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Statistical 3D ‘atomistic’ simulation of decanano MOSFETs
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A 3D statistical ‘atomistic’ simulation technique has been developed to study the effect of
the random dopant induced parameter fluctuations in aggressively scaled MOSFETs. Effi-
cient implementation of the ‘atomistic’ simulation approach has been used to investigate
the threshold voltage standard deviation and lowering in the case of uniformly doped MOS-
FETs, and in fluctuation-resistant architectures utilising epitaxial-layers and delta-doping.
The effect of the random doping in the polysilicon gate on the threshold voltage fluctua-
tions has also been thoroughly investigated. The influence of a single-charge trapping on
the channel conductivity in decanano MOSFETs is studied in the ‘atomistic’ framework as
well. Quantum effects are taken into consideration in our ‘atomistic’ simulations using the
density gradient formalism.
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1. Introduction

When scaling device dimensions down to the deep submicron range the particular microscopic nature of
the random discrete dopant charge distribution in the channel region becomes of great significance to de-
vice performance and operation [1–3]. The simulation of a single device with continuous charge distribution
is unable to reproduce the experimentally observed statistical fluctuations in device characteristics [4–12].
Therefore a statistical approach to the simulations is required in order to account for the various microscop-
ically different random charge distributions in macroscopically identical devices. This approach implies an
estimation of the basic design parameters (such as threshold voltage, subthreshold slope, transconductance,
driving current, etc.) averaged over the statistical ensemble of microscopically different devices, rather than
predicting the characteristics of a single device with continuous doping. In order for the charge of each in-
dividual dopant to be spatially resolved, full-scale 3D atomistic simulations with fine grain discretization
are required [13]. Thus, the statistical atomistic simulations represent essentially a 4D problem, the fourth
dimension being the size of the statistical ensemble.
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Fig. 1. Typical solution domain for atomistic simulations showing the location of individual dopants in a 30× 50 nm2 MOSFET, with
the potential distribution obtained from the solution of Poisson’s equation superimposed on top.

2. Classical atomistic simulations

In many cases, in order to investigate the effects of random dopant induced fluctuations it is sufficient to
perform a classical simulation involving the solution of the drift-diffusion approximation to the Boltzmann
transport equation. This has been the basis for the majority of the work performed so far in this field [14, 15].
The standard drift-diffusion approach requires the solution of Poisson’s equation along with the current con-
tinuity equations for electrons, holes or both. The drift-diffusion simulator can be used to perform statistical
investigations into threshold voltage fluctuations and lowering in MOSFETs scaled below 0.1µm under ar-
bitrary bias conditions. Short-channel effects such as drain-induced barrier lowering (DIBL) are naturally
included in this approach, together with asymmetry in device characteristics due to dopant clustering at one
end of the channel.

We have developed a 3D ‘atomistic’ drift-diffusion simulator based on the decoupled Gummel proce-
dure [16]. The solution of Poisson’s equation uses a parallelized black/red Newton SOR solver, while a
parallelized BiCGSTAB solver with polynomial preconditioning has been implemented for the solution of
the electron current continuity equation. A typical solution domain used in our simulator is shown in Fig.1
showing the location of random dopants in a 30× 50 nm2 MOSFET, with the potential distribution superim-
posed on top. The discrete dopants are placed in the outlined channel region between the source and drain.
In the rest of the simulation domain, the doping charge has a continuous distribution. The expected num-
ber of dopants in the atomistic region is estimated by integration of the continuous doping distribution. The
actual number of dopants in each MOSFET from the simulated sample is chosen randomly from a Poisson
distribution with this mean. Then the dopants are placed randomly according to the initial continuous doping
distribution using a rejection technique.

While it is possible to perform statistical analysis using the fully self-consistent solution, the time and
memory requirements, particularly for the solution of the current continuity equation, make this a less
favourable option when a large ensemble of devices are to be simulated. If the MOSFET is properly scaled
and does not exhibit DIBL then it is possible to reduce the computational and memory burden by solving
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Fig. 2. Comparison of ‘atomistically’ simulated average threshold voltage〈VT 〉 andVT0 for devices with continuous doping for a set
of MOSFETs with different channel lengths.Wef f = 50 nm,NA = 5× 1018 cm−3, andtox = 3 nm. Samples of 200 transistors.

the current continuity equation only in a thin slab extending from the interface to a depthd, much smaller
than the total depth of the solution domain [17]. In a properly scaled 50 nm MOSFET, a slab of only 1 nm
produces an error of less than 3% in the current calculated. This error can be reduced below 0.1% if a 3 nm
slab is used.

