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Industrial microelectronic technologies are today crossing the 10 nm 
frontier bringing CMOS into the nanometer world

Nanoscale CMOS is appealing for the design of very compact front-
end electronics systems with advanced integrated functionalities, 
such as required by semiconductor pixel sensors with low pitch for 
particle detection at extremely high rates and radiation levels

Digital performances (speed, density, power dissipation) are driving 
the evolution of CMOS technologies. 

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 and radiation hardness?

Front-end electronics 
as an integral part of particle detectors

3D integration can be a key technology to enhance the performance 
of sensors and electronics; 3-dimensional technique are allowing 
microelectronics to go beyond conventional scaling limits
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Advanced pixel detectors 
and readout microelectronics

Particle tracking at LHC- Phase II:

• Very high hit rates (3 GHz/cm2), need of an intelligent pixel-level data 
processing

• Small detector signals require operating at low threshold (< 1000 electrons)
• Very high radiation levels (1 Grad Total Ionizing Dose, 1016 neutrons/cm2)
• Small pixel cells to increase resolution and reduce occupancy (~50x50µm2)

 Large chips: > 2cm x 2cm, ½ - 1 Billion transistors

FCC-hh:

• Radiation levels expected to increase in inner layers (25 mm):
up to 30 Grad and 1018 neutrons/cm2

• Smaller pixels (avoid in-pixel pileup)
(~25x50 µm2) the need for higher logic density is not a function of 
pixel size, but of hit rate per unit area.

• Huge data rates: 
• Max hit rate 20 Gb/s/cm2, will need 50-100 Gbps low-power, low-

material data links 
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Scaling of microelectronic processes
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The old ways of CMOS scaling

Shrinking of gate length leads to 
an increase in speed and circuit 
density. To avoid short-channel 
effects, drain and source 
depletion regions are made 
correspondingly smaller by 
increasing substrate doping 
concentration and decreasing 
reverse bias (reduction of the 
supply voltage)

Increasing substrate doping increases 
the device threshold voltage: this is 
overcome by decreasing the gate oxide 
thickness.

Classical scaling ended because of gate 
oxide thickness limits: in very thin oxides, 
direct tunneling of carriers leads to a 
large gate leakage current.
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M. Bohr 
(Intel), “The 
new era of 
scaling in a 
SoC world”, 
ISSCC 2009.

Mechanical stress (compressive or tensile 
strain) is introduced in the silicon channel to 
enhance carrier mobility and drive current.

Gate dielectric is made thicker (still reducing 
gate capacitance) by using materials with higher 
dielectric constant than SiO2.

How  ha s  Moore’s  law  be e n  possible  ?
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Below 28 nm, FinFET
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Three-dimensional, Gate-All-Around 
vertically stacked

transistors
At reduced gate length, even the FinFET fails to provide enough electrostatic 
control of the channel. The scaling of the size of standard cells requires using 
single-fin devices, which cannot provide enough drive current

In GAA transistors, the channel is divided into separate horizontal sheets. As 
the gate now fully wraps around the channels, superior channel control is 
obtained compared to FinFET
The sheet-to-sheet spacing, analogous to fin pitch, is determined not by 
lithography but tightly controlled epitaxial processes.
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Scaling is about density (not, or not only about the gate length of 
transistors) ⇒ more speed, more power/energy efficiency

For recent CMOS nodes, “7 nm”, “5 nm” are not related to a feature 
size: they give an indication of the achievable density of transistors 

The meaning of scaling

J. Ryckaert, Scaling CMOS beyond FinFETs: from 
nanosheets and forksheets to CFET, IMEC, 2020
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The next 20 years (?)

Very high carrier mobility can be 
achieved with 2D layered 
materials (or 1D materials) and 
nanometer-thin transistors

Z. Tokei, N. Horiguchi: A view on the logic 
technology roadmap, IMEC, 2020
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• For various reasons (cost, accessibility, know-how,…) we are lagging 
behind the frontier of industrial technology (also CMOS image sensor 
processes are following the scaling of technology nodes with some 
delay)

• In a 20-year timescale, it is certainly possible that we’ll have access 
to the most advanced CMOS nodes that are available today

• Can we make some predictions about the achievable performance that 
we can attain in the future?

