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The Impact of Random Dopant Aggregation in Source
and Drain on the Performance of Ballistic

DG Nano-MOSFETs: A NEGF Study
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Abstract—We have studied the effect of deviations from doping
uniformity in source and drain on the performance of sub-20 nm
silicon double-gate MOSFET devices. The study is motivated by re-
cent direct observation of such inhomogeneities in small MOSFET
devices. The model assumes a continuous charge distribution with
randomly located regions of high doping. Individual dopants are
not resolved. Impurity scattering in the source and drain regions
is neglected. The current–voltage characteristics are
computed for devices that differ only in the microscopic arrange-
ment of the randomly distributed high doping regions. We have
also studied devices that differ in the number of these clusters. An
ensemble of devices with fluctuating numbers of clusters has been
constructed based on a Gaussian distribution centered on the mean
cluster number derived from the average doping concentration in
the source/drain. The impact of high doping clusters, particularly
on charge injection, has been studied in detail for the first time using
full quantum simulation based on the 2-D nonequilibrium Green
function approach coupled self-consistently to Poisson’s equation.
We have assumed an average lateral symmetry for the double-gate
MOSFET. Therefore, we only consider inhomogeneities in doping
in the plane of the simulation. The devices studied have 12 nm
channel lengths which allows the approximation of ballistic
quantum transport through the self-consistent electrostatic po-
tential landscape of the device. The computed current–voltage
characteristics are monotonic and they are most strongly affected
by the fluctuations in the total number of high doping regions. Fluc-
tuations in the spatial configuration of clusters have a lesser effect.
Threshold voltages shifts around 100 mV and on-current fluctua-
tions around 50% are obtained from the simulations. However, the
subthreshold slope remains almost independent of the microscopic
cluster distribution. The on-current variations are considerably
larger than those predicted from classical modeling.

Index Terms—Clustering of dopants, DG-MOSFET, nonequilib-
rium Green functions.

I. INTRODUCTION

AS THE International Technology Roadmap for Semicon-
ductors (ITRS) [1] unfolds, the standard bulk MOSFET

architecture will inevitably be replaced by alternative architec-
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tures such as double-gate (DG) or silicon-on-insulator (SOI)
MOSFETs in order to suppress short channel. However, fluctua-
tions in the discreteness of the dopants in the source/drain, stray
dopants in the channel [2], and imperfections in the Si/SiO in-
terface [3] became very important in nanometer-scale devices.
The effects of random dopants, doping inhomogeneities, and
surface roughness do not average on such small scales [2], [4],
[5]. Therefore, the particular configuration of inhomogeneity
from device to device produces fluctuations in the current and
threshold voltage in an ensemble of technologically similar de-
vices. One critical feature of nanoscaled devices is thus the oc-
currence of strong performance variations between devices that
have macroscopically identically doping. The problem arises
because doping is only controllable macroscopically, whereas
the discrete microscopic dopant distributions are uncontrolled.
Previous studies have drawn attention to problems arising from
the presence of small numbers of discretely resolved dopants in
the channel of a device: the atomistic doping problem. In the
present paper we distinguish doping distributions in source and
drain that may be treated as essentially continuous but inhomo-
geneous in space. The characteristics of such inhomogeneities
are modeled by reference to recent direct experimental data [19]
on small MOSFETs which has revealed that the source and drain
regions show random extensions in the vicinity of the channel
in which random dopant aggregations, or clusterings, occur (see
Fig. 1). Although these clusters are countable, they do not corre-
spond to spatially resolved individual dopant atoms. Their effect
is to modify the self-consistent electrostatic potential within the
device on a mesoscopic rather than microscopic scale. We are
therefore not concerned with the contribution of the microscopic
atomic distribution of dopant atoms on scattering in the channel
(in classical terms we neglect mobility variations in source and
drain). From this point of view it is the influence of clustering
on charge injection into the nominally undoped channel that is
of interest.

