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ABSTRACT

We investigate the influence of poly-gate depletion on
the inversion layer capacitance Cpy, total gate capacitance
Cror and threshold voltage Vr in scaled Si MOSFETs using
both semiclassical (SC) and quantum-mechanical {QM)
description of the charge density in the channel. We also
present an analytical expression for the total gate capaci-
tance Gy that uses SC charge description and takes into
account the depletion of the poly-silicon gates. Qur simula-
tions show that poly-gate depletion has larger influence on
Cior than the QM charge description. On the contrary, Fris
significantly affected by both the poly-gate depletion and
the QM effects in the channel.

Keywords: scaled Si-MOSFETs, threshold voltage, inver-
sion layer capacitance, total gate capacitance, poly-gate
depletion.

INTRODUCTION

Successful scaling of MOSFETs toward shorter
channel lengths requires thinner gate oxides and higher
doping levels in order to have high drive currents and
runimized short-channel effects (1.23. For state-of-the art
devices, it was demonstrated a long time ago that, as the
gate oxide thickness is scaled down to 10 nm and below,
the total gate capacitance is smalier than the oxide capact-
tance due to the comparable values of the oxide and the
inversior ‘ayer capacitances. As a consequence, the device
transconductance is degraded relative to the expectations of
scaling theory [3]. The inversion layer capacitance was also
identified as being the main cause of the second-order
thickness-dependence of MOSFET I-V characteristics [4].

The finite inversion laver thickmess was estimated
experimentally by Hartstein and Albert {5]. The high levels
of substrate doping needed in deep-submicromester devices

leads to a pronounced quasi-two-dimensiopal {Q2D) nature
of the carrier transport and this was found responsible for
the increased threshold voltage and decreased channel
mobility. A simple analytical model that accounts for these
effects was proposed [6,7]. Two physical origins of inver-
sion layer capacitance {due to finite density of states and
due to fmite inversion layer thickness) were demonstrated
experimentally by Takagi and Torfurni [8].

A computationally efficient three-subband model, that
predicts both the quantum-mechanical effects in the inver-
sion layer and the electron distribution within the inversion
layer, was proposed and implemented into the PISCES
simulator {9]. The influence of the tmage and exchange-
correlation effects on the inversion layer and total gate
capacitance was studied by Vasileska er @l [10]. Very
recently, it was zlso pointed out {11] that the dep! ion of
the poly-silicon gates considerably influences the inagni-
tude of Cy,;. However, nobody has yet examined the infiu-
ence of the poly-gate depletion on the threshold voltage or
on the inversion layer capacitance, two Very lmportant
issues that we focus on in this work.

NUMERICAL CALCULATION OF C,,

Detailed investigation of the total gate capacitance
Cror Tequires a choice for an accurate mode) for the mobile
charge distribution in the surface inversion region of the
device. There are two possibilities: One can use either a
quantum-mechanical or a classical description of the elect-
Ton density in the inversion layer. Using 2 QM description
of the inversion layer electron demsity, the procedure that
we follow when calculating the total gate capacitance is the
following: We first solve the non-linear 1D Poisson
equation,
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self-consistently with the 1D Schrédinger equation
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In (1) and (2), (z) is the electrostatic potential, £(z)is the
dielectric constant, Nj(z) and N(z)are the ionized
donor and acceptor concentrations, n(z)and p(z) are the
elcctron and hole densities, ¥'(z) is the potential energy,
m) is the effective mass normal to the semiconductor-

oxide interface of the ith valley, and Ey and y(z)are

the energy level and the corresponding wavefunction of the
electrons residing in the j-th subband from the i-th valley.
We want to point out that, in the calculations presented
here, we assume that the SiO,/Si interface is paralle] to the
[100] plane. For this particular case, the six equivalent
minima of the bulk silicon conduction band split into two
sets of subbands. The first set (A,-band) consists of the two
equivalent valleys with in-plane effective mass m=0.19m,
and perpendicuiar effective mass m,=0.91m,. The second
set (A,-band) consists of the four equivalent valleys with
m,=0.42m, and m,=0.19m,. The energy levels associated
with the Az-band comprise the so-called unprimed ladder of
subbands, whereas those associated with the Ay-band comp-
rise the primed ladder of subbands.

Once the eigenfunctions and the eigenvalues that
characterize the electrons in the inversion layer are deter-
mined, the inversion layer electron density is obtained by
summing over all subbands to get

mjkpT Ep~E;)l 5
n(z)= E Y, m[”"‘xl’[_k;?"ﬂwﬁ(z)’ (3a)

where Ep is the Fermi level, kp is the Boltzmann cons-
tant, T is the temperature and mﬁ is the in-plane effective
mass of the i-th valley. We want to point out that the inver-
sion layer electrons are treated quantum-mechamically only
when confined by the surface field. Otherwise, we skip the
solution of the 1D Schrddinger equation and use the SC
description

n(z)=NcFy ["E‘L];“ETC(Z)—} ) (3b)

where Nc is the effective density of states of the conduction
band. For holes, which are always treated SC, we use

Ec(z)~Eqg-Ep
kpT J @

where Ny is the effective densities of states of the valence
band and E; is the semiconductor bandgap. Analytical
approximations for the Fermi-Dirac integrals, which appear
I expression (3b) and (4), are given in [12].

