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Outline

• Scaling limits of interconnects
Ø Alternatives to Cu

• Performance simulations
• Cu, CNT, optical interconnects

• Technology for novel optical interconnects
• 3-D integration

• Summary
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Effect of Scaling on interconnect performance
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Graphene vs. TaN Barrier for Cu

Thinner barrier: 3.5 Å single layer graphene is better than 2 nm TaN

L. Li … H.-S. P. Wong, Symp. VLSI Tech. 2015
L. Li … H.-S. P. Wong, ACS Nano 2015
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How can we improve interconnect performance?

– Carbon nanotubes/ Graphene

– Optical interconnects 

– 3D

 
 

Figure 2: Illustration, schematic, and operation of 3D Smart NanoSystem. (A) Illustration of 3D Smart NanoSystem, 
with 4 monolithically-integrated vertical layers. On the bottom layer are silicon FETs, on the 2nd layer is CNFET 
logic (the CNFET row decoders and CNFET classification accelerator), on the 3rd layer is 1 Mbit of RRAM, and on 
the 4th layer are over 1 million CNFET inverters which are operated as gas sensors. The five sub-systems (see text) 
are labeled, and color-coordinated with (B) and (C). (B) Schematic of 3D Smart NanoSystem. The color of each 
component corresponds to which layer of the 3D IC it is fabricated on. The inputs to the chip are the memory 
addresses, control signals (select signal for the multiplexer in the interface sub-system, VG1, and VG2), and power and 
clock; these are generated off-chip and routed on-chip through input/output pins. All signals with the same name in 
the schematic (i.e., all VS, VG1, VG2) are connected on-chip to the same input/output pin. (C) 3D Smart NanoSystem 
operates in 3 phases: initialization (all RRAM in the memory sub-system are reset and initialized to 0, VRESET=-
2.75V), sense (all CNFET sensors in parallel write either a 1 or 0 directly into the RRAM cell underneath, 
depending on how each sensor reacts with the ambient gas), compute (the CNFET row decoders and silicon 
interface logic select individual RRAM cells sequentially (selected by the memory addresses and control signals 
generated off-chip), allowing the CNFET-based classification accelerator to perform classification, see text and 
Supplemental Information for more details, VREAD = 1.25V).  
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Optical & Electrical Wires: Schematic

WireDriver Receiver

On-chip Electrical Interconnect (Cu or CNT)

Optical Interconnect

Photodector restores optical 
signal into electrical signal

Laser/modulator converts electrical 
signal into optical signal

Photodetector 

TIR 

Rf 

post-amplifier 

(number of stage) 
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Optical 
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Off-chip Electrical Interconnect (Cu)
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E
E

1-D conductors: 3-D conductors:

Quantum Wires: 

• 1D system with limited density of 
states. Hence quantum effects play 
an important role in determining the 
values of R, L and C

• Mean free paths as large as 1.6µm.

Conventional wires : 

• Backscattering through a series 
of small angle scatterings.

• Mean free paths ~ 30nm.

Potential Candidates for 
GSI Interconnects. 

Carbon Nanotubes
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Formidable Task: Dense Bundles of SWNTs
Horizontal Growth for Interconnects

Y. Nishi and H.-S. Philip Wong (Stanford)
256-Element CNT Ring Oscillator

H.-S. Philip Wong (Stanford)

C.V. Thompson, MIT

Vertical Growth

Promising progress in creating aligned isolated SWNTs 
by transferring SWNTs grown on sapphire to other 
substrates



9tanford University
araswat

Potential reliability performance 
comparison

• Good thermal conductivity
– Graphene: 
– CNT:
– Copper:

• High breakdown current
– Graphene:
– CNT:
– Copper (EM threshold):

. ~ . /3 34 84 10 5 30 10 W mK× ×

. ~ . /3 31 75 10 5 80 10 W mK× ×

/385 W mK

~ /8 210 A cm

~ /9 210 A cm
~ /7 210 A cm
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Latency and Energy/bit vs. Wire Length

