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• Current trends in system integration: monolothic vs heterogeneous

• Circuit models and system-level analysis

• Circuit models for nano-interconnects, detectors, quantum devices 

• Case-studies: THz resonances, quantum crosstalk, nanoscale matching

• Conclusions
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Current trends: monolithic integration

R. Gupta, et al., Nano Materials Science, 2024

https://doi.org/10.1016/j.nanoms.2024.04.011

Challenging objective:
monolithic integration of 

photonic and electrical 

circuitry

https://doi.org/10.1016/j.nanoms.2024.04.011
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3D Monolithically integrated layers with carbon nanotubes 

M. M. Shulaker, et al,. Nature, Jul. 2017

Current trends: monolithic integration, novel architectures

Monolithic 3D integration 
consists in stacking active 
device layers on top of each 
other in a sequential steps 
on a given Silicon wafer. 
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Current trends: heterogeneous integration

P. Kaur, et al, APL Photonics, 2021 

DOI: 10.1063/5.0052700

Heterogeneous Integration (HI) also called 
3D packaging, which the tiers are 
fabricated in parallel from two different 
wafers followed by a stacking step.

HI allows an easier integration of photonics and electronics
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https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html

IEEE Electronics Packaging Society: Technical Committee on 
Electrical Design, Modelling and Simulation (chair A. Maffucci)

https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
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Current trends: heterogeneous integration

• Heterogeneous Integration is defined as the 
integration of separately manufactured 
components into a higher-level assembly 
(Chiplets, SiPs, Modules) that, in the aggregate, 
provides enhanced functionality and improved 
operating characteristics

• The size, complexity and stochasticity associated 
with future advanced packaging platforms will 
render their design intractable using the 
traditional approaches. 

• Such design will need to be performed with novel 
modelling approach (Multiphysics, multiscale) Meng-Ling Chen, et al., 2014 19th Asia and 

South Pacific Design Automation 

Conference (ASP-DAC), Jan 2014.

Co-DESIGN approach
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How to perform the system-level analysis?
a circuital approach…
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System-level analysis approach: modelling frame based on equivalent circuits

K. Takeda, et al, NTT technical review, 2016, 

DOI: 10.53829/ntr201601fa5

S. Bao, et al, Journal of Lightwave Technology, 2016, 

DOI: 10.53829/ntr201601fa5

silicon microring modulators 

(MRMs)

Equivalent circuit simulation 
methodology
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Equivalent circuit models for nanoscale and quantum scale systems

Final equivalent circuit 

C. Carlson, et al., 

Phys. Rev. B. 2019.

QD detector in 

nano-waveguide

QDs interacting with
nanoelectrodes

−

+

1V

1I

)(Y

2I

−

+

2V
Equivalent 
two-port

Definition of 
electrical ports

Examples of case-studies
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Modelling the channel
(interconnects)
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Modelling macroscopic electrical interconnects

Modelling the “channel” (macroscopic case)

L R

C G

lumped model

distributed model
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elementary cell, Δ𝑧 

Propagation equation: Transmission Line model

𝑙𝑖𝑚Δ𝑧 → 0

𝑟Δ𝑧𝑙Δ𝑧

𝑐Δ𝑧 𝑔Δ𝑧

𝑟Δ𝑧𝑙Δ𝑧

𝑐Δ𝑧 𝑔Δ𝑧

𝑟Δ𝑧𝑙Δ𝑧
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Telegraphers’ equations (time) 

𝑧 = 0 𝑧 = 𝑙𝑒𝑛
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−
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Telegraphers’ equations (frequency) 

