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Analysis of threshold voltage fluctuations due to short channel and random doping effects
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A two-dimensional (2-D) simulation study of short channel and random dopant effects on threshold voltage lowering and
fluctuations in 90 nm MOSFET’s is presented. The systematic analysis of short channel and random dopant effects was
carried out in 2-D on a scale to provide quantitative predictions. Simulations based on a single multigrid solution of the
Poisson equation followed by the solution of a simplified current continuity equation are used in the simulations. Both
short channel and random dopant effects, on threshold voltage fluctuations are simulated and discussed in MOSFET’s.
The simulation results will be the start point for the analysis of threshold voltage fluctuations through the comparison with
analytical models based on dopant number fluctuations. The simulations show that the threshold voltage fluctuations are

principally determined by the fluctuation in the dopant number.
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1. Introduction

One of the key design parameters in CMOS technology is
the threshold voltage (V7). For robust circuit design, an
accurate estimate of the same is very important. The
aggressive scaling of CMOS technology for higher speed
and packing density requirements has pushed the device
dimensions to such a level where only the 2-D numerical
device simulators like MEDICI, SENTAURUS, ATLAS
etc. can predict the threshold voltage or any other
quantities of interest very accurately. But, such tools are
not computationally efficient for VLSI circuit design. The
alternative to this is the analytical models, which may even
though be approximate but are computationally efficient. In
addition, analytical models can provide some insight about
the physical processes involved. Basically, there are two
general approaches for analytical models for threshold
voltage of short-channel devices — charge sharing concept
[1-3] and quasi 2-D Poisson’s solution [4-5] or a
simplified Poisson’s equation in the depletion region [6-8].

Because of a number of arbitrary assumptions like the
oxide—silicon interface is an equipotential plane over the
entire channel length, a trapezoidal depletion charge etc. in
a very short channel devices [9] the charge sharing method
suffers from two major drawbacks [10]. First, it predicts a
1/L-dependence of the threshold voltage roll-off (A4Vzy)
with reduced channel length (L), whereas the experimental
results show an exponential increase of AVy; with
decreasing value of L. Second, it can not predict the Vry
fluctuation due to the random channel doping [11-12],
which is again a well known fact in channel engineering
approach for suppressing the short-channel effects (SCE).
In this work, we analyze the V1 behavior due to SCE and
Random Dopant Fluctuations (RDF) of a 90 nm n channel
MOSFET using 2-D device simulations [13].
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2. SCE and RDF

The reduction of V7 for a decreasing channel length and
an increasing drain voltage (Vps), is modeled through two
SCE, known as Charge Sharing (CS) and Drain Induced
Barrier Lowering (DIBL) effects. The CS effect deals with
the sharing of the charge in the channel depletion region
between the gate and source-drain junctions, while the
DIBL is the potential barrier lowering in the Source-
Substrate Junction (SSJ). Both effects are modeled through
a quasi 2-D analytical solution of the Poisson’s equation in
the depletion region, considering the depletion
approximation and the boundary conditions of ¢g(0)=V};
and @y(L.y) = Vi +Vps (the substrate potential is taken as
the ground) [14]:
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where  V7g =Vos —Vino+os  and = [egToyx, [, 1S the
characteristic length.

The model expressed by (1) can be interpreted as the long
channel surface potential modified by the lateral electric
field, which is important in short channel devices. In [14] is
shown the evaluation of (1) for PD-SOI MOSFETSs and the
results were compared to 2-D simulations. The conclusion
in [15] was that 2-D simulations differ from equation (1),
and thus, there is an important variation of the surface
potential along the channel even for long channel devices.
The surface potential has a minimum at y, which can be
found by solving the equation d@s(y)/dy=0.

The location of y, and minimum surface potential (@s,.;,)
should be obtained numerically. However, in [12] the value
of y, is approximated by L.;/2, and ¢y, is obtained
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Figure 1. Schematic of a n-MOSFET with L=90 nm simulated in
SENTAURUS.
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Figure 2. Ips-Vs curves of 40 devices for low-drain bias.
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Figure 3. Log (Ips) - Vs curves of 40 devices for low-drain bias.
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analytically from @Smin=@S(y,)
3)
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In [12] the approximation yy=L.;/2 is mentioned as to be
valid for both, short and long channel devices; however,
from PISCES simulations we can see that the location of y,
can not be approximated by L4/2 in short channel devices
[13].

