Trade Science Ine.

ISSN : 0974 - 7486 Volume 7 Issue 1

A Tndéian Yournal

— Pyl Paper

MSAIJ, 7(1), 2011 [28-35]

Analytical model of threshold voltage and sub-threshold
dope of SOl and SON MOSFET: A compar ative study

SK.Sarkar™, Sanjoy Deb?, N.Basanta Singh?, Debraj Das
1Department of Electronicsand Telecommunication Engineering, Jadavpur Univer sity, Kolkata-700032, (INDIA)

2Department of Electronics& Communication Engineering, M anipur I ngtituteof Technology, | mphal-795004, (INDIA)

E-mail : deb_sanjoy@yahoo.com; basanta_n@r ediffmail.com; debr aj 230@gmail.com; su_sircir @yahoo.co.in
Received: 14" August, 2010 ; Accepted: 24" August, 2010

ABSTRACT

A threshold voltage model based on three-interface compact capacitive model
isdeveloped for horizontal SOI/SON MOSFET. Different short channel ef-
fects like drain induced barrier lowering, 2-D charge sharing and fringing
field effects are considered. Analytical ssmulation isdone to understand the
threshold voltage performance of silicon on insulator (SOI) and silicon on
nothing (SON) MOSFET, under different structural and operational param-
eter variations. The performance of the two devices are studied and com-
pared in terms of threshold voltage roll-off and subthreshold slope. Perfor-
mance of SON MOSFET isfound to be significantly different from equiva-
lent SOI device. SON MOSFET demonstrates |ower threshold voltageroll-
off and subthreshold slope due to reduced short channel effects. Present
analysisis found to be useful to figure out the improvement of SON over

KEYWORDS

Silicon-on-insulator (SOI);
Silicon-on-nothing (SON);
Threshold voltage;
Short channel effects;
Threshold voltage roll-off;
Subthreshold slope.

SOl structures as a next generation short channel MOS structure.

© 2011 Trade Sciencelnc. - INDIA

INTRODUCTION

With theemergence of mobile computing and com-
munication, low power devicedesgn and implementa:
tion havegot asignificant roleto play in VLS circuit
design. Continuousdevice performanceimprovement
ispossibleonly through acombination of device scal-
ing, new device structures and material property im-
provement to itsfundamental limits¥. Thedown-sca -
ing of MOSFETshas been the most important and ef-
fectiveway for achieving device performanceimprove-
ment for VLSI/ULSI circuits. Increased demand for
ultralow power consumption, high density and high per-

formance devicesiscontinuously pushing thefabrica
tion processto go beyond the sub-microntechnologies
such as45nm, 32nm and so on. However, the perfor-
mance requirement in these advanced technol ogies
couldn’t be achieved with conventional bulk CMOS
processleading to an dternative, Silicon-on-Insul ator
(SQI) technology!d. Short-channel-effects (SCEs),
transistor scalability, and circuit performanceareim-
proved by using SOI technol ogy, especidly ultrathin,
fully depleted (FD) MOSFETS®. MOSFET fabricated
oninsulator (SOI) substrate provides an advantagefor
high speed appli cations because of thelow parasitic
capacitance. AsCMOS I C technol ogy entersthe sub-
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Substrate 6

Figurel:A SOI/SON-MOSFET layered structure

50 nm range, the silicon channel and the buried oxide
thicknesses must belessthan 50 nm and 100 nm, re-
spectively, in order to prevent the short channel effect
(SCE)™“. The devel opment of SOl MOSFET technol-
ogy hasbeenlimited so far by thedifficulty in control-
lingthedliconfilmthickness, adjugtingburied oxidelayer
thickness, shallow sourcedrain seriesresistances and
thefringing fieldg>". A super SOI, having asiliconfilm
thicknessof five nanometersand aburied oxidethick-
nessof 20 nm might be capabl e of suppressingthe SCE
at the CMOSdown-scdelimit of 20 nm channd length,
however, therequirementsfor theexceptiondly thinsli-
conand buried oxidefilmsexceed present manufactur-
ing capabilitiesfor SOl waferg®.