Modelling the “channel” (macroscopic case)
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Transmission line model solution: wave equation

propagation 
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impedance

delay time

t

tzv
c

z

tzi

t

tzi
l

z

tzv




=




−




=




−

),(),(

),(),(

lc
v

11
=


=

c

l
Z =0

1D Wave equation

𝜕2𝑣 𝑧, 𝑡

𝜕𝑧2
− 𝑙𝑐

𝜕2𝑣 𝑧, 𝑡

𝜕𝑡2
= 0

)/()/(),( vztVvztVtzV ++−= −+

)/(
1

)/(
1

),(
00

vztV
Z

vztV
Z

tzI +−−= −+

General solution: forward wave + backward wave

𝑇 =
𝑙𝑒𝑛

𝑣
= 𝑙𝑒𝑛 𝑙𝑐

channel 𝑍𝐿 = 𝑍0

Matching condition: 

𝑡/𝑇

Modelling the “channel” (macroscopic case)
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CNT or graphene interconnects into integrated circuits

H.-S. Philip Wong et al.
Nano Letters 2008

A 1GHz IC with CNT bundle 
interconnects wiring CMOS

CMOS ring oscillator with 
GNR interconnects

H.-S. Philip Wong et al.
IEEE T- Electr. Devices 2010

Modelling the “channel” (nanoscale)
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Modeling the electrical nano-interconnects

z

PEC

CNT, NW

D

t

PEC

GNR

W

t

Maxwell 

equations

Transport model 

(generalized Ohm law)

MODEL

Nano-interconnects made by:

• conventional material at nanoscale (Nano-Wire, NW)

• Carbon nanotube (CNT)

• Graphene nanoribbon (GNR)

A. Todri-Sanial, J. Dijon, A. Maffucci, Carbon Nanotubes for 

Interconnects: Process, Design and Applications, Springer, 2016.

Modelling the “channel” (nanoscale)

Generalized Ohm’s law

መ𝐽𝑧 𝑘, 𝜔 =
𝜎0

1 + 𝑖𝜔𝜏

1

1 − 𝜓(𝜔)𝑘2
 ෠𝐸𝑧 𝑘, 𝜔

Assumptions

- Low bias conditions, no tunneling effect
- the electrons behave as quasi-classical particles, with effective

mass and velocity functions of the energy dispersion
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Generalised dispersive OHM’s Law in frequency and k-domain 

መ𝐽𝑧 𝑘, 𝜔 =
𝜎0

1 + 𝑖𝜔𝜏

1

1 − 𝜓(𝜔)𝑘2
 ෠𝐸𝑧 𝑘, 𝜔

= k9.120R
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Equivalent transmission line model for a nanoscale interconnect
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Modelling the “channel” (nanoscale)
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Nanowire of conventional conducting material (copper)

Number of conducting channels M (T = 273 K)

Size Cu – NW Metallic CNT Metallic GNR

14 nm 808 2.15 1

1 nm 3.12 2 1

Ex.: copper wire (bulk 3D interconnect)

D=200nm 5101.3 M S/m 106 7
0 

,   ,    ,
1

0
eTLmTLTL CCLL

X
R ==


=

CONSISTENCY: The general model for nanowire reduces to the 
classical model for bulk 3D structures for large values of M

’𝐿𝑘
′ ≪ 𝐿𝑚

′ 𝐿𝑇𝐿
′  ≈ 𝐿𝑚

′

𝐶𝑞
′ ≫ 𝐶𝑒

′ 𝐶𝑇𝐿
′  ≈ 𝐶𝑒

′

Modelling the “channel” (nanoscale)
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Modelling drivers and receivers
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Modelling the passive components (macroscale): S-matrix characterization

Approach: circuit synthesis 

from S-measurement

𝑆 →  𝑍

from S-paramaters to equivalent impedance:

Vector fitting, pole-residue approximation, ….

C.C. Chou, et al., IEEE T-CPMT, 2021

DOI: 10.1109/TCPMT.2021.3115113

M. Natrella, et al., Optics express, 2016

DOI: 10.1364/OE.24.004698

Example: modelling the passive part of a 

millimetre-wave UTC photodiode

Insertion loss

Reflection

Transmission (gain)

http://dx.doi.org/10.1364/OE.24.004698
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The steady-state wavefunctions are confined via 

high potential barriers in  24aAeff 

Excited

state

Ground 

state

Energy gap

Transition 

frequency

a  2050 nm is electrically small up to optical 

range: the system can be modeled as a lumped 

circuit element.