• Cu, CNT: small wire width → more 
repeaters, wire capacitance → 
latency ↑

• CNTs are favorable for shorter wires
• Optics favorable for longer wires 

• Cu, CNT: small wire width → Energy 
per bit decreases as wire pitch is 
scaling (CV2) 

• CNTs is favorable for shorter global 
wire

• Optics: transmitter receiver power ↓
• Optics favorable for longer wires 

!
Koo, Kapur and Saraswat, IEEE Trans. Electron Dev., Sept. 2009
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Comparison	Study:	Global	Interconnect
CNTs,	Cu,	Optics

- BW density 
Cu and CNTs:  fclk / pitchwire

Optics:  no. of wavelength of WDM

- Power density 

Cu & CNTs (non-linear): 

Cap and wire pitch 

Optics (linear): 

no. of wavelength 

channel  

- Latency 
Optics < CNTs < Cu   

Power Density

Latency

Koo, Kapur and Saraswat, IEEE Trans. Electron Dev., Sept. 2009
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• Beyond certain length optical I/O is more power efficient
• Critical length decreases at higher bit rate & lower detector 

capacitance
• Beyond 32nm Technology node critical length < 10cm

22nm

32nm

45nm

Optical Interconnect

Electrical Interconnect

90nm

65nm

Power Dissipation @Cdet=10fF

Off-Chip Interconnect Performance: 
Electrical vs. Optical 

C
det
=50fF

25fF

10fF

5fF

Critical length vs. Cdet
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Why Really Photonics?

Source: Keren Bergman, Columbia University 
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Communication Dominates Power

70-80% of total logic power is for 
communication

– Need proper consideration of wires!!
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Wilfried Haensch, (IBM) Data Abundant Systems 
Workshop, Stanford Univ., April 2014

On-Chip Power Breakdown
50nm node

Chandra, Kapur and Saraswat, 
IEEE IITC, June 2002

More than half the power can be 
attributed to interconnects
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Why Off-chip Photonic Interconnects

§ Copper wires are reaching physical limits
§ Photonic interconnects offer the solution for the future

Copper wires Optical Interconnects 
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The Interconnect Problem
“For the long term, material innovation with traditional scaling will no longer 
satisfy performance requirements. Interconnect innovation with optical, RF, 
or vertical integration … will deliver the solution” (ITRS)

Source: Intel
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Material Options for Optical Interconnects

GaAs

Si

Ge

Telecom standards

Photon energy (eV)

Wavelength (µm)

A
bs

or
pt

io
n 

  C
oe

ffi
ci

en
t (

cm
-1

)

• What are the right optical devices to use?
– Need to be cheap, available in large 

numbers
– Compatible with CMOS

• Silicon devices are a long shot
– Need 3D heterogeneous integration

• Flip bond III-V to Si CMOS
– Current process
– Cost, resources, yield?

• How about germanium?
– Bandgap ideal for 𝛌 = 1.5 µm
– Can be monolithically integrated on Si
– Becomes direct bandgap material by 

straining or adding tin

Si CMOS chip with gold bonding pads

GaAs optoelectronic chip
with indium flip-chip bumps
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Selective and Lateral Overgrowth of Ge on SiO2

•Lateral Ge growth on SiO2 window achieved
•Dislocation density of Ge on SiO2 < 106 cm-2 (same thickness Ge 
on Si: 1×108 /cm2)

•Surface RMS roughness ~0.4 nm after CMP
•Ge is ~0.2% tensile strained due to thermal mismatch with Si

X-TEMSEM

400°C deposition + 800°C H2 anneal + 600°C deposition

Si!

Ge!
SiO2!

2μm!

Ju Hyung Nam…........K. Saraswat, J. Crystal Growth, April 2015

SiO2 

Ge 

TEM 

Si�

Ge�
SiO2�

Si substrate

SiO2

Growth mask definition

Ge

Lateral growth of Ge on SiO2

CMP

Ge
Selective Growth of Ge on Si

GOI
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Si Compatible Photonic Interconnect

Gupta...........Saraswat, 
OFC, March 2015

Okyay…....... Saraswat,
Optics Lett. 2006 

Photodector restores optical 
signal into electrical signal

Laser/modulator converts electrical 
signal into optical signal

§ Germanium devices can be monolithically integrated on silicon
§ Laser is the only missing component 

Laser Modulator Waveguide Detector

?Si!

