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L.Intruduction
Many high-k materials have recenfly been investigated as

an alternative gate dielecfic for sub-100-nm MOSFETs.
Equivalent oxide thickness (EOT) is a primary criterion for
assessing candidates. However, there exists up to 20Vo

difference in EOT values extracted from capacitance-voltage
(C\D characteristics depending on simulation packages [L].
The fully selfsnsistent numerical simulation [2] has been
developed but it takes a long time to calculate CV curves. On
the other hand to our knowledge, the analytical solution for
accumulation conditions has not been obtained, because the
problem is infrinsically quite complicated. In this paper, we
propose a simple new analytical model based on the acact
solution of an acponentinl potential to quantify CV curves in
accumulation conditions, within a practical calculation time.

2. Theory
We have analyzed the potential ilt)Ay the Fang-Howard

wave function [3], and found f(z) depends exponentially on
the distance from interface, z. Accordingly, we assume ilz) as

z

o(4:Q"efr, (1)

which satisfies the boundary conditions, (0)=4 and r/(oo)=51.

Width W of 4(z) is determined by Gauss' law as a function of
total accumulation charge Oot. Using this potential we can
solve Schnidinger eq. exacfly and thus get the wave fimction
represented by the Bessel f,mction J as

w,tk):Jr;,,w(2ktWe *), A)

where t 0) ils the subband (valley) index, nd kj is defined as

"]zm,"lO,lf 
n and E,j as 

^lr*,\t,)lr. 
Here, wd')

satisfies the boundary conditions, W;da.)=Q and t{dO)=Q and
the laffer gives the quantized energy levelEii = -lEu I <0. We
have taken all energy levels into account in calculathg Qro
and obtained the seH-consistency condition for Q*, by
quantum statistics. Solving for Q* at each @, gives us CV
curves. Although this solution is consistent with Schrodinger
eq., quantum statistics, and Gauss' law, Poisson eq. is not
satisfied exactly at each point z. The accuracy of our
assumption was confirmed by solving Poisson eq. with
charge distribution gt*tt by eq. (2).As shown in Fig.1, the

difference between initial ilt) ^d obtained one is less than
[Vo.\\e potential obtained by classical model is logarittrmic
and this significant ffierence makes it difficult to converge
numerical simulations that initiate from classical potential.
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3. Results and Discussions
The calculated CV cuwe is in good agreement with

measured data without any fitting parameters (Fig. 2).
Capacitance C61 determined by quantum mechanical analysis
is less than that determined by classical models based on
either Fermi-Dirac (FD) or Manvell-Boltanann (IvB)
statistics. The difference originates from the formation of the
"accumulation layef' away from the interface, as shown in
Fig. 3. In Fig. 4, we have conformed that our
exponential potential model is consistent with
numerical simulations of Ref. [2], however, the linear
(niangular) potential model [3] fails to match these
results. Since our method is based on an analytical model,
it takes only a few minutes to calculate a CV curve by PC. As
shown in Fig. 5, substrate component of the capacitive
effective thickness CET (rs) remains finite atVg&.0 V. Thus,
quantum effects cannot be neglected even at high electic
fields. The ffierence of CET between quantum-mechanically
calculated CET (CETar) and classically calculated CET
(CET-) is shown in Fig. 6. As EOT becomes t}inner, the
quantum mechanical correction increases, and it exe,eds 20Vo

at EOT=L.0 nm. The ffierence between EOT extracted by
the present model and optical thickness is within t A tor Uot[
NMOS and PMOS (Fig. 7). Figure 8 shows the dependence
of EOT on CET. EOT values can easily be estimated from the
measured CV data by the formulas in the insets of Fig. 8.

4. Conclusions
We propose a simple analytical model to quantify CV

curves. The accumulation potential tums out to be well
approximated by exponential rather than linear or logarithmic.
Using exponential potentiaf Schrddinger eq. is exactly solved
consistent with quantum statistics and Gauss' law. The
determination of ulna-thin oxide thickness is possible based
on an excellent agreement between measured and modeled
CV curves.
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Fig. 2 Total gate capacitanca Crou

calculated by quantum mechanical model

(QM), classical model, and measured C.o1.
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Fig. 3 Charge distritution nfr&)
calculated by our quantum mechanical

model (OM) and classical model (MB).
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Fig. 4 Comparison of exponential

approximation with numerical simulations

[2] and linear approximation [3].
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Fig. 5 Dependence of CET (= qpiQ on

Vs. CET for total, substrate, and poly-Si

gate capacitance is CET,oe f5; and fpoly.
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Fig. 6 Difference between CETqy and

CETpD. Quantum corrections become

more important as EOT decreases.
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Fig.7 Comparison between optically measured oxide thickness

(OPT) and EOTextracted from CV curyes.
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Fig. 8 EOT dependence of CET. Formulas are shown in the insets

corresponding to various \.
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