Circuit model for a Quantum Dot

Assumptions:

- QD: two-level quantum system, with a ground 

state ۧ|𝑔 and an excited state ۧ|𝑒
- long wavelength limit (𝑑 ≪ 𝜆) 

- weak amplitude of the electric field 𝑬
- isotropic QD

- QD initially in the ground state

Some consequences:

- 𝑬 almost uniform over the spatial extent of the QD

- induced polarization 𝑷 is uniform and parallel to 𝑬

Modelling the “passive load” (quantum load)
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Effective voltage and current

The interaction between QD and EM field may be 

described through the:

- effective voltage     𝑣 = 𝑑 𝑬 ∙ ෝ𝒏

- effective inflowing displacement current 

𝑖 = 𝑆0
𝑑

𝑑𝑡
𝑫 ∙ ෝ𝒏 ,  𝑫 = 𝜀0𝑬 + 𝑷,

Linear functional relation between ip(t) and v(t) 

𝑣 = 𝑑 𝑬 ∙ ෝ𝒏

𝑖 = 𝑆0

𝑑

𝑑𝑡
𝑫 ∙ ෝ𝒏

𝑖 = 𝑖0 + 𝑖𝑝 = 𝐶0

𝑑𝑣

𝑑𝑡
+

𝑆0

𝑉0

𝑑

𝑑𝑡
𝒑 ∙ ෝ𝒏

QD effective surface, 𝑆0 = 𝜋 𝑑/2 2

QD volume, 𝑉0 = 4𝜋 𝑑/2 3/3

vacuum polarization

𝒑 = 𝑉0𝑷

electric dipole 

moment

i
p( ) t( ) = y

p( ) t -t( )
-¥

+¥

ò v t( )dt

Weak amplitude limit: the QD characteristic 

Rabi frequency very small compared to min DW,t -1( )
detuning frequency relaxation time

G. Miano, et al., IJCTA, 45, 2017

Circuit model for a quantum dot (load)
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R-L-C equivalent circuit for the quantum load

Circuit model for a quantum dot (load)

 j+→ 00

To include the dissipation, the frequency  was 
augmented with an imaginary part 

(spontaneous emission rate)

11 )()()( −− −+== eeeee CjLjRYZ 

Model parameters: 

- transition frequency  0

- emission rate 
- dipole moment 
- confinement size a
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Circuit model for entangled quantum dots (coupled loads)

the entanglement is due 
to dipole-dipole
interaction between QDs

−

+









21 ee

21 gg

21 gg

States for entangled QDs:

( ).
2

1
1221 gege +=+

( ).
2

1
1221 gege −=−

superradiant

subradiant

21 ee

)(       ,  ,0  ++++ → eY

)(        ,  ,0  −−−− → eY

ground

excited

 +,21 gg

 −,21 gg

Parameters for the two-level systems 

Superradiant: 

Subradiant:
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Circuit model for entangled quantum dots (coupled loads)
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Modelling the “active driver” (macroscale)

Approach: active part modelled by means of an equivalent photocurrent

M. Natrella, et al., Optics express, 2016

DOI: 10.1364/OE.24.004698

Example: millimetre-wave UTC photodiodes
IPH represents the photocurrent, i.e., the 
current generated by the diode in response to 
incident light. 

Responsivity can be used to quantify the 
relationship between incident light power and 
photocurrent. 