Ge!

SiO2 Pad!

Highly strained!
Ge wire!!

Strained Ge 
pads pulling Ge wire!

Nam…..........Saraswat, 
Nano Letters, June 11, 2013. 
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Waveguides

(Kimmerlingr, MIT)

Technology for Optical Interconnects on Silicon: 
Optical Transmission Media

Bending Waveguides

Waveguide Crossings

Splitter

Couplers
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High Efficiency Ge p-i-n Photodetectors on Si

Increase in 
absorption 
coefficient

• Ge grown on Si by Multiple Hydrogen Anneal and Heteroepitaxy
(MHAH) Technique

• Ge film complies with Si substrate on cooling down resulting in tensile 
strain => bandgap reduces

• Detector efficiency improves at 1550nm due to tensile stress
• Dark Current high

Biaxial Tensile Strain

Photoresponse

Hyun-Yong Yu,…........ K. Saraswat, IEEE Electron Dev. Lett., Nov. 2009.
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Optical Modulator
Electro-optic Modulators

Lipson (Cornell)

o Index change
o Weak mechanism
o High Q
o Temperature tuning

Mach-Zehnder Modulators

o Phase shift effect in waveguides
o Large size and power consumption

CHAPTER 1. INTRODUCTION 19

Figure 1.11: (a) Top view of an asymmetric Mach-Zehnder silicon waveguide modu-
lator. (b) Cross-sectional view of the PN junction waveguide phase shifter fabricated
from a silicon on insulator wafer. (From [56]).

Electro-absorption Modulators

o Franz-Keldysh effect in bulk material 

QCSE Ge/SiGe Modulator
Harris and Miller (Stanford)Saraswat (Stanford)
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Ge/Si Electro-Absorption Franz-Keldysh Effect 
Modulator

CHAPTER 1. INTRODUCTION 23

(a)

Figure 1.13: (a) Semiconductor energy band diagram showing the Franz-Keldysh
e↵ect. The application of an electric field leads to overlap in valence band and con-
duction band wave functions, and hence optical absorption, at energies below the
semiconductor bandgap. (b) Absorption spectrum showing the Franz-Keldysh e↵ect
(adapted from [66]).

electro-optic modulators. The energy consumption is only 50 fJ per bit.

Quantum-Confined Stark E↵ect

While the FKE modulator discussed in the previous section achieves good perfor-

mance and a relatively low switching energy of 50 fJ/bit, to meet the energy targets

discussed in Section 1.2 it may be necessary to make modulators even smaller and

more e�cient. Particularly in the case of vertical incidence modulators, in which the

optical interaction length is several µm at most, a stronger electroabsorption mecha-

nism is required. Fortunately, extremely e�cient electroabsorption can be obtained

using the quantum-confined version of the Franz-Keldysh e↵ect, which is called the

quantum-confined Stark e↵ect (QCSE) [67,68].

The basic physical mechanism behind the QCSE is illustrated in Fig. 1.15(a). A

quantum well is formed when a thin semiconductor layer is sandwiched between two

layers of a di↵erent semiconductor with higher bandgap. Provided the two materials

have a so-called type I band alignment, both the electron and hole wavefunctions will

have confined states inside the quantum well. In the absence of an electric field, the

In the presence of an electric field, the conduction 
and valence bands of a semiconductor tilt. 
Application of an electric field leads to overlap in 
valence and conduction band wave functions, and 
hence optical absorption, at energies below the 
semiconductor bandgap. 
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Structure Needs for Efficient Lasing

SARASWAT GROUP. – STANFORD UNIVERSITY  

Double'Heterostructure'for'Laser'

1 

! 'Double'heterostructure'is'necessary'for'more'efficient'laser''

Heterojunction

E. F. Schubert, Light Emitting Diodes (Cambridge Univ. Press)  

For efficient laser
• Direct bandgap cavity
• Hetrojunction quantum well for carrier confinement 
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direct'
valley'

indirect'
valley'

heavy'
hole' light'

hole'

