol
nter
“ Time invariant filter - changeable gain and integration time W ADC
®  Analog-to-digital conversion - 10 bit SAR ADC Total Power
o 350 uW

Technology - 65 nm CMOS

120
Power [uW]
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Dynamic compression

E 05 - _/"'1
% /
04 L .
% / G1,.=40 uV/ph
2 03 ]
>
=3
3 02 f i
< | 6,.=1mV/ph
ZI RN AR e P ]
PMOS
input ! | | \
e 0 0 2000 4000 6000 8000 110*
BE.  Based on the non linear feature of a 00 Energy [ph @ 1 keV] o
MOSFET operated in inversion mode c
: !
® |AVaslcV, D C=Cop Gain=6,, “ - O

¢ |Avou1'|>>v1-h > Cf:Cmax' Gain:Ghe

B Suitable choice of W and L to configure the
gain in the low and high energy regime, under

Gain [mV/iC]
hR
\

e - 04

[4d] eoueyoede)d Yorgpes) JusjeAinb]

the constraint set by the preamplifier — é"'--
output range Crin he
D. Comotti, "Low noise readout channel with a novel dynamic 01 | 10 100 1000 1000
signal compression for future XFEL applications”, N18-2 Energy [ph @ 1 keV]
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Inversion-mode MOS capacitor

Drain and source shorted to form one capacitor terminal, the gate forms the other

Cg,sd 4

—— Vgs<Vth —— Vgs>Vth

Cmax +
n+ poly n+ poly
1 I
i — N — R
-T —— - T =T .
‘ I ‘ Cmin

— | 1
1
1
STI e } \ ik STI STI n+ n+ STI '
1 »
. >
0 Vih Vg,sd

p-substrate p-substrate

® 0< Vgsp << Vi — Cg,sp is set at its minimum and it is mainly due to the overlap
gate-to-source Cys ov and gate-to-drain Cyq o, Capacitances:

Cmin = Cgs,ov + Cgd,ov = 2WALCox

W = channel width, AL = extension of the overlap region, Cox = gate oxide capacitance per unit
area
® Vgsp >> Vi — Cg,sp shows a maximum value which is mainly given by the gate-to-channel
Cqc Capacitance
Cmax = Cgc = WLCox.

Basic idea: exploit the non-linear features of MOS capacitors to dynamically change the gain of
Charge Sensitive Amplifier with the input signal amplitude
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Gain setting

100 : —— — .
:; N . PMOS @ V3=12V; V=200 mV
Low Energy Gain (Gj) (E<10 ph at 1 keV) g |, s
S | =20 um 5. .
If Vour<<Vin = Cgs = Cnin ~ Cgsovl + ngovl = 2WALCox % '
S LR
1 1 % 10 »-- R *l ']*
Gle = 2809 ———— — g e
° qZALCOX W § .- —vafzfof“;n]— -a- - = flfll.'l‘l::a
= Gy adjusted with the MOS channel width W | Bvalatedforiph@tkeV
1 10
Channel Length or Width [um]
. " PMOS @ Vy=12V; V=200 mV
High Energy Gain (Gpe) (E>102 ph at 1 keV) ol e, |
g M ]
If Vour>Vin = Cgs = Cmax = Cgs + ng = WLCox % 7 -
1 1 i "8, W=10um
Gre = 280G 5 — 7 it
oX E’ \.\.S'.'QW=20 um
T o100 1 > E
= Gpe adjusted with the MOS channel length L " Evaluated for 10° ph @ TheV | ]
1 160 ‘ 5% “\“1‘000

Gate Area W*L [umz]

1 i . — G/e — Cmax ~ L
Signal compression factor: k = G = Cox N pp[ = depends on L only
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Improved Low Energy gain precision

Additional capacitance Cr in parallel to the feedback MOS

1
B L
DT ’
W— — and L—f-L
Cr B
® H ° with B>1(the higher the value of 3, the lower the
dispersion)
. : ] —
In V ; 30 I Feddback with MOS only
- . - ou - Standard Deviation E
25 | 40 uViph ]
+ out o0 | Feddback with MOS
- and MIM capacitance | B
. Ideal < 15 [ Standard Deviation 1
amplifier 8 - 10 uViph —|r E
10 -
Improved feedback for f=5 °F
0 r I
® Cg=34fF MIM cap . i

® |N/=20 um and L=5 um 0.9 0.95 1 1.05 1.1

Low Energy Gain [mV/ph]
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CSA with signal compression - Overview

Vin .—GP—IE I[\\A/?I'

M.

