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Abstrac® This paper introduces a new finegrained 3D IC
fabric technology called NRDynamic Skybridge. Skybridge is a
family of 3D IC technologies that provides finegrained vertical
integration. In comparison to the original 3D Skybridge, the
NP-Dynamic approach enabés a more comprehensive logic style
for improved efficiency. It addresses device, circuit, connectivity
and manufacturability requirements with an integrated 3D
mindset. The NRDynamic 3D circuit style enables wide range of
logic expressions, simple clockg scheme, and reduces buffer
requirements. Architected interconnect framework in 3D
provides a high degree of connectivity. Bottoraup evaluations
for 16-nm NP-Dynamic Skybridge, considering material
properties, nanoscale transport, 3D circuit style, 3D plcement
and layout reveal up to50x density and 25x power benefitsfor
4-bit CLA in comparison to 16nm CMOS at comparable
performance. For 4-bit multiplier, NP -Dynamic Skybridge
shows up t090x density benefit and8x lower power vs. CMOS.

Index Termsd 3D IC fabric, NP-Dynamic circuits, emerging
technologiesyertical nanowires, nanoscale computing fabrics

. INTRODUCTION

With the transition of technology nodedo nanoscale
CMOS face severe challenges thagsultfrom device scaling
limitations [2][3], interconnection bottleneckd4] and
increasing manufacturing complexitiegl]. To continue
scaling, a finggrained 3D integratedcircuit fabric, called

to the unique integration approach and design choices
nanosca challenges are solved, and significant benefits are
attained over D CMOS. The NPDynamic Skybridge fabric
based designs even show impnments over original
Skybridge while still maintaining 3D compatibility and
manufacturability In this fabric both n and ptype
transistors are used inNP-Dynamic circuit style, where n
and ptype dynamic logicgates are cascaded tavoid
monotonicity problem This allows a wide range of
elementary logic functions to be supported including NAND,
AND-of-NAND, NOR and ORof-NOR, which provide
flexibility for circuit design, and allow compact circuit
implementationsin addition, itsimplifies clocking scheme,
and reducenumber of buffergor largescale design

Our comprehensive fabric evaluatidior the example
arithmetic circuits designed,accouning for nanoscale
materials, device3D circuit style, 3D placement an8D
layout indicatestremendoudenefitsin comparison to 16m
CMOS. In particular, 4bit CLA shows up to50x density
benefitand25x lower powerat comparable performancand
4-bit multiplier shows up t®0x higher density witt8x lower
power than CMOS The NP-Dynamic Skybridge based
designs also show improvement over original Skybridge
design; our evaluationsshow 2x density and 2x power
efficiencyin comparison to original Skybridge for equivalent

Skybridge [1], was proposed thabddressesnanoscale 4-bit CLA design at 16nmabric features can be architected
challenges while achieving orders of magnitude benefits ovefor thermal managemerdmilar to original Skybridge and
CMOS In Skybridge core aspects from device to circuit bottomup manufacturing flowcan be used thaprimarily
style, connectivity, termal management and manufacturing relies onmaterialdepositiontechniqus for active component
pathway are carchitected i a 3D fabric-centric manner. ~ formation[l]. _ _ _
This mindset offers several pathways to physically implement The key contributiors of this paper are: (ifetails of
fine-grained 3D ICs. The original Skybridge use uniform ~ NP-Dynamic Skybridge fabric, its core components and
n-type transistorsn a dynamic circuit style where NAND C|rcu_|t style are presenteq (ii) exten5|vechara:ter|zat|on of
and AND-0of-NAND compound gates are elementdogic architected core componentsn- and p-type Vertical
functiors. Cascading of logic stages requires multipleck ~ GateAll-Around (V-GAA) junctionless transistorsand
signals to avoigsignalmonotonicity problem, and buffers are  Ohmic contact structurare shownand(iii) a comprehensive
used inbetween stager signal propagation and restoration Pottomup simulationmethodologyis presentedandusedfor
in largescale designs. evaluathg and benchmarkingrithmeticcircuits with respect
In this paper, we propose alifferent approach © original Skybridge and2-D CMOS in 16nm technology
incorporatingboth r+ and ptype transistors to build a new hode _ _ _
class of finegrain 3Dcircuits called NPDynamic Skybridge, The rest of the paper is organized as follows: Sedtion
which expands on the degree of flexibility in expressing logic Présentsthe proposed new fabrg core componentsin
functions for improved efficiency. Similar to original ~ Sectionlll, we show how to builelementary circugt based
Skybridge, NPDynamic Skybridge follows a fabrcentric on the core componentsSecnonIV. showsthe simulation
mindset, where architectural and design choices arénethodologyof the proposed fabricSection V shows the

