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AbstractWe present an integrated approach that combines 3D Application Specific Integrated Circuits) computetal fabric

modeling of nanodevice electrostatics and operatisn with
extensive circuit level validation and evaluation.We simulate
crossed nanowire field-effect transistor (xnwFET) suctures,

extract electrical characteristics, and create behaoral models for
circuit level validations. Our experiments show lat functional
cascaded dynamic circuits can be achieved by optiinselection of
device level parameters such a¥7y. Furthermore, Vqy tuning is
achieved through substrate biasing and source andan junction

underlap, which does not pose difficult manufacturdility and

customization challenges. Circuit level simulation®f up to forty
cascaded stages show correct propagation of datacmadequate
noise margins.

Index Terms— NASICs, Semiconductor Nanowires, Device
Characterization, Field Effect Transistors, DynamicCircuits

I. INTRODUCTION

Nanoscale computational fabrics have to overcom

challenges at various design levels, including rfecturing,
devices, circuits and architecture, and fault tolee.
Therefore design choices at individual levels needbe
compatible with the fabric as a whole. For exampgte,
addition to having the requisite electrical chagsstics,
nanodevices should i) meet circuit requirements fandtion
as expected and ii) not require extensive custdinizahat
poses insurmountable challenges to
manufacturing process.

In this paper we explore devices and circuits foaaoscale
fabric in a tightly integrated fashion, with simiidms at the
circuit level built on accurate 3-D device simuteis of the
electrostatics and operations. We extractitdiecharacteristics
and capacitances for various device structurestiafie create
behavioral models of this data for a circuit sinoitaand use
these to validate circuit style and functionaliyve also
discuss implications of device choices on manufaoju
While this work is focused on crossed nanowires {NMld-
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[11[2][3][4], the approach and methodology are lfageneric,
and can be applied to other devices and computdtfahrics.

NASICs are built on regular 2-D semiconductor nainew
grids with crossed nanowire field-effect transistGxnwFET)
and dynamic circuit styles. While dynamic circuitles for the
NASIC fabric have been extensively explored in4]]this is
the first time that co-design of devices and cisciias been
accomplished by using accurate physics based 3D0calev
models. Accurate modeling is especially importaot the
latest dynamic circuits with single-type FETs [dhere using
only n-type devices simplifies manufacturing requiremeamtd
improves performance, but may lead to reduced nmoagins.

We explore different devices and show how the ogitim
choice of device parameters such\&g, lovlorr ratios etc.
enables correctly functioning cascaded dynamic uitsc
Importantly, we also discuss how these device level
aracteristics can be achieved without unrealistic
customization requirements on the manufacturingg¢ss.

The main contributions of this paper are: i) a gene
methodology for integrated device-circuit explovas of
nanodevice based systems is presented ii) physisedb
accurate 3D characterization of xnwFET behaviostiswn
and iii) nanowire crossbar circuits are explorethvdifferent
nanodevices and NASIC dynamic circuit style isdated.

The rest of the paper is organized as follows. Aefbr

non-conventionglerview of NASICs with an emphasis on device regients

and circuit styles is shown in Section |. Sectibddscribes the
methodology for integrated device-circuit explooati Section
[l presents device simulation experiments andltesMASIC
single-type FET dynamic circuit validation for difent
devices is presented in section V. Section VI dises
manufacturing implications. Section VIl concludhe paper.

Il. OVERVIEW OFNASICs

Semiconductor nanowires have been demonstrated awith
variety of materials including silicon [5][6], geemium [7][8],
InSb [9] etc. By using non-conventional assembbhiggques
[10][11][12], it may be possible to assemble thesaterials



into regular arrays and grids.

