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ABSTRACT

An analytical direct-tunneling gate current model for
multi-layer gate dielectrics is presented. Theoretical
derivation shows that the BSIM model for direct tunneling
gate current through a single layer also works well for the
multi-layer case. The theory is also supported by
experimental data. This model is further extended to other
modes of tunneling that occur at higher gate voltages. It has
been shown that certain stack compositions result in higher
leakage current depending on bias conditions. This model
also predicts that the effectiveness of high-k dielectrics may
decrease due to the reduction of band gap with increase in
dielectric constant.

Keywords: gate current, direct tunneling, high-k dielectric,
gate stack.

1 INTRODUCTION

Improvement in the performance of CMOS calls for
aggressive device scaling with gate lengths down to sub-
100nm regime. The resulting short-channel effects are
controlled by a simultaneous reduction in the gate oxide
thickness. The Semiconductor Industry Association (SIA)
roadmap has projected the gate oxide thickness of the order
of 2nm and below. As the gate oxide decreases below 2nm,
the gate leakage increases due to direct tunneling leading to
higher power consumption [1]-[2]. Since the leakage
current increases exponentially with decrease in the
physical gate oxide thickness, high-k dielectrics are being
extensively studied in order to replace SiO, [3]-[4] which
allow for higher physical thickness. In order to maintain
good interface between the gate oxide and the channel, and
to prevent mobility degradation, it is desirable to have a
thin layer of SiO, between the bulk and the high-k
dielectric [5]. Hence, the ITRS 2001 roadmap has called for
the introduction of dielectric stacks and recognized the need
for modeling to design the stacks [6]. Direct tunneling
through single layer dielectric is well studied and an
accurate analytical model for single layer direct tunneling
exists [7]. Numerical methods also exist for tunneling
through multi-layer stacks [8].

In this work an analytical model is developed for all
regimes of gate tunneling through multi-layer stack. As the
gate voltages increases, the tunneling mechanism changes
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Figure 1: Components of tunneling current.

from direct tunneling to Fowler Nordheim (FN) tunneling.
The model can be recast into single layer tunneling BSIM
equation showing that the current BSIM model for single
layer also works for the multi-layer case. The results show
that introduction of high-k dielectric can lead to worse
performance for certain Electrical Oxide Thickness (EOT)
fractional compositions. As the dielectric constant of
material increases, the band gap decreases. Thus, high-k
dielectrics tend to have a lower barrier height. The model
predicts that the performance of dielectric materials with
high dielectric constants may be inferior unless they have
high barriers to tunneling carriers.

2 THEORY

The model is based on the use of the well-known
Wentzel-Kramers-Brillouin (WKB) approximation. The
WKB approximation is used to calculate the tunneling
probability of a carrier through an arbitrary barrier shape.
The tunneling current (Fig. 1) is affected by the density of
carriers (Q) available for injection from the inversion or the
accumulation layer at the injection electrode, the rate at
which these carriers impinge on the barrier (f;,,) and the
probability rate (T) that these carriers tunnel through the
barrier [9].

J=0xf, XT (1)

Q depends on the specific tunneling process [7]. It is a
function of the gate voltage (V,). The impingement
frequency is a function of the vertical electric field, which
is again a function of V,. The tunneling probability is a
function of both V, and the barrier shape and composition.
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Figure 2: The probability function. Ti represents
transmission factors at interfaces and Li represents loss
factors in the layers.
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Fig. 3: Various tunneling processes. (a) DT-DT (b) DT-FN

(c) DT (d) FN. The voltage regime and the calculation of T

for each of the processes is shown. This enables calculation
of J over wide range of V.

For a single layer barrier, 7 is a product of the transmission
factors at the interfaces and the loss factor L in the layer.
The probability T is dominated by the loss factor which is a
exponential function as given by the WKB approximation.
This method is readily extended to the multi-layer case
(Fig. 2) by including loss factors from other layers and
transmission factors at new interfaces. The transmission
factors are constant compared to loss factors. For the two
layer case, T for direct tunneling is given by
Trans * exp(—a.toxe) where Trans is the transmission

factor and o is given by :

_4_% _IEL \/2”11(][ 21/2 —(¢Bl _N)v )3/2]+
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where K, m and ¢ represent dielectric constant,
effective mass of carrier and barrier to the carrier
respectively for each layer and fis EOT fraction of the first
layer. Direct tunneling occurs only when V,,, is smaller than
Opz. In general, as the dielectric constant of the high-k
materials increases, the band-gap decreases and the direct

Fig 4: Cross-sectional TEM of HfO,/Oxynitride gate stacks
with Poly-SiGe gate and with Poly-Si gate.
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Fig. 5: The experimental and model gate current
characteristics for gate dielectric stacks, (a) HfO,/SiO, and
(b) HfO,/Oxynitride.

tunneling regime is reduced. At voltages higher than ¢g,,
tunneling occurs by a two step process with direct tunneling
through the first layer and FN tunneling through the second
layer as shown in Fig. 3. Tunneling processes for even
higher voltages and the corresponding voltage ranges are
also shown. The WKB approximation is used to model the
tunneling probability 7 in all the cases as shown in Fig. 3.
The tunneling current J can be calculated in all cases by
changing the tunneling probability function accordingly.

