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ABSTRACT

The capacitance/voltage characteristics of MOS capacitors with semicon-
ductor and oxide layers of nanometer thickness are modeled by means of
equations incorporating the semiconductor and oxide thickness, the doping
level and the effects of energy states at the oxide/semiconductor interface
and at the semiconductor backside viz the side opposite to the oxide-semi-
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conductor contact. The effect of the semiconductor thickness on the imped-
ance characteristics of the device isintroduced by means of adifferent than
zero backside potential. Model equations are derived for both equilibrium
and non-equilibrium conditions, practically corresponding to measuring fre-

guenciesranging from below 10Hz up to above 1kHz.
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INTRODUCTION

Thedevelopment of ultrathin layersof nanometer
scaleby atomic layer deposition techniquesy, sdf as-
sembled thinfilmg?2 etcin connection to technological
applicationsrequiring ultrathin deviceslikelogicand
memory devices, solar cells¥, gas sensorg4, voltage
controlled filterd® and high performancemixed signal
applications® have promoted theinterest for ultrathin
MOS structures.

However, for the M OS structures and the Semi-
conductor-Oxide-Electrolyte (SOE) arrangementg”8l
considered up to now, the nano-scaledimensionsrefer
only to the oxide layer and not to the semiconductor
base. The semiconductor substrateisgenerdly assumed
to beof practicdly infinitethickness, whichimpliesthat
thebulk dectricd potentia of thesemiconductor isequd
to zero.

As shown in previous publicationg®*® in MOS

sructureswith semiconductor thicknessequa toor less
than about ten timesthe corresponding Debye length
thisconditionisnolonger vaid. Thee ectrica potentia
variesfromavaue 'V at the semiconductor surfaceto
avalue ‘¥, =0 at the backside of the semiconductor
viz theside of the semiconductor layer oppositeto the
Oxide/Semiconductor interface.

This“back side” potential is an important quantity
for the present strategy of modeling MOS capacitors,
aslong astheeffect of the semiconductor thicknesson
theimpedance characteristicsof thedeviceisreadily
introduced by meansof ¥ _.

The backside potential can be determined by the
numerical solution of Poisson equation for each one of
thefour operation modes of MOS capacitors, namely
the accumulation, flat band, depletion and inversion
mode, by the derivation of polynomial expressions
relating the surface and the backside potentia of the
semi conductor in connection to the doping level, the
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oxide and the semiconductor thickness.

Mode equationsarederived for both equilibrium
an non-equilibrium conditions corresponding to
measuring frequenciesranging from below 10Hz upto
above 1kHz and incorporate the effect of energy states
at the Oxide/Semiconductor interface and and at the
Semiconductor backside, but not the presence of
chargeswithin the oxidelayer and the occurrence of
work function differences between the Meta andthe
Semiconductor.

Thedlectrical potential at theback sdeof thethin
based mosstructure

Theoperation of the M OS structure under equilib-
rium and non equilibrium conditionsisdetermined by
thefrequency of themeasuring signd. Under low fre-
guencies(>10Hz) mgjority carriershaving very short
(=10"2) equiilibrationtimesaswell asminority carriers
with much longer equilibration times (103-10*s) can
follow thevariation of themeasurement signd. Onthe
contrary under higher frequencies (~10°Hz) minority
carrierscan hardly follow thevariation of themeasure-
ment signa and at much higher frequencies (>10°Hz)
become practically immobile, thusnot alowing for the
formation of inversonlayer.

Under low measuring frequencies, thedectricfield

ELF, a the oxide-semiconductor interfacei.eat the sur-

face of ap-type semiconductor, derived by onceinte-
grating Poisson’s equation is expressed by the relation:

e FP(wg)
Es BT (N

whereFUF (yg) = {ZcoshBys — 1+7(Bys - sinhBy )} 2 (2)

isthe so called reduced electric field® and B=e /KT, € =1.6-10
C, y=M/(M?>+4n?)"?, M the doping level, n theintrinsic car-
rier concentration and L the effective Debye length given by
the known relation:

€48KT
L = S0
\, eg(Mz +4ni2)1/2 ©)

Under high measuring frequenciesthedectricfield
ELF, of the same MOS structure is expressed by a
relation analogousto (1):

e FP(wg)
Es BT 4

wherethe corresponding expression for the reduced
fiddat highfrequenciesis:

FH(we) = [y + D(Bys +e PVs) 91" ()

Whenasemiconductor layer withfinitethicknessis
cons dered, then at the backsi de of the semiconductor
thereexistsanon zero backsideelectricfield, E _anda
corresponding electric potential ‘¥, _givingrisetoa
reduced back sidefield F('P, ) whichfor simplicity will
be denoted asF,_.