The significance of random dopants for device variability
and design was first emphasized in a seminal classical study by
Keyes [6]. The first detailed classical and quantum transport
studies of the impact of discretely distributed ionized donors
on electron transport were reported for electron waveguides
and quantum point contacts in semiconductor heterostructure
devices [7]–[9] using 2-D models. The influence of the random
potential landscape was shown to imply considerable fluctua-
tions in device parameters between devices and strong mobility
degradation. The same considerations carry over to MOSFETs
in the near ballistic regime [2]–[5]. However, until recently,
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Fig. 1. Experimental carrier profile around S/D extension region in a
n-MOSFET with gate length of 28 nm. The STM image was taken at negative
gate bias voltage and under measuring conditions sensitive to n-type region.
Overlap of S/D extension region (Xov) is about 6 nm. From [19, Fig. 9,] by
permission.

most studies of doping atomicity on MOSFET performance
have entailed classical simulations: the first 3-D (classical)
study was made by Wong and Taur [10]; the first convincing
experimental study was reported by Mizuno et al. [11]; and we
note that one of the most cited early studies [12] utilizes 2-D
MINIMOS simulations; application to deep submicrometer
MOSFETs was first reported by a number of authors in the
late nineties [13]–[15], again using classical methodology
ranging from drift-diffusion models to Monte Carlo simulation;
extensive systematic classical statistical studies of deep-sub-
micrometer to decanano MOSFET device variability were
subsequently reported in [16] and [17] and reviewed in [18].
In the present paper, for the first time, we use full quantum
simulation tools to examine the importance of these fluctuations
(modeled by clustering) in the doping profiles in source and
drain regions that may be treated as essentially continuous but
which are inhomogeneous in space.

On small enough scales the microscopic distributions are non-
self-averaging; this leads to strong discrete deviations from the
continuous macro-distribution. Indeed, for devices under 30 nm
channel length, and even for high doping levels, it is difficult to
obtain a macroscopically homogeneous distribution of dopants
at the interface between the channel and source/drain regions.
This is illustrated dramatically by recent scanning tunneling mi-
croscope (STM) measurements that have determined the car-
rier profile around the source/drain extension region of - and

-MOSFETs with 28 nm gate length [19] as shown in Fig. 1.
Although the DG-MOSFETs may be designed advantageously
with nominally undoped channels, the inhomogeneity of source/
drain doping is anticipated to produce discrete aggregation ef-
fects: clustering; fluctuations in the number of clusters; and fluc-
tuations in the relative position between the clusters. Here, we
are concerned with spatial fluctuations of the intended high con-
tinuous doping in source and drain and not with the resolution
into individual dopants that is more typical of channel doping as
described previously [6]–[18]. Previous classical studies, based
on drift-diffusion modeling [20], have predicted no more than
5% variations in the on-current due to cluster number and cluster
fluctuations in the source and drain of a sub-10 nm DG-MOS-
FETs. In this paper we show this conclusion is over-optimistic
when clustering and full self-consistent quantum transport is
used to model DG devices using the nonequilibrium Green func-
tion (NEGF) method [2], [21], [22].

II. THE NEGF APROACH MODEL AND

COMPUTATIONAL ALGORITHM

The NEGF approach to carrier transport in mesoscopic
systems, comes from the marriage of two old ideas due
to Schwinger–Keldysh (SK) and Landauer–Buttiker (LB)
[23]–[26]. The first idea, SK, was the use of propagators
and correlation functions (Green’s functions) to describe the
motion of electrons in nonequilibrium quantum statistical
systems or systems coupled to noncoherent systems such
as random oscillators or reservoirs. The second idea, LB, is
based on the observation that when a difference in potential
is applied to a mesoscopic system, which essentially consists
of two or more reservoirs connected by (short channel length
and cross section) quantum channels, the same difference in
the chemical potentials between the respective reservoirs is
induced and this determines the current, while the electrostatic
potential is allowed to float (Neumann boundary conditions) in
order to fulfil charge neutrality. The current flowing between
two reservoirs is controlled by (quantum) transmission in the
channel connecting the reservoirs, so implicitly the reservoirs
are kept with a fixed difference in chemical potential between
them. Under certain simplifying assumptions [27] the current
flow between two reservoirs is proportional to the transmission
function and the difference of chemical potentials between the
reservoirs [25], [27]. Essentially, in this approach resistance is
represented by transmission [28].