Once we have determined the charge distribution on
the semiconductor side of the MOS capacitor, we can
evaluate the magnitude of Cy, by differentiating the total
induced charge density in the chammel with respect to the
gate voltage V. The inversion layer and the poly-gate
capacitances are evaluated analogonsly.

We point out that, in both our numerical and our
analytical model (described in the next section), the poly-
silicon gates are modeled as heavily-doped single-crystal
silicon. Both the electrons and holes are treated classically
using equations (3b) and (4), assuming general Fermi-Dirac
statistics valid for degenerate semiconductors.

p)=N VF1/2(

ANALYTICAL MODEL
In our extended analytical model, the poly-gate
capacitance Cpopy is found by the approach in [13]. Briefly,
we first solve for the surface potential ¢y from
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and then calculate the poly-gate capacitance Cpopy from

Y V26e,) | Np kpT
AE~p—Eqx~ +
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In (5-7), & and &y are the semiconductor and oxide
dielectric functions, Np is the doping of the poly-silicon

409



gates, and AEcp= (Ec-EF)poly is found from the charge
neutrality condition in the poly-silicon away from the
interface. The corresponding gate voltage is found from

VG=¢sc+¢p+(AECP-AECB)/e+Vax’ ‘ (8)

where Qg is the surface potential in the semiconductor side
of the semiconductor/oxide interface, AEqg= {(Ec-Ep)sc is
found from the charge neutrality condition in the semicon-
ductor bulk region, and Voy=FEy;loy, Where 2y, is the oxide
thickness. The total gate capacitance is then evaluated as a
series combination of Cpoty, Cor™eoy/toy and Cipy.

RESULTS AND DISCUSSION

To demonstrate the existence of the two physical
origins of the inversion layer capacitance Cjy,y, discussed in
Refs. [8] and [10], we show in Fig. 1 the variation of Ciypy
with inversion charge density N; in the channel.
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Figure 1. Variation of the inversion layer capacitance with
inversion charge density at T=300 K for 2 MOS capacitor
with substrate doping N4=5x10" cm®, oxide thickness
ox=4 mm and metal gates. In the inset we show the self
consistent results for the variation of the surface potential
with N; when using both SC and QM descriptions of the
electron density in the inversion layer.

A pronounced double-slope behavior of the quantum-
mechanically calculated Cj,y comes from the fact that the
tota] mversion layer capacitance can be represented as a
series capacitance of two contributions. The first contribu-
tion is the classical one and comes from the finite density of
states, ie. due to the fact that a finite change in the surface
potential is always necessary to increase N; (inset of Fig. 1),
which leads to finite value of C;y,. This term dominates at

low values of N; (low gate voltages). The second contribu-
tion to Cyyy is due to the finite mversion layer thickness,
which effectively increases the oxide thickness in terms of
the total gate capacitince, thus providing an additional
capacitance component. As shown in Fig. 2, the origin of
this contribution is the quantum-mechanical space quanti-
zation effect in the inversion layer that leads to larger
inversion layer thickness and larger displacement of the
charge from the interface when compared to what the SC
calcnlations give (inset of Fig. 2). This term dominates at
large gate voltages, where the inversion charge density N
significantly influences the band-bending and leads to
steeper rise of the conduction band mear the SiO,/Si
interface.
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Figwre 2. Classical and quantum-mechanically calculated
charge distribution in the inversion layer for the device
from Fig. 1, for ¥6=2.5 V and T=300K. In the inset, we
show the variation of the centroid of the electron density
distribution in the inversion layer when using SC and QM
descriptions of the inversion layer electrons. The quantum
mechanical space-quantization effect leads to approxima-
tely three times larger average displacement of the inversi-
on layer electrons from the SiQ,/Si interface.

As shown in Fig. 3, the inclusion of the poly-gate
depietion only slightly modifies the magnitude of Cj,, but
leads to significant reduction of the jnversion charge
density in the channel at large gate biases (inset of Fig. 3),
primarily Gue to the smaller density of states function for
the Q2D case and significant degradation of the total gate
capacitance due to the finite poly-gate capacitance shown in
the inset of Fig. 4. For instance, for capacitors with metal
gates and applied gate bias V5=2.5 V, the SC (QM) models
predict that Cyor is 95% (91%) of C,y. For capacitors with
poly-gates, the magnitude of Cyy is dramatically reduced
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down to 80% (78%) of C,x when using SC (QM)
description of the charge in the chanmel The above
observations suggest that, even though the quantum-mecha-
nical space-quantization effect considerably influences the
magnitade of Ciy,y, it leads to no more than 10% degrada-
tion of the total gate capacitance Cp,, in strong imversion. In
this region, the dominant degradation mechanism for the
total gate capacitance is depletion of the poly-silicon gates.
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Figure 3. Variation of Gy, with ¥ when using SC and QM
description of the charge in the channe], with (WP) and
without (NP) the inclusion of the poly-gate depletion. We
use Ng=5x10" ¢cm®, t,,=4 nm and Np=5x10"° em>. Also
shown here are the semiclassical results obtained with our
analytical model (symbols). In the inset, we show the
variation of inversion layer electron density N; with ¥z
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Figure 4. Simulated low-frequency CV-curves for the devi-
ce from Fig. 3, which illustrate the change in the total gate
capacitance Cyo; Gue to finite Cyyy and finite poly-gate capa-
citance Cpopy. In the inset we show the variation of Cooly
with V. Symbols have the same meaning as in Fig. 3.