Although different SCEsare highly suppressed in
SOl gtructure, SOI structureisnot fully immuneto dif-
ferent SCEs. Among different SCEsrel ated device per-
formance degradation, higher threshold voltageroll-off
and degraded subthreshold slope are very important
issues®. To overcomesuch typesof drawbacksinusua
SOl structure, differentimproved SOI structuresare
suggested in recent times'9. Silicon-on-Nothing
(SON), aninnovative SOI structure suggested and de-
veloped very recently, enabl esfabrication of extremely
thinsilicon (5to 20 nm) and buried didlectric (10to 30
nm) super SOI devices, which arecapable of quasitotal
suppression of SCEsand excellent el ectrical perfor-
mances™. In a SON MOSFET, the buried layer of
usua SOl MOSFET isreplaced with air which causes
less SCEsand |eskage currents. Among the advantages
of fully-depleted (FD) SON architecture comparing to
FDSOI, themost significant oneisthereduced elec-
trogtatic coupling of channel with source/drainand sub-
stratethrough theburied layer (BL)*?. Reduced el ec-
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TABLE 1: Parameter sfor simulation

Parameters Value
Na 0.5x10"cm™
Nsus 4x10%cm?
Vg ov
Vps v
T 300K
tcox 5nm
teox 147nm

trostatic coupling throughthe BL dlowsinturntore-
ducetheminimal channel length of transistorsor tore-
lax therequirementson Si filmthickness*3. Moreover,
sincetheso-caled “nothing” (or air) layer embedded
below theSi activefilm haslower didectric permittivity
than oxide, the parasiti c capacitances between source/
drain and substrate are reduced and therefore higher
circuit speed can be expected with SON devices. Thick
buried layer can be a drawback of SOl MOSFETs
duetolarge positive charge accumulated in the thick
BL, whilein the case of SON MOSFET, no charge
will accumulateintheair-gap™.

Although SOI and SON structureshavebasic re-
semblance, accurate modeling of different short chan-
nel effectsisessentid astheir influencesaredifferentin
thosestructures. Adopting similar theoretica approach
developed previoudy for SOl MOSFET threshold volt-
agemodeling™, threshold voltagemode of horizonta
SON MOSFET havebeen previoudy established[ 11].
Inthiswork, ageneralized three-interface compact ca-
pacitivemode of horizontal SOI/SON MOSFET has
been devel oped. Different SCEslikefringingfield, sub-
strate coupling and junction-induced 2D-€effectsarein-
corporated in the present model. A new approach has
been adopted for fringing field capacitance cal culation.
Analytical expressions of threshold voltage and sub-
threshold dopeincluding thefringing capacitance effect
are developed from the compact capacitive analysis.
The performance of thetwo devicesare studied and
comparedintermsof threshold voltageroll-off and sub-
threshold dope.

Analytical modeling

Inashort channel device, potential profilesinthe
channel and beneath the channd (inthe BL) aretwo-
dimensiona in nature. Assuming aparabolic potentia
profileinitiated by perpendicular andlaterd field, thresh-
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Figure3: Fringing capacitancemodel of SOI/SON-M OSFET

old voltage can be cal culated by solving 2-D Poisson’s
equationinthechannd*9. |t can also becal culated by
solving 1-D Poisson’s equation and than incorporating
laterd field effect through voltage doping transforma:
tion (VDT). Thistypeof andysisiscommonly known
as compact capacitive model and thismodel predicts
threshold voltagewith dmost same accuracy aswith 2-
D Poisson’s equation but with less complexity!l.

Equivalent capacitivemodel

A generalized layered structure of a SOI/SON
MOSFET isshowninfiguer 1. Thestructure consid-
ered herehaspoly silicon (n+) gate. Lett , tg t; ..
andt_, bethethicknessesof gate oxide, silicon chan-
nel layer, buried layer and substratelayer respectively.
L isthemetdlurgica channe length of thedevice.

A smplecompact-capacitancemodd developedfor
the description of thethreshold voltageV, of thefully
depleted SOI/SON-MOSFET isshowninfigure2.

Inthefigure, Ciazs aretheinterface state capaci-
tancesfor threeinterfaces, Cg ; isthesilicon channel
depletion capacitance, C__, isthe gate oxide capaci-

tance C, isthe capacitance dueto substratebias, c?

and c¢ arethefringing field capacitancesfrom drain

and sourcesiderespectively. V__, istheflat band volt-
age at the front interface of the channel dueto gate;
V_,, istheflat band voltageat the channel back inter-
faceduetosource/drain; V. istheflat band voltageat
the back interface of the channel dueto substrate.

