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Abstract— A novel method for the extraction of the lateral
position of border traps in nanoscale MOSFETSs is presented.
Using technology computer-aided design (TCAD) simulations,
we demonstrate that the dependence of the trap-induced thresh-
old voltage shift on the drain bias is more sensitive to the lateral
trap position than to the impact of random dopants. Based on
this, the lateral defect position can be determined with a precision
of several percent of the channel length. To demonstrate the
correct functionality of our technique, we apply it to extract
the lateral positions of experimentally observed traps. Although
the most accurate algorithm is based on time-consuming TCAD
simulations, we propose a simplified analytic expression, which
allows for the extraction of the lateral trap position directly
from the experimental data. While the uncertainty introduced by
random dopants is <10% for the TCAD model, the additional
errors introduced by the simple analytic expression still provide
trap positions accurate to 5% for the devices with 20-nm channel
length and 20%-25% for 100-nm-long devices.

Index Terms— Charged traps, defect position, nanoscale
MOSFETSs, random dopants, threshold voltage shift.

I. INTRODUCTION

HARGED traps near the oxide/silicon interface and

in the oxide bulk can have a dramatic impact on
the characteristics of modern MOSFETSs [1]-[11]. Although
nanoscale transistors contain very few defects [8], each of
them can significantly disturb the channel electrostatics and
affect the device performance. In particular, the lifetime of a
device [2], [11] is ultimately determined by a time-dependent
variability of the transistor characteristics that are caused
by the creation/annealing and/or the charging/discharging of
interface and oxide traps. Consequently, one must study the
device reliability from a statistical point of view. Therefore,
much information about the energy levels of border
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Fig. 1. AV (Vy) characteristics of nine individual traps obtained from TDDS
measurements [13]-[15] on pMOSFET with a channel length of L = 100 nm
and 2.2-nm thick SiON film employed as a gate insulator. The results can be
perfectly fitted using the cubic polynomial function AV (V) = >, pi Vé.

traps [10]-[12] and their depth distribution in the oxide
film [5] has been presented recently. However, there is no
study related to the extraction of the lateral defect position that
considers the impact of random dopants. This information is
significant because charged traps situated in different regions
of the device may have a significantly different impact on the
device performance depending on the applied bias conditions.
In particular, our experiments performed on pMOSFETSs show
that the magnitude of the threshold voltage shift induced by the
border traps and its dependence on the drain bias can be dra-
matically different and strong (Fig. 1). It is this drain voltage
dependence of the threshold voltage shift which we will exploit
in the following to extract the lateral position of the traps.
Several attempts to evaluate the trap position have been
undertaken so far [4], [5], [16]-[20]. One of the most recent
trap location techniques is the 2-D trap profiling method based
on the drain-induced barrier lowering (DIBL) effect, which is
described in [16]. This technique employs a relation between
the position of the channel barrier peak and the magnitude of
random telegraph noise (RTN). However, it does not account
for the significant impact of the border traps and the random
dopants on the shape of the potential profile. In Fig. 2, we
demonstrate that this effect may significantly affect the shape
of the channel barrier, which would make the relation for the
peak position evaluated in [16] inapplicable, independently of
the magnitude of the DIBL effect. Another technique based on
RTN analysis has been proposed in [5]. However, it focuses
on the evaluation of the defect depth in the oxide rather than
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Fig. 2. Surface potential distribution along the interface of the investigated
device with five traps situated exactly at the interface and randomly distributed
dopants overlaid on the similar distribution for an ideal device, i.e., without
traps and random dopants. The TCAD simulations have been performed in the
weak inversion regime (Vg = —0.2 V). The source corresponds to x = 0 nm
and the drain to x = 100 nm.

the lateral position. At the same time, the information on the
lateral trap position would allow to understand the role of each
single trap in its contribution to the device performance.

In this paper, we introduce a new approach, which exploits
the fact that the impact of the lateral defect coordinate X7 on
the drain bias dependence of the threshold voltage shift A Vi,
induced by a single charged trap is stronger than the impact of
random dopants. Accounting for the effect of random dopants
is the key feature of our approach since it allows us to estimate
the evaluation uncertainty for each of the extracted lateral
trap positions. The accuracy of our method is discussed using
the experimental data provided in Fig. 1. In addition, we
introduce a simple equation, which allows to estimate the
lateral trap position with a reasonable accuracy directly from
the experimental data given in Fig. 1.