The NASIC fabric is built on these types of 2-D ¢ \ £ \ £
semiconductor nanowire grids with crossed nanowiietel- SN\ L /N
effect transistors at certain crosspoints. The cehrof a i H L
xnwFET is aligned along one NW while the perpenidictW ! [ O
above it acts as gate. A typical xnwFET behavios haen :)‘ . )‘ ¢ Y X
reported in Silicon NWs in [13]. | :/—\i L

Fig. 1 shows an example of a NASIC circuit tha L H 1
implements a 1-bit full adder. This includes a semductor i ‘y_k } h Yy —

nanowire grid with peripheral microwires (MW) thaarry

Vbp, Vssand dynamic control signals. xnwFETs are shown Figure 2. Dynamic control scheme in NASIC Designs

certain crosspoints in the diagram. Channels ofFEiWs are o . ) )
oriented horizontally on the left plane, and velig on the precharged to logic '1' by assertingre hpreis then switched
right. Inputs are received from vertical nanowiieshe left off and hevais asserted to evaluate inputs. Vertical nanowires
plane. These act as gates to horizontal nanowirdsFEa'® simultaneously prechargedpie is asserted). In the next
implementing one stage of a dynamic circuit. Thépou of phase, botlpre andhevaare switched off, and the horizontal
horizontal nanowires acts as gate to the nextfsetosistors nanowires are in ‘hold’ phase, during which tineva is
whose channels are aligned in the vertical directidght .asse.r'Fed andloutputs from the tll-e are evaluatemnlemgnts
NAND plane). Multiple such NASIC tiles are cascadedmPlicit latching of the nanowire output after evafion
together to form more complex circuitry such adithout the need for expensive flip-flops, and ssential for
microprocessors [1] and image processing systedjs [1 cascading multiple nanowire stages.

All crossed nanowire devices used in the logicipogtof ~ INtegrating accurate physics based device modets wi
the circuit are identical with no arbitrary dopirmy sizing circuit level evaluations can validate NASIC dynamircuit

requirement. Customization of the grid is limitexidefining CONcepts and cascading. Furthermore, other effects as the
the positions of transistors. Furthermore, NASIGe & single N0iS€ margin impact of usingtype xnwFET for pull-up can
doping type in all xnwFETs to reduce manufacturing® @nalyzed from a circuit perspective.

requirements and improve performance [4].

NASICs use a dynamic circuit style with control reds
driven from external reliable CMOS circuitry. Cauitsignals
coordinate the flow of data through NASIC tiles:rizontal This section details the methodology used for irsttsgl
and vertical signals are different, supporting edéng. Fig. 2 nanodevice-circuit explorations. Results from indixal steps
shows a typical NASIC control scheme but other seeare Will be presented in subsequent sections of thempap
also possible. Horizontal nanowire outputs are ialhjt Device level characterization of xnwFET structuisslone

using 3D simulations on the Synopsys Sentauruscdevi
simulator [15]. Drain current vs. gate voltage riser)
characteristics are obtained for drain voltagegiugrbetween
0.01V to 1.0 V, which covers the operating rangetlod
devices in the NASIC dynamic circuits. Gate-souand gate-
veva drain capacitances are also extracted as a funofitime gate
' voltage. Regression analysis is carried out ordthé current

[ll. METHODOLOGY FORINTEGRATEDDEVICE AND CIRCUIT
EXPLORATION

hpre

4 :"F' data, and multivariate polynomial fits (for FET magion
4 T behavior) and exponential fits (for off-region beios) are
extracted using DataFit softward hese relationships express
t the drain current as a function of two independemtables,
Hawr . . .
' ' v gate-source\(g9 and drain-sourceVs) voltages. These fits
W are then incorporated into subcircuit definitioms foltage-
L '
vpre
A Note on Regression-based vs. Analytical Modelitgegression based
= approach is very generic and can be used to fititrarp device
1 0 characteristics. Coefficients extracted from regms data fits are
C So representative of the device behavior over sweépmlain-source and gate-
) ) ) . source voltages. This is in contrast to conventiaméuilt models in SPICE
Figure 1. 1-bit dynamic NASIC full adder using NANTAND for MOSFETSs and other devices, which use analyticalations derived from
cascaded 2-level logic. Arrows show propagatiodaif through the theory and physical parameters such as channethleagd width. The
tile. Thicker wires represent microwires and thn_esare nanowires. regression coefficients in our approach may noealy correspond to
FETSs shown on certain crosspoints. conventional physical parameters. Therefore differegression fits will need

to be extracted for devices with varying geometrikeping etc.