• For example, how much can we shrink the size of pixel cell? I’ll try to 
base the answer on our experience

The adoption of advanced CMOS in our community
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DSSC PixFEL

Analog section: 
5000 µm2

CMOS scaling applied to pixel readout cells: 
from 130 nm to 65 nm for photon science
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130 nm CMOS FE-I4 
readout chip for 
pixel sensors in 
ATLAS IBL: the 
analog pixel cell

Analog section in the readout cell in pixel front-end chips 
for particle tracking at LHC

About 6000 µm2

for the analog 
front-end in a 250 
x 50 µm2 pixel

CMOS scaling applied to pixel readout cells: 
from 130 nm to 65 nm for HEP
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65 nm CMOS readout 
chip for pixel sensors in 

the phase II upgrade 
of the CMS inner 

tracker at HL-LHC: 
the Linear Front-End

In a 50 µm x 50 µm pixel cell, the 
area allocated to the analog front-
end is about 1000 µm2.

With respect to FE-I4, area 
reduction is also achieved by 
changing the design (e.g., no shaper)
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The design of future readout chips

– Previous examples shows that the size of analog circuits is not 
shrinking by simple CMOS scaling: it may require changes in the 
pixel cell design

– Digital signal processing can (and probably must) be greatly 
enhanced in future chips design, extracting high quality data to be 
sent off chip. This will also allow designers to fully exploit CMOS 
scaling to the nanometer level

– Still, detection of small signals requires analog circuits (typically 
preamp + discriminator) capable of operating at low charge 
threshold, while avoiding spurious hits (low noise and threshold 
dispersion) and surviving in a hostile digital environment
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Critical parameters for analog front-end 
design in nanoscale CMOS

A complete picture of analog 
parameters is not available yet (at 
least to me), but a hint of the 
behavior of planar 28 nm CMOS and 
of 14 nm FinFETs can be extracted 
from preliminary experimental results 
and from the general features of 
recent CMOS nodes

Improved gate control was developed 
in FinFET to decrease leakage 
current, reduce short channel effects 
(which also may lead to higher gain) 
and process-induced variability

The improved electrostatics of GAA 
transistors can help in increasing the 
gain

Intrinsic gain in weak inversion

minimum 
channel 
length

L. Ratti, M. Manghisoni, V. Re, 
Analog front-end design 
perspective of a 14 nm FinFET
technology, 2019 IEEE NSS
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Low frequency noise power parameter

𝑀𝑓(𝑓) =
𝐾𝑓

𝐶𝑂𝑋
𝑓𝛼𝑓−1

To account for the difference in 𝛼𝑓

Preliminary FinFET studies 

From available data, FinFET
transistors appear to be in a 
similar ballpark as previous CMOS 
nodes (including 28 nm) with 1/f 
and thermal noise

(S. Yang et al, 28nm metal-gate high-K CMOS 
SoC technology for high-performance mobile 
applications, 2011 IEEE Custom Integrated 
Circuits Conference)

𝑆1/𝑓
2 =

𝐾𝑓

𝐶𝑂𝑋𝑊𝐿𝑓
𝛼𝑓

L. Ratti, M. Manghisoni, V. Re, 
Analog front-end design 
perspective of a 14 nm FinFET
technology, 2019 IEEE NSS
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Threshold dispersion in nanoscale CMOS

While the threshold mismatch  has the expected reduction with tox scaling 
until about 90 nm technologies, in more recent technology generations it has 
not been decreasing that much. This could be due to the reduction in tox

scaling, the increase in channel doping required to reduce short channel 
effects, and the contribution of additional process steps.

However, threshold mismatch could be smaller in FinFET, thanks to 
the better electrostatic control of the gate

S. Saxena: 
“Variation in 
transistor 
performance and 
leakage in 
nanometer-scale 
technologies”, 
IEEE Trans. El. 
Dev, vol. 55, no. 1, 
January 2008, pp. 
131-144.