In the modern NEGF formalism [21] the current and electron
density in a mesoscopic system, when a difference in potential
is applied, is computed by the help of the electron propagator

and correlation function . The boundary conditions are
included in the self-energy (dynamic boundary condition)
and statistical self-energy matrix (statistical boundary con-
dition). The matrix equations (the Green functions are matrices
in the coordinate representation) for the electron propagator and
the correlation function may be written as [21], [29]

(1)

(2)

(3)

(4)

where and is the Hamiltonian of the finite
device; contains the effect of the injecting and absorbing
(IA) boundaries on the open system. The statistical self-energy
matrix is given by the imaginary part of the self-energy for
each IA boundary multiplied by the distribution function at the
boundary value of the chemical potential (including the external
potential). Scattering is not considered. or
are the density of electrons at the position with energy ; is
the energy-resolved current density associated with electrons of
energy . The total electron density is obtained by integrating
(3) over all energies. Expression (4) also should be integrated
for all energies to give the total current density. The electron
density must satisfy Poisson’s equation; therefore, a self-con-
sistent iterative cycle is set up to compute the electron density
and potential throughout the device.
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Fig. 2. Double-gate MOSFET structure (DG-MOSFET).

Fig. 3. Simulation domain, showing nonuniform spatial grid and high doping emplacements.

As can be seen from (3) and (4), we only need to calculate the
diagonal and off-diagonal elements of the function in order
to compute the current and electron density. For this purpose we
deploy a recursive algorithm technique based on the symmetry
of the Dyson equation, which allows us to compute the diag-
onal, and off-diagonal blocks of without the need to invert
the Hamiltonian matrix of the whole device. A very detailed de-
scription of the recursive algorithm used in this work may be
found in [22].

III. DEVICE GEOMETRY AND DOPANT MODEL

Fig. 2 shows the structure of the simulated silicon
DG-MOSFET with a channel length of 12 nm and a channel
thickness of 5 nm. The oxide thickness is 2 nm. The av-
erage n-type doping concentration in the source/drain is

cm ; the channel is undoped. The dopant
model adopted here utilizes a Poissonian clustering scheme
confined to a region of 9 nm before and after the channel,
outside which the doping is considered to be uniform since suf-
ficient numbers of dopants exist for self-averaging (consistent
with findings reported in [19]). The average continuum doping
is fixed at cm . Fig. 3 illustrates the simulation domain
showing the nonuniform spatial mesh, undoped channel, dis-
crete source and drain regions, and the surrounding continuum
model regime.

The clusters of dopants are modeled by small randomly lo-
cated regions of very high continuous doping concentration nor-
malized to fit the average density in the clustered source/drain
region to the uniform source and drain doping. The doping fluc-
tuations represented by the clustering are of the order of 10%
of the average doping level consistent with experimental data
[19]. It is important to stress that the individual impurities are
not spatially resolved in the model. Indeed, the full self-con-
sistent potential landscape smoothes out considerably around
the cluster positions (see Figs. 4 and 5). The device is assumed
to be very wide so that it may be modeled in two dimensions
following [22]. The clusters of high doping regions have a 2-D
character in the sense that we are assuming that in the direction
perpendicular to the device plane the doping inhomogeneities
became less severe and therefore restore the lateral symmetry of
our problem. Hence, we assume, as a first approximation, that
the fluctuation are more severe in the device plane and there-
fore we neglect on average the fluctuations in the perpendicular
direction. The intended doping in a smooth device goes from
1 10 cm to zero in a few nanometers in the transport
direction but in the off-plane direction the doping remains con-
stant. Therefore, it is natural to expect more fluctuations in the
plane of the device. With the present state of the art in Green
function algorithms a 3-D analysis of this clustering by a full
3-D NEGF simulator is virtually impossible in a DG-MOSFET
context because of the required high spatial complexity. Even
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Fig. 4. Spatial profile of potential (upper panel) and electron concentration
(lower panel) in the source, channel and drain regions of a 12 nm channel length
DG-MOSFET for the dopant aggregation configuration shown in Fig. 6 (upper
panel). Average doping concentration in S=D = 10 cm , number of high
doping clusters hNi = 10; actual number of high doping clusters N = 12.

Fig. 5. Spatial profile of potential (upper panel) and electron concentration
(lower panel) in the source, channel and drain regions of a 12 nm channel length
DG-MOSFET for the dopant aggregation configuration shown in Fig. 6 (lower
panel). Average doping concentration in S=D = 10 cm , number of high
doping clusters hNi = 10; actual number of high doping clusters N = 6.

if this could be done, and certainly if mode space reduction
schemes can be validated the work reported here will be rel-
evant as a comparison, because the 2-D simulation is much
less computationally expensive. The doping inhomogeneities
are schematized in Fig. 3 by the box representation. From a
2-D viewpoint the 2-D clusters have an average concentration

cm . It follows that there are
approximately clusters in each of the source and drain
discrete doping regions.