XxnwFET with an unconventional geometry. We havest fir
validated our simulators and simulations againstll we
characterized experimental data on gate-all-arauwembwire
FETs [17][18]. We have then employed a similar rodtilogy

gate
nanowire

top

dielectric

(1 nm) to model both the xnwFET electrostatics and switghi
channel operations. Our goal is to design xnwFETs with isien
nanowire underlap . .

bottom mode operation, a positiwgy, andVpp £ 1V.

'?fg'ﬁﬁ;’)r We have performed drift-diffusion simulations on
substrate xnwWFETs with the parameters listed in Table |. Tfate and

channel NWs are of the same width for ease of
manufacturability. All devices have a relativelyghip-type
doping of 18° cm® on the channel nanowire to simultaneously
suppress short-channel effects and incredgg The gate
nanowire, source-drain junctions, and substratedaavilyn-

Figure 3a. Si CNWFET structure used in our 3D satiahs. The
channel nanowire ig-type (blue) and the gate/source/drain/substrate
region aren-type (red).

10* doped to 18 cm® to minimize series and contact resistances.

<
@ 10° TABLE I. DEVICESEXPLORED
- 8 Gate &
e 10 Device | Channel Nech Ne/sioisub | Vsun | Underlap
= 107 —A&— Device #1 NWs
O . —=— Device #2 #1 ov 0 nm
= ' _e— Device #3 #2 10 10 nnf | 10°em® | 10P%em® | oV 7 nm
g 10 ! #3 -1V 7 nm
&) |
1
0™ .

-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Gate Voltage V. (V)

As illustrated in Fig. 3b, Device #1 suffers frornery
severe short-channel effects in which the off-statgent (at
Ves = 0V) is very large even with a very high chandeping.

Figure 3b. Simulated transfer characteristics efiBTS with
parameters listed in Table I.

controlled resistors in HSPICE [16]. Capacitancéad@om
Sentaurus is directly integrated into HSPICE usiofage-
controlled capacitance (VCCAP) elements and a pidse
linear approximation since only small variationapacitance

In other words, its very poor on-to-off currentioatenders
this device useless. To mitigate the xnwFET shbaroel
effect, we have applied an underlap between the e@ge and
source-drain junctions (as illustrated in Fig. 8a)Device #2.
Although a decent on-to-off current ratio could ghbe
achieved, the devic¥qy is still slightly off. To satisfy the
NASIC requirement, we have additionally appliedegative

were observed with/gs increments. The regression fits forsubstrate bias (with respect to the source potgmdiaDevice

currents together with the piece-wise linear modet
capacitances and subcircuit interconnections defthe
behavioral model for xnwFET devices used
simulation.

Once behavioral data has been incorporated intol GESP
multiple experiments are conducted including: DGeps of
individual devices to verify behavioral models, slation of a
single dynamic stage to verify functionality, anchglation of
multiple stages to evaluate the effects of nanowiarscading,
charge sharing and diminished noise margins.

IV. DEVICE CHARACTERIZATION

The xnwFET structure used in our simulations isxghm
Fig.3. Rectangular gate and channel silicon nareswirith
square cross sections have been considered. Theyatep
dielectric and bottom insulator are silicon dioxitie addition,
abrupt source-drain junction doping profiles haveerb
assumed.

#3. Finally, we are able to attain a good on-toenfifrent ratio
3 10° and a positiva/r, of 0.23 V.

in circuit In subsequent sections we will continue to follohe t

numbering for devices used in Table | for simpjicit

V. CIRCUIT SMULATION RESULTS ANDVALIDATION

DC sweep analysis was done to verify that the nwofiel
closely with Sentaurus device simulation data. Tdil®wing
experiments were then carried out:

A. Validation of Dynamic Circuit Style

The dynamic circuit style presented in Section lasw
evaluated with the xnwFET devices in HSPICH¥;, for
Device #2 was chosen at 0.8 W5 for Device #3 was chosen
at 1 V. The latter has a positivéry of around 0.23 V.
Therefore, when thesetype devices are used for pulling up
circuit nodes, the voltage at the node will notcteghe full
Vpp but a value close to/fp - V1) [19]. The higheNMpp was

Unlike the 2D approach commonly adopted in bulk FEThosen to provide significant noise margin in tié-@gion of

analyses, the 3D device simulations are necessaguse the the device. Noise and signal degradation issudsbeildealt
assumption of negligible variation along telirection (as in with in more detail in subsequent experiments. &ont
Fig. 3a) no longer applies to our characterizatiofisthe resistance td/pp and Vsswas chosen to be 10k Dynamic
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Figure 4. Simulation waveforms for a single NASKhdmic stage.

control signals operate at a frequency of 1 GHzh & 33%
duty cycle (representing 3-phases - prechargeuatslhold -
of the dynamic stage).