≌ 3 mV.µm for 28 nm, 
may go even lower 
with FinFET

S.-Y- Wu et al, A highly 
manufacturable 28nm 
CMOS low power platform 
technology
2009 IEEE symposium on 
VLSI Technology
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In RD53, the extensive characterization of the LP 65 nm CMOS technology 
led to the definition of analog design guidelines to prevent degradation of 
transconductance and excessive threshold voltage shift 
(Wp ≥ 300nm Lp ≥ 120nm Ln ≥ 120nm)

Tolerance to high Total Ionizing Dose 
of nanoscale CMOS

Can similar criteria be defined for 28 nm CMOS, for FinFET and GAA processes? 
What is the noise behavior at extremely high TID? 
Can a 28 nm CMOS chip (or, e.g., a 14 nm or a 5 nm one) work with acceptable 
performance at TID > 1 Grad?
(see the excellent and extensive work by CERN, Padova et al, to characterize 
radiation hardness of 28 nm CMOS at very high total ionizing dose)

A significant radiation-induced parasitic leakage current can be observed for 
bulk FinFETs due to charge trapping in isolation oxides, particularly for narrow-
fin transistors 

(D. Fleetwood, Evolution of Total Ionizing Dose Effects in MOS Devices with Moore’s Law Scaling, IEEE 
TNS, 2017)
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Evolution of scaling and radiation hardness

With a high dielectric constant (high-k) material, a much thicker gate dielectric 
can be used, with the equivalent capacitance of much thinner SiO2-based 
structures (in ≤ 45 nm CMOS). 

Alternate gate dielectrics

Thicker dielectrics are more sensitive to ionizing radiation; as always, actual 
behavior will depend on process details. Hafnium-based dielectrics with good 
radiation tolerance have been reported

“3D” gate structures have been devised as a way 
to avoid short-channel effects in aggressively 
scaled MOSFETs (≤ 22 nm). Control of lateral 
gates on silicon channel may be beneficial in 
terms of radiation tolerance (no lateral leakage). 
However, radiation effects in these advanced 
devices may be more complex than in bulk MOS

Advanced multiple-gate devices

4

New MOSFET Structures

Chenming Hu, July 2011 

Cylindrical FET

Ultra Thin Body SOI

Carbon-based electronics (Beyond CMOS)
Carbon nanotubes and graphene have generated much interest: not yet clear if they 
will be a replacement for Si CMOS. Because of their extremely low volumes (few 
atomic layers), their radiation response may mostly depend on interfaces and 
surrounding materials.
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3D integration as a tool to advance 
the state of the art of pixel sensors

• The increase of functional density can be achieved by stacking 
layers of electronics, vertically interconnected by Through-Silicon 
Vias (TSV)

⇒ interconnect delays can be reduced

⇒ each layer can be optimized for a dedicated function 
(sensing analog processing, DSP, memory, optical data 
transmission,…)

• For our pixel sensors, 3D integration could be leveraged to shrink 
pixel size and pitch, increase pixel-level electronic functions, reduce 
dead areas, decrease amount of material by aggressive thinning
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3D in commercial 
microelectronics: imagers

• “BSI and 3D-stacked processing continue to offer improved 
performance with increased on-chip functionality and new features 
being integrated at the pixel level” 

• A clear industrial technology trend is based on the stacking of 
CMOS image sensors with a CMOS mixed-signal readout chip, both 
in decananometer technologies (see also ISSCC2021)

• sub-µm pixel CMOS image sensors have been fabricated thanks to 
small pitch bonding interfaces and wafer stacking

• 3-layer devices with image sensor, RAM, and logic are available 
thanks to high-density TSV, opening the way to event-based 
imaging, to AI processing and machine learning

• The resulting architectures may stimulate interesting ideas for 
particle tracking detectors

24

(from the ISSCC 2020 report)



Valerio Re – ECFA Detector R&D Roadmap Symposium of TF3 Solid-State Detectors, April 23, 2021 25

Image sensor 3D-stacked with a FinFET readout

65 nm backside illuminated 
CMOS Image Sensor
output signal from pixels on the 
top chip is transferred to 
correlated double sampling (CDS) 
circuits on the bottom chip 
throughout TSV