For a p-type substrate ', and ¥,  must always
havethe samesign except of the case of high negative
gatevoltages, whichisevidently out of the operating
conditionsof thedevice. Thisisasotruefor F__and
F(Y).

Therefore, in accordanceto the practica operating
conditionsof the M OS capacitor thefollowing expres-
sonwhichincorporatesboth F(‘¥')) and F,_isvaidfor
thereduced eectricfidd F(\V):

F(y) = [R5+ F2(ws)l (6)
Then the Poisson equation setinintegra form:

Yeso d
dx

I _dvs (9
o TR+ Pyl g L
may be solved toyield an expression between ¥, \¥,
and the semiconductor thicknessd.

Under low frequenciestheintegral equation (7)
takestheform:

(7

inversion

d
dx dx
=|-—= (8
{F2 + 2[cosh X — 1+ y(X —sinh X)]}V/2 J;L ®

accumulation

where we have set X=B\¥.
Under highfrequenciesequation (7) iswritten as:

inversion

dXx _ d%
{Fs+l+ DX +e7) -2 J L

©)
accumulation

Aslong astheanalytical solution of (8) and (9) is
impractical, an approximate sol ution can be obtained
by dividingthe overal potentia rangeinto partscorre-
sponding to thefour modes of operation of theMOS
capacitor.

Inthisway smplified formsof integras(8) and (9)
arederived which can beworked out anal ytically.

By thisapproach we can find therel ation between
the reduced surface potentia X and the backside po-
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tentia F,_which correspondsto asemiconductor thick-
nessd.

When equilibrium conditionsare assumed, theex-
pression a thedenominator of theleft hand S deof equa:
tion (8) canbewritten as:

{F2 + Zcosh X — 1+ y(X —sinh X)]}¥/2 =

10
(F2 + 2 =1+ X +8(sinh X = X)]}/2 o

2
where 8= %

Therefore, within theflat band potential region,
where-1=X=1, expression (10) may besimplified ac-
cording tothefollowing expression:

{FZ+ e X -1+ X+8(sinh X - X)}V2 = (F% + x®)Y2 (1)

At positivevauesof thesurfacepotentia, 1=X=10,
the M OS structure operates under thedepl etion mode.
Under these conditionsexpression (10) may besimpli-
fiedasfollows:

{F2+2e X =1+ X +8(sinh X = X)}Y2 = (RL + 2x?)Y2 (12)

At surfacepotential valuescorrespondingtothein-
version mode (X>10) expression (10) iswritten as.

{FZ + e X =1+ X+ 8(sinh X = X)|}¥/2 =
[FZ+2(X -1+ %ex N2 13)

Thisredation enablesto distingui sh betweento pos-
shilities

For 0<X<30, 6e/2~1. So expression (13) be-
comessimilar to (12). Thisisthecaseof softinversion.

Ontheother hand for X>30, 6e/2>>X-1 and ex-
pression (13) iswrittenas:

{FZ+ e X =1+ X +8(sinh X - X)|}Y2 =[(RE + 8€")]*/2 (14)

Thisisthecaseof stronginversion.

At negative surface potentia values, X<-1, thep-
type based M OS structure operates under the accu-
mulation mode. In this case expression (10) takesthe
form:

{F2 +20e X =1+ X +8(sinh X - X)|}V/2 = [(FZ + 2¢")]¥/2 (15)

The solution of Poisson equation (8) on account of
eguations (10) to (15) resultsto polynomial expres-
sonsof F,_asafunctionof X, under equilibrium condi-
tions, whichareillustratedinfigure 1 for variousdoping
levelsand thicknesses of the semiconductor substrate.

