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Abstract—An equivalent circuit approach to MOS capaci- Il. CAPACITANCE SIMULATION

tance—voltage ¢'-V') modeling of ultrathin gate oxides (1.3-1.8 . . .
nm) is proposed. Capacitance simulation including polysilicon The physical phenomena for QM effects involve a shift of

dep|etion is based on quantum mechanical (QM) corrections the Carrier diStribution in the Channel region a.Way from the
implemented in a two-dimensional (2-D) device simulator; tunnel- Si—SiQ, interface as the carrier distribution becomes quantized
ing current is calculated using a one-dimensional (1-D) Green's into discrete levels rather than having a distribution based on
function solver. The sharp decrease in capacitance observed fora single band approximation. An empirical and hybrid model

gate oxides below 2.0 nm in both accumulation and inversion is . . .
modeled using distributed voltage-controlled RC networks. The for the QM correction in MOS structures is proposed and

imaginary components of small-signal input admittance obtained implemented in a two-dimensional (2-D) device simulator,
from AC network analysis agree well with measured capacitance. which combines both the van Dort and Hansch models [2].

Index Terms—Device simulation, MOS C-V" modeling, quan- In th(:j' vicinity of the Si/SiQ interface, the density of
tum mechanical corrections, SPICE, ultrathin gate oxide, conduction band states can be expressed as

Ne(z) = Nefl — e =) /A (1)

I. INTRODUCTION . . .
where thez-axis is perpendicular to the Si—SjiOnterface

OR MODERN CMOS devices with gate length of 0.1and 4, is introduced for the finite carrier concentration at the
pm and operating at 1 V, an oxide thickness of the ordg{rface ¢ = 0). N is the normal density of conduction band
3.0 nm is needed, which corresponds to five to six layers gtes, which is position-independent, akg, is a thermal
silicon atoms. With such thin oxides, direct tunneling results igavelength.
exponential increases in gate leakage current, increased powefy eliminate the flatband singularity that occurs in the van
consumption and deteriorated device performance [1]. Anothggrt model [3], a novel bandgap broadening expression is
issue is the loss of inversion charge and transconductane@d. The bandgap correction term, depending on the 2/3

due to the quantization of carriers in the channel as wejhyer of the transverse surface electric fiel, in the van
as polysilicon gate depletion effects. In the QM model, thgort model is given as

density of inversion charge peaks at around Aobelow
the silicon surface such that gate capacitance and inversion
charge are both effectively reduced to those of an equivalent
oxide a few angstroms thicker than the physical oxide. Thus . ) ) o
characterization is needed to account for these effects in m_here p is a physical constant; is the fitting parameter
choice of design parameters, especially for future subynl- with the theoretlcal_value _of ur_1|t_y and is a charac'gens_tlc
MOS technology. de_cay Iength. 'I_'he singularity ongmgtes from the denv_atlve of
The goal of this work is to characterize MOS capacitance fd#iS quantity with respect td's = 0 in the gate capacitance
gate oxides in the thickness range of 1.3—1.8 nm. In particul§@mputation. To eliminate this flatband singularity, thg/
modeling of the sharp decrease both in capacitance in #§&m in (2) is now replaced with
inversion and in the accumulation is emphasized; an equivalent F2
circuit approach considers gate tunneling current as well as
other QM effects.
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where bothe and o are adjustable parameters. It preserves
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Fig. 1. Simulated and experimentdl-V for the n-type MOS capacitor Fig. 3. Comparisons of gate tunneling current between measured and sim-
with t,, = 2.0 nm. Circles denote measurements and solid and dashdi@ted using 1-D Green’s function solver fo,t= 1.3, 1.5, and 1.8 nm,

lines indicate simulated data by the QM correction and the classical mod&SPectively.

respectively.

signal frequency is 100 kHz. It should be noted that there are

150.0 ; ; . : : ; . sharp transitions in the capacitance both in the inversion and
accumulation regions. Also, the peak capacitance for a gate
oxide thicknesst(,.) of 1.3 nm is less than that ¢f, = 1.8
nm. This is caused by the gate tunneling current across the
oxide. As a result, measured capacitance for oxides thinner
. than 2.0 nm shows qualitatively different behavior compared to
thicker oxides. In order to model this behavior quantitatively,
an accurate gate current calculation needs to be coupled with
the QM effects.