Fig. 4 shows the functioning of a single NASIC dyna
stage. The top panel shows precharge and evalaatizot
signals operating at 1 GHz. Panel 2 shows threet isignals
to the dynamic stage. The output node is shownamelB and
the current dissipation shown in panel 4. We mahke t
following key observations from the waveforms (lkdoeon
the diagrams):

1. During precharge, the output node is pulled up to

approximately Vpp-Vrr), as expected with inversion mode
type devices. By choosing,, at 1 V for Device #3, we ensure
sufficient noise margin for the ON-region operatioh the
device.

2. During evaluation output goes to GND only when 3all
inputs are atVpp, accomplishing the correct NAND
functionality.

3. Charge dissipation occurs only during transitiasfs
control signals corresponding to drawing chargenfeosource
or discharging to ground. There is no static cuyranplying
that at least one of precharge/evaluate transissostrongly
turned off.

4. During hold phase (both precharge and evalualetiof
charge at the output node is almost constant (sonmer
charge sharing effects exist). As shown in the extion, a
constant voltage in the hold phase is very impadrtzm
cascading multiple dynamic stages.

B. Cascading of Multiple Dynamic Stage

NASIC systems are typically pipelined structuresthw
multiple dynamic stages cascaded together for imeiging
logic functionality. In this section we explore #eecascaded
dynamic structures and seek to validate them ferdbvices
under consideration.

Fig. 5 shows a circuit with 3 dynamic stages used f

pre14
do11
diq
diy4 pre?' pre3
eveld do21 | dc31
—
pre 4 —
do12
evad
did
di 1. 2and 3
evalq

Figure 5. Circuit for validation of cascading inmdynic NASIC design.



evaluating cascading. Stage 1 generates logidgials that
may be imperfect (the voltage value can be beélgw due to
threshold voltage and charge sharing effects). ©hgut
integrity of signals at stage 2 and 3 is checkeddoertain
correct propagation. Stage 3 has a single inpist;isha ‘worst-
case' scenario for signal integrity, since it cepands to the
least total effective resistance and capacitandevdss: the

output andvss A small positive voltage at the input of stage

may therefore be sufficient to disrupt circuit beba.

Fig. 6 shows the circuit characteristics using Dew#2 with
Vy close to zero. Fig. 7 shows the same results U3evice
#3 in the circuit. In both diagrams, the top pasbbws
evaluate and output node of Stagee2a@ anddo?), and the
bottom panel shows the signals for staga&Banddo3).

By investigating the waveforms in Fig. 6, we seattio31
discharges to logic '0' correctly whato21 is at logic 'l
fluctuations in the ON-voltage afb21do not affect thislo31
However, functionality issues exist whdn21is pulled down

to logic '0". We see that wha&va2is de-asserted (hold phase

of Stage 2), a small positive potential builds wl@2 This
positive potential is due to capacitive couplinghwihe dol
node which is being precharged during this timee Bmall
positive potential omlo2 causes the input transistor of Stage
to operate in the linear region, leaking chargenfido3 and
disrupting functionality.

This behavior can be intuitively explained based tba
device characteristics. The smé}l, value implies that there is
very little margin in the OFF region of the devidence a
small positive potential is sufficient to switchetdevice on. It

Figure 6. Results from evaluation of cascading@4i®/10 devices with
no substrate biasing. The small Vth implies thatrell glitch at the
input is sufficient to turn on the xnwFET leadirgetrrors

Figure 7. Results from evaluation of cascading@4i®/10 devices with
substrate bias. Vth=0.23V implies that a glitcith&t input does not
cause XnwWFET to incorrectly switch on.
is expected that by making thé&y higher and providing a
larger OFF voltage margin, correct circuit functbty may be

achieved.