The responsivity of a typical silicon photodiode 
ranges from about 0.08 amps per watt (A/W) 
for 400 nm EMR to 0.48 A/W for 700 nm EMR

http://dx.doi.org/10.1364/OE.24.004698
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Time-harmonic fields

Current-voltage relation:

- vacuum contribution: 𝑌0 =
𝐼0

𝑉
= 𝑖𝜔𝐶0

- polarization (Hamiltonian approach applied to 

observable quantities, i.e. dipole momentum ෝ𝒑 ):

                    𝑌𝑃 =
𝐼𝑃

𝑉
=

1

𝑅𝑃+𝑖𝜔𝐿𝑃−𝑖/𝜔𝐶𝑃

Equivalent lumped parameters:

Quantum conductance: 𝐺𝐶 = 2𝑆0
𝛍

ℏ𝑑𝑉0
=

2𝜇2

ℏ𝐴𝑒

𝐿𝑝 =
1

𝐺𝑐  𝜔0
, 𝐶𝑝 =

𝐺𝑐

𝜔0
,  𝑅𝑝 =

2𝛾

𝜔0

1

𝐺𝑐
,

𝑌𝑄𝐷 𝜔 = 𝑅𝑝 + 𝑖(𝜔𝐿𝑝−1/𝜔𝐶𝑃)
−1

+ 𝑖𝜔𝐶0

𝐼0 𝜔 = 𝑅𝑝 + 𝑖(𝜔𝐿𝑝−1/𝜔𝐶𝑃)
−1

𝑑𝐸0,

Norton-type equivalent representation

𝐼0

𝐴𝑒 =
𝑑𝑉0

𝑆0

decoherence

effective area of the 

quantum confinement

transition dipole moment 

G. Miano, A. Maffucci, et al., IJCTA, 45, 2017

𝑬(t)

Modelling the “active driver” (quantum detector)
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Case-studies:
 

signal integrity analysis 
at macro and nano-scale
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Signal integrity issue: propagation delay for a CNT line

z

PEC

CNT
D

t

D = 5.4 nm   

t = 20 nm

P.u.l. inductance and capacitance

Lm [µH/m] Lk [mH/m] Ce [pF/m] Cq [pF/m]

0.4 3.6 0.5 27.7 

Typical conditions
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inductance dominated by the kinetic term

low propagation velocity, large delay

Propagation Velocity

vCNT [m/s] v0 [m/s]

~3·106 ~3·108
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This effect worsens the signal timing and shortens the useful lengths 

phvlT /=

Case-study: a CNT line

Case-strudy: propagation delay
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( ) fvCLv ek /
1

=→
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Slow wave and antenna resonances in the THz range

G. Slepyan, M. Shuba, S. Maksimenko, A Lakhtakia 
PRB 2006, 2012

Favourable behavior in the THz 
range: antenna resonances

For a given frequency: 
shorter lengths

For a given length: 
lower frequency

𝑙𝑒𝑛 = 𝑛
𝜆

2
, 𝑛 = 1,2,3, …

Delay and THz resonances
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Behavior of the QD load impedance

Equivalent impedance for a quantum load (single quantum dot)

CASE STUDY

• QD diameter 𝑑 =1 nm

• Transition frequency: 𝑓0=100 THz

• Momentum 𝜇 = 𝑒𝑑
• decoherence 𝛾 = 1013 Hz

• Effective area 𝐴𝑒 almost equal to

the QD section.

Equivalent admittance, highlighting the 

effect of the transition
𝑌𝑄𝐷 𝜔 = 𝑅𝑝 + 𝑖(𝜔𝐿𝑝−1/𝜔𝐶𝑃)

−1
+ 𝑖𝜔𝐶0
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Load impedance and mismatch for quantum detectors

The meaning of matching is quite different 

from the classical antenna theory. 

Ideal matching condition: 𝑌𝐿 𝜔 = 𝑌𝑄𝐷
∗ 𝜔

Real matching condition: 𝑌𝐿 = 𝑌𝑄𝐷
∗ 𝜔0

(frequency independent load): 

Reference case:
𝑃𝑟𝑒𝑓 = power delivered to the matched load 

in absence of the line

Active power delivered to the load (reference case) 

≈ 0.09𝑓03 dB bandwidth  Narrow band behavior 
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CASE 1: Nanowire with no quantum effect

TL model described by only classical 

parameters 𝐿𝑚 and 𝐶𝑒

• Ideal wire pair

• wire radius = d/2

• inter-wire distance = 3d 

• line length = 10d

CASE 2: Nanowire with no quantum effect

Same geometry as above. 