14 nm CMOS readout chip (with 3D 
FinFET transistors)
single-slope ADCs, row driver 
to control pixels on the top chip, 
image signal processor (ISP) and 
mobile industry processor interface 

M. Kwon et al., A Low-Power 65/14nm Stacked CMOS Image Sensor”, Samsung, ISCAS 2020

Wafer level stacking  
pixel pitch 1.4 mm, 
12 Mpixel
11-bit column parallel ADC 
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CMOS image sensors with 3 device layers:
pixels, DRAM, logic

26

“Pixel/DRAM/logic 3-layer stacked CMOS image sensor 
technology” H. Tsugawa et al. Sony, 2017 IEEE IEDM

• Three bonded Si substrates, each electrically 
connected by TSVs through sensor or DRAM 
(thinned to 3 µm)

• Thanks to DRAM, readout speed from the 
pixel can be increased (960 fps super slow 
motion video) without being limited by the 
speed of the I/O interface

TSV have a minimum diameter of 2.5 µm and a pitch of 6.3 µm  
(35000 TSV ≅ number of row and columns)

19.3 Mpixel, 1.22 µm x 1.22 µm pixels

Samsung version with 28 nm logic and 20 nm DRAM
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3D integration developments for pixel 
detector in HEP and photon science

• 3D chip stacking and high density bonding are being successfully 
used  for industrial image and TOF high performance sensors based
on advanced CMOS ≤ 65 nm

• These technologies can be very interesting also for new detectors 
in our field, e.g. for high resistivity CMOS sensors, LGAD, SiPM,... 

• 3D integration of  a readout chip with a silicon photonics device 
may open way to high-rate data transmission (≥ 100 Gb/s)

27

FALAPHEL - Fast Links and RadHard Front End with Integrated Photonics and Electronics for Physics  

8 

HEP applications the need of redundant circuits to mitigate SEE effects increases the 

power consumption thus demanding additional aspects to be considered. Indeed, 

ineffective integration with the electronic circuitry can negate any potential benefit from 

the SiPh. 

Three techniques are used in industry standards (Fig. 1). Monolithic integration 

(Fig. 1a) is using SOI techniques. Despite being expected to reach higher modulation 

speeds, and lower assembly costs compared to the hybrid one, it requires strict CMOS 

compatibility in terms of design, fabrication and testing, including higher development 

costs. It is built on older CMOS nodes and of scarce interest in the HEP community.  In 

addition, the thick oxide layer of the SOI suggests severe limitations in terms of 

radiation tolerance at 1 Grad. Henceforth for all these reasons this technique has not 

been considered in our project. 

Fig. 1. The four integration architectures: a) Monolithic integration, where the EIC and PIC are fabricated 

in the same die. b) 2D integration, where the PIC and EIC are connected via wire bonds. c) 3D 

integration, where the EIC is flipped on top of the PIC and connected with micro solder bumps. d) 2.5 

integration, where the EIC and PIC are both flipped on top of an interposer, which provides the 

connectivity between them.  

 

In contrast, the hybrid integration offers the advantage to choose the best 

technology nodes for both photonic and electronic circuits, their design, test and 

fabrication. The two dies are then bonded together. In hybrid integration, a few other 

sub-techniques can be identified: 2D, 3D and 2.5D.  

In 2D integration (Fig. 1b) the two chips are placed adjacent to each other and wire 

bonded. This technique limits severely the performance at high frequency  due to high 

parasitic inductance, ranging from 0.5 to 1 nH/mm. Due to the limited number of pads 

attainable on the only edge in common it also limits the total number of interconnects. In 

a 3D integration (Fig. 1.c) the EIC is bonded to the PIC either with microsoldered bumps 

or copper pillars, offering very small parasitic capacitance (below 30fF). One of the most 

problematic issues is the poor thermal isolation between the two chips, which can 

introduce operational challenges,  and can be mitigated by studying suitable geometries 

and the placements of the interconnects. In the case of the 2.5D approach (Fig. 1.d), 

both chips are flipped on top of an interposer: a thin substrate of material (typically 