optimizedat physical fabric level for B compatibility. Due ~ Penchmarking results, arctionVI concludes the paper.
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Figure. 1 A) Overview of NP-Dynamic Skybridge fabric B) Dual-doped silicon substrate C) Dualdoped silicon nanowire array D) Ntype
V-GAA junctionless transistor E) Rtype V-GAA junctionless transista F) Ohmic contacton n-type silicon andattached with Tungsten bridge
G) Ohmic contacton p-type silicon andattached with Tungstenbridge. H) Coaxial routing structure and bypass routing layer
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1. CORE COMPONENTS

NP-Dynamic Skybridge design follows a fabxentric
mindsetby assembling structures on3® uniform template
of single crystal vertical nanowires, keeping 8@mpatibility
and overall efficiency as its central goal.

The envisioned Nf®ynamic Skybridges shown in Fig. 1
A; nanowires are the core building blocksd architected
components areonstructed on these nanowires primarily
through material deposition techniqussnilar to the process
flow described in ref. [1]Core architected components :are
uniform dualdoped vertical nanowires, - nand ptype
V-GAA junctionless transistors, Ohm@ontacts connecting
different doped regions, Coaxial routing stwres and
nanowire connectingridges In this section we presentthe
core components of this new fabric aifldstrate how it is
used in unison to achieve desired functionality.

A. Vertical Nanowires

As mentioned earlierregular array ofsingle crystal
vertical silicon nanowires are fundamental building blocks

thesenanowirescan be used aqgi) logic nanowires thatise
stackedtransistorsto implement required functionalityand
(ii) routing nanowires for signal routingThe nanowire
formation step precedes all manufacturing steps, and is done
after wafer preparationThe wafer can be preparebty
bonding heavilydoped n-type and pype substratesising
technigues that are similto the ones described iiafs.[7][8].
Fig. 1B illustratesthe waferwith both nand ptype doped
silicon layers which are vertically stacke8etween the
n-type and pype doped silicon layers, there is a silicon
dioxide layer for isolationFig. 1C shows the duatioped
silicon nanowirewith high aspect ratiovhich has pype
doped silicon on top half andtyppe doped silicon region on
bottom half thesenanowirescan be patterned using both
inductively coupled plasmaetching, and oxidation and
removal techniquedl].



B. Vertical Gate' All-Around Transistor

V-GAA junctionless transisterareused asctive devices,
and are formed on nanowirésrough consecutivematerial
depositionsteps V-GAA junctionless transistors usaitorm
doping with no abrupt variationin Drain/Source/Channel
regionsthat simplifies manufacturing requirementend is
especially suital@ for this fabric Fig. 1D andFig. 1E show
the structures of both-rand ptype transistorsBoth of them
are V-GAA junctionless transistors whose channel
conduction is modulated by the workfunction difference
between the heavily doped channel and the [t itanium
Nitride (TiN) and Tungsten Nride (WN) are chsen for
n-type and ptype transistorgespectivelyto provide proper
workfunction [10][11]. 3D TCAD Procesq22] and Device
simulations [22] were used to extract the device
characteristicsshown in Fig.2. The ntypedevice had a®N
current of30pA, and OFFcurrent 0.1nAThe p-type device
had anON current of BpA, OFF current 076nA. The
simulation methodogy is presented in Section A/
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Figure. 2 A) Drain current vs. drain voltage (lps - Vps) curve of
n-type device B) Drain current vs. drain voltage (bs - Vps) curve of
p-type device

C. OhmicContact
In NP-Dynamic Skybridge low-resistance contagtare

Fig. 1F andFig. 1G Tungstens used as the material flarm
the bridges becausef its good adhesion ability with
Titanium[14].
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Figure. 3 1-V curve of the contact structure