3 RESULTS AND DISCUSSIONS

To demonstrate the above model, the BSIM equation for
direct tunneling through a single layer is used. The
attenuation co-efficient o of the individual layers forming
the stack can be expressed in terms of BSIM gate tunneling
parameters. For the two-layer dielectric stack, we can
obtain the new BSIM model parameters by expressing Ote.
(eqn. 2) in terms of a; and o, as :

Vi qm, gm,
to,(l- f)+ == K -K2 |2 |fl1-f)®
of +an(l-f)+ =2 1\/2% \/2% fa=r)

Thus the single layer BSIM model extends to the two-layer
case. By cascading layers, we can extend the BSIM model
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Fig. 6: The experimental and model gate current for the
Si3N4/SiONy stack for PMOS devices.

Material K OB Process
Sio, 39 3.1 ECB
SizNy 6.9 2.1 ECB
HfO, 24 1.5 ECB
SiONy 5.4 2.6 ECB
SiOxNy 5.4 32 HVB
Kiew 50 0.75 ECB

Table 1: Dielectric parameters used.

to the multi-layer stack. To verify the theory, the BSIM
model was used to fit the experimental data. The gate
currents of N-FETs with Poly-Si gate and with Poly-SiGe
gate having HfO,/SiO, stack and HfO,/Oxynitride stack
were measured under inversion. Poly-SiGe gate results in
smaller EOT than poly-Si gate, but with surface nitridation
the EOTs are closer. The cross-sectional transmission
electron microscopy (TEM) gate-stack images (Fig. 4) of
the devices with surface nitridation distinctly show the two
layers forming the gate stack. Fig. 5 shows good agreement
between the experimental data and the model for all
devices. The tunneling process in this case was Electron
tunneling from Conduction Band (ECB). SisN, is another
commonly used high-k dielectric. Gate current was
measured from P-FETs with 14A° EOT fabricated using
RTCVD. In the RTCVD process, a SiOxNy interfacial layer
was grown followed by Si3Ny layer. Fig. 6 shows good
agreement between the model and experimental data in
both accumulation and inversion regimes. The tunneling
process is Hole tunneling from Valence Band (HVB) in the
inversion regime and is ECB in the accumulation regime.
Table 1 shows the parameters associated with various
dielectrics used in the calculations. The parameters for
oxynitride are chosen using linear interpolation between
parameters of SiO, and Si3Ny. Ky is a imaginary high-k
material exhibiting high-k and a low barrier height.
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Fig. 7: Tunneling coefficient (A™") vs f for two different
kind of stacks. For low V,, there is no f,;. For higher V,,,
forir follows eqn. (3).
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Fig. 8: Tunneling coefficient vs Vox for different kind of
stacks. The tunneling regimes of the stacks indicate a
smaller DT-DT window for K,./SiO, stack.

The model was used to examine the variation of
tunneling current as the EOT fraction of high-k dielectric is
increased in a gate stack. In the direct tunneling regime, the
tunneling probability does not decrease monotonically as
expected. Fig. 7 shows that the tunneling probability
increases with f and then decreases after some critical f
(feri)- The f;, for a arbitrary stack is calculated from eqn. 2
and is given by :

f :L ¢31K12m1 ~¢32K22m2 4)
crit % K12m1 _ K22m2

ox

Eqn. 4 shows that for low operating voltages, f.,; can be
greater than 1 implying a monotonic decrease in tunneling
probability. Hence, the optimum fraction of high-k in a
stack depends on the operating conditions. For a Si3N,/SiO,
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Fig: 9 Comparing the dependence of tunneling on the
parameters of injection side. Si3N4/SiO, gate stack is used.

stack, f.; is 1.756/V,, and for an HfO,/SiO, stack it is
1.33/V,, (Fig. 7).

The model is also used to predict the tunneling probability
beyond the direct tunneling regime. The tunneling
probability is calculated as shown in Fig. 3. The tunneling
coefficient is proportional to both K and ¢p. As K
increases, generally @p decreases reducing the effectiveness
of the high-k material. In addition, as seen from Fig. 3, the
DT-DT regime is reduced as @p, decreases. Fig. 8 shows
the tunneling coefficient for a Si;N4/SiO, gate stack with
f=.5 over a large range of voltages. Tunneling

coefficient for the imaginary high-k material K, is also
calculated. For low voltages, K, is a better material but
for large Vo, Si3Nyis a better dielectric. Thus there exists a
trade-off between the dielectric constant and the barrier
height, which will become more severe for materials with
large dielectric constants.

Tunneling from either side of the barrier is compared in
Fig. 9. When the gate is composed of a single layer, there is
no difference between tunneling from either side. The
coefficient is much larger for f =0 compared to f =1

resulting is much smaller leakage and illustrating the
advantage of high-k materials. For an intermediate f,
coefficients of tunneling from either side are unequal. The
tunneling from high-k side (gate) is smaller than tunneling
from the low-k side (substrate). This can also be inferred
from eqn. 3, which shows that ¢ is larger if layer 1 has a
higher dielectric constant and a smaller barrier height
compared to layer 2. As dielectric constant increases and
barrier height decreases, the difference will increase and the
tunneling of carriers from gate will be negligible.

4 CONCLUSION

A physical model for gate leakage current was
developed. The model extends over a wide range of gate

voltages covering both Direct Tunneling and Fowler
Nordheim Tunneling regimes. The BSIM tunneling model
is equivalent to this model. It was found that the model fits
the experimental data well. The model showed that
introduction of a certain fraction of high-k dielectric into
the gate may lead to a worse performance at certain
operating conditions. The trade-off between dielectric
constant and barrier height was studied. It is necessary that
future high-k dielectric materials should also have a
relatively high barrier height to retain their efficacy.
Tunneling from the gate terminal (high-k side) was found to
be smaller compared to tunneling from substrate (high-k
side). As the dielectric constant increases, this difference
will become large and leakage restrictions will arise due to
tunneling from the substrate side.
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