Applying a -1 V substrate bias with gate underl&y aim
can achieve the requisite device behavior by skiftheVy to
+0.23 V. Fig. 7 shows the results for cascadingate#3. We
see that while the glitch still occursda?2, there is practically
no impact on the output node of Stage 3, sinceitpet
XnWFET remains in the off region.

C. Impact on Noise Margin

N-type devices are used to pull up output nodeslitgato
output potentials belowpp, typically around {pp - V) [19].
One important consideration is, will cascading ofltiple
dynamic stages lead to accumulation\4f; drops, causing
incorrect functionality? The NASIC logic style issigned
such that this catastrophic noise build-up scenaréwer
occurs.

NASICs use a NAND-NAND logic style which, in additi
to being able to implement any arbitrary logic fumoe, is also
inverting in nature. We see that while logic '1i® aot
precharged up t¥pp, they always gate a xnwFET in the next
stage that is part of a pull down network. In otherds, the
logic style is such that logic '1' inputs when eaaéd will
cause logic '0" output at the next stage. Outpyriad$s at any
stage do not gate xnwFETSs in pullup networks; thk-yp is
accomplished entirely by precharge signals driveomf
external CMOS circuitry. Therefore, a combinatidncimcuit



and inverting logic style prevents noise accumatatin
NASIC designs. Our experiments have shown thaetieno
noise accumulation in cascaded dynamic circuitsstges
deep.

VI.

Manufacturing of nanodevice based computationatlesys
continues to be very challenging. Therefore, wilkvices
should possess the requisite characteristics tot mieeuit
requirements and expected functionality, it is dgua
important that they can be integrated in a manufad
process without introducing new challenges. Forneda,
while large gate to channel ratios (e.g. 20 nnf gate, 1010
nn channel) can achieve the required electrostatieraband
device characteristics includinyry and ON/OFF current [4]
ratios, the inherent problem with these is theidhigar gate
and channel dimensions. Since the output node a& o
nanowire acts as gate for the next stage, using02@évices

MANUFACTURING IMPLICATIONS [1]

(2]

(3]

would need asymmetry along the length of the nareo\ilihis  [6]
would require varying the radius during growth @howires
themselves or contacting nanowires of differentnditers (7]
together after transferring to a substrate. Naresviwith
identical gate and channel dimensions do not Haegetissues,
but may suffer from poor electrostatics as showthis paper. (8]

We therefore tune electrical characteristics ugeahniques
such as underlap and substrate biasifg.tuning using these
techniques does not impose any new manufacturir[%
challenges. Biasing in NASIC designs is done far émtire

circuit, which is much simpler than biasing indivad devices. [10]
Furthermore, nanowires with rectangular cross-sestiand
sub-10nm diameter have been shown using the SN&geps [11]
[12]; other techniques for growth and alignment auerently
being researched. Combined with the circuit evauaat we [12]
believe that these xnwFET devices can be a suitarididate
for realizing future nanoscale fabrics. [13]
VIl. CONCLUSIONS

A methodology for integrated device-circuit expkiozas of ol
nanodevice based systems was presented. This méhgd
provides a fast and accurate way to create belmvioodels
for circuit simulations from device data using Eggion EZ}
analysis. Furthermore, this approach is very genard can [17]
be applied to any nanodevice based computing system

Cascaded crossbar dynamic circuits were validatdgu
this integrated approach that combines circuit Rtrans, (18]
regression analysis, and accurate 3-D physics bdseite
models. Three different xnwFETs were investigated;
xnWFET with 10 nm gate, 10 nm channel, underla @fm  [19]

and a substrate bias of -1 V was found to meetuitirc
requirements including sufficiently high on/off it and &/
of +0.23 V. Circuit simulations show that this dmi
combined with NASIC circuit and logic styles canhiwe
correct cascading with adequate noise margins. ilBéta
evaluations of key system level metrics such asepoand

frequency for large scale designs as well as d&iiceit level
explorations to achieve optimal system level pentamce is
part of our future work.
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