Short channd effects

For along channel device, it can be considered
that thegateiscompletely respons blefor depleting the
channel. In ashort channel device, some part of the
depletionisaccomplished by theinfluenceof dranvolt-
age aswell as channel back interface potential; this
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Figure2: Equivalent capacitancemode of SOI/SON-M OSFET

phenomenonisknown astwo dimensiona chargeshar-
ing effect!?”). Intermsof potentia thiscan beexplained
onthebag sof potential barrier lowering a source-chan-
nel junctionduetolaterd fiddinthechannd initiated by
goplied drainvoltageand thisphenomenoniscommonly
known asdraininduced barrier lowering (DIBL). An-
other component of DIBL is caused by induced poten-
tial at channdl back interface”. Under short channel
condition, channel back interface potential isdueto
combined effect of substrate bias, hole accumulation
andfringingfield.

DIBL duetolateral field

Voltagedoping transformationisatechnique, which
can be used to take into account the effect of channel
latera fieldrelated DIBL into quas 1D threshold volt-
ageanaysig'd. Accordingto VDT, theeffect of lateral
fidddinthechanne fromdrainsdeisequivalenttoa
reduction intheeffective channd doping. UsngVDT
for modeling short channd effects, theeffective channd
dopingisgiven by!*!;
265V

L% @
Here, ¢ isthedielectric constant of silicon, gisthe
electroniccharge, N, isthesiliconimpurity doping con-
centration, v, istheeffectivedrainto sourcevoltage
whichisgivenby;

N}, =NA -

V;s =Vps+ 2(Vbi +¥s, _‘P51)+ .
2\/(Vbi + Tsz - T&n XVDS + Vbi + ‘Psz - Tsa) ( )

HereV . isthedrain-to-sourcevoltage, V, isthebuilt
inpotential, y, and y, arethe channel front and back
interface potential, respectively. Appling voltage dop-
ing transformation, the effective channedl depletion ca-
pacitanceisgivenas,
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Figure4: Plot of Threshold voltagewith channd length for SOI
(dashed line) and SON (solid line) M OSFET. Back-gatevoltage
V,=0V,V =1V, T =5nm, T =147nm, Na=0.5*10" cnr
% N, =4*10“cm? Curvea: T,=8.6and curveb: T =18.2
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Figure6: Threshold voltage with gate oxide thicknessfor
SON (dashed line) and SOI (solid line) MOSFET. Back-gate
voltageV,=0V,V =1V, T, =147nm, Na=0.5*10" cm?,
N_,=4*10%cm?, L=50nm. Curvea: V =1V and curveb: V .
=0.05V. Other parametersaresameasin figurel
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HereQ, isthetota chargeper unitareainsiliconinthe
channd.

DIBL duetofringingfield

Inisolated channel structurelike SOI/SON, pen-
etration of fringing-field linesfrom sourceand drain
through buried layer or air induces apotential at the
channel back interface, which causesfringing field re-
lated DIBL. Substrate biasisa so capacitively coupled
to the channel back interface potential which actsas
another sourceof DIBL. Another DIBL effectisdueto
accumulation of holes, which are generated by impact
ionization, at the channel back interface™™.

Fringing field effect in afully depleted SOI/SON
MOSFET is responsible for a dramatic increase of
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Figure5: Plot of Subthreshold dopewith channd length for
SOl (dashed line) and SON (solid line) MOSFET. Par ameter
valuesaresameasin figurel and also the symbolshavethe
same significance
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Figure7: Subthreshold Slopewith gateoxidethicknessfor
SOI (dashed line) and SON (solid line) MOSFET. Signifi-
canceof symbol and parameter svaluesissameasin figure6

DIBLS. Theeffect of fringing field can be reduced by
using lower dielectric constant materia intheBL. This
isactually donein SON structureby usngairinthe BL.
Two-dimensond potentid profileinthe BL isquitecom-
plex. Asaresult, two-dimensiond andysisof thefring-
ing field effect has not been devel oped properly©. A
compact model of fringing field induced parasitic ca
pacitance can be devel oped based on conformal map-
ping technique.

A schematic view of SOI/SON MOSFET with
fringing-fiddlinesemanatingfromthedraintothechannd
regionisshowninfigure 3. Assuming that the sourceis
a zeropotentid, fringing field emanating only fromthe
drain sdeisconsidered in thepresent andysis. Using
conformal mapping, theorigina structure can be con-
vertedinto an equivdent two-platesysemwithanangle
of inclination of 180 degreeasshowninfigure3. The
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Figure8: Threshold voltage with gate oxide thicknessfor
SON (dashed line) and SOI (solid line) MOSFET. Signifi-
cance of symbol and parameter svaluesissameasin figure 6
channel back interface and drain back interface are
cons dered asthetwo plateswhich areassumed to be
of unit area. Thetwo plates are separated by the deple-
tion layer formed at the channe -drain junction.

