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Abstract—We report on anomalousoutputcharacteristicsobserved in hydrody-
namicsimulationsof partially depletedSOI MOSFETs.The effect that thedrain
currentreachesa maximumandthendecreasesis peculiarto the hydro-dynamic
transportmodel. It is not presentin drift-diffusion simulationsandits occurance
in measurementsis questionable.Theproblemis investigatedundervariouscondi-
tionsandanexplanationof thecauseof thiseffect is given.

INTRODUCTION

The small minimum featuresize of todays
devices makes it more and more difficult
to get proper simulation resultsusing the
widely accepteddrift-dif fusion (DD) trans-
portmodel.In particularthelackof account-
ing for nonlocaleffects like carrierheating
and velocity overshootmakes it desirable
to usemore sophisticatedtransport-models
which areobtainedby consideringthe first
threeor four momentsof the BOLTZMANN

transportequation.However thesesocalled
hydrodynamictransportmodels(HD) which
arenowadaysquite commonin simulations
of smallbulk MOSFETs,leadto interesting
problemswhenappliedto SOIMOSFETs.

USED DEVICE

The simulatedSOI device is depicted in
Fig. 1. It has an effective gate-lengthof
130nm, a gate-oxidethicknessof 3nm, and
a silicon-film thicknessof 200nm. With a
p-dopingof NA

� 7 � 5 � 1017cm� 3 the de-
vice is partially depleted.The Gaussiann-
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Figure 1: Thegeometryof thesimulatedSOIin-
cludingthesymboliccompactdevices.

dopingundertheelectrodeshasamaximum
of ND

� 6 � 1020cm� 3.

SIMULATION RESULTS

While DD simulationsproduceoutputchar-
acteristicsshowing the typical ohmic and
saturationbehavior, HD give a completely
differentpicture(Fig. 2): After amaximum,
the drain currentdecreasesconsiderably. It
is not clear, whetherthis negative differen-
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Figure 2: Outputcharacteristicsof theSOI ob-
tainedby DD anHD simulations.

tial outputcharacteristiccanbeobserved in
measurements,or if it is just an artifact of
theHD model.An implementationerrorcan
be ruled out, as this phenomenonhasbeen
observedusingbothMINIMOS-NT [1] and
DESSIS [2] (Fig. 3). Measurementsre-
portedin [3] indicatethat the decreaseis a
realeffect.
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Figure 3: Output characteristicsof the SOI
obtained by HD simulations using
MINIMOS-NT andDESSIS.

Our current picture of the responsible
effects in the SOI can be explainedas fol-
lows: Oneof the main differencesbetween

DD andHD simulationsis thatwhile thecar-
riersstayat latticetemperaturein theformer
one,they canreachsignificantlyhighertem-
peraturesin the latter one. Carrier heating
occursin thepinch-off regionnearthedrain.
While thevastmajorityof electronsfromthe
channelflow into the drain, someof them
have enoughenergy due to carrier heating
to diffuse into the p-dopedbody, where a
certainpercentageof themrecombineswith
holes. The rest flows into the sourceand
drainregions,andis of no harm. Theprob-
lemis, thatpair recombinationcausesa lack
of holesandhencea steadydecreaseof the
bodypotential.ThedifferencebetweenDD
andHD canbeseenin Fig. 4 andFig. 5, re-
spectively, wherethedistributedpotentialis
shown at averticalpositionof y � 100nm.
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Figure 4: Lateral potential distribution of the
SOIobtainedby DD simulations.

To verify this hypothesissimulations
of bulk MOSFETswith basicallythe same
doping profile have been carried out. In
bulk MOSFETs,wherethebodypotentialis
fixed, onecanobserve a very small (below
1nA) substratecurrentwhich flows into the
body (Fig. 6). Note that the real substrate
currentdueto impactionizationwouldhave
theoppositesign.Thesituationof apositive
substratecurrentshowsthatevenin thisbulk
MOSFEThot electrondiffusion into the p-
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Figure 5: Lateral potential distribution of the
SOIobtainedby HD simulations.
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Figure 6: Bulk currentsof the SOI with body
contactobtainedby HD simulations.

bodyoccurs.This only happenswhenusing
theHD transportmodel.In abulk MOSFET
thisverysmallrecombinationcurrenthasno
influenceon the output characteristics.In
anSOIMOSFETthesituationis completely
different:Herethis smallcurrentcausesthe
bodypotentialto drop,until it is low enough
for the source-bodyjunction to becomere-
verselybiased,andthejunctionleakagecan
compensatetheelectroncurrentandasteady
stateis reached.Via thebodyeffect thedrop
of thebodypotentialcausesthedraincurrent
to decrease.

It is believedthatthemaindifferencebe-
tweenthe DD andthe HD transportmodel
responsiblefor the negative outputconduc-
tanceis the differencein the balanceof the
drift anddiffusioncurrents:

�
Jdiff

��
Jdrift

� � kBTL

q

�
∇n

�
n

�
E

�	�



1 ����� DD

Tn
�
TL ����� HD

(1)
Apparently, in the HD modelcarrierdiffu-
sion is by a factorTn

�
TL higherthanin the

DD model.