Journal of Lightwave Technology 2020
Silicon Photonic 2.5D Multi-Chip Module Transceiver
for High-Performance Data Centers, N. C. Abrams, et al
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Conclusions

• Exploiting progress in microelectronic technology is essential to 

achieve the unprecedented performance requirements of future 

detector generations

• The progress of microelectronic technology is not slowing down: 

transistors are advancing thanks to new materials and 

architectures, 3D integration already allows for high connectivity 

between sensing, logic and memory layers

• Infrastructures at the HEP institutes for the design of complex 

mixed-mode CMOS ASICs have to be built up to match future 

challenges

• The design of the front-end electronics has to be considered as a 

crucial aspect in a system-level development of new solid-state 

sensors
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Backup slides

29
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Nanoscale MOSFETs

Lewyn et al, 
“Analog circuit 
design in 
nanoscale 
CMOS 
technologies”, 
Proc. IEEE, 
Vol. 97, no. 10, 
Oct. 2009.
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3D stacked CMOS sensors and 
advanced functionalities

• Event-based sensors respond to brightness changes asynchronously 
and independently for every pixel (high temporal resolution and low 
latency, very high dynamic range, and low power consumption)

• In these data-driven devices, each pixel continuously monitors for a 
change of sufficient magnitude from a memorized value. When the 
change exceeds a threshold, the camera sends an event, transmitted 
from the chip with x-y location, time-stamp, and polarity of the 
change

• 3D stacking allows for higher complexity of pixel electronics at small 
pitch without degrading fill factor

• Architectures moving closer to pixel sensors for particle detection 

31
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Intrinsic gain in weak inversion
In all the examined technology 
nodes, the intrinsic voltage gain 
at the minimum channel length 
features very similar values, in 
agreement with constant field 
scaling rules

𝐴𝑣𝑖 =
𝑔𝑚
𝑔𝑑𝑠

∝ α𝐿

with 𝛂 the scaling factor

minimum 
channel 
length

Preliminary finFET studies
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An analog designer cares about a set of crucial parameters when she/he 
has to adopt nanoscale CMOS for detector front-end integrated circuits:

Thermal noise

Gate leakage current

1/f noise Interaction of charge carriers with 
the gate oxide; tools for evaluating 
the quality of the gate dielectric

Charge carriers in the device channel 
(short channel effects)

Radiation hardness Radiation-induced positive charge in the 
gate oxide and in lateral isolation oxides

Critical parameters for analog design in 
nanoscale CMOS

Gain

Threshold dispersion Dopant fluctuations in the device channel
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Thin (rad-hard) gate 
oxide for core devices, 
becomes thicker (and 
rad-softer) for I/O 

transistors
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Isolation Oxide (~ 300 nm); 
radiation-induced charge-
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radiation (more difficult to form parasitic leakage paths) 

Radiation effects in planar CMOS
Spacer dielectrics may 
be radiation-sensitive
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Integration of Silicon Photonics and high-speed microelectronics for high rate 
data transmission, operating at extremely high dose levels (≥ 1 Grad), and 100 
Gb/s data rate, using wave/space division multiplexing techniques. 

Fabrizio Palla - INFN Pisa FALAPHEL

Design and fabricat ion of  a demonst rat or

Fabrizio Palla - INFN Pisa

Goals of  FALAPHEL - II 

10
FALAPHEL

Hybrid (3D or 2.5D) integration 
of Silicon Photonics modulators 
with high speed radiation hard  
28 nm pixel readout ASIC 

FALAPHEL - Fast Links and RadHard Front End with Integrated Photonics and Electronics for Physics  
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HEP applications the need of redundant circuits to mitigate SEE effects increases the 

power consumption thus demanding additional aspects to be considered. Indeed, 

ineffective integration with the electronic circuitry can negate any potential benefit from 

the SiPh. 

Three techniques are used in industry standards (Fig. 1). Monolithic integration 

(Fig. 1a) is using SOI techniques. Despite being expected to reach higher modulation 

speeds, and lower assembly costs compared to the hybrid one, it requires strict CMOS 

compatibility in terms of design, fabrication and testing, including higher development 

costs. It is built on older CMOS nodes and of scarce interest in the HEP community.  In 

addition, the thick oxide layer of the SOI suggests severe limitations in terms of 

radiation tolerance at 1 Grad. Henceforth for all these reasons this technique has not 

been considered in our project. 

