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Abstract— Several nanoscale-computing fabrics based on and demonstrate how full 3-D integration may beieacdd

novel materials such as semiconductor nanowires, m@En

nanotubes, graphene, etc. have been proposed in eet years.
However, their integration and interfacing with external

CMOS has received only limited attention. In this aper we
explore integration challenges for nanoscale fabricfocusing on
registration and overlay requirements especially. & address
the following questions: (i) How can we mitigate te overlay
requirements between nano-manufacturing and convergnal

lithography steps? (ii) How much overlay precisioris necessary
between process steps? and (iii) What is the impaon yield if

different overlays are used?

We propose and evaluate a new 3D integration apprah that
combines standard CMOS design rules with nano-
manufacturing constraints. For a nanoprocessor degh
implemented in N’ASIC (a hybrid nanowire-CMOS fabric) we
show that a 100% yield is achievable even for ovexy precisions
achievable with current CMOS manufacturing (3s==8nm,
ITRS 2009) while still retaining 3X density advantge
compared to a projected 16nm CMOS scaled design.

Index Terms — 3-D integration, mask overlay, aligremt,
nanofabrics, NASICs, NASIC, nanowires, nanoscale computing

|. INTRODUCTION

Manufacturing of integrated nanosystems with diala
assembly of sub-lithographic nanostructures coesnto
pose significant challenges. While unconvention
manufacturing techniques such as imprint lithogyaph]
and SNAP [2] can produce ultra-dense regular sirastat
sub-10nm features, alignment with respect to preho
formed patterns is still a concern (e.g., the @sedlignment
for imprint lithography is very poor ate3=+105nm [3]).

al

using standard CMOS design rules. We show thatgdesi
choices and order of process can mitigate overlag a
alignment requirements, while retaining density dftg of
sub-lithographic processes.

We estimate the yield for different overlay préemis (as
projected by ITRS 2009 [4]) for the proposed apphaVe
present a 3-D nanofabric calledASICs, that can be built
using the proposed approach and evaluate its be@efinst
16nm CMOS technology. A nanoprocessor (WISP-0 i5])
mapped to this fabric for the purpose of study.uReshow
that a yield of 100% is obtained even for an owerla
imprecision of 8nm (based on manufacturing solgion
known according to ITRS 2009) with a density adaget of
3X.

The key contributions of the paper are (i) a 3-D
integrated approach to build nano-CMOS hybrid systés
presented; (ii) the dependence of overlay-limitesddyon the
order of manufacturing process is discussed; aidyigld
implications for different overlay precisions amakiated.

The rest of the paper is organized as followstiSed|
describes 3-D integration requirements and appesador
nanosystems, Section Ill presents a discussionignnaent
and overlay requirements, Section |V describes
simulation methodology for overlay limited yielddaresults
?btained, and Section V concludes the paper.

the

[I. 3-D INTEGRATION REQUIREMENTS

Nanofabrication techniques based on contact méttpr
or self-assembly based approaches favor the fosmaif
regular periodic structures such as grids. Registra
requirements in such regular structures are alledizince

Photolithography on the other hand has excellenskmaan initial lithography mask may be ‘offset’ with ress of
overlay precision but may not achieve the same ityensfynctionality. For example, NASICs [6][7][8][9][1f11] is a

overall (since individual layers may be benefittifpm
using nanoscale manufacturing techniques).

2-D nanowire grid based fabric which uses lithogsap

masks for functionalization, contacts etc. A dethistudy of

In this paper we propose a hybrid nano-CMOS 3-khe implications of mask overlay and misalignmerasw

integration approach that combines the advantages

¢arried out for NASICs in [12]. It was observedtthayield
of ~70% can be obtained for an overlay of 3 £5.7nm
(manufacturing solutions known, ITRS 2009 [4]). thmis
paper, we discuss how regular nanofabrics couldunt
with full 3-D CMOS integration, while further mitiging
overlay requirements and carefully addressing densi
implications.

One approach to build a fully integrated 3-D fahsi to
use only optical lithography for all the processpst The

unconventional and conventional manufacturing psees.
We discuss the overlay requirements for hybrid ferics,
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extremely good overlay precision of CMOS can bdatgd mitigating mask overlay while still achieving artral dense

with this approach. Therefore, yield obtained wile
comparable to CMOS process yield. However, the agpr

fabric.