TL model described by classical and 

parameters: 𝐿𝑚, 𝐶𝑒 , 𝐿𝑘, 𝐶𝑞

The main role is played by kinetic 

inductance Lk:
• Ideal nanowires are able to provide the required matching

• Quantum nanowires break the matching, with peak power 

strongly reduced 

power delivered to the load 

𝐿𝑘/𝐿𝑀 ≈ 103

Load impedance and mismatch for quantum detectors
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nanoscale crosstalk noise

Crosstalk noise:

Signals at the passive line ends due to the EM coupling

Classical solutions:

• Shielding: if the coupling is mainly capacitive

• Twisting: if the coupling is mainly inductive

Active line

Passive line

Novel solution at nanoscale: crosstalk reduction via load impedance control

If the crosstalk is mainly capacitive (inductive) we can reduce it by using a low (high) 

impedance load, namely: ( )||||  |||| cLcL ZZZZ 

)(   
e

k
c

C

L
Z A frequency-independent characteristic impedance 

makes more promising this approach

Nanoscale and quantum crosstalk
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Quantum crosstalk: the effect of the entanglement

“Quantum” crosstalk noise

A pair of entangled QDs connected to two ideal 

uncoupled nano-transmission lines

Far-end crosstalk noise:

.
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
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coupling via 
entanglement TL 

resonances

Far-end voltage of passive line vs 0
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Loss analysis in heterogeneous system

channel

Case-study: loss analysis for a photodetector embedded in a PCB

Block diagram

light 
detector

Load

channel

L R

C G
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Quality and timing of the received signal

Ideal
Transmission 

Channel

Real
Transmission 

Channel

Example of system-level analysis: signal integrity

Si analysis

Block diagram

equivalent 
circuit
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Modelling the losses

Effect of increase of losses in a digital channel 

Different values of the 
Insertion Loss

IL from -4 to -16 dB

20 Gbps  -4 dB

40 Gbps  -8 dB

70 Gbps  -12 dB

90 Gbps  -18 dB
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• Trends towards more and more integrated photo/electronics systems 

• Heterogeneous integration seems to be the most promising route

• Need for tools allowing system-level analysis

• Circuit model framework is suitable for this scope

• Equivalent circuit for photonic devices and/or for nanoscale and quantum 

device have a completely different meaning with respect to the classical 
interpretation 

• Novel and unexpected behavior can therefore be found after a system 
analysis of such circuits.

Conclusions



Antonio Maffucci  |  UNICAS-EUT+  | Towards the heterogeneous integration of nanoscale and quantum systems 42/41


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11: Examples of case-studies
	Slide 12
	Slide 13: Modelling macroscopic electrical interconnects 
	Slide 14
	Slide 15: Transmission line model solution: wave equation
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38: Case-study: loss analysis for a photodetector embedded in a PCB
	Slide 39
	Slide 40
	Slide 41
	Slide 42


  Δ z


  l i m Δ z → 0


  r Δ z


  l Δ z


  c Δ z


  g Δ z


  r Δ z


  l Δ z


  c Δ z


  g Δ z


  r Δ z


  l Δ z


  c Δ z


  g Δ z


  z = 0


  z = l e n


  −   𝜕 V  (  z , 𝜔 )  𝜕 z =  (  r + i 𝜔 l ) I ( z , 𝜔 )


  −   𝜕 I  (  z , 𝜔 )  𝜕 z = ( g + i 𝜔 c ) V ( z , 𝜔 )