II. EXPERIMENT

The pMOSFETs with W/L = 150/100 nm and 2.2-nm-thick
SiON films have been characterized using time-dependent
defect spectroscopy (TDDS) [13]-[15]. This technique is
based on alternatively charging and discharging preexisting
border traps in order to study their capture and emission
times. While having the same properties as newly created
defects [21], in pMOSFETs, these traps are responsible for
the recoverable component of the negative bias-temperature
instability. By analyzing the TDDS results, the threshold
voltage shift AVy, versus the applied drain bias V,, induced
by each particular trap, can be individually traced. Results
for three different devices and nine defects are summarized
in Fig. 1. One can see that the AV (Vy) characteristics of
every single trap have dramatically different shapes. Since
the trap depth and energy level has no significant impact on
the drain bias dependence of A Vi, [22], this indicates that the
traps responsible for the threshold voltage shift are located in
different regions of the device [4]. Based on this assumption,
we perform a parameterization of the AV, (Vy) curves and
demonstrate that they can be perfectly approximated by
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Fig. 3. AV (Vy) characteristics for devices with one hundred different
random dopant configurations and four different lateral trap coordinates X
simulated using TCAD. Red lines: characteristics with average (solid) and
plus/minus standard deviation cubic parameterization coefficients (dashed).
Clearly, the shape of the AVy,(Vy) curves is more strongly affected by the
lateral trap position than by the random dopant distribution, which impacts
mostly the absolute value. Therefore, it can be used as a defect fingerprint
and allows to evaluate the lateral defect coordinate.

a cubic polynomial function of V;. As will be shown later,
the corresponding parameterization coefficients are unique for
each particular trap position. Therefore, this unique set of
coefficients can be treated as the defect signature and used
for a precise evaluation of the lateral defect coordinate.

III. TCAD SIMULATIONS

We apply our technology computer-aided design (TCAD)
simulator Minimos-NT that considers random discrete dopants
using the established methodology pioneered in [23] with a
density gradient model [24] to account for the quantum correc-
tion of the Coulomb potential [25]. This simulator has already
been successfully applied to assess the reliability of modern
nanoscale devices [26], [27]. The TCAD simulations were
performed for one hundred devices with identical architectures
but with different configurations of random dopants. The
lateral defect coordinate along the oxide/silicon interface (Xr)
was varied from the source to the drain using 10-nm steps to
provide the benchmark for our trap location technique. At the
same time, it was found that the trap coordinate in the direction
perpendicular to the source-bulk-drain plane has no significant
impact on the shape of the A Vi, (V) curves. Therefore, in all
our simulations, we used Wr = W/2. This implies, however,
that Wr can not be extracted using our methodology. At the
same time, a weak dependence of the results on the position
across the channel Wr, together with an insignificant impact
of the vertical trap position on the A Viy(V;) dependence [22],
means that the impact of shallow trench isolation [28] on
our results is negligible as well. The A Vy, values induced by
the traps situated in each particular position were evaluated
as a function of V4 for all 100 devices using I;—V, curves
simulated with and without charged traps. Evaluation of AV,
has been performed using a standard method [29] for a
fixed Iy corresponding to V, < Vy,, i.e., weak inversion.

The obtained A Vi, (Vy) curves show a cubic behavior, just
like their experimental counterparts. In Fig. 3, one can clearly
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Fig. 4. Dependences of the polynomial parameterization coefficients of the
AVih(Vg) characteristics on X7 simulated with TCAD (interpolation using
0.1-nm steps and smoothing is done). Clearly, the behavior of the A Vi, (Vy)
curves is different for different lateral defect coordinates. The impact of
random dopants is accounted for; the solid lines reflect the average values
and the dashed ones the average plus/minus ;.