In this approach a single unconventional manufaojur

is expected to have low density when compared is carried out priori to all lithography steps to define high-

techniques that use

nanofabrication techniques since it is limited bptical

lithography.

A second approach would be to use unconventiongquirement.
approaches on top of a conventional manufactuliog fo

self-assembly/unconventiondensity nanostructures.

This overcomes the overlay
challenge for nano-manufacturing, since the fitesp f the
manufacturing sequence would not have any overlay
Furthermore if the defined nanostmectu
pattern is regular (e.g. parallel arrays), thet fithographic

obtain a 3D integrated fabric of high density. Sumh mask has overlay tolerance, i.e. it may be ‘offeeter the
approach has been examined in CMOL [13] and FPHM] [Larray without yield loss. All subsequent steps dobk
nanofabrics, where unconventional techniques sush HBthographic with excellent overlay precision. Thipproach

nanoimprint are necessary after the fabricationCMOS
layers. As mentioned previously, overlay alignmergcision

achieves 3-D integration without any special mactufidng
requirements while ensuring finer nanoscale resmiufand

needed for imprint lithography ise3+105nm [3], which consequently higher density) than can be achievéd w

implies significant challenges in alignment

againsiithography at the bottom (where the logic densisy

previously defined lithographic features. Such agda improved).

overlay misalignment can contribute to significgigld loss
(or conversely trading-off much of the density Hengsing
well separated features for acceptable yield) ambi ideal.

Our current work lays emphasis on the importaridcbe

manufacturing sequence when unconventional

To enable direct integration into a conventional
lithography flow, CMOS design rules (Fig. 1) ardldwed
for all subsequent steps such as creation of meés,
interconnect, contact rails etc. Fig. 1 shows tesigh rules

aratross nanoscale features and lithographic scalgthie..

conventional manufacturing techniques are employed Width and spacing of the bottom nanowire grid madfere

conjunction. We propose a nano-CMOS

approach, which considers therder of manufacturing

integratioto CMOS design rules. The CMOS design rules formién

were as projected by ITRS and [15]. Metal 1 pitcld @ia

process steps along with fabric design choices; these aid ispacing determine the spacing between the nanowire

CMOS layer

1) Control logic for N°ASIC Custom metal
interconnects for
2) Other CMOS logic (example Mixed routing

signal etc)

Nanowire logic
plane (N*ASICs)

Channel
Nanowires
MOSFETs (CMOS
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Figure 2 A Nano-CMOS 3-D integrated fabric

bundles. This is projected to be 40nm for 16nm rietigy
node.

A fabric incorporating these principles of 3-D
integration is Nanoscale 3-D Application Specifitelgrated
Circuits (NASICs) [16] (Fig. 2). The fabric can be built on a
single ultra-thin SOl wafer, with a direct-pattedneanowire
logic plane surrounded by support CMOS circuitryg(dor
external control). Lithographically defined vias area-
distributed interfaces connect the nanowire artaysugh a
CMOS metal stack. Detailed *ASIC description and
evaluations can be found in [16].

The step-by-step 3-D integration approach fAASICs
is shown in Fig. 3. Nanowires may be direct-patdrion
Silicon-on-Insulator ~ substrates  (Fig. 3A) through
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unconventional approaches such as SNAP and impri.,

lithography. Since metal vias are used to cont&ennpel

nanowires, the spacing of the channel nanowires
determined by design rules for via spacing. Sincanoel

nanowires could have much smaller dimensions thatalm
vias, they are bundled into pairs to make bettetamd, and

provide for dual channel crossed-nanowire fielcketf
transistors (2C-xnwFETS) [16].

Following thea priori patterning of nanowire layers,
lithography is used for contact creation and megate
deposition. This step defines the positions of dogianes
and transistors on the grid to achieve the
functionality (Fig. 3B). A self-aligning ion implaation is
then used to create n+/p/n+ regions. Finally, metatks
implement interconnects similar to traditional CMQ#etal
1 is used to connect inputs as shown in Fig. 3CtaM2 is
used to connect two different logic planes as degiby Fig.
3D. Area-distributed standard pins or vias are used
connect inputs and outputs of the nanowire loganes to
the CMOS routing stack. Metal interconnects and Vialp
in achieving arbitrary routing.