Fig. 1. The four integration architectures: a) Monolithic integration, where the EIC and PIC are fabricated 

in the same die. b) 2D integration, where the PIC and EIC are connected via wire bonds. c) 3D 

integration, where the EIC is flipped on top of the PIC and connected with micro solder bumps. d) 2.5 

integration, where the EIC and PIC are both flipped on top of an interposer, which provides the 

connectivity between them.  

 

In contrast, the hybrid integration offers the advantage to choose the best 

technology nodes for both photonic and electronic circuits, their design, test and 

fabrication. The two dies are then bonded together. In hybrid integration, a few other 

sub-techniques can be identified: 2D, 3D and 2.5D.  

In 2D integration (Fig. 1b) the two chips are placed adjacent to each other and wire 

bonded. This technique limits severely the performance at high frequency  due to high 

parasitic inductance, ranging from 0.5 to 1 nH/mm. Due to the limited number of pads 

attainable on the only edge in common it also limits the total number of interconnects. In 

a 3D integration (Fig. 1.c) the EIC is bonded to the PIC either with microsoldered bumps 

or copper pillars, offering very small parasitic capacitance (below 30fF). One of the most 

problematic issues is the poor thermal isolation between the two chips, which can 

introduce operational challenges,  and can be mitigated by studying suitable geometries 

and the placements of the interconnects. In the case of the 2.5D approach (Fig. 1.d), 

both chips are flipped on top of an interposer: a thin substrate of material (typically 

A potential application of 3D integration:

the INFN FALAPHEL project
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Three techniques are used in industry standards (Fig. 1). Monolithic integration 

(Fig. 1a) is using SOI techniques. Despite being expected to reach higher modulation 

speeds, and lower assembly costs compared to the hybrid one, it requires strict CMOS 

compatibility in terms of design, fabrication and testing, including higher development 

costs. It is built on older CMOS nodes and of scarce interest in the HEP community.  In 

addition, the thick oxide layer of the SOI suggests severe limitations in terms of 

radiation tolerance at 1 Grad. Henceforth for all these reasons this technique has not 

been considered in our project. 

Fig. 1. The four integration architectures: a) Monolithic integration, where the EIC and PIC are fabricated 

in the same die. b) 2D integration, where the PIC and EIC are connected via wire bonds. c) 3D 

integration, where the EIC is flipped on top of the PIC and connected with micro solder bumps. d) 2.5 

integration, where the EIC and PIC are both flipped on top of an interposer, which provides the 

connectivity between them.  

 

In contrast, the hybrid integration offers the advantage to choose the best 

technology nodes for both photonic and electronic circuits, their design, test and 

fabrication. The two dies are then bonded together. In hybrid integration, a few other 

sub-techniques can be identified: 2D, 3D and 2.5D.  

In 2D integration (Fig. 1b) the two chips are placed adjacent to each other and wire 

bonded. This technique limits severely the performance at high frequency  due to high 

parasitic inductance, ranging from 0.5 to 1 nH/mm. Due to the limited number of pads 

attainable on the only edge in common it also limits the total number of interconnects. In 

a 3D integration (Fig. 1.c) the EIC is bonded to the PIC either with microsoldered bumps 

or copper pillars, offering very small parasitic capacitance (below 30fF). One of the most 

problematic issues is the poor thermal isolation between the two chips, which can 

introduce operational challenges,  and can be mitigated by studying suitable geometries 

and the placements of the interconnects. In the case of the 2.5D approach (Fig. 1.d), 

both chips are flipped on top of an interposer: a thin substrate of material (typically 

In the more aggressive solution, based on 3D integration, 
the readout ASIC (bonded to a sensor) is flipped on top 
of the photonic chip

(P.I. F. Palla; INFN Padova, INFN Pavia, INFN Pisa, 
Univ. Pisa, Univ. Bergamo, S.S. S.Anna, Pisa)
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