E. Coaxial Routing Structuse

Coaxial routing refers to a routing scheme, where a signal
routes coaxiallywith another inner signal without affecting
each otherThe coaxial routing structuiie used for routing in
vertical direction, and tgropagate signalbetween n and
p-doped egions.This is unique and enabled by thebric’s
vertical integration approachand can be manufactured
similar to the process flow used in ref. [Hach coaxial
structure (Fig. 1H) is built with twaoncentricmetal layers
separated bylielectric layes arounda nanowire.A contact
layer is formed around the nanowire faorm low resistance
Ohmic contactfor signals to bypass the isolation layer
between the nand pdoped regiongFig. 1H). Fig. 3 shows
the LV charactesticsof the contacstructurethat wascarried
out by emulathg the fabricationprocess flow inSynopsys
SentaurusProcess and Devicsimulator [22] (See Section
IVB). The resistance was found to be(bk

[ll. ELEMENTARY CIRCUITS

A. NAND/NORGate

Elementary logic gates such BAND and NOR can be
realizedon a nanowireby stacking A and p type transistors
respectivelyon the duatdoped nanowireFig. 4A and Fig. 4B
show 5input NAND and NOR gate implementations

usedto carrysignals between heavily doped silicon and metalrespectively. The benefits 8D integrationare obvious from

To ensure low resistance contacspecific materials are
chosen foreachdoped regiongFig. 1F and Fig. 18 Nickel

is usedfor p-type Ohmic contact and@iitaniumis choserfor
n-type. Each of these mesahas proper workfunctioto form
low Schottky Barrier with corresponding doped silicon
achievinglow resistancein addition they also havegood
adhesionto doped silicon [13][14] A thin Titanium Ntride
layer in the ptype nanowire Ohmic contact is used for
avoiding the reaan betweerNickel andTungsten

D. Bridges

Bridges (Fig. 1F and Fig. J@onnect with Ohmic contacts
and oaxial routing structures toarry andpropagate signals
horizontally between input and output nodess shownin

Figs. 4A and 4B, where 7 transistors éhdontacts occupy
only one nanowire arefotprint for NAND and NOR gate
implementatios. The use of gype transistors also provigle
benefits over original Skybridge fabric for logic
implementationFor example, building 5input NOR gaten
original Skybridge fabricrequires five linput NAND gates
(5 nanowires)the outputs of these five NAND gatere then
connectedto realize ANDof-NAND logic to implementa
NOR logic function By contrast, NP dynamic Skybridge
fabric useonly one ptype nanowire for NOR functiofhus
NP-Dynamic Skybridge fabrioffers higher design flexibility
that canenable significant density, power and performance
improvements ove?-D CMOS andoriginal Skybridge.
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Figure. 4 A) NAND gate layout and schematicof NP-Dynamic Skybridge B) NOR gate layout and schematicof NP-Dynamic Skybridge C)
XOR gate layout and schematic in NFDynamic Skybridge implemented with AND of NAND logic D) XOR gate layout and schematic in
NP-Dynamic Skybridge implemented with OR of NOR E) Schematic of cascading NAND and NOR gates F) Layout of cascaded NAND ahd
NOR gates G) HSPICE waveform of cascaded NAND and NOR gates

As shownin Figs. 4A and 4Bthese elementary gates are OR-0f-NORs logic respectely. These choices provide
controlled with prechargeand evaluateclock signals.The higher degreef flexibility in circuit design.
NAND gate operates in the similar way stoownin original
Skybridge [1]. For the NOR gate, the output node getsC' Casca@ed Gate_:s ) o
discharged during thpre-dischargephase, andhe output is Cascading multiple logic gates is important for lasgale
pulled up to dfinal value depends on tHeN/OFF status of ~ designs. In NFDynamic Skybridge,successivecascaded
p-type transistors during thevaluationphase.As explained stages' areglterngtely Implemgnted usmg-.n?.nd ptype
in ref. [6], n-type dynamic logic (NAND gate) requires ijnamlc |.0gIC ThIS. solvgs thesignal monotonicity problem
monotonically rising signals as input whiletype dynamic N cascadinglynamic logicgates and allows cascaded stages
logic (NOR gate) requires monotonically falling signals as of a given circuit to be evaluated in the same clock. period.
input. Otherwise, monotonicity problem would happen during Only one set ofprechargeand evaluateclocks is required

theevaluationphase. which results in simplified clocking schem&he schematic
diagram in Fig. 4E shows an example of cascaded gates. It
B. Conpound Gate was designed with two-iput NAND gatesn the firststage