The capacitance of the two plates can be calcu-
lated using the gpproach adopted for cal culation of ca-
pacitance of aninclined plate capacitor with adegree
of inclination up to 180 degree’®9, The capacitance
per unitlongitudind length of thelineig™®;

ces=cr+cy" @
Here c|" istheinner capacitanceand c* istheouter

capacitance. For the structure considered hereboth the
capacitanceswill besameand,

D KI kin out
Cp'® =26, K((k : )) ®)
in/out
Here, K'(k .)=K(K' ) @d using the same ap-

proach asin Ref. 20 we can write;

K _ | Lp(Lp+Lle+Lyp)
M (L +Le)(Lp+Lo)

- \/ LeL,
MY (@ +Le) (2L +Ly)

Sincethe source and drain are heavily doped n+
regions and the channel isp type, an abrupt junction
will beformed with adepletionwidth of L. If device
metdlurgical channd lengthisL then effective channd
lengthL =L-2*L _andL . isthelength of thedrain/
sourceside. AsK(k, ) isthecompletedlipticinte-
grd of firstkind, taking theexpanson, thefina expres-
sion of the capacitanceisexpressed as;
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Figure9: Subthreshold dopewith gate oxide thicknessfor
SON (dashed line) and SOI (solid line) MOSFET. Signifi-
canceof symbol and parameter svaluesissameasin figure6

(1), 13),.
1+(2)(kinlout)2+(2.4)(kin/out)4

+ +((2n _1)!)(k'in/out )2n

2n!

1+ (;)(k in/out )2 +(]2-j-)(k in/out )4 (6)

(2n-1)! 2n
'+( on! )(kin/out)

D/s L
Cr™ =28p u ¢

Here ¢, . isthedieectric constant of buried layer/air.
Asthe contribution from the higher order termsisneg-
ligible, contribution uptothefourth ordered termistaken
into consideration.

Assuming that the substrateisdepleted, it can be
model ed with an equival ent capacitor C_whichcan be
caculated from C=e /W, where W, isthe substrate
depl etion layer width*¥, Thechargeinduced inthe sub-
strate and BL/air interface can be written as C (V-
V.., whereV  isthesubstrate bias. For sufficiently
thick BL, substrate depletion will benegligibleand un-
der such condition C,_ can bereplaced by afitting pa-
rameter.

Threshold voltagemodel

Cons dering equilibrium chargeconservation a eech
nodeinfigure2, surface potentialsy., y,andy, canbe
expressed as;

v, A +‘|’1Cg‘f,d =Coox (Vo1 = Ves1)+ Cgf,d‘l’z )
‘l’zB""l’zCesf'f,d =CB‘|’3+(VDS_VF32)CE+Cgf,d‘|’1 ®
v,C=vy,Cgy +(VB _VFB3)CS ©
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Figure10: Threshold voltagewith substrate biasfor SON
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Figurel2: | Vs | with channel length for SON (dashed lin€e)
and SOI (solid line) M OSFET. Significance of symbol and
parameter svaluesissameasin figure6

Here, A=C_,, + C,, B=C, +C°_+C_ and C=C, +

GOX if1’
C,+C,,. Fromequations 6, 7, 8 and 9 the following

equationsare derived;

Ca‘l’l - CA"’Z = C5 o
Cow, +Cw,-Coy,=C, -
-CB‘I’z + C‘l’s =T (VB-VFBS) (12)
Here,

o DytVos
C, = Vyi(Vy +Vps) » 2 Vi (Vi +Vos)

ot e 2t eg
C3=A+LS'—GS(2+CICZ) ’ C4= s€s (2+Clcz) ,
. F

2s8s (y 42V, +2C,) '

Cs5=Cgox(Vo1— Ves1) —etgLN, + L
F

Ce=2(2+C,C,) SSL‘tS‘ '

C,=B+21+C,C,) tSL'SS‘ '
F

F

2tgeg

Cg=(Vps — Vep,)CP +etgL N, — (Vps+ 2V, +2C)
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Figure1l: Subthreshold slopewith substratebiasfor SON
(dashed line) and SOI (solid line) MOSFET. Significance of
symbol and parameter svaluesissameasin figure6
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Figure13: Subthreshold slopeshift with channel length for
SON (dashed line) and SOI (solid line) M OSFET. Signifi-
canceof symbol and parameter svaluesissameasin figure6

andrisafitting parameter, representing resembl ance of
substrate resistance effect with negligible substrate
depletion.