In this work the tunneling current is calculated using a
T one-dimensional (1-D) Green'’s function simulator, NEMO [5].
Because the multiple-scattering effects become extremely im-
_ portant, the WKB approximation is no longer satisfied for the

125.0 tox = 1.8nm 4
100.0

75.0

Cg (pF)

50.0

tox = 1.5nm
/

25.0
roxet anm thinner SiQ layers [6]. NEMO considers the injection from
o guasibound states and continuum states; hence an accurate
00 0 30 20 <10 o5 10 20 30 calculation can be achievable for the density of states. Carrier
Vg (V) density is calculated quantum mechanically in the device;

_ . Y scattering effects at the contacts can be approximated by the
Fig. 2. Experimental MOSC" for t,; = 1.3, 15, and 1.8 nm, re- fpotential used in calculation of the surface Green's function.
spectively. Sharp decrease of gate capacitance occurs by the gate tunn mlg_ ]
current. ig. 3 shows the measured and simulated gate current for
three gate oxide thicknesses. The discrepancies between the
measured and simulated data are probably caused by either

of 2.0 nm and area of 100m > 100,m. For this analysis, the g ,tace roughness or uncertainty in determining the effective
substrate doping profile is obtained using a process simulatigfjje thickness.

that includes TED (transient enhanced diffusion) effects [4].
The reduction of gate capacitance in the accumulation region is

related to the QM effect; the reduction in the inversion region
is related to both the QM and poly depletion effects. To characterize the MO®'-V for gate oxide thicknesses

ranging from 1.3 to 1.8 nm, an equivalent circuit is introduced.
First, the silicon surface region is divided into small rectan-
gular segments perpendicularly to the channel-current flow
Thin gate oxides were grown using rapid thermal oxidatian order to consider the channel resistance, as in Fig. 4(a).
(RTO) in the temperature range of 900-980D. Fig. 2 shows In addition, the polysilicon area is vertically divided into
measured’—V curves of the m-poly/SiO,/p-Si MOS capaci- small pieces to consider the polysilicon resistance effect.
tors for oxide thicknesses of 1.3, 1.5, and 1.8 nm, respectively.;, represents the channel resistance for each segment; this
The capacitor area is 10pm x 100 pm, and the small- channel resistance also varies as a function of gate Bigs.

IV. EQUIVALENT CIRCUIT MODELING

Ill. GATE TUNNELING SIMULATION
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Fig. 4. An equivalent circuit approach of the MOS capacitor for gate oxide thickness thinner than 2.0 nm: (a) top view of the n-channel MOS cdpacitor wit
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source/drain grounded (area 100 pum x 100 gm) and (b) distributed RC network for the single vertical segment in Fig. 4(a).

represents a distributed resistance in the polysilicon gate, and

the measured sheet resistance of the polysilicon 3/8], 150.0 .
which is much smaller than the channel resistang&g, (= tox=1.8 nm
1.5 KQ/O). Fig. 4(b) is the equivalent circuit for the single 125.0 | o i

vertical segment represented in Fig. 4(a). Then the equivalent
circuit for the whole device structure is constructed by in-

corporating all the vertical segments. The tunneling current is_ 100.0 - (N i
modeled using a nonlinear, voltage-controlled current sourcés ’00
(¢ = f(Vy)) derived from the gate current simulation discussed3 750 r .

previously. The current values of each segment are then scaled
according to the number of RC stages used. Also, the gate
capacitance without the gate tunneling effect is modeled using
a nonlinear, voltage-controlled capacitand® & f(V,)).
These voltage-controlled elements contain 1-D and piecewise
linear voltage-dependent capacitance and voltage-dependent
current tables which are built frol@-V" and gate tunneling
simulations, respectively. SPICE AC small-sighal analysis is
then performed to find the input admittandé, (= G + jwC)
of the circuit at a given frequency of 100 kHz. Thg-V’
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Fig. 5. Results of imaginary components of input admittance by the AC
network analysis for the equivalent circuit in Fig. 4. Symbols represent

data including gate tunneling effects is finally obtained bMeasured?—V" for ., = 1.3, 1.5, and1.8 nm.

taking the imaginary component of,,. Fig. 5 compares the

modeling with the mea;urements for oxide thicknesses of 1b?ialow 2.0 nm in both the accumulation and inversion regions
.1'52%ndv\1/h8 nm, respecgve}lcy, Whin the m:)mberfo;léC SeaMeRS s deled by using a distributed RC network that includes
IS 2U. en It exceeds iive, the number o segments, gate tunneling current which is calculated using a Green’s

makes no difference in terms of the final capacitance valu S
The extracted channel resistance values in the inversion an

accumulation regions are 2.5 K and 1.2(K[], respectively.

The sharp transition point in capacitance becomes lower as
gate oxide thickness is reduced, which results from the increag
in gate tunneling current with an exponential-like dependence

between tunneling current and oxide thickness. %

V. SUMMARY 4]
MOS C-V characteristics of gate oxide in the sub-2.0-nm

region are modeled with an empirical, hybrid formulation forg
QM corrections implemented in a 2-D device simulator. Dis-
crepancies irC-V modeling exist as the gate oxide becomes
thinner than 2.0 nm due to the effects of the gate tunnelings]
current. The sharp decrease in capacitance for gate oxides

§ gction solver.
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