Due to the high temperaturein the
pinch-off region, the electronsspreadaway
from theinterfaceanddiffuseinto thebody,
wherethey recombine(Fig. 1). Removing
holestherecausesthebodypotentialto drop
which decreasesthe drain current via the
bodyeffect.

The difference in the carrier concen-
tration betweenDD and HD can be seen
clearly in Fig. 7 and Fig. 10. In Fig. 10
the spreadof electronsinto the body is re-
markable. This differencehasa great im-
pactontheSHOCKLEY-READ-HALL gener-
ation/recombinationrate(SRH): Fig. 8 and
Fig. 9 representthe DD regime. In the
source-bodyjunction the electronsrecom-
binewhereasthey aregeneratedin thedrain-
body junction. In theHD casewhich is de-
picted in Fig. 11 and Fig. 12 the situation
is completelydifferent. The electronsin-
jected into the body recombineand cause
the potential to drop. A steadystate is
reachedwhenboth junctionsarereversebi-
asedand thermalgenerationsuppliesholes
at thesamerateat which they recombinein
thebody.

The remainingquestionis whetherthis
effect is realor only presentin simulation.If
it werenot real, it would beinterestinghow
theHD transportmodelshouldbemodified
to representtherealphysicsmoreaccurately.
If thiscannotbeachieved,theuseof theHD
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Figure 7: Electronconcentrationin theSOI ob-
tainedby aDD simulation.

-0.1
0.0

0.1
0.2

0.3
0.4

x [u
m]-0.2

-0.1

0.0
y [um]

-1
e+

09
-1

e+
12

-1
e+

15
-1

e+
18

1/
s 

cm
^3

]

Figure 8: SRH recombinationin the SOI ob-
tainedby aDD simulation.
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Figure 9: SRH generationin the SOI obtained
by aDD simulation.
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Figure 10: Electron concentrationin the SOI
obtainedby aHD simulation.
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Figure 11: SRH recombinationin the SOI ob-
tainedby aHD simulation.
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Figure 12: SRHgenerationin theSOI obtained
by aHD simulation.
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model is very questionablefor the simula-
tion of SOI MOSFETs,and the DD model
shouldbepreferred.

In orderto understandthesensitivity of
the problemwith respectto variousparam-
eters,several simulationshave beenmade,
eachoneconcentratingon anotheraspect.

Fig. 13 shows the body potential ob-
tainedby a transientsimulation.Dueto the
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Figure 13: Body potentialof the SOI obtained
by a transientHD simulation.

very small currentproducedby the injected
electrons,the decreaseof the body poten-
tial is quite slow. This relatively long time
constantmust be taken into account,when
the decreaseof the drain current is to be
measured. Resultsof simulationsusing a
ramp-functionasVDS canbeseenin Fig. 14
andFig. 15. Thesweep-timein this figures
rangesfrom 100nsto 100ms.

Thedependenceonthebodydopingcan
be seenfrom Fig. 16. The decreaseof the
drain currentvanishes,if the doping is re-
ducedby aboutoneorderof magnitude.A
similar resulthasbeenreportedin [3]. The
doping-dependenceof thesimulatedcharac-
teristics is due partly to the changein the
body andthe changein the carrierlifetime,
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Figure 14: Drain currentsof the SOI obtained
by a transientHD simulationshowing dif-
ferentsweeptimes.
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Figure 15: Body potentialsof theSOI obtained
by a transientHD simulationshowing dif-
ferentsweeptimes.

which is modeledby theSCHARFETTER re-
lation [4] [5]:

τ � Ni � � τmin � τmax
� τmin

1 � � Ni
�
Nref � γ (2)

This is thedefault modelin DESSIS(which
wasusedby [3]) and it is alsousedin our
simulations,becauseit was only possible
with thismodelto achieveconvergence.

Furthermorethe device characteristics
dependsensitively on impact-ionization.In
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Figure 16: Drain currentsof the SOI obtained
by a transientHD simulationshowing dif-
ferentbodydopings.

general, the kink-effect [6] causesan in-
creasein the drain currentdue to injected
holesfrom the region nearthe drain where
impact-ionizationhappens.Neverthelessthe
kink-effect happensat higher drain-source
voltagesthanthosewherethe negative dif-
ferentialoutputcharacteristicis observedso
thattheproblemcannotbesolvedby simply
by turningimpact-ionizationon.

CONCLUSION

A negative differentialoutputcharacteristic
hasbeenproducedby hydrodynamicsimu-
lations, using two different device simula-
tors. The situationhasbeeninvestigatedin
greatdetail,andanexplanationof theeffect
hasbeengiven. Transientsimulationshave
beenmadewhich show that measurements
have to beperformedrelatively slow to take
the big time constantinto accountwhich is
involvedin thebodycharging. On theother
handit is desirableto measurethe charac-
teristic as fast as possibleto rule out self-
heating.Furtherinvestigationsarenecessary
to clarify thesituation.
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