In addition to elementary Boolean gates, complex logicfollowed by one 2input NOR gate. The output of NAND
functions can also be designed in a single dtausinga gate was used to gate a NOR gate in the following stage. Fig.
combination of NAND/NOR gates OR-of-NORs 4G shavs thesimulation output from HSPICEor functional
(/AND-0f-NANDSs) logic can beimplementedy shortingthe validation. Initially, NAND gate output wagprechargedto
outputs ofa collection ofNOR (/NAND) gates; this is in  logic 1 and NOR gate output wase-dischargedto logic O
contrast tooriginal Skybridge, where only ANEf-NANDs simultaneously. During thevaluationperiod, the evaiation
logic is used Fig. 4C and Fig. 4Dllustrate an example, of both NAND and NOR gatesan beexecuted irthe same
where an XOR gate is built by AND-of-NANDs and clock phase because the NAND output provides



monotonically falling signal to the following NOBate as  silicon. The area of each interface regiomdgial to thearea
input The monotonically falling signal is the required input of each contact in the bypass routing structure shown in Fig.
signal for ptype dynamiclogic gate andallows cascaded 1G. The doping concentration was'3@m? for n-typesilicon
dynamic logic gates and the ptype silicon was dopedith 10?°cmi*concentration.
The 3D layout of the above design is shown in Fig. 4F; The work function was defined 4.7eV fblickel and 5.2 eV
three logic nanowires are used for implementing NAND andfor Titanium[26]. The Schottky boundarynodel was chosen
NOR logic gates, and three additional nanowires are used fofS Physics model of the contaatterface. Simulations were

input/outputrouting calibrated to account for interface scattering, surface
roughness and interface trapped charges.
IV. METHODOLOGY C. Circuit-levelSmulations
A. DeviceSimulations Novel nanoelectronic devices do not have birltmodels

in traditional circuit simulators such as HSEI(23].

The ntype and pype V-GAA junctionless transistors . . )
Therefore, device simulation data were used to create

were extensively characterized using accurate physissd behavioral dels f h . ionl devi
3D simdation of the electrostatics and operations usingP€navioral models for thev-GAA junctionless devices

Synopsys Sentaurus TCARZ]. Gate material work function compatible with HSPIE as explained inZ5]. Thebehavioral
is 5.2V (TiN) and 4.3V (WN) for ntype and ftype models incorporate mathematical expressions for device

transistors respectivelj26]. 16nm channel length was CUI'ent as a func;uon of 36 and Vs, and pecewise linear
simulated following similar feature size asriginal ~ aPProximations of parasititapacitances. Ves

Skybridge’s device. Uniform doping for drain, channel and '€ resistance and capacitance of intercosnasere
source was required to form th¥-GAA junctionless modeled using Predictive T_echnology Mod_el (PI[Mj]_and
transistor, and As and Br were choses dopntsfor n- and extrected fr_o!'n manual_ly bunB_D layout Wh'c_h Is designed
p-type devices respectively. The doping concentration forbased.omrlgmal Skybridgedesign rngsIl.Wlth the help of
ntype device was 0 cmi® and ntype was 18 cm®. A behavioral models and modeled interconnect RC values,
highk dielectric, HfO,, was used for gate oxide. Th-e gate HSPICE simulations were carried out to verify functionality
oxide thickness was 3nm. Drdfliffusion model transport and measure the performance and pdeedesgns based on

models were usetb simulate the3D V-GAA junctionless NP-Dynamic Skybridgdabric.

devices. Simulations were calibrated to account for interfaceD. Area Evaluation

scattering, surface roughness and interfagegptrd charges as The example circuits used for benchmarking were

explained in 1][24]. designed and physic&D layout was manually performed.
Drain current vs. draivoltage (bs - Vps) and capacitance Area footprintof each desigrwas calculated based othe

vs. gate voltage (C v8/gg) characteristics were simulated number of nanowires used and nanowire piah per