At low drain voltages a further simplification to the simulation methodology is possible, which allows
rapid, accurate calculation of current and threshold voltages [15]. The solution of the nonlinear Poisson
equation is obtained for a particular gate voltage,VG, for a zero-potential difference between the source and
the drain. The carrier concentration obtained from this solution is used for calculating the resistance of the
device and hence the current.

3. Applications

3.1. Uniformly doped devices

The use of discrete doping distributions in the simulations results not only in fluctuations in the MOS-
FET parameters, but also in average values different from the results of the continuous charge simulations.
For example, dopant discreteness and randomness introduces not only fluctuations but also lowering in the
threshold voltage compared with the continuous charge simulations. In Fig.2 the effective channel length
dependence of the average threshold voltage,〈VT 〉, from atomistic simulations, and threshold voltage from
continuous charge simulations,VT0, are compared for transistors withWef f = 50 nm,NA = 5× 1018 cm−3

and tox = 3 nm. The inset in Fig.2 shows that the random dopant induced threshold voltage lowering is
channel length dependent and increases rapidly below a 50 nm effective channel length, reaching almost
0.1 V in a 30 nm MOSFET.

The atomistically calculated doping concentration dependence of the threshold voltage standard deviation
in the sub-100 nm channel length MOSFETs is stronger(N0.40

A ) than theN1/4
A dependence adopted in most
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Fig. 3.Doping concentration dependence ofσVT .

of the available analytical models (Fig.3). This discrepancy is due to the fact that the analytical models take
into account only the fluctuation in the total number of dopants in the channel depletion region but do not
take into consideration the random position and clustering of the individual dopants.

3.2. Fluctuation resistant MOSFET architectures

The random dopant-induced parameter fluctuations can be substantially reduced in MOSFET architectures
with epitaxial channels and delta-doping [18]. These architectures have additional benefits in terms of optimal
threshold voltage control and improved mobility [19–22]. The undoped epitaxial layer thickness is restricted
to approximately one-fifth of the effective channel length, due to short channel effects. The introduction of
a δ-doped layer below the edge of the epitaxial channel additionally provides an efficient short channel and
threshold voltage control. As shown in Fig.4, the introduction of a 10 nm epitaxial layer in a 50× 50 nm
MOSFET reduces the random dopant-induced threshold voltage fluctuations almost five times.

When partially depleted, a delta-doped layer behind the epitaxial channel will act as a ground plane effi-
ciently suppressing the short-channel effects. Above a certain thickness of the epitaxial layer a pronounced
‘anomalous’ decrease in the threshold voltage fluctuation is observed with increase of the delta-doping
(Fig. 5). This behaviour is associated with the screening of the potential fluctuations by the holes in the
partially depleted delta-doped layer. Due to this ‘anomalous’ behaviour, for a range of thicknesses of the
epitaxial layer, transistors with delta-doping and relatively low level of doping behind the epi-layer may have
threshold voltage fluctuation resistance comparable to that of transistors without delta-doping but with much
higher level of doping behind the epitaxial layer.

3.3. The effect of the polysilicon gate

The random dopants and the depletion in the polysilicon gate have a detrimental effect on the MOSFET
parameter fluctuations. The effects have been studied in conventional MOSFETs with uniform channel dop-
ing and on low doped epitaxial channel devices [23]. Figure6 shows the potential distribution in a simulated
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MOSFET with the polysilicon gate ‘flipped’ up to show the potential fluctuations at the polysilicon-oxide
interface. It has been shown that the polysilicon gate is responsible for a substantial fraction of the threshold
voltage fluctuations in both type of devices when the gate oxide is scaled down to tunnelling thicknesses in
the range 1–2 nm.

The threshold voltage standard deviation as a function of the oxide thickness for a MOSFET with an n+
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Fig. 6. 3D potential distribution corresponding toVG = VT = 0.723 V for a MOSFET with a polysilicon gate; channel doping
concentrationNA = 5×1018 cm−3, polysilicon doping concentrationND = 5×1019 cm−3, andLef f = Wef f = 50 nm,x j = 7 nm,
tox = 3 nm.

polysilicon gate has been compared with that of the metal-gate MOSFET. Both devices with uniform doping
and epitaxial channels have been considered. For metal gate devices the fluctuations decrease linearly to zero
with decreasing oxide thickness in agreement with most of the available analytical models. The polysilicon
gate results are shifted up with respect to the metal gate results (Fig.7). This shift results in a substantial
percentage increase inσVT when the gate oxide is scaled to its tunnelling limits in both uniform and epitaxial
devices.