see that the shape of these curves has a stronger dependence
on the lateral defect coordinate X7 than on the distribution
of random dopants. For example, if a trap is situated at the
source side of the channel (X7 = 20 nm and X7 = 40 nm),
AV, versus Vj increases independently of the configuration
of random dopants. However, for a trap situated at the drain
side (X7 = 80 nm) AVy, versus V; decreases. When a trap
is located in the middle of the channel (X7 = 50 nm), the
situation becomes more complicated. Although for most of
the random dopant configurations the dependence of AV,
on V; is mostly dominated by the higher order polynomial
terms, for some of them AVy, increases versus V; while for
others it decreases. This is because the transition between the
two possible types of AVi(Vy) dependence takes place for
trap positions close to the middle of the channel, although the
exact point is determined by the random dopant configuration.
In [30], the observed behavior of the AVy(Vy) curves for
different X7 values has been captured using a compact model,
which treats a charged defect as a local increase of the channel
doping concentration.

The correlation between the AV, (V;) characteristics and
the lateral trap position is the working principle of our trap
location technique. Clearly, the expected accuracy of our
technique for the central traps is lower, since the dependence
of the AV (Vy) behavior on the random dopant configuration
is strongest.

IV. METHOD DESCRIPTION

In order to extract the lateral trap position from the experi-
mental data, we parameterize the results of the TCAD simula-
tions using a cubic polynomial function AV (Vy) = >, P; V;.
The coefficients P; are determined for each random dopant
configuration corresponding to a certain X7. The mean TCAD
coefficients (P;) and (P;) &+ o;, with o; being the standard
deviations induced by the random dopants, are subsequently
calculated. Their dependences on the lateral defect position
are shown in Fig. 4. Note that although in the simulations X7
has been varied using 10-nm steps, the values of P; have
been then interpolated at all intermediate X7 points using
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0.1-nm steps. The lateral trap position is evaluated according
to an algorithm that compares the cubic parameterization
coefficients p;, obtained from the experimental data (Fig. 1),
to those P; which are simulated using TCAD.

The principle of our trap location technique is shown
in Fig. 5. For each X7, one can find a minimum k; which
guarantees that p; lies inside the interval [(P;) — kjo;;
(P;) + kio;]. Therefore, the proximity between experimental
and TCAD data will be reflected by the sum K = »; k;. The
parameter K is a function of the lateral defect coordinate Xr
that reaches its minimum value when the combination of p;
lies closest to the corresponding (P;) [Fig. 5 (left)]. Since
it is supposed that the AViy(Vy) curve obtained from TDDS
measurements is associated with an individual defect, the
corresponding value of X7 is considered as the most likely
extracted lateral position of this defect.

After the lateral defect position is evaluated, the probability
that all four intervals [(P;) — k;oi; (P;) + k;o;] obtained for
the extracted X7 do not simultaneously overlap with their
counterparts for neighboring points, Xrieft and Xrrignt, is
determined. This probability is interpreted as the probability
that the trap is situated inside the interval [Xriefr, XTright]
centered at the extracted Xr [Fig. 5 (center)]. Then, the
obtained probability can be replotted in terms of a normalized
density [Fig. 5 (right)], which is obtained for each X7 and
dX as a probability to find the trap inside the fixed interval
[ X7 — dX; X7 + dX]. Note that the consideration of all
four coefficients results in high accuracy of the lateral trap
position evaluation. This is because the proximity of the exper-
imental coefficients to their TCAD counterparts is determined
more reliably, while the neighboring points can be separated
with a higher probability, which increases the resolution.

As follows from the above description, the accuracy of
our trap location technique depends on the impact of random
dopants on the shape of A Vi (Vy). Since the impact of random
dopants is known to be stronger in devices with smaller L [23],
one could expect that the method will not allow for an accurate
extraction of X7 in ultrascaled devices. However, the results
of our TCAD simulations (Fig. 6) show that the magnitude and
drain bias dependence of A Vi, are considerably more sensitive
to X7 if a device with smaller L is considered. Moreover, the
increase in the magnitude of the Xr-dependence is stronger
compared with the increase in the magnitude of the random
dopant fluctuations, which will lead to an even higher precision
for ultrascaled devices. Therefore, below we operate with a
relative accuracy, which is given in percentage of L.