When non equilibrium conditionsareassumed the
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Figure1: Reduced backsidefield, F,_against reduced sur-
facepotential, X, under equilibrium conditions. (A) Doping
level M=1.5-10", oxidethicknessd =10nm, semiconduc-
tor thicknessd,, ® 10nm, @ 50nm, a 100nm. (B) Oxide
thickness d_=10nm, semiconductor thickness d.=50nm,
doping level B 1.5x10%, @ 1.5x10%, a 1.5x10%
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Figure2: Reducec}i(backsj defield, F, agai ns?{reduced sur-
facepotential, X, under non-equilibrium conditions. (A)
Doping level M=1.5-10%, oxidethicknessd =10nm, semi-
conductor thicknessd,, ® 10nm, ® 50nm, a 100nm.
(B) Oxidethicknessd =10nm, semiconductor thickness
d=50nm, dopingleve! m 1.5:10*, ® 1.510%, a 1.5:10*

expression at thedenominator of theleft hand side of
equation (9) canbesmplifiedtogive:
{Fis +I(y + DX+ ) =y} = [Ff + 20X +€7) - 112 (16)

At surface potential s corresponding to theflat band
mode, -1=X=1, expression (16) may bereduced to:
[FZ+2(X+€ %) —1Y2 = (RL + 1+ x?)Y/2 17

At positivesurface potentias, X>1, weobtainthe

following expression for both thedepletionandinver-
sion modes of operation:
[R5 +2(X+e ) —11Y2 = (RE + 2x - 1)V/? (18)

At potential s corresponding to the accumulation
mode the denominator of equation (9) isthesamefor
both theequilibriumand non equilibrium conditions, as
long as at negative surface potentia sthe operation of a
p-type based device is expected to be the same for
elther low or high measuring frequencies.

Inthe case of non equilibrium conditionsthe solu-
tion of Poisson equation (9) on account of equations
(15) to (18) resultsto polynomial expressionsof F,_vs
X, whichareillustrated in figure 2 for various doping
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levelsand thicknesses of the semiconductor substrate.

Mode equationsfor thedifferential spacecharge
capacitanceof thin based mosstructuresinthepres-
enceof ener gy sateswithin thesemiconductor layer

In previous publicationg®'¥ it was shown that the
differential space charge capacitance of aMetal-Ox-
ide-Semiconductor structure with afinite thickness
semiconductor substrate under equilibrium and non
equilibrium conditionsisgiven respectively by therdla-
tions

dR,

LF s [Fos d)t<’5+sinhx+y(1—coshX)]

€ 7 L {FZ + Zcosh X — 1y(X —sinh X)]}¥/2

ad

dRys 1
+—=(y+1(1-coshX
B L i A )

L Re+ (DX He )]t
Thederivation of equations (19) and (20) isbased
on theassumption that the el ectric displacement iscon-
tinuousthrough all theinterfaces of the metal-oxide-
semiconductor arrangement. Therefore, thisassump-
tion does not account for the existence of awork func-
tion difference, ®'S, between themeta and the semi-
conductor and the subsequent presence of charge, Q,
withintheoxidelayer.

Nevertheless, therdiability of our resultsisnot re-
duced aslong asthe condition ®"S£0, whichimplies
the presence of such afixed charge Q at the oxide-
semiconductor interface, modifiestheflat band condi-
tionsmply by displacingthe C/V characteristicsalong
the voltage axisby aconstant amount equa to Q/C_,
whereC_ istheoxidelayer capacitance.

Fromtheso caled nonided conditionsweaccount
only for the presence of energy statesat both the oxide-
semiconductor (O/S) interfaceand at the semiconductor
backside-vacuum contact (S/V), which significantly
affect theformof the C/V characteristics. The O/Sdtates
arerapid states, exchanging chargewith theconduction
or thevaenceband both at low and high frequencies.
Such states when, for example, they are in poor
electrical contact with the oxide layer, may have
equilibration timesshorter than 103s. The S/V states
aredow states so they can exchange charge only under
equilibrium conditions.

Boththe O/Sandthe S/V statesare single charge

(20)

CasplVE]

C‘Er} C’m
Figure3: Equivalent circuitsfor theM OSstructureun-
der low (@) and high (b) frequencies

surfacestatesof intringic origin, with density N which
can capture (acceptor like states) or rel ease (donor like
states) only oneéeectron, introducing asinglealowed
energy level E_, intheforbidden gap closeto thecon-
duction band and E_, closeto thevalence band.

Under low frequencies both acceptor and donor
O/Sand SV states can equilibrate with the measuring
signal and beionized, thus contributing to the surface
satesdifferentia cgpacitance.

Under high frequenciesthe dimination of thecon-
tribution of minority carriersa so affectstheionization
of interface states. In a p-type semiconductor under
high frequenciesonly donor O/S states can beionized,
provided that their characteristic frequency iscompa-
rableto that of the measurement signal.

The chargeresulting from theionization of theen-
ergy statesisgiven by:

Q$=60N$F$(x) (21)
where: F_ (X)=[1+exp(-AE /KY+X-snhiM/2n)]*  (22)
and F (X)=[1+exp(-AE  /kY-X+sinhM/2n)] (23)

are the distribution functions of donor and acceptor
statesaccordingto Fermi-Dirac statistics.