CONDUCTION'
BAND'

VALENCE'
BANDS'

• N-type doping can be used to fill electrons into the L valley upto
the level of Γ valley

• But it is difficult to heavily dope Ge n-type
• Increases free carrier absorption and auger recombination
• Inefficient light emission

Engineering Ge for light emission- Doping

free carrier absorption 

Auger recombination
Indirect recombination

Phonon
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Engineering the Ge band structure for 
light emission: Strain

Unstrained 
GeStrained Ge

>1.7% biaxial tensile strain or
> 5% uniaxial tensile strain
turns Ge into a direct bandgap 
material, making light 
emission possible

HH
k

E

Γ L

LH

direct indirect 

Γc"

Lc 

Biaxial Tensile Strain 

direct 

indirect 

Γc"

Lc 

Uniaxial Tensile Strain 

Sukhdeo,…....... Saraswat, Photonics Research, 2014 
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Heterostructure in a Single Material: Strained Ge

Nam, Saraswat, et al., Nano Letters, June 11, 2013. 

§ Strain can be tunable with geometry
§ Heterostructure created due to reduction in bandgap of strained Ge
§ Direct bandgap cavity and hetrojunction quantum well in single material
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28

Engineering the Ge band structure by alloying with 
tin for GeSn CMOS and photonics

Strain engineering in FinFETs

5.65 Å

6.49 Å

5.43 Å

At ~ 7 Sn% Ge1-xSnx becomes direct band gap!

Si-compatible Laser

3-D IC:  CMOS, Photonics co-integration

Si CMOS

3D Co-Integration of Logic & Photonics
Laser/Modulator

2nd Layer 
CMOS

Photodetector

Conventional 
BEOL

Si

GeSn

Strained GeSn
wire!

Remaining 
Oxide

k

L
𝚪

LH

E

HH

Ge Snx1-x

Gupta, Yeo, Takagi, Saraswat, et al., 
MRS Bulletin, Aug 2014
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Demonstration of Optically Pumped GeSn Laser

( 18(

induced( mid7gap( states,( as( has( appealed( from( the( analysis( shown( in( Figure& 11B,( inset.(
However,( carrier( transfer( to( the( L7valleys( and( carrier( out( diffusion( into( the( Ge(may( be( a(
determining(factor,(as(well.(
(

&
Figure& 13|( Lasing& emission& spectra(
measured(from(the(facet(of(a(5(µm(wide(and(
1( mm( long( FP( waveguide( cavity( under(
optical( pumping( at( 20( K.( A( clear( threshold(
behavior(can(be(observed(in(the(spectra(with(
respect( to( output( intensity( and( linewidth,(
c.f.( inset( to( the( right( and( left( hand( side,(
respectively.(
(
(
Despite( the( breakthrough( of( presenting(
for(the(first(time(a(direct(band(gap(group(
IV(material( that( is( lasing(under(optically(
pumping,( there( still( remain( open(
questions.( For( example,( with( an(
excitation(power(of(325(kW(cm72,(a(non7
radiative( lifetime( of( 2( ns,( as( shown( in(

