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I.

I NTRODUCTION

Due to the continuing miniaturization of metal-oxidesemiconductor (MOS) devices, ﬂuctuations in the drain current
increasingly affect the device operation [1]. This so-called
random telegraph noise (RTN) has been well studied and is
now understood to consist of charge capture and emission
events into and out of oxide defects. It has been recently
reported in [2], [3], [4] that the ﬂuctuations of the drain and the
gate current can be correlated. Quite remarkably, the relative
drop in gate current can reach up to 80 % (Fig. 1) and is
independent of temperature [2]. Microscopically this means
that the magnitude of the gate current is linked to the charge
state of the oxide defects.
In this work we investigate direct tunneling as possible
physical cause of the gate RTN in nMOS transistors. The direct
tunneling current is reduced by charged oxide defects through a
changed electrostatic conﬁguration. An alternative explanation
relies on the multi-state defect model [5], in which the gate
leakage current is described by trap-assisted tunneling (TAT).
Fig. 2 shows schematically how the direct-tunneling current
and the trap-assisted tunneling current are inﬂuenced by a
charged trap.
II.

S IMULATION M ETHOD

To calculate the direct-tunneling gate leakage, we used the
non-equilibrium Green’s function (NEGF) models that are part
of our quantum simulation framework Vienna SchrödingerPoisson (VSP) [6].
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Abstract—A comprehensive study of correlated gate leakage
and drain current ﬂuctuations in nMOS devices using nonequilibrium Green’s function calculations has been carried out.
A simulation model combining 3D self-consistent electrostatic
potentials accounting for random discrete dopants and charged
oxide traps with a 1D and 2D transport description of directtunneling gate leakage has been developed. The inﬂuence of
the charge state of the trap on the direct-tunneling current
has been investigated. A considerable local change in current
density around the trap has been observed. By varying the
position of the trap it has been found that oxide defects close
to the drain and source regions have a higher impact on the
gate leakage. A statistical analysis of nMOSFETs by varying the
conﬁguration of the random discrete dopants has been performed.
The trap has been positioned close to the drain to achieve a worstcase scenario. The reduction in direct-tunneling current due to
charging of a single trap has been calculated for each device.
Gate current reductions below one percent have been found. The
experimentally measured large gate leakage ﬂuctuations can thus
not be accounted for with direct tunneling.
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Fig. 1. Simultaneously recorded traces of gate (bottom) and drain (top)
current in an nMOSFET with effective oxide thickness of 2.3 nm [2]. After
an electron is captured, the charged trap reduces ID . Concurrently, the gate
current decreases signiﬁcantly. After the electron is emitted (τe ), the currents
return to normal levels. Similar relative drops in gate current have been
observed for varying temperature (cf. [2]).

The retarded and advanced Green’s functions are determined by the equation
GR (r, r , E) = GA† (r, r , E)
= [EI − H(r, r , E) − ΣR (r, r , E)]−1 ,

(1)

where H(r, r , E) is the Hamiltonian of the system.
ΣR (r, r , E) is the retarded self-energy that contains the description of the semi-inﬁnite lead regions. The lesser Green’s
function is calculated as
G< (r, r , E) = GR (r, r , E)Σ< (r, r , E)GA (r, r , E).

(2)

The lesser self energy of the left and right contact is given
R
by Σ<
l,r (E) = i{Σl,r (E)}fl,r (E) with the occupation function fl,r (E) of the left and right lead, respectively. The
Green’s functions allow the calculation of physical quantities
of interest such as the local density of states, N (r, r, E) =
− π1 {GR (r, r, E)}, and the electron and current density

dE
n(r) = −2i G< (r, r, E) ,
(3)
2π


dE
q 
(∇ − ∇ )G< (r, r , E) 
. (4)
j(r) = − ∗
m
r =r 2π
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Fig. 2. Principal contributions to gate leakage current; left: an inactive trap
can contribute to the gate leakage through trap-assisted tunneling; right: the
occupied trap prevents trap-assisted tunneling. Through changed electrostatics
the carriers are pushed away from the interface and the oxide barrier shape
changes; The inﬂuence of this effect on the direct-tunneling current and
eventually the gate leakage is the topic of this paper.
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Fig. 4.
Local density of carriers for the nMOSFET with inactive trap
(bottom) and charged trap (top). The local effect of the charged trap on
the carriers is clearly visible. The wave functions are pushed away from the
interface. Consequently, the current density is affected by the change in carrier
concentration.

cuts on the 3D electrostatic potential calculated by MinimosNT. For the 1D model we cut perpendicularly to the gate
oxide and for the 2D model the cut plane goes along the
channel from source to drain. The electrostatic potential was
interpolated on the new grid for the transport calculation. For
these potential proﬁles we then calculated the tunneling current
using NEGF.
III.

Fig. 3. Current density calculated using the 2D NEGF model. The current in
the channel ﬂows around the charged defect at 60 nm. The tunneling current at
the defect is signiﬁcantly reduced. Furthermore, the current vectors show that
the gate leakage current through the oxide ﬂows perpendicular to the interface.
Therefore, a 1D model is capable of describing the direct-tunneling transport
through the oxide correctly.

D IRECT T UNNELING AND D EFECTS

The magnitude of the direct-tunneling current through the
gate is determined by the shape of the wavefunction in the
inversion layer. One can argue that the charge captured by the
defect locally repels the inversion charge resulting in a shift
of the wavefunction away from the interface and thus in a
reduced tunneling current.