In (21),N_isthedensity of interface states(N_ for
the donor statesand N___ for the acceptor states) and
AE_ and AE_, isthedifference between the energy
of the donor statesE_, and acceptor statesE_, re-
spectively fromthevaueof theintrinsic energy level,
E., at the surface™!.

Therefore, the corresponding expressionsfor the
differential capacitance dueto the donor and acceptor
satesarerespectivey thefollowing:

Cssp = eBNssp dFSj;(X) (24
Cosn = eBNggy 520 (25)

The capacitance components of the MOS struc-
tureunder examinationin equilibriumand nonequilib-
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rium conditionsare combined intheequivaent circuits
showninfigures3aand 3b respectively. Theequivaent
circuitsweredefined according to thefollowing points:
(@) Thetotd chargewithin thesemiconductor filmis:

Qs Qg tQs (26)
(b) Aslong asthereisno distance and no particular
potential drop, different than that of the space charge,
associated with thetotal surface statescapacitance of
boththe O/Sand S/V states, C_., thenwe obtain:

dQs dQ
Tox T ax Tax @
whichimpliesthat thespace chargeandthesurface sates
capacitancesarein paralel combination.
(c) However, theO/Sandthe SV statesarelocated at
different pointsof the semiconductor filmjustifyingthe
exigenceof ageometrical distanceand apotentia drop
between them. Thus they can be considered as con-
nected inseries, whichentalls:

1 1 1
Ces  Cas(079)  Cas(SIV)
(d) Within each of the capacitance components C(O/
S) and C(S/V) the capacitance contributionsfromthe
acceptor and donor statesarein paralel combination,
whichimpliesthet:
C(0/9=C,(0/9)+C_ (O/9) (29)
and C(O/V)=C, (O/V)+C (OIV) (30)

Inthe case of an ohmic metal contact at the back
sideof thesemiconductor it issuggested™? that an ad-
ditiona capacitance component, termed substrate ca-
pacitance, may beintroduced.

However, inour mode thiscontributionisincorpo-
rated to the space charge capacitancethrough the back-
sidecharge Q  whichisrelated tothebacksidefield
E,. andthebackside potential F,_ by the expression:

CS =Csc+Css

(28)

€0€s
BL

Theequilibrium and non-equilibrium C/V charac-
teristics of ap-type based MOS structurefor various
doping levelsand for the physical ssmulation param-
etersshownin TABLE 1intheabsence of energy lev-
elsareshowninfigures4 and 5, whilethe correspond-
ing curvesincorporating the effect of energy statesat
the O/Sand S/V boundariesare providedin figures6
and 7. Thethicknessof semiconductor layer isset equa
to 10-100nm, whileaminimum vaueof 10nmwasse-

Qps = &8sEps =

Fos (31)
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Figure 4: Equilibrium C/V characteristics of MOS ca-
pacitor with oxide thickness d_=10nm, semiconductor
thicknessd.: ® infinite, ® 100nm, a 50nm, v 10nm.
Dopinglevel M=1.5E16
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Figure5: Non-equilibrium C/V characteristicsof MOS
capacitor with oxidethicknessd_=10nm, semiconductor
thicknessd_: ® infinite, ® 100nm, « 50nm, v 10nm.
Dopinglevel M=1.5E16

TABLE 1: Physical Smulation parameters

Parameter Symbol/Value
Permittivity of the oxide layer £ox=3.90
Permittivity of the semiconductor layer £s=12.50
Concentration of intrinsic carriers n=1510%cm?
Density of donor surface states Ngsp= 1.10%
Density of acceptor surface states Nssa=1-10"
Energy difference of onor statesat the O/S ~ AEg(0/S)=
interface from the intrinsic energy level -0.20eV
Energy difference of acceptor surface states AEss(O/9)=
at the O/Sinterface fromtheintrinsic ?)SZSeV -
energy level '
Energy difference of donor states at the SIV. AEg(S/V)=
interface from the intrinsic energy level -0.15eV
Energy difference of acceptor surface state AEssa(SV)=
at the SV interface fromthe intrinsic CS)S§5eV

energy level

|ected for the oxide thicknessin order to ensurethat
tunneling effectd*34 areminimized.