SlBhao

N
e

B2 LVT
W/L

_.4%
—
’_,_S‘R

.Vout

1/10 keV -—|
—é—‘ %

)
9><Cf

P LVT
b 9 x W/L

i

Input signal and gain:
® 10* photons at either 1 keV or 10 keV

® Low energy gain: gie &~ 1mV/ph

® 500 mV output range with Vijnx ~ 250 mV =
High energy gain: ~ 25 iV/ph

Feedback MOS
® NMOS W/ =40/4 (1keV and 10keV)
® NMOS W/1=9x40/4 (10keV)
Forward gain stage

® Active folded cascode (with local feedback)
loaded by an active load

® |nput device PMOS W/L=40/0.15

Cer ranges between about 40 fF (1 ph @ 1 keV) and 20 pF (10* ph @ 10 keV) = key issues:
® High peaks of current during the signal settling = driving capability of the output stage

® Fast charge restoration at higher energies

® Phase margin variation

V. Re - IN2P3 Microelectronic School, Frejus, May 18, 2015 64



CSA output stage

® \ery high peaks of current (up to 400 1A) to be sink by the output stage

® Standard PMOS based source follower not suitable

® — improved output stage based on the White follower

Vin .—0—": x?r V, !

DL
f |E%5VVI
I_,_SIR

| E—

P LVT
1/10 keV @,9xW/L

9><Cf

I_

3 configuration

Source Follower Output Stage

White Follower Output Stage
T T

— Output

—Node A

—Node B

—OQutput
—Node B
—Node A

0 L L . .
108 KN 112 1.14 %Fos T 112 114
Time [s] x10° Time [s] x10°
10* photons input signal
450 T T —
400 —Feedvack MOS, 1 keV
—M,, 1 keV

350 —Feedback MOS, 10 keV ]
300/ —M_, 10 keV
<
=250
<
£ 2001
3

150

100

50—

0 | il R B B

1.09 1.095 1.1 1.105 1.11 1.115 1.12 1.125

Time [s]

9 I?Lilga, A.; Zocca, F., "Fast low-impedance output stage for CMOS charge preamplifiers able to work at cryogenic temperatures,” NSS/MIC, 2009 1EEE
o
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CSA Reset

Vinm—4
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1/10 keV .—IEE,QxW/L
—é;}—“

9XCf

i

Reset phase:

® Node B slew rate limited by /g4

® — My current increases = Voltage at
node A approaches Vpp

® — Additional reset network (in red) to
speed up the charge of node B

10* photons @1 keV
1.1 AL L IS I IS I ~Uv A R I
| |—without reset network - 75
[ |[— with reset network

—_

o
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|
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CSA features and transient response

907‘ T
85:' b 0.8 |- .
= [ — L 1 keV Operation Mode
g > 0.7 - -
‘= 80 — o E
o L fo r
s | S 0.6 - E
@ 75} . = ,
g ! 205 ]
: S i
" ’ é 0.4 7 =
657““'_2 e ] 0.3i - =
10 1 10 10 r 1
Equivalentfeedbackcapacitance[pF] b b b b b b
-20 0 20 40 60 80 100
Time [ns]
Amplifier main features
Open Loop DC Gain 60 dB ® Fall time: tr < 20 ns for a detector signal
Open Loop GBP 140 MHz collected in 15 ns
Phase Margin (Cef=10pF) 70 deg ® (Compatible with the 4.5 MHz burst mode
Power Consumption 90 uW operation of the Eu-XFEL
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CSA dynamic range

CSA Output Voltage [mV]

20— T T T e S B ————————— ———————————
1gl.| =1 keV energy 0.5-|—1 keV energy

| |-=-10 keV energy [ |— 10 keV energy
16 -

4+ = ]

f g

o k:

L g ,
T 3

8 3 b
4+ ,
2_

Gi “““““ Lo vw Lo vw Loy o
0 10 15 20 0 2000 4000 6000 8000 10000

Input Signal [ph] Input signal [ph]