3.4. Effect of single-electron interface trapping

Our 3D ‘atomistic’ simulator is suitable for investigating the effect of single electron trapping at the in-
terface on the channel conductivity in decanano MOSFETs [24]. Potential fluctuations generated by trap-
ping/detrapping of single carriers at the interface may result not only in deterioration of the low-frequency
noise performance in analogue circuits but also in local loss of functionality in memories and digital appli-
cations [25].

We use atomistic simulations at this stage to study only the effects associated with the local change in the
carrier density due to the trapping of single electrons, assuming a constant mobility. The presented results
are for decanano n-channel MOSFETs with a square geometry. Initially continuous doping is used in the
simulations and only the trapped electrons in acceptor-type interface states are represented as individual
discrete charges. A typical potential distribution for this case in a 50× 50 nm MOSFET with one electron
trapped in the middle of the channel is shown in Fig.8. Figure9 represents the percentage variation in the
current associated with the trapping as a function of the gate voltage in square MOSFETs ranging from
100× 100 nm2 down to 30× 30 nm2. The change is large in the subthreshold region and rapidly decreases
above threshold where the charge of the trapped electron is screened by the mobile carriers charge in the
channel.

When the ‘atomistic’ nature of such small-scale devices is taken into account, the effect of a single trapped
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Fig. 8.3D potential distribution with one electron trapped in the middle of the channel in a 50× 50 nm2 MOSFET.

electron can be more dramatic. The current density throughout the channel varies as the current percolates
between the potential barriers produced by the discrete dopant charges. This results in a number of current
paths from source to drain. If an electron should become trapped at some point along one of these current
paths, the resultant fixed charge introduced could effectively block that particular path, resulting in a signifi-
cant drop in the current. An experiment where a device with random dopants was simulated 100 times, each
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Fig. 9.Percentage change in the current resulting from the trapping of one electron in the middle of the channel of a square MOSFET.

time with an electron trapped in a random location within the channel, demonstrated a further reduction in
current, up to 40%, when the electron was trapped in a ‘worst-case’ location.

4. Quantum corrections in the ‘atomistic’ simulations

4.1. Simulation approach

The increase in doping concentration and reduction in oxide thickness in MOSFETs scaled to sub-100 nm
dimensions results in a strong quantization in the inversion layer, with a corresponding increase in the thresh-
old voltage [26]. However, all previous 3D simulation studies of random dopant fluctuation effects [11, 15,
20] do not take into account quantum effects. It is important to evaluate to what extent the quantum effects
would affect the random dopant-induced threshold voltage fluctuation and lowering, and to what degree the
threshold voltage lowering may compensate for the increase in the threshold voltage associated with inver-
sion layer quantization [27].

The rigorous approach for modelling of inversion layer quantisation effects consists of the coupled so-
lution of the Schrödinger and Poisson equations [26, 28]. We, however, use a 3D implementation of the
density-gradient (DG) model developed in [29] to introduce quantum corrections in the drift-diffusion simu-
lations. This is an approximate approach for introducing quantum mechanical corrections into a macroscopic
transport description by considering a more general equation of state for the electron gas, depending on the
density gradient.

The major reason for choosing the DG method is that it represents an extension to the drift-diffusion
model which can account for at least some of the quantum mechanical effects (e.g. quantum smoothing of
the carrier density profiles, quantum confinement and tunnelling), taking advantage of the full set of state-of-
the-art numerical computational methods developed for solving the classical DD equation.

At low drain voltage we solve self-consistently the 3D Poisson equation for the potentialψ and the 3D
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Fig. 10. One equi-concentration contour corresponding to the potential distribution in Fig.1. The inversion charge distribution peaks
below the Si/SiO2 interface.

DG approximation of the Schrödinger equation (1):

2bn
∇

2√n
√

n
= φn − ψ +

kT

q
ln

n

ni
, (1)

where a microscopic expression of the macroscopic factorbn has been derived in [30] which readsbn =

~
2/(12qm∗n), φn is the generalized quasi-Fermi potential, and all other symbols have the conventional mean-

ing. The right-hand side of (1) represents the Boltzmann statistics for electrons and the left-hand side can be
interpreted as a quantum mechanical correction to the Boltzmann statistics.