Figure&11,&and(a(typical(absorbance(of(1×104(cm71(at(1064(nm,(a(steady7state(carrier(density(
of( ~( 3.5×1019( cm73( is( estimated.(With( this( number,( the( gain( at( low( temperature( from(our(
model(is(found(to(be(>(5000(cm71.(And,(interpolating(from(Figure&4,(at(excitation(density(of(
0.6×1018( cm73(we(would(expect( for( a( system(with(positive(offset(of( about(15%,(a(material(
gain(of(approx.(300(cm71(at( room(temperature( (RT).(We(assign( this( large(discrepancy( from(
what( is( observed( at( low( temperature( and( what( a( RT( calculation( predicts( to( resonant(
intervalence(band(absorption.(As(mentioned(above,(due(to(the(lack(of(experimental(data(for(
direct( gap( Ge( or( GeSn,( the( energy( dependence( of( the( loss( as( measured( by( pump7probe(
experiments( for( Ge( (Carroll( et( al.,( 2012)( has( been( used( for( Figure& 4.( Its( proper( inclusion(
possibly(adds(significant(contribution(to(the(loss((Wen(and(Bellotti,(2015).(
In(order(to(improve(such(gain(calculations(which(critically(depend(on(the(knowledge(of(the(
band( structure,( mappings( of( the( entire( valence( and( conduction( band( in( reciprocal( space(
would(certainly(be(highly(valuable.(This(could(be(possible(via(angle7resolved(photoelectron(
spectroscopy((ARPES)(at(high(energy((Gray(et(al.,(2011)(or(the(soft(x7ray(regime((Strocov(et(
al.,( 2014).(Other(promising(experimental( techniques(not( covered(because(of( lack(of( space(
include(lifetime(measurements(via(time7resolved(PL(measurements((Nam(et(al.,(2014;(Saito(
et( al.,( 2014;( He( and( Atwater,( 1997b).( In( fact,( similar( lifetimes( for( Ge( as( obtained( from(
synchrotron(measurements((Geiger(et(al.,(2014a)(were(found((Nam(et(al.,(2014).(

4 CHALLENGES&
(
In(the(previous(section,(we(reviewed(experiments(and(results(related(to(the(dependence(of(
the( optical( properties( on( strain( and( alloying( of(Ge(with( Sn.( Furthermore,(we( summarized(
investigations(concerning( the( first( lasing(of(a(direct(band(gap(group( IV(semiconductor(and(
expounded(on(the(temperature(dependence(of(the(PL(as(a(powerful(tool(to(determine(the(

• Lasing emission spectra measured from the facet of a 5 μm x1 mm long 
Fabry-Perot waveguide Ge0.87Sn0.13 cavity under optical pumping at 20 K. 

• More work needed for room temperature laser

R. Geiger, T. Zabel and H. Sigg, Frontiers in Materials, July 2015 
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• Power-dependent PL spectra of an 8 μm diameter 
Ge0.875 Sn0.125 microdisk at 50 K.

• More work needed for room temperature laser

Direct Bandgap GeSn Microdisk Laser on a 
Si-Platform

S. Wirth, et al., IEEE IEDM, Dec. 2015



31tanford University
araswat

§ A combination of alloying Ge with Sn and strain can also give us 
a direct bandgap material
– Efficiency would be comparable to present III-V lasers

Multiple Knobs to Turn for Direct-Gap: Strained GeSn

Gupta, Magyari-Köpe, Nishi, Saraswat, J. Appl. Phys. 113, 073707 (2013)
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• Reduce Chip footprint
Ø Improved form factor
Ø Interconnect length ⬇ and therefore R, L, C ⬇

– Delay reduction
– Power reduction
– Higher bandwidth

• Integration of heterogeneous technologies possible, 
e.g., memory & logic, sensors, optical I/O 

2-D System 3-D System

Area = A

Very Long Wire 

Shorter Wire

2D

3D

A/2

A/2

Wire-length

(Log-Log Plot)
2-D IC
3-D IC
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f I
nt
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nn
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3-D Integration: Motivation
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• 2.5D packaging (mature technology)
– Wire bonded
– Bump
– vertical interconnect density < 20/mm or 400/mm2

• 3D bonding/TSV (emerging technology)
– Die stacking
– wafer stacking
– vertical interconnect density < 40,000/mm2

• 3D crystallization (near future technology)
– Epitaxial growth
– Laser melting and crystallization
– Seeded crystallization
– Liquid phase crystallization
– vertical interconnect density < 25M/mm2

• 3D self assembled devices  (future technology)
– Si and Ge nanowires
– Carbon nanotubes
– Organic semiconductors 

Technology to Fabricate 2.5D/3D ICs

 
Fig. 1: Process flow of monolithic 3D integration of CNFETs with 
silicon FETs. (a) Cross-section view.  Starting with Si CMOS, a 200 
nm SiO2 inter-layer dielectric (ILD) is deposited, and vias are etched 
and filled with metal. The wafer is planarized with CMP, and a 
second ILD (SiO2) is deposited and etched back to 200 nm though 
CMP followed by an argon sputter etch. CNFET fabrication begins 
on this smoothed surface. Local back-gates are deposited on the 
wafer (Pt), followed by ALD deposition of 20 nm Al2O3 as a gate 
dielectric. CNTs are transferred onto the wafer, followed by source-
drain contacts (Ti/Pt).  (b) Process steps continued from top-view.  
Contacts to the ILVs are etched, and then filled with metal to 
connect the silicon FET to the CNFET. The final cross-section view 
is shown at the end of (a). (c) 3D schematic of final 3D CNFET/ 
silicon circuit (an inverter) (see text for IIP). 