We have simulated several devices that differ in the cluster
spatial configurations for the case , and for the case

that describes fluctuations in total cluster number. The
ensemble of devices with fluctuating numbers of clusters was
constructed from a Gaussian distribution centred on the mean
dopant number derived from the average doping concentration
in source/drain respectively.

The transport is treated as ballistic because of the relatively
short channel length. Here, we use the term ballistic to indi-
cate in particular that dissipative (energy-relaxing) processes are
neglected. We also neglect the contributions to the self-energy
in the source and drain regions due to scattering on individual
dopants which are not spatially resolved in our model. This latter
ballistic approximation for source and drain has been utilized
elsewhere in quantum transport calculations for nanowires and
MOSFETs [22], [30]–[32]. The treatment of carrier interaction
with the essentially classical clusters in the continuous doping
profile and with the boundaries is treated nonperturbatively by
folding the total self-consistent electrostatic potential landscape
into the device Hamiltonian. In the absence of clustering the
model reduces to the commonly accepted homogeneous doping
model [22], [30]–[32] for DG and nanowire devices that are
nominally undoped in the channel. When doping fluctuations in
source and drain generate clustering effects, as reported exper-
imentally [19], the principal effects are in the charge injection
and extraction. Our model specifically excludes scattering on
individual atomistic dopants. Tunneling processes are automat-
ically included nonperturbatively. Self-consistency is achieved
by coupling the transport to the total electrostatic potential via
the electron density and Poisson’s equation.

We observe that if a microscopic model of discrete dopants
were to be deployed then for a uniformily doped high den-
sity region self-averaging will occur, leading to the validation
of the Kohn–Luttinger ansatz for the existence of a self-en-
ergy for impurity scattering to which we have already alluded.
However, the strong, countable nonuniformities in doping dis-
cussed here will give rise to additional but weaker scattering
processes but these will not be describable by a self-energy
since the Kohn–Luttinger ansatz fails [2], [4], [5] for small fi-
nite numbers of scattering centers: the self-energy is real and
the scattering processes are nondissipative in the sense of being
time-reversible. A fortiori, this is the case for small numbers of
individual dopants such as the unintentional atomistic doping in
the channel and it also applies to the source/drain extension in-
homogeneities. Rather, these weak additional interactions will
appear as time-reversible processes which are fully described
within the ballistic Green function model.

IV. SIMULATION RESULTS

To set the background for the device characteristics we first
present the potential distribution of one of the devices with a
random distribution of clusters (upper panel of Fig. 4). The cor-
responding electron distribution in the channel and the discrete
dopant aggregation regime (clustering) of source and drain is
shown in the lower panel of Fig. 4. Similar data is shown in
Fig. 5 but for fewer clusters (i.e., an effective lower average
doping). The corresponding configurations of the clusters are
presented in Fig. 6 (the upper panel corresponds to Fig. 4; the
lower panel corresponds to Fig. 5).

Fig. 7 shows the characteristics for five devices that
differ only in the arrangement of clusters . Data for
the case of uniform continuum doping (smooth doping distribu-
tion) is included for comparison. Fig. 8 shows two cluster con-
figurations with the same number of dopants corresponding to
Fig. 7.
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Fig. 6. Doping cluster aggregation map for DG-MOSFET source and drain
regions. Upper panel: the high doping configuration corresponding to Fig. 4.
Lower panel: high doping configuration corresponding to Fig. 5.

Fig. 7. Computed I –V characteristics of devices that differ only in the ar-
rangement of high doping clusters (�N = 0).

Fig. 8. Two high doping configurations with the same number of clusters cor-
responding to Fig. 6.

Fig. 9 shows the characteristics for a different
number of total clusters ranging from 13 to 35
discrete cluster locations. Again, data for the case of con-
tinuum doping (smooth doping distribution) is included for
comparison.

In Fig. 10 we exhibit the current density (lower panel)
through the self-consistent potential landscape (upper panel)
corresponding to the device with the doping configuration
shown in the lower panel of Fig. 7.

Fig. 9. Computed I –V characteristics of devices that differ in the arrange-
ment of high doping clusters and in fluctuations of doping cluster number
(�N 6= 0).