The numerical evaluation of the carrier concentration and
the current requires a discretization of the energy space.
It is essential to correctly resolve narrow resonances while
keeping the number of energy grid points low to prevent an
unpredictable summation of numerical errors and intractable
memory requirements. Adaptive energy integration (AEI) on a
non-equidistant grid is required to increase accuracy, numerical
stability, and memory efﬁciency. The different approaches that
were implemented and tested for applicability to the NEGF
formalism are outlined in [7].

As test devices we modeled nMOSFETs with a gate area
of 65 × 65 nm2 , an oxide thickness of tox = 1.5 nm, and
random discrete dopants (RDD). To obtain the electrostatic
potential self-consistently, we used the semi-classical 3D device simulator MinimosNT [11]. The simulator correctly treats
random discrete dopants [12] and charged oxide defects. Quantum corrections are included by means of a density gradient
(DG) model. For each nMOS device under investigation, we
calculated the electrostatic potential once with the charged
oxide defect and once without the defect.

For 1D transport we implemented a decoupled multi-valley
effective mass NEGF model [8] based on the recursive Green’s
function method presented in [9]. For 2D quantum transport
simulations an NEGF model based on the formalism from [10]
has been realized.

Fig. 3 shows the current density calculated by the 2D
NEGF model for a cut that goes through the charged defect.
A signiﬁcant reduction of the direct-tunneling current from
the gate can be seen at the defect position. Furthermore, the
gate leakage current ﬂows straight through the oxide plane.
This means that a 1D transport description is sufﬁcient for our
study of the direct-tunneling current.

As input for the quantum transport simulations we used
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Fig. 5. Map of relative change in gate current density due to the charging of one trap (left) or two traps (right) for a particular doping and trap conﬁguration.
The map is constructed by a scan of 1D cuts over the whole gate area on a 1 nm grid. The plot shows high local changes in the current around the position of
the trap. The contour line corresponds to 1 % of the maximum change in current. Its radius is below 10 nm and the current is therefore only locally inﬂuenced
(cf. [3]). The total change is calculated by integration over the whole area. Contrary to the high local change around the trap, the total reduction in gate current
is small (ΔIG /IG < 1 % per trap).
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Fig. 6. Map of relative change in total gate current due to the charging of
a trap at the given position for a particular doping conﬁguration. Each box
corresponds to a trap positioned at the center of the box and its color to the
relative change of total gate current. A trap positioned close to the source
or drain doping regions has a higher impact due to a higher ﬁeld and more
available carriers in these regions.

we constructed a map of the relative change in current due
to a trap (Fig. 5). The charged trap has a considerable local
effect on the carriers and reduces the current density at its
maximum by approximately 90 %. The extent of this change
in direct tunneling can be estimated through the contour line in
Fig. 5 were the change drops to 1 % of the maximum reduction.
The radius of this contour is below 10 nm which is too small
according to [3]. There, a uniformly inﬂuenced area of 25 nm
radius was found to be necessary to explain the measurements.
We calculate the total gate leakage due to direct tunneling
through integration over the whole gate area. Although the
oxide defect has a considerable local impact, the total reduction
in gate current due to charging of a single trap remains in the
range ΔIG /IG < 1 %.
To investigate the effect of the trap position on direct
tunneling we mapped the relative change in total gate current
(Fig. 6) depending on the defect’s location. We moved a single
trap on a grid along and across the channel and determined the
total current reduction for each trap position. We found that a
trap placed close to the source or drain doping regions has a
higher impact. This is due to a higher ﬁeld and more available
carriers in these regions.
IV.

In Fig. 4 the local density of carriers on a cut through
the defect position calculated by the 1D model illustrates
the effect of the electrostatics on the carriers. The carriers
are pushed away from the oxide decreasing the number of
available electrons for direct tunneling and at the same time
increasing the tunneling barrier.
To see the inﬂuence of one trap on the total gate leakage
current, we employed a scan of 1D cuts over the whole gate
area on a 1 nm grid. On each cut, we calculated the current
density using the 1D NEGF model, once for the charged trap
state and once for the empty trap state. Using these values

S TATISTICAL A NALYSIS

To study the effect of a charged trap on direct-tunneling
gate leakage thoroughly, we performed a statistical analysis
of NS = 201 nMOSFETs by varying the random discrete
dopant conﬁguration. The devices had an oxide thickness of
tox = 1.5 nm and the gate voltage was VG = 1 V to obtain
sufﬁcient direct-tunneling currents. We positioned a single
electron trap near the drain region where direct tunneling is
affected most, as conﬁrmed by Fig. 6. We determined the 3D
electrostatics for the charged and the inactive trap state using
MinimosNT for each sample (NT = 2). We then calculated
the direct-tunneling current density using the NEGF model on
NC = 64×64 = 4,096 1D cuts per device and again integrated
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analysis of nMOSFETs with random discrete dopants and calculated the worst-case reduction in direct-tunneling current due
to charging of a single trap. Our results show that electrostatic
effects can not account for the large gate leakage ﬂuctuations
of up to 80 %, that were found experimentally. Although a
charged trap has a considerable inﬂuence on the local current
density, the total gate leakage is reduced by less than 1 % per
trap. Therefore, direct tunneling has to be ruled out as root
cause of gate leakage ﬂuctuations.
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Fig. 7. Cumulative distribution of direct-tunneling gate currents with active
(blue crosses) and inactive (red diamonds) trap. The symbols show the CDF
of the ﬁtted Gaussian distributions
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