 
Fig. 2: (a) Microscope image of CNFET/silicon CMOS wafer.  (b) 
SEM image of NMOS silicon transistor before CNFET fabrication.  
(c) SEM image of stand-alone CNFET, with CNTs bridging the 
channel.  (d) SEM image of vertically stacked CNFET over silicon 
FET.  The contacts on the silicon drain are visible under the CNFET 
metal drain pad. 

 
Fig. 3: (a) ID-VGS curves for typical NMOS silicon FET, for both 
directly after silicon CMOS fabrication (pre) and then after 
monolithic 3D integration with CNFETs (post).  Due to the low 
temperature processing, the silicon CMOS is largely unaffected. (b) 
ID- VGS curves for a typical CNFET, for both pre-metallic CNT 
removal (before), and after metallic CNTs are removed (after).  
ION/IOFF ratio after m-CNT removal is ~7600.    
 

 
Fig. 4: Monolithic 3D CNFET/silicon FET inverter.  The pull-up 
transistor is a CNFET, and the pull-down is a silicon FET. (a) Input 
and output waveform at 1 kHz, with 1V VDD.  (b) Vout vs. Vin 
transfer curve for the inverter.  (c) SEM image.  The top-layer 
CNFET and wiring are easily visible, with the silicon FET buried 
under the ILD. SEM image is taken before selective CNT etch 
removes all unneeded and mis-positioned CNTs (following IIP [10]), 
showing transfer of CNTs onto the substrate.  The transfer maintains 
both the alignment and density of CNTs [6]. (d) Schematic for the 
inverter.  CNFET is located directly on top of silicon FET. 

 
Fig. 5: Monolithic 3D CNFET/silicon FET NOR2 gate.  CNFETs 
are in the pull-up network, with silicon FETs in the pull-down. (a) 
Output voltage levels given set of inputs, with 1V VDD.  (b) SEM 
image of the NOR2 gate.  Two CNFETs are stacked on top of two 
silicon FETs. (c) Physical layout of the NOR2 gate. Metal routing 
shown within the ILD depicts connectivity for clarity. Actual wires 
are deposited above the ILD. (d) Schematic for the NOR2 gate. 

 
Fig. 6: Monolithic 3D CNFET/silicon CMOS multi-stage logic.  
CNFET inverter cascaded with silicon CMOS inverter. (a) Input and 
output waveform at 1 kHz (1V VDD, -3V VB). (b) SEM image of the 
cascaded inverters.  Two CNFETs form the first inverter on the top 
layer, and two silicon FETs form the second inverter on the bottom 
layer. (c) Schematic for the cascaded inverters. (d) Physical layout of 
the cascaded inverters.  Metal routing shown within the ILD depicts 
connectivity for clarity.  Actual wires are deposited above the ILD. 
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3D Approaches:  Wafer Bonding 
Source: Craig Keast (MIT Lincoln Labs) 

Invert, align, and bond Wafer-2 to Wafer-1

Remove handle silicon from Wafer-2, etch 3D

vias, deposit and CMP tungsten interconnect

Invert, align, and bond Wafer-3 to Wafer-2/1-
assembly, remove Wafer-3 handle wafer