     𝜕 2 v  (  z , t )    𝜕 z 2 − l c    𝜕 2 v  (  z , t )    𝜕 t 2 = 0


  T =   l e n v = l e n   l c


   Z L =


   Z 0


  t / T


   Z L >


   Z 0


     J ^ z  (  k , 𝜔 ) =    𝜎 0  1 + i 𝜔 𝜏    1  1 − 𝜓 ( 𝜔 )  k 2      E ^ z  (  k , 𝜔 )


     J ^ z  (  k , 𝜔 ) =    𝜎 0  1 + i 𝜔 𝜏    1  1 − 𝜓 ( 𝜔 )  k 2      E ^ z  (  k , 𝜔 )


   𝜎 0 =     2 v F M  𝜐  R 0 X


   v F


  M


  𝜐 =  1 𝜏 =    v F   l  m f p


  X =  {      𝜋 D                       C N T    W                     G N R    𝜋   ( D / 2 ) 2     N W


  𝜓  ( 𝜔 ) , 𝛼  ( 𝜔 )


  −   𝜕 V  (  𝜔 , z )  𝜕 z =  (   R  T L ′ + i 𝜔  L  T L ′ ) I   ( 𝜔 , z )


  −   𝜕 I  (  𝜔 , z )  𝜕 z = i 𝜔  C  T L ′ V ( 𝜔 , z )


   R  T L ′ = 𝜐  L k ′


   L  T L ′ =  L k ′ +  L m ′


     (   C  T L ′ )  − 1 =    (   C e ′ )  − 1 +    (   C q ′ )  − 1


   C e ′


   L m ′


   L k ′ ≪  L m ′


   L  T L ′   ≈  L m ′


   C q ′ ≫  C e ′


   C  T L ′   ≈  C e ′


  S   →     Z


    | g ⟩


    | e ⟩  


  d ≪ 𝜆


  𝑬


  𝑬


  𝑷


  𝑬


  v = d  (  𝑬 ∙  𝒏 ^ )


    i = S 0  d  d t  (  𝑫 ∙  𝒏 ^ ) ,         𝑫 =  𝜀 0 𝑬 + 𝑷 ,


  v = d  (  𝑬 ∙  𝒏 ^ )


    i = S 0  d  d t  (  𝑫 ∙  𝒏 ^ )


  i =  i 0 +  i p =  C 0   d v  d t +    S 0   V 0  d  d t  (  𝒑 ∙  𝒏 ^ )


   S 0 =   𝜋  (  d / 2 ) 2


   V 0 =   4 𝜋  (  d / 2 ) 3 / 3


  𝒑 =  V 0 𝑷


   Y 0 =    I 0 V = i 𝜔  C 0


   𝒑 ^  


   Y P =    I P V =  1   R P + i 𝜔  L P − i / 𝜔  C P


   G C =   2 S 0    | 𝛍 |  ℏ d  V 0 =   2  𝜇 2    ℏ A e


   L p =  1     G c   𝜔 0 ,      C p =    G c   𝜔 0 ,        R p =   2 𝛾   𝜔 0  1   G c ,


   Y  Q D  ( 𝜔 ) =    [   R p + i   ( 𝜔 L p − 1 / 𝜔  C P ) ]  − 1 + i 𝜔  C 0


   I 0  ( 𝜔 ) =    [   R p + i   ( 𝜔 L p − 1 / 𝜔  C P ) ]  − 1 d  E 0


   I 0


   A e =   d  V 0   S 0


  𝑬


  l e n = n  𝜆 2 ,     n = 1 , 2 , 3 , …


  d =


   f 0


  𝜇 = e d


  𝛾 =   10  13


   A e


   Y  Q D  ( 𝜔 ) =    [   R p + i   ( 𝜔 L p − 1 / 𝜔  C P ) ]  − 1 + i 𝜔  C 0


   Y L  ( 𝜔 ) =  Y  Q D ∗  ( 𝜔 )


   Y L =  Y  Q D ∗  (   𝜔 0 )


   P  r e f


    ≈ 0 . 09 f 0


   L m  


   C e


   L m


   C e ,  L k ,   C q


   L k /  L M ≈   10 3

