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ABSTRACT In this work, a simulation methodology, whose inputs are Conductive Atomic Force
Microscope (CAFM) experimental data, is proposed to evaluate the impact of nanoscale variability sources
related to the polycrystallization of high-k dielectrics (i.e., oxide thickness, tox, and charge density, ρox,
fluctuations in the nanometer range) on the Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET)
variability. To simulate this variability, a Thickness And Charge MAp Generator (TACMAG) has been
developed and used in combination with an in-house-built 3D device simulator (VENDES). From CAFM
experimental data (topography and current) obtained on a small area of a given polycrystalline dielectric,
the TACMAG generates a high amount of tox and ρox configurations of the gate dielectric, with identical
statistical characteristics to those experimentally measured. These dielectrics are then introduced into the
device simulator, with which the impact of the tox and ρox fluctuations in the dielectric on the variability of
MOSFETs (i.e., threshold voltage) is analyzed. Finally, the impact of different nanoscale parameters, such
as the Grain size and Grain Boundaries depth (of polycrystalline dielectrics) on such variability has been
evaluated.

INDEX TERMS CAFM, high-k, MOSFET variability, polycrystalline dielectric, defect density, 3D device
simulations.

I. INTRODUCTION
The continuous scaling of Metal-Oxide-Semiconductor Field
Effect Transistor (MOSFET) devices has driven the explo-
ration of new materials [1]. For instance, to limit the
gate leakage current, ultra