The DIBL effect is present in short channel devices when
Vps affects the channel potential profile, lowering the
barrier at the SSJ (the potential difference between source
and yy), thus allowing carriers to form the inversion
channel at a lower Vg than the one expected.

On the other hand, the depletion regions of the SSJ and
Drain Substrate Junction (DSJ) overlap the gate depletion
region for short channel devices. Thus, the total ionic
charge (QOp) in the depletion region decreases as the
substrate voltage (Vps) increases in the backward direction,
but the CS effect should decrease as Vgg increases in the
forward direction due to the reduction of the depletion
region of the SSJ, which results in the increment of Q.

The CS and DIBL models are based on equation (3). In
order to determine the threshold voltage, it is assumed that
Osmin=2 ¢ When Vs = Vy, AVry represents the reduction
in the threshold voltage for a decreasing channel length and
an increasing Vps:

(27 = ¢5)+ Vs
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when ¢ << | o the threshold voltage roll-off (AVty) can be
approximated by
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The effect, known as Random Dopant Fluctuation (RDF),

is an inevitable consequence of the statistical nature of the
doping processes used in current fabrication technology,
rendering its elimination impractical. Instead, simulation
and analysis techniques are required to fully characterize
and mitigate the impact of RDF on transistor and circuit
variability.
RDF in MOSFETs results in variation of the threshold
voltage, which increases with device scaling. Experimental
studies also show that, in short-channel MOSFETSs, RDF is
the major cause for threshold voltage fluctuation. Not only
the variation in the number of dopants but also the shift in
their positions in the channel contributes to the deviation of
the threshold voltage.

3. Simulation method
A 90 nm channel length n-MOSFET was simulated using

SENTAURUS 2-D device simulator. The gate oxide
thickness is 4.5 nm, the channel concentration is of
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1x10"%cm™. The simulations were based on a 90 nm Bulk
technology. To introduce non-uniform channel doping, the
channel area is divided into several layers with different
doping concentrations along the direction vertical to the
channel surface. To introduce the RDF with nonuniform
doping, the standard deviation of doping concentration at
different channel depths should be calculated. In this case
is used the usual definition of the standard deviation of a
dataset consisting of N data values as

(6)

where x is the average or mean of the dataset, as shown in
results section. The variance of the dataset is the square of
the standard deviation, 6. In SENTAURUS 2-D, Inspect
tool is used to display and analyze curves of simulated
devices. It features a script language, and an interactive
language for computations with curves to determine the
standard deviations according to equation (6). Also,
SENTAURUS Structure Editor is used to create contacts,
to remove the bottom of the substrate, to set the doping
concentration of the polysilicon gate, and to define the
remeshing strategy, producing the structure shown in
Figure 1. Although Figure 1 shows a substrate with a
constant doping concentration, which was used to compare
with RDF structures. In this figure is also shown the region
of RDF where several layers with different doping
concentrations were considered.

4. Results

From short channel effects analysis, it is necessary to use
a more realistic value for y, to obtain an improved
definition of @s,,;,. The approximation of y, = L./2 is not
valid for short channel devices due to the channel potential
profile definitely affect the potential distribution at the
source region.

The average doping concentration of the different layers
with vertical non-uniform doping is obtained with
SENTAURUS simulation. Figures 2 and 3 shows the Ipg-
Vs curves for 40 devices with different concentrations in
the layers and low-drain bias. As can be seen there is an
important Vyy fluctuation due to the variation in the doping
concentration through the layers. As was mentioned before
the SCE and the AV1y due to these effects depends on both
the depletion layer form under the gate and the total ionic
charge Qg, so the random dopants will change the value of
Qp in each device. These effects should be modeled
accurately for a good representation of electrical behavior
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of short channel transistors. However, the exact usage of
the random number sequence depends on not only the
random number of dopants, but also the requested number
of samples. Therefore, the random device realization with a
certain index out of a sample size of 100 does not
correspond to the random device realization with the same
index out of a sample size of 1000. To investigate the
doping profile of devices that show extreme values of key
electrical parameters, the RDF must be used in the
simulation that produces the I-V results itself.

5. Conclusions

The short channel effects and random dopant fluctuations
were investigated for 90-nm channel length n-MOSFET
structures. A more accurate definition of different surface
potential must be used in short channel devices. The effects
due to random dopant fluctuations are becoming more
critical as device dimensions shrink under 90 nm
technologies. The results show an important fluctuation of
V1 even for devices of 90 nm.
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