DISCUSSIONAND CONCLUSIONS

Theexploration of the effect of the semiconductor
thickness of an M OS structure with both nanometer
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scale oxideand semiconductor layer, at amodd level,
has shown that the thickness effect can be detected
over dl thethicknessrange examined from practically
infinite (F, =0)to 10nm.

Fromfigures4 and 5it isseen that the semicon-
ductor thicknesshasaprofound effect onthe C/V char-
acteristics, both at equilibriumand at non-equilibrium
conditions Thiseffectismainly manifested at thicknesses
below 100nm. In this respect, the thin based MOS
devicesused in practice with thicknesses of the order
of 10“cm may be assumed to present atypical infinite
thicknessbehavior.

Theform of the C/V characteristics, both at equi-
librium and a non-equilibrium conditions, ismarkedly
affected by theintroduction of energy statesat the O/S
and SV boundaries, asillustrated infigures6 and 7.

Under equilibrium conditionsboth theacceptor and
donor statesmanifest themselvesinthe C/V curvesin
theform of capacitance peaks. Stateswith energy be-
lowtheintrinsiclevel (AE<0) areactivated at nega-
tive valuesof the surface potential, whilethose with
energy abovetheintrinsiclevel (AE,>0) give capaci-
tance peaksat positivevauesof X.

Figures 6 and 7 also revead that the increase of
dopingleve shiftstheionization potentid of theboundary
energy states, asrepresented by the peak potentid, to
more positivevaluesof thesurface potential.

Athighdoping levelsexceeding 1.5:10 cm3, no
capacitance peaksare detected at positive surface po-
tential's, because the capacitance contribution of the
energy statesismasked by thetotal capacitance of the
MOS structure.

It may benoted that in the systems studied the ap-
pearance of capacitance peaksisachieved for energy
state densitiesequal or greater than 10 e, whichis
inagreement to literature®® values.

Under non equilibrium conditionsonly donor states
at the O/S interface can be ionized and so only one
capacitance peak emerges.

Other pointsof interest arethe correlation of the
thickness of the oxide and the semiconductor film and
the contribution of surface statesto thetotal capaci-
tance of theMOS structure.

Thevariation of oxidethickness affectsthe C/V
characteristicsin the absence and the presence of en-
ergy statesinamore or less predictable way asacon-
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Figure 6: Equilibrium C/V characteristics of MOS ca-
pacitor with oxide thicknessd_=10nm, semiconductor
thickness d_,=50nm and doping level: m 1.5-10*,
0 1.510%, ~ 1.5:10%,in thepresenceof donor and accep-
tor energy statesat the oxide/semiconductor and semi-
conductor fvacuuminterfaceasin TABLE 1
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Figure7: Non-equilibrium C/V characteristicsof MOS
capacitor with oxidethicknessd_=10nm, semiconductor
thickness d.=50nm and doping level:m 1.510%, @
1.510%, a 1.5:10%,in thepresenceof donor and acceptor
ener gy states at the oxide/semiconductor and semicon-
ductor ivacuuminterfaceasin TABLE 1
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Figure 8: Equilibrium C/V characteristics of MOS ca-
pacitor with oxidethicknessd_=10nm and doping level
1.5-10%. Semiconductor thickness: ® infinite, ® 100nm,
a 50nm, + 10nm, in the presence of donor and acceptor
ener gy states at the oxide/semiconductor and semicon-
ductor fvacuuminterfaceasin TABLE 1

sequenceof our assumption for the absence of charges
withintheoxidelayer. In particular, theincrease of the
oxidethicknessshiftsthe C/V characteristicsto higher
capacitancevauesover dl the potential range, accom-
panied by adecrease of theextent of variationof C,, ./
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Figure9: Non-equilibrium C/V characteristicsof MOS
capacitor with oxidethicknessd =10nmand dopinglevel
1.5-10%. Semiconductor thickness: B infinite, ® 100nm,
4 50nm, + 10nm, inthe presence of donor and acceptor
ener gy states at the oxide/semiconductor and semicon-
ductor ivacuuminterfaceasin TABLE 1

Cox vaues.

Ontheother hand, the correl ation of the semicon-
ductor thicknessand the capacitance of the boundary
energy states, asshowninfigures8 and 9, revealssome
interesting features.

Infigures8and 9, it isobserved that for semicon
ductor thicknessequd or greater than 50nmthe position
and height of the capacitance peaks, and thus the
ionization of energy states, are necessarily thesamewith
those of the thick base device. On the contrary, the
form of the C/V characteristicsismarkedly changed
for d, vauesbelow 50nm, asinthe case of d =10nm.
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