Fig. 10. Potential and current density landscapes corresponding to the device
with the high doping configuration of the lower panel in Fig. 7. Upper panel:
potential landscape. Lower panel: current density long the channel.

V. DISCUSSION AND CONCLUSION

From Figs. 4, 5, and 7 it may be seen as anticipated that
the self-consistent potential landscape effectively obscures the
bare cluster potentials. It should be stressed that this result is
a consequence of the thermal averaging (at 300 K) over the
quasi-continuum of energy states inherent in the Green func-
tion simulation. Sharper features are found in the spectrally re-
solved Green functions which lead to complex features in the
energy-resolved electron concentration. The total electron con-
centration and hence the total self-consistent potential distribu-
tion results from the thermal average of which obscures many
of the obvious quantum effects in. However, full self-averaging
does not take place and the source and drain regions, for ex-
ample, exhibit inhomogeneous potential distributions and car-
rier distributions. The granularity of the carrier distribution has
a strong resemblance to the experimental data of Fig. 1, albeit
for a much shorter device channel.

Fig. 10 shows the typical result that, despite the uniform
undoped channel, the current meanders through the channel;
the flow is nonuniform. This is a direct result of the inhomoge-
neous injection through the random potential landscape of the
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source; it is characteristic of spatially inhomogeneous doping
resolved structures similar to atomistically resolved structures
[2]–[5]. The resulting injected current flow is reflected from
the walls of the channel. The spatial characteristics of the flow
are different from classical modeling: the transport is thermo-
dynamic quantum transport. The spectrally resolved current
density along the channel shows more complex behavior, con-
sistent with channel quantization, but the total current density
is smoothed by the thermal average over the energy states

. No trace of the characteristic quantized current response
found at low temperatures is found at electron temperatures
Te K. However, the monotonic current–voltage char-
acteristics display quite different values for threshold voltage,
subthreshold response and on-current response from the clas-
sical results [20].

Comparing Figs. 5 and 6 we find that the fluctuation in total
number of dopants has a stronger effect (50% fluctuation in
on-current) than purely positional fluctuations of the clusters
(10%). In both cases the impact on the on-current is stronger
than the effect on the subthreshold response. The computed
on-current fluctuations are significantly larger than the classical
predictions [20]. We conclude that for practical device design
it is crucial to control precisely the total number of dopants

in the source and drain to avoid large performance
fluctuations.

For the first time this work has explored the effects of the
doping inhomogeneity in the source/drain regions revealed re-
cently in experiments [19] using a 2-D NEGF formalism in a
DG-MOSFET. As the STM experiments show [19], the exis-
tence of clustering and aggregation are likely to appear around
the end terminations. This clearly affects the injection of car-
riers in the channel of the device, and creates fluctuations from
device to device as has been show in our calculations. In this
study we have not included the effects of unintended atomistic
dopants in the channel or atomically resolved dopants close to
the source/drain interfaces with the channel. As discussed in
previous studies [2]–[5] atomistically resolved dopants gener-
ally require 3-D modeling.

In this work, symmetry in the perpendicular direction is as-
sumed and all the physical magnitudes have lateral symmetry
reflected in the 2-D electrostatics as a logarithmic dependence
of the potential as a function of coordinates. This is the case in
every 2-D simulation. An analysis in three dimensions of 3-D
doping inhomogeneities is beyond the scope of this work. Even
so, a 3-D analysis could be more relevant for bulk MOSFETs
(three spatial dimensions of the device in the same order of mag-
nitude) with intrinsically 3-D character. This type of analysis
for DG-MOSFET will require a very large 3-D model in order
to avoid the effect of the lateral boundaries and to be able to re-
store the global lateral symmetry. A 3-D NEGF description of
this device is computationally complex and will be addressed it
in a future work.

Finally, we note that one of the motivations for utilizing
the Green function formalism rather than a self-consistent
Schrödinger wave equation solver is that the NEGF formalism
provides a firm basis for the future inclusion of energy relax-
ation, hot electron and many-body effects such as dynamic
screening and the interacting carrier assembly.

But perhaps the most practical feature of the Green function
approach is the use of simple contact self-energies that permit
modeling of open systems by finite boundary methodology. The
Green function approach may be regarded as having the same
role as ensemble Monte Carlo has in the classical modeling of
devices. That is, it provides a secure underpinning for the val-
idation of more efficient, but approximate modeling schemes.
These aspects will be addressed in future work.
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