The current at low drain voltage is extracted from the resistance of the MOSFET calculated from the
electron concentration distribution as described in [15]. The potential distribution obtained from the self-
consistent solution of the Poisson equation and (1) is illustrated in Fig.1 at gate voltage equal to the threshold
voltage. Strong potential fluctuations at the Si/SiO2 interface associated with the discrete dopants can still
be observed. One electron equi-concentration contour which corresponds to this solution is presented in
Fig. 10. The equi-concentration contour highlights the basic features of the quantum charge distribution. The
quantum confinement in the channel results in a smoothing of the carrier density profile with a maximum in
the electron concentration, located approximately 1.5 nm below the interface. As can be seen from Fig.10,
the 3D solution of (1) also contains the effects of the lateral confinement which in turn results in narrowing of
the current channels percolating through the ‘valleys’ in the fluctuating surface potential. We also believe that
the penetration of the solution through sharp potential barriers associated with individual dopants represent
tunneling effects [31].

Since (1) is only an approximation to the Schrödinger equation, the DG model has to be validated against a
full self-consistent solution of the Poisson–Schrödinger equation. This is a difficult task in 3D, particularly in
a complex solution domain representing a MOSFET, and potential incorporating fluctuations from discrete
dopants. Therefore we validate the DG approach against full band Poisson–Schrödinger simulations [26]
only in the 1D case and for continuous doping. Our DG results for the quantum mechanical threshold voltage
shift, VT (QM)− VT (Classical), shown in Fig.11, using the value of electron effective mass,m∗ = 0.19m0,
as recommended in [32], are in excellent agreement with the shift reported in [26]. The range of doping
concentration used in the comparison corresponds to that of properly scaled MOSFETs with channel lengths
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Fig. 11.Quantum mechanical threshold voltage shift as a function of the doping concentration. A comparison between DG and full band
Poisson–Schrödinger results [26] for continuous doping distribution.

below 100 nm. As has been pointed out in [33], this electron mass seems to represent well the quantum
potential correction in cases when straightforward comparison with experiment is possible. However, we
believe that the effective mass has to be treated as an adjustable parameter in the DG approach.

4.2. Results and discussion

The ‘atomistically’ simulated threshold voltage standard deviationσVT for a set of standard MOSFETs
with different oxide thicknesses with metal and polysilicon gates is compared in Fig.12. The devices have
uniform doping concentrationNA = 5× 1018 cm−3, junction depthx j = 7 nm, equal channel length and
width Lef f = Wef f = 50 nm, and polysilicon doping concentrationND = 1×1020 cm−3. Both results from
classical ‘atomistic’ simulation and simulations including DG correction for the quantum mechanical effects
are presented in the same figure. The quantum mechanical calculated standard deviation exhibits the same
linear dependence on the oxide thickness as the one resulting from the classical ‘atomistic’ simulations but
is shifted up and does not scale to zero with the oxide thickness.

Quantum confinement can enhance the fluctuations by 50% if the oxide thickness is below 1.5 nm, as
expected near the end of the Roadmap [34]. The effect is further enhanced by the polysilicon gate due to
the superposition of the fluctuations generated by the polysilicon doping impurities and the ones originating
from the silicon substrate, and the effective increase in the oxide thickness due to the poly-depletion effect.

5. Conclusions

A statistical 3D atomistic simulation approach, consisting of the simulation of hundreds of microscopically
different devices, has been adopted to investigate the effects associated with the random impurity distribution
in decanano MOSFETs. The random dopant induced potential fluctuations result in threshold voltage varia-
tions and reduction in the average threshold voltage with respect to the continuous doping case. Fluctuation-
resistant decanano MOSFET architectures including epitaxial channels and delta doping have been studied
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at the atomistic level. Efficient suppression in the threshold voltage fluctuations has been observed in devices
with low-doped epitaxial channels. For certain thicknesses of the epitaxial layer the introduction ofδ-doping
results in reduction in the fluctuations, due to screening in the delta doping layer, offering new means for
charge fluctuation control. The effect of random dopants in the polysilicon gate on the threshold voltage
fluctuations has been investigated. A substantial increase in the fluctuations has been reported for thin oxide
devices associated with both polysilicon depletion effects and random dopants in the gate.

The effect of single-charge trapping/detrapping at the interface has also been studied in our atomistic
simulation framework. The trapping of a single charge can have a significant impact on the channel current
in narrow decanano MOSFETs, particularly in the subthreshold region. This can be even more dramatic when
the atomistic nature of the channel doping is considered.

It has been demonstrated that accounting for the quantum effects in ‘atomistic’ simulations results in an
increase in the threshold voltage fluctuations. The quantum enhancement in the threshold voltage uncertainty
amounts to more than 50% in MOSFETs with oxide thicknesses below 1.5 nm, expected near the end of the
Roadmap.
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