V. METHOD VERIFICATION

In order to verify the correct functionality of the described
trap location technique, we check if the reverse algorithm
reproduces the benchmark Xr7. For this purpose, we select
one of the AV (Vy) curves simulated by TCAD for a certain
configuration of random dopants. Initially, we examine the
curve that is closest to the mean for the considered bench-
mark Xr7. This characteristic is used as experimental data
for our algorithm. In this way, the optimum accuracy of the
method can be evaluated. The procedure has been repeated
for numerous lateral defect coordinates along the channel.
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Illustration of the working principle of our trap location algorithm for X7 = 20 nm. Left: typical K (X7) dependence. K determines the proximity

of the experimental A Vi, (V) to the mean curve simulated using TCAD or the compact model. K, is observed at X7 = 19.8 nm, which is the most likely
lateral defect position. Center: probability to find the trap inside several intervals around an extracted X7 . This is equivalent to the probability with which the
points X7left, X7, and Xrright can be separated with respect to the narrowest intervals [(P;) — k;o;; (P;) + kjo;] selected at each point. Right: probability
density corresponding to the interval dX = 0.1 nm. The origin of this distribution is due to the uncertainity introduced by the random dopants.
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magnitude of random dopant fluctuations (right plot). Therefore, although in ultrascaled devices the impact of random dopants is more pronounced [23],
device scaling will even lead to an improvement in the accuracy of our trap location technique.
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Probability densities obtained for similar devices with three different channel doping levels. The algorithm is applied to the A Vi, (V) characteristic,

which is closest to the mean TCAD curve. Therefore, the results reflect the best accuracy that can be achieved with our trap location technique for different
sections of the device channel (benchmark X7 is varied between 10 and 90 nm using 10-nm steps). In all cases, the impact of random dopants is stronger in
the middle of the channel. The best overall accuracy is reached for the device with the lowest Np.

In addition, devices with different channel doping levels Np
have been examined. The obtained results, plotted in terms
of the probability densities, are given in Fig. 7. One can
see that in all cases the error in the extracted X7 rarely
exceeds 2% of L. However, for the traps located near the
middle of the channel, the distributions are broader and their
heights are lower. This is because the fluctuations of AV
induced by random dopants are more significant [31]. The
observed behavior of the probability density can be well
described by a Gaussian distribution. The reason for a small
deviation is that the precision of the algorithm is limited by
several percents of L, especially in the middle of the channel.
Another important feature is that the accuracy of our technique
decreases with increasing channel doping. This originates from
a weaker AVin(Vy) dependence observed for devices with
high Np. Therefore, the impact of random dopants is more
pronounced, which leads to a broadening of the probability
distributions.

As a further verification step, we repeat the procedure
with characteristics that strongly deviate from the mean.
In such a case, the AVy(Vy) curves are considerably
displaced from the mean curve, i.e., the deviation of
the parameterization coefficients from (P;) is stronger.
The obtained probability density distributions are plotted
in Fig. 8. They correspond to border traps situated at
X7 = 20 nm (top) and at X7 = 20 nm (bottom). The
AV (Vy) characteristics with P; = (P;) + o; and (P;) & 30;
were examined. One can see that the uncertainty in the
extracted lateral trap position for coefficients spread within
[(P;) — oi, (P;) 4+ o;], which are the most common for
the considered devices, does not exceed 5%. For the
case of an extremely strong impact of random dopants,
when the AVip(Vy) shape strongly deviates from the mean
(.e., [{(P;) — 30i, (P;) + 30i]), the error rarely exceeds 10%,
even if the trap is situated in the middle of the channel.
This is still better than our knowledge about technological
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Fig. 8. Dependence of the accuracy of our trap location technique on the devi-
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configuration. The plotted probability densities (dX = 0.1 nm) correspond
to border traps situated at X7 = 20 nm (top) and X7 = 20 nm (bottom).
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the same as the benchmark X7. For a stronger impact of random dopants
(P; = (P;) = oj) the uncertainity is ~3%-5%, and for extremely severe
random dopant configurations (P; = (P;) £ 30;) it is ~8%—-10%.

parameters of the transistors such as doping profiles and
thus sufficient for the practical application of our method to
characterize industrial MOSFETs.