Starting Wafers

KeyKey Challenges: Challenges:  Precise alignment of wafers/dies



34tanford University
araswat

Monolithic 3D Integration of Si MOSFETs with 
RRAMs and CNTFETs

 
Fig. 1: Process flow of monolithic 3D integration of CNFETs with 
silicon FETs. (a) Cross-section view.  Starting with Si CMOS, a 200 
nm SiO2 inter-layer dielectric (ILD) is deposited, and vias are etched 
and filled with metal. The wafer is planarized with CMP, and a 
second ILD (SiO2) is deposited and etched back to 200 nm though 
CMP followed by an argon sputter etch. CNFET fabrication begins 
on this smoothed surface. Local back-gates are deposited on the 
wafer (Pt), followed by ALD deposition of 20 nm Al2O3 as a gate 
dielectric. CNTs are transferred onto the wafer, followed by source-
drain contacts (Ti/Pt).  (b) Process steps continued from top-view.  
Contacts to the ILVs are etched, and then filled with metal to 
connect the silicon FET to the CNFET. The final cross-section view 
is shown at the end of (a). (c) 3D schematic of final 3D CNFET/ 
silicon circuit (an inverter) (see text for IIP). 

 
Fig. 2: (a) Microscope image of CNFET/silicon CMOS wafer.  (b) 
SEM image of NMOS silicon transistor before CNFET fabrication.  
(c) SEM image of stand-alone CNFET, with CNTs bridging the 
channel.  (d) SEM image of vertically stacked CNFET over silicon 
FET.  The contacts on the silicon drain are visible under the CNFET 
metal drain pad. 

 
Fig. 3: (a) ID-VGS curves for typical NMOS silicon FET, for both 
directly after silicon CMOS fabrication (pre) and then after 
monolithic 3D integration with CNFETs (post).  Due to the low 
temperature processing, the silicon CMOS is largely unaffected. (b) 
ID- VGS curves for a typical CNFET, for both pre-metallic CNT 
removal (before), and after metallic CNTs are removed (after).  
ION/IOFF ratio after m-CNT removal is ~7600.    
 

 
Fig. 4: Monolithic 3D CNFET/silicon FET inverter.  The pull-up 
transistor is a CNFET, and the pull-down is a silicon FET. (a) Input 
and output waveform at 1 kHz, with 1V VDD.  (b) Vout vs. Vin 
transfer curve for the inverter.  (c) SEM image.  The top-layer 
CNFET and wiring are easily visible, with the silicon FET buried 
under the ILD. SEM image is taken before selective CNT etch 
removes all unneeded and mis-positioned CNTs (following IIP [10]), 
showing transfer of CNTs onto the substrate.  The transfer maintains 
both the alignment and density of CNTs [6]. (d) Schematic for the 
inverter.  CNFET is located directly on top of silicon FET. 

 
Fig. 5: Monolithic 3D CNFET/silicon FET NOR2 gate.  CNFETs 
are in the pull-up network, with silicon FETs in the pull-down. (a) 
Output voltage levels given set of inputs, with 1V VDD.  (b) SEM 
image of the NOR2 gate.  Two CNFETs are stacked on top of two 
silicon FETs. (c) Physical layout of the NOR2 gate. Metal routing 
shown within the ILD depicts connectivity for clarity. Actual wires 
are deposited above the ILD. (d) Schematic for the NOR2 gate. 

 
Fig. 6: Monolithic 3D CNFET/silicon CMOS multi-stage logic.  
CNFET inverter cascaded with silicon CMOS inverter. (a) Input and 
output waveform at 1 kHz (1V VDD, -3V VB). (b) SEM image of the 
cascaded inverters.  Two CNFETs form the first inverter on the top 
layer, and two silicon FETs form the second inverter on the bottom 
layer. (c) Schematic for the cascaded inverters. (d) Physical layout of 
the cascaded inverters.  Metal routing shown within the ILD depicts 
connectivity for clarity.  Actual wires are deposited above the ILD. 
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Future Systems will Require Heterogeneous 3D 
Integration on a Si Platform
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Conclusion

☹ Cu resistivity increases as technology scales down. This 
will be a bottleneck of future high-performance chip. 

☺ CNTs have a significant advantage over Cu wires 
especially for local interconnects

☺ Optical links have smallest latency and energy per bit for 
longer  global interconnects requiring higher band width

☺ 3D heterogeneous integration will keep the Moore’s law 
going for awhile.
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