N*ASICs is found to be 3X denser than CMOS for
processor design. The density advantage #S\Cs is due
to the dense nanowire array at the bottom (implyireyuse
of devices with smaller dimensions when compared
conventional CMOS FETS), use of single type FETetize
logic, implicit latching on the nanowires (whichsemes that
there is no need for area expensive latches apéldips)
and finally reduced transistor count compared toGSv
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Figure 6 Mask registration during functionalizatistep

Since the nanowire layer confirms to CMOS desidesiuthe
spacing between the nanowires is greater comparad2tD
grid based NASIC fabric. While the NASIC fabric 38X
denser [6] than functionally equivalent CMOS WISP-0
design, the wuse of design rules, while alleviating
manufacturing requirements, reduces the densityrsdge

of N*ASICs to 3X.

I1l. ALIGNMENT AND MASK OVERLAY

Nanowire patterning may be carried out using N1 [
or SNAP [2]. As mentioned, this step is carried pbr to

requiregy jithographic step and hence has no overlayirement.

In addition, alignment markers can be createddgistration
of photolithographic steps at the same time as ldigic
nanowires. If NIL is used, alignment markers fobsequent
lithography steps and logic nanowires can be pérthe
same mold and hence transferred to the substragesiif-
aligned fashion as shown in Fig. 4. In the cas&SNAP,
where an arbitrary alignment marker may be diffictd
achieve, patterned nanowires of different dimersicen be
used as Moire patterns/fringes [17].

@  Since the underlying pattern of nanowires is umifo
this allows the first lithographic mask to be horially
offset with some tolerance and still achieve cdrrec
tﬁ?mctionality. Fig. 5 demonstrates the mask regtiin
process during contact creation step. Fig. 5(awshthe
nanowires and the alignment markers created using
technique like NIL. Fig. 5(b) shows the first lidm@aphic
step. Alignment marker (AM# 1) 1 is used as thgratient
target and the mask is perfectly aligned in thenseio. New
alignment markers (AM# 2) are created during thatact
step which is used for aligning subsequent magi. 5c)
shows an excessive misalignment case which resuolts
nanowires being not contacted by the power ragsltiag in
a defective chip.

Fig. 6 shows the defects that are caused duestmask
misalignment during functionalization to create ahejates
and 2C-xnwFETs [18]. A large vertical misalignmésads
to an incorrectly shorted device, impacting thedyiélso,
this step has little tolerance to horizontal mpathent as
contacts have already been defined. Fig. 6(b) show
correctly functionalized devices despite some @yerl
misalignment (demonstrating the misalignment taoleeain
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Figure 7 Yield vs. Overlay for 3D integrated fabric

this step). Fig. 6(c) shows shorted devices duextessive
overlay misalignment. Additional alignment marke(rsot

shown in Fig. 6) will be created during this stepick will

be the alignment targets for the subsequent step.

V. OVERLAY SIMULATION RESULTS

analyzing

of the overlay-limited yield to key fabric paramestesuch as
the width and pitch of nanowires.

V. CONCLUSION

We present a 3-D integration and fabric approdgh.
the available design choices and careful
consideration of the order of manufacturing proessshe
impact of mask overlay is mitigated. The’A$IC 3-D
nanofabric, built using these principles, considts regular
dense nanowire array at the bottom, followed by GVIO
interconnect layers on the top is 3X denser tharOGvand
is realizable with available manufacturing techeigjat very
minimal yield loss. Assuming an overlay precisidrdom or
better results in a yield of 100%. In contrastegular
structures would have more stringent
requirements. For example, the proposed approachhals
considerably greater tolerance (~3X) to overlayrigjsion
than 16nm CMOS that requires a 3nm precision atlén

node as per ITRS 2009.

The WISP-0 [5][6] nanoscale processor design was
mapped onto the ¥SIC fabric. Overlay misalignment
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