VI. SIMPLIFIED ALGORITHM

The use of TCAD allows for the simulation of the reference
data for the trap location technique with a rather high accuracy.
However, the technique requires substantial computational
resources. Therefore, in [30], we attempted to reproduce the
observed behavior of the AV (Vy) curves for different X7
using a compact model which exploits the fact that the impact
of a charged trap is equivalent to a local increase of the
channel doping concentration by several orders of magnitude
(see [4], [32]-[34]). Using the perturbed shape of the surface
potential we calculated the concentration profiles and imple-
mented them into the Enz—Krummenacher—Vittoz model [35],
in order to simulate the I;—V, curves and extract AV (Vy)
dependences. Here, we suggest an even more efficient way to
simplify our trap location algorithm without a significant loss
in accuracy.

This further simplification of our technique is based on the
realization that the main information regarding the lateral trap
coordinate is given by the slope P; and the intercept Py. The
sign of the former determines whether the trap is at the source
or at the drain side of the channel and the magnitude of the
latter is responsible for the proximity of the trap to one of
the electrodes. Knowing that the mean dependence of Py on
the lateral trap position X7 has a universal shape, which is
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symmetric with respect to the middle of the channel (e.g., our
simulations (Fig. 4) or [4], [31]), we can approximate it using
a Gaussian function (Fig. 9)

Po(XT) = Pomaxexp| — (1)
where it is assumed that Pomax = Po(Xr = L/2) and
Po(Xt = 0) = Py(Xr = L) = 0. Based on TCAD sim-
ulations performed for devices with different L, the standard
deviation ¢ is found to be proportional to the channel length L
as ¢ = aL with a ~ 0.17 [Fig. 9 (inset)]. Therefore, the
relative lateral trap position can be estimated by

X 1 P
=T _ 3~ sign(Py), [2a%log (%)

I S )

Interestingly, the gate oxide thickness d and channel doping
Np mainly impact the values of Pomax that have to be
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Gaussian fitting of the mean TCAD simulated dependences Py(X7) normalized to Popax and overlaid on the related dependences obtained with

TCAD for certain random dopant configurations. Clearly, with smaller L, the uncertainty is significantly smaller. This makes our simplified technique even

better suited for the characterization of border traps in ultrascaled devices.

measured experimentally. At the same time, the parameter o
is almost independent of these quantities (Fig. 10).

However, an exact Gaussian fitting of the Po(X7) depen-
dence is possible only for the case Py = (Py) + noo with g
being a standard deviation and n constant along the channel.
In reality, for each channel coordinate the values of Py
can be randomly distributed within the interval [(Py) — 300;
(Po) + 30¢], due to the impact of random dopants.
Therefore, for a certain random dopant configuration the shape
of Py(X7) dependences may deviate from a Gaussian, which
introduces some uncertainty. In Fig. 11, it is illustrated that this
uncertainty 0X decreases from below 25% for L = 100 nm
toward below 5% for L = 20 nm. This is because the
increase in the magnitude and coordinate dependence of Py
for devices with smaller L is more significant than an increase
in the magnitude of random dopant fluctuations (see Fig. 6).
Therefore, our simplified technique is even more suitable for
ultrascaled devices.

As a remark one should note that the exact point at which
P; changes its sign is also affected by the random dopants
and can deviate within 5% from the middle of the channel
(see Fig. 4). This may lead to a wrong determination of the
channel side at which the trap is situated, but only for central
traps. Therefore, some additional uncertainty of ~10% has to
be noted for these traps.

The input data, necessary to estimate the lateral trap position
X7 using (2) can easily be extracted from the experimental
results. The value of Pomax is determined only once for each
device from the A Vi (Vy) characteristic corresponding to the
middle of the channel (X7 = L/2). This curve typically has a
near-zero slope P; and the largest among all other values for
the intercept Pp; therefore it can easily be discerned. Knowing
the value of Pomax, one can analyze all other A Vip (V) curves
from the considered data set in order to extract Py and sign(P;)
[Fig. 9 (top)] and then apply (2) to estimate Xr.