Low energy gain: Gj ~ 1.0 mV/ph

Linearity: Non linearity lower than 0.06 ph in the first 20 photons range
High energy gain: Gpe ~ 25 uV/ph

Compression factor: k ~ 40

Dynamic range: the CSA covers the full dynamic range of 10* photons in about 500 mV
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PixFEL readout channel

£R
b

WIL
1/10 keV

0

Qnxdt 0.8V
Charge Sensitive Amplifier with V-to-|
dynamic signal compression Conversion Gated integrator 10-bit SAR ADC

Charge-sensitive preamplifier with dynamic signal compression
Transconductor for voltage-to-current conversion

Time-variant filter with integration time selection options, featuring a trapezoidal weighting
function?

Analog-to-Digital conversion by means of a 10 bit SAR ADC

2L, Bombelli, C. Fiorini, S. Facchinetti, M. Porro, G. De Vita, “A fast current readout strategy for

the XFEL DePFET detector”, Nucl. Instr. Meth., NIM, vol. 624, pp. 360-366, 2010.
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Transconductor for V-to-l conversion

Electronic
Instrumentation
Laboratory

T

Wide input range (0.5 V) = additional circuit (in red) to linearize the characteristic

@ L
o Jp—gell_
lout
—>
4 »
Vref-Vin R R
I: M1 Mx M2 :I Vref
0.3-0.8V 0.8V

M5 |
I

2
\/2[31 oly ﬁ1 2an : BX
lout = ——Vip\|1 — —5— with A=,/1+
out A n 2/0 2ﬁ1 2

1 W
where ;=3 o Cox I

Output Current [uA]

30 1

10 -

Without
linearization circuit
A=1

With
linearization circuit
A=5

0.3 0.4 0.5
Input Voltage [V]

0.1 0.2

V-to-l main features

Gain 30 LAV
Power 120 uW
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Flip capacitor filter

preamplifier

Ay FLd

L» ) S4 S1-54
! S2

Gm — @ \ out
Vtr .—/

<

S2-S3

\

\/

E  Flip capacitor filter (L. Bombelli et al., 2 -\
NIMA, vol. 624, pp. 360-366, 2010) g 0s 100 pn
o
® events with a known repetition rate > ..
time-variant shaping g
® trapezoidal weighting function by feedback g 0.4
capacitor flipping 5% o
® performs correlated double sampling (CDS) rearation & Fippng © Iniegreton Pt
° 0 50 100‘ ‘150 200
Time [ns]
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Noise and Signal-to-Noise Ratio

Integration time = 35 ns

C; =240 fF
(detector, strays, preamplifier input capacitance)

ENC contribution by the charge sensitive amplifier = 50 e rms
(with a slope of 156 e /pF)

SNR = 5.6

compatible with single photon resolution at 1 keV, considering
that 1 photon at 1 keV generates a charge of 277 electrons.
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Noise analysis

80

Bl Electronic noise
® due to the analog front-end

® increases with increasing signal (the feedback
capacitance increases)
® ENC=60 e" rms @ =50 ns

20 | B g B g

B Quantization noise

® due to the ADC
( ]

Equivalent noise charge [e]
£
u

. . 00 160 260 360 460 500
negligible for small number of photons Integration time [ns]

® #photons per bin/sqrt(12) for large numbers of A B
photons

E.  Poisson distributed noise of the photon
generation process

Poisson Noise
Electronic Noise
Quantization Noise
Total Noise

80 | ]

100 -~

60 | _
40 - ]

20/ —
0 — ‘ ]

r ! N L | L L 1 L
0 2000 4000 6000 8000 10000
Energy [photons @ 1 keV]

System performance is dominated by Poisson
noise

Noise [photons @ 1 keV rms]




10 bit time-interleaved SAR ADC

Vierr B Two split capacitive DACs in a time-interleaved

!