(Fig. 4A-B). These simulationsserify both accumulation  Skybridge designules [1]

mode behavioand depletion mode behavidor the devices

whenappliedwith a varied gateoltage. V. BENCHMARKING AND RESULTS

B. ContactStructureSimulations Carry lookahead addeand Array Based Multiplief15]
were used to evaluate NBynamic Skybridge and compare
with CMOS Block diagrans of 4-bit CLA (3 stages)and
4-bit Array Based Multiplie(7 stagespre shown inFig. 6B
and Fig. 6A respectivelyEach of themis implemented with
NP-Dynamic circuit styledescribed earlierAll stages finish
the evaluations in one clock perjodithout the need for
additionalbuffers forsignalpropagation

Table Il and Il show the CLA and multiplier
benchmarking results for NBPynamic Skybridge fabric,
original Skybridge 3D fabric and CMOSat 16nm
NP-Dynamic Skybridg& 4-bit CLA design show 50x
benefits of density an@5x power efficient in comparison to
CMOS and the 4bit multiplier design has90x density
benefits and8x power efficiency compared with 16nm
CMOS design In comparison to original Skybridgés
duatrail based design that are optimized for higher
performanceNP-Dynamics single-rail basedboth CLA and
multiplier designachieve up t®x power efficiency and 2x
density benefits with comparable performance driginal

The silicon-metal contact interface where thereis a
resistiveinterface regioncaused by SchottkBarrier of the
interface between doped silicon and metaas simulated
with accurate physiesased 3D simulation of the
electrostatics and operations using Synopsys Sentaurus
TCAD. Fig. 5 shows thesimulated contact structurthat
includes theinterface between Nickel and ptype doped
silicon, andthe interfacebetweenTitaniumand ntype doped

i e il Skybridge’s  throughput is 10% better) Key factors
Figure. 5 Simulated contact structure with p+ silicon, Nickel, Cont”pu“ng tO' degradat'on of throughput n mhamlc
Titanium, n+ silicon Skybridge’s designs are usage of fewer stages for pipelining,




and increased evaluatiattock periodcompared tooriginal
Skybridgecircuits.
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Figure. 6 (A) Block diagram of 4-bit array based multiplier in
NP-Dynamic Skybridge fabric; (B) Block diagram of 4bit CLA in
NP-Dynamic Skybridge fabric

Tablell Benchmarking Results-dit CLA

Throug
4-bit Latency | Power | Area T_w;tjtg -hput/
CLA (ps) (W) | M) | ongey | Power

(Opsld)

(g'l‘ﬁrédeﬂg 100 220 | 076 | 10E+9 | 4.7E+14
Ng'k'%’:‘igg‘e'c 50 95 | 036 | 8.8E+9 | 6.9E+14
cMOs 102 235 | 187 | 9.9e9 | 0.4E+14

Tablelll Benchmarking Results oflit Multiplier

f ey Throug
4-bit Latency Power Area h utg -hput/
MULT (Ps) w) | (@um2) (oé’s/s> Power
(Ops/d)
Skybridge
(DualRail) 457 42.3 1.27 5.1e9 1.2E+14
NP-Dynamic
Skybridge 93 21.1 0.54 4.59 1.7E+14
CMOS 200 172 50 5.0e9 | 0.3E+14

VI. CONCLUSION

In this paper, we detailed new vertical nanowire based

3D integrated circuits fabricalled NRDynamic Skybridge
Fabric’s core components and  their
evaluatiors were shown. NP-Dynamic Skybridge expands
on the origina Skybridge fabric by offering avide range of
logic designchoices, due to the use of both and ptype
transistorsOur evaluations based @wbottomup simulation
methodologyindicated significant benefits over CMOSr
severalarithmeticcircuits. For examplepur results shov@0x
densitybenefits andBx power benefitsfor a 4bit multiplier

in comparison to CMOS at 16nm. Bits were also attained

with respect to original Skybridge;achievesup to2x power

comprehensive

efficiency and 2x density benefifer both 4bit CLA and
4-bit multiplier design at 16m. We expect that these benefits
will scale to even larger designs, paving a new path for 3D
ICs. Further work is ongoing which includes design and
evaluation for largescale circuitsand exprimental prototype.
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