Using Crammer’s rule, the expression for v, ,and
v, areobtained as,

_ CCyC,—CyC; +CC,Cq +1C,CgVp

Vi CC,C,-C,C%-C,CC (13)

v, = CC:Cat rcscssz +CCC, w
CC,C,-C,C2-C,C,C

= CCaVa + CaCiCa =rC.CoVs + CoCeCs )

CC,C,-C,C3-C,CC
Under the assumption that theinversion layer will
beformed at thefront interface dueto thefront inter-
face potential, we can compute devicethreshold volt-
age (front channe! threshold voltage) by solvingV, in
termsof y, andthenreplacing y, with 2y _. Thethresh
old voltage can be expressed as;

ey, P alzricly Seience
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Full Poper =

Vi = Vegy +2y{(CC,C; - C,C; ~CC,Cy) -
C,(CCq+rCyVg)H{Ceox (CC, —CE )}
In case of bulk MOSFET, threshold voltageisde-
rived from the front interface surface potential y,. The
effect of back potentid v, isneglected butin short chan-
nel SOI/ SON structure, y, will bestrongly influenced
by theback interface .. Significant modification of v,
in SON gtructuredueto airinthebox regionwill initiate
considerable performancevariation of SON over SOI
Sructure.

(16)

dv
Thesub-thresholdswing S=(2-3kBT dw] which

1

canbecalculatedusingegs.3and 7 isgiven as,

A
Ccg + )—Ce‘.f
( sid Ceox Sid

(B — Cf’»OXJ (17)
C

RESULTS& DISCUSSIONS

S=2.3k]

Numerica resultsare simulated using the param-
eter vauesgiveninthe TABLE 1.

Theplotsof threshold voltage and sub-threshold
dopewith channd length areshowninfigure4 and5,
respectively. Thethreshold voltageroll-off (TVRO) and
subthreshold dope(STS) reduceswithincreasing chan-
nel length dueto reduced SCEswith channel length.
TVRO predicted by theanalytical model iscompared
withtheexperimenta resultsof SOI structureavailable
in Ref. 20 and good agreement are obtained indicating
the correctness of themoded. It isfound from both the
plotsthat the TVRO and STS arereduced in case of
SON structure compared to SOI structure.

Thepotential coupling ratio (y,/y,) reduceswith
decreasing GOX layer thickness. Thisincreasesthe
SCEstherebyincreasingthe TVRO and STS. The per-
formance of SON structureisfound to be superior to
SOl structureand their comparisonisshowninfigure6
and 7, respectively.

Increasing BL or air layer thicknessreduces P_,
duetoreduced y, asaresult TVRO and STSarere-
duced. Thiscan beobservedintheresults presentedin
figure8and 9, respectively.

Variationsof threshold voltage and subthreshold
slopewiththesubstrate voltage (V) areshowninthe
figure 10 and 11, respectively. Reduction of potential
coupling ratio (P_.) withincreasing substrate bias ex-
plainsthe nature of thesegraphs.

Effectiveshiftin TVRO and STSwith and without

SCEsareplotted with channel lengthas | vt | and S*

infigure12 and 13, respectively. In caseof SON struc-
ture, threshold voltage and subthreshold slope shiftis
minimum dueto less SCEs.

CONCLUSION

A three-interface compact capacitive modd of hori-
zontal SOI/SON-MOSFET isdevel oped and anal yti-
cal expressionsfor threshold voltage and sub-thresh-
olddopehavebeen derived. The SCEsespecidly DIBL
effect duetofringing field, substrate biasand junction-
induced |ateral field areincorporated inthemodd. The
performance of thetwo devicesare studied and com-
pared interms of threshold voltageroll-off and sub-
threshold dopewhich arevery important i ssuesrelated
to performance anaysis of short channel MOSFET.
Effect of different parameterslike channd length, gate
oxidethickness, barrier layer thickness, substrate bias
areasoinvestigated and analyzed to understand the
comparative performanceof SOI and SON structures.
Present analysis showsthat the SON-MOSFET tech-
nology isfoundto offer deviceswith scaability and en-
hanced performanceintermsof threshold voltageroll-
off and subthreshold slope compared to simple SOI
structurethereby providing scopefor further miniatur-
ization of devices.
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