The excellent agreement between our self-consistent
(numerical) results for Cjy, Cpoly and Cy,y with those
obtained with our extended analytical model suggest that
our analytical model can be successfully used in predicting
the errors which will result when neglecting the effect of
Cpoty on the terminal device characteristics. Another impor-
tant observation that folows from the results shown in Fig.
4 is that, in contrast to the QM space-quantization effect,
which in strong inversion leads to almost constant deviation
of Cior from Cpy, the depletion of the poly-silicon gates is 2
bias-dependent phenomenon, and one canmot use a single
correction and accurately predict C,; over the entire
voltage range. .

Until now, very little attention has been paid to
careful modeling of the threshold voltage. Yet, the lowering
of the supply voltage in deep-submicron devices must be
accompanied by lowering of the threshold voltage to main-
tain optimum circuit performance. A careful investigation
of the influence of the depletion of the poly-silicon gates
and space-quantization effects on the magnitnde of the
threshold voltage V' is thus mandatory.

. To accomplish this task, we do 2 systematic study of
the shift in the threshold voltage due to space quantization
effects in the channel region of the device and the depietion
of the polysilicon gates. A range of substrate doping densi-
ties and doping of the polysilicon gates that are representa-
tive of the deep-submicron technology is considered.

In Fig. 5 we show the linear region threshold voltage
shift between the QM and SC predictions for a device with
Ny=5x10" cmr® and 2,,=4 nm as a function of the doping of
the poly-silicon gate. The threshold voltage Vi equals the
gate voltage for which Qim=10"0jepr. As expected, the
QM description of the charge in the channel increases Vit
This is due to the fact that the QM picture differs from the
SC one in two ways: First, the energy specirum is not
continuous, but consists of discrete energy levels which, m
turm, reduces the DOS function. Second, the energy of the
ground subband from the upprimed ladder of subbands
does mot coincide with the bottom of the conduction band
(Fig. 6), and the energy difference AE = Eyy —E. increa-
ses with increasing substrate doping (not shown on this
figure). The depletion of the poly-silicon gate {due to the
insufficient doping) also increases the threshold voltage due
to the significant degradation of the total gate capacitance.

The linear region threshold voltage shift for the
device with 7,,=4 nm, Np=10% cmr?®, and different substrate
doping is shown in Fig. 7. Also shown in this figure are
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van Dort et al. [6] experimental data for a device with
metal gates and oxide thickness z,,=14 nm. Very close
agreement between the experimentally derived threshold
voltage shifts and our simulation results for the device with
14 nm thick oxide can be observed. A major difference
from the results shown in Fig. 5 is that the inclusion of both
the QM effects in the chanmel and poly-gate depletion leads
to a strong dependence of the threshold voltage shift upon
the substrate doping N4 This suggests that both a QM
description of the charge density distribution in the chanpel
and the poly-gate depletion mmst be accounted for if
accurate results for the threshold voltage are desired.
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Figure 5. Linear region threshold voltage shift between the
QM and the SC predictions versus Np. We use N,=5x10""
cm™ and Z,y=4 nm.

CONCLUSIONS

In conclusion, we have investigated the influence of
space quantization effects and poly-gate capacitance on the
inversion layer and total gate capacitance, as well as their
mfluence on the threshold voltage. We have demonstrated
that for devices with thin gate oxides, poly-gate depletion is
dominznt degradation mechanism of the total gate capaci-
tance. An analytical model for the calculation of the poly-
gate capacitance, based on SC charge description in the
channel, was also presented. The results obtained by using
this model are in excellent agreement with our pumerical
self-consistent results. Owr simmlation results for the
threshold voltage imply that the omission of the quantum-
mechanical space-quantization effect can lead to erroneous
predictions for the threshold voltage for deep subrmicro-
meter devices.

500 et —
r —— Energy levels from theAz-band
400 ----- Energy leveis from ﬂ'leA‘-band

300;

2007

Energy [meV]

100L

Figure 6. Variation of the emergies of the lowest six
subbands (four from the A,-band and two from the A,-band)
and the position of the Fermi level with inversion charge
density in the channel for the device from Fig. 1. All
energies are measured from the bottom of the conduction
band at the Si0,/Si interface.
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Figure 7. Linear region threshold voltage shift between the
QM and the SC predictions versus Ny.
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