The necessary condition for the successful application of
the simplified modification of our trap location technique is to
have at least one A Vy,(Vy) curve corresponding to X7 = L/2
within the experimental data set (i.e., with Py = Pomax
and P; = 0). However, considering that modern nanoscale
MOSFETs may contain only a limited number of defects [8],
one can imagine a situation when such a curve is not available.
In particular, this is the case of our experimental data set
provided in Fig. 1. In such a case, one can perform a visual

'Bgﬁtsﬁm?\' "TCAD & simplified
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Fig. 12.  Probability densities of the lateral trap position calculated for
small intervals dX = 0.2 nm for the experimental data given in Fig. 1.
The results obtained using TCAD data (solid lines) are compared with the
estimations done using the simplified method (dashed lines). The difference in
the extracted values of X7 is always <10% of the channel length (100 nm).

analysis of all the measured curves AV (Vy), in order to find
the one, which corresponds to the trap situated closest to the
middle of the channel. Such a curve will have the largest Py
and at the same time the smallest P;. In the case of Fig. 1
this will be trap AS. Then, this AV, (Vy) curve must be used
to determine the value of Ppmax, which will allow to extract
the positions of all other traps using (2).

Alternatively, one can perform a visual qualitative analysis
of the experimental traces (Fig. 1) and immediately recognize
that the A Vi (Vy) curves where P; > 0 and P; < O correspond
to traps situated at the source side and the drain side of the
channel, respectively. Moreover, traps with a larger Py are
situated closer to the middle of the channel while those with
a smaller Py are closer to the electrodes.

VII. RESULTS AND DISCUSSION

We have applied our trap location technique to the exper-
imental results given in Fig. 1 (pMOSFET, L =~ 100 nm,
Np ~ 6 x 107 cm™3) and extracted the positions of all
nine individual traps, which have been detected. First, we
employed the results of our TCAD simulations as a reference.
The obtained probability density distributions are plotted in
Fig. 12. The results demonstrate that the traps can be located
with a rather high accuracy inside narrow intervals. The width
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of these intervals is typically related to the impact of the
random dopants. For this reason, the obtained distributions are
broader for traps close to the middle of the channel where the
device is more sensitive to random dopants. In the same plot,
the values of X7 estimated using our simplified trap location
method (2) are given. The value of Pymax has been estimated
from the AV (Vy) curve corresponding to the trap A5, which
is the closest to X7 = L/2. Although the simplified technique
does not allow for any probability calculations and leads to
a single value of X7, the results are very similar to those
obtained using TCAD data. The typical difference in the
extracted X7 values in all cases is <10%, while an accuracy is
even expected to be improved for smaller devices. Therefore,
considering that the TCAD simulations require several weeks
of cluster simulations and that the simplified algorithm gives
the results in several minutes, we conclude that the substitution
of the precise algorithm with the simplified one is quite
appropriate if one needs to increase the efficiency.

We finally remark that although all the above is based on
the results obtained for pMOSFETs, it is obvious that our trap
location technique can be used for nMOSFETs as well. The
main thing one should note is that in the case of nMOSFET
AVy, is positive.

VIII. CONCLUSION

We have suggested a precise method for the extraction of
the lateral position of traps in nanoscale MOSFETs, which
accounts for the impact of random dopants. Our approach
exploits the fact that the slope and curvature of the trap-
induced threshold voltage shift versus drain bias of a single
trap is considerably less sensitive to the random dopants
as opposed to the lateral trap position. Based on this we
have demonstrated that the lateral defect coordinate can be
estimated with a precision of several percents of the channel
length. In addition, we introduced a simple expression, which
allows for the estimation of the lateral trap position directly
from the experimental data and demonstrated that the extrac-
tion uncertainty decreases for devices with smaller channel
length. Therefore, the simplified version of our technique can
avoid time-consuming TCAD simulations and considerably
increase the efficiency of the entire procedure. Finally, we have
demonstrated the applicability of our trap location technique
using experimental data.
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