C (35 £F)

ST

structure; for each DAC

® pre-charge during one sampling period

® conversion during the subsequent
c| 2c| 16c period
B No need for a dedicated stage to
\‘ \, j charge the DAC (~2.3 pF)
1 1 lS:gRic
1
{ I 1 b9 b0
cT 2C 16C B Avoid large current peaks due to
s . fast capacitance charge
B Sampling rate of 5 MHz, 10 bit conversion in 11
. clock periods (~18 ns)
\'/

REF1
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ADC performance

T ' ] E 0.2 V-1V input dynamic range
post ayout B INL, ,,=0.14 LSB, DNL,,1,=0.125 LSB from
s 08 - ] schematic simulations, <0.5 LSB in post
= layout simulations (no missing codes)
% 06 - - .
c | Sy e, 1000 -
Sa:) i 1 keV photons
| 10 keV photons i
g 04 i 800 p )
0.2 - § 600 ; -
3 _
| | | ‘ I\ | O
0.2 0.4 0.6 0.8 1 1.2 9( 400 - |
Input [mV] | 5 ]
200 | |
B SNR=60dB (ENOB=9.6), B W v A
offset=2.6 mV N
0 2000 4000 6000 8000 10000

# of Photons
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The pixel readout cell

Area occupancy

V-to-|
Filter
ADC

OEEEE

3500

250

Area [um”2]

Power Consumption

V-to-|
Filter
ADC

EEEO

Total Power
350 uw

Power [uW]
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Long term goals of the PIXFEL project

E.  Develop a four-side buttable module for the assembly of large area detectors with
no or minimum dead area to be used at FEL experiments

active edge sensor

Good efficiency
up to 10 keV

high density
interconnect low density

bond peripheral TSVs
pads

bump
bonding

9 bit resolution\{
(effective), 5 MF

high density TSVs ampling rate

wide dynamic range (1 to
10000 photons), single

readout
chip active edge
sensor

photon sensitivity

burst and front-end+ADC l xxxa ‘ . xxxxsn
continuous - E EAEEEEEENEEEELEE S EEE R EE NN
mode 'XXXX XXXXX Xxxx

hybrid board

operation gigital readout+memory
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Conclusions

B At the 65 nm node, low-noise design of analog circuits in mixed-
signal detector readout chips is challenging but, according to the
study of key analog parameters, appears to be still viable in the Low

Power technology flavor.
B Classical analog problems (signal amplification and filtering, noise

optimization, minimization of threshold dispersion) require clever
solutions

B Microelectronic technology will drive the evolution of particle
detection systems as it has done in the last decades

B Inthe next couple of years, large size 65 nm mixed-signal readout
chips for pixel detectors in high energy physics and photon science
will be available
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Backup slides
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Noise spectra at minimum channel length
in various CMOS generations

I'll T T 'I"l'l T T "llltl T T 'v'ltvl

g

= —O— W/L=600/0.065 @ 65 nm Foundry A 3
E‘%: —&— W/L=600/0.10 @ 90 nm Foundry B
P, —&— W/L=600/0.12 @ 120 nm Foundry B

T T T
L1 1l

NMOS
Ceare ~ 1DF
Ip =100 wA

T

Noise Voltage Spectrum [nV/Hz'?)
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e
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-

10° 10* 10° 10° 10’ 108
Frequency [HZ]

Fig. 3. Noise voltage spectra of NMOS with same gate capacitance
belonging to the 130, 90 and 65 nm CMOS technology nodes.
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As for the noise, the discriminator threshold and its dispersion
(divided by the analog channel charge sensitivity) can be treated
in term of input-referred charges, Qy, and o, respectively.

For a second-order semigaussian shaper, and series white noise as
the dominant contribution to ENC, the frequency of noise hits can

be calculated as: th
:

£, = ﬁe_ZENC2
mtp

In practical conditions, the humber of noise hits can be kept at

acceptably low values by satisfying this condition:

S;\g > 4(ENC+0th)

To maintain an adequate efficiency, a channel-by-channel
threshold adjustment may be necessary (threshold DAC in the
pixel cell)
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Operating
point for
W/L
=400/0.2
(strips), I,
= 40 pA

W/L

=20/0.1
(pixels),
I, =4 uA

MOSFET essential parameters:
the transconductance g,

100 -
Weak inversion law
T A Strong inversion law-
P
—
-0 10 C
~e | ===-- NMOS 130 nm
o —— NMOS 90 nm
----- NMOS 65 nm
1 9 4B 4T a6 a5
10° 10 107 10 107
| L/W [A]

107

‘ Under reasonable

power dissipation
constraints, devices in
deep submicron CMOS
operate in the weak
inversion region

By In weak inversion:

Ip
nVT

Em =

(n =1.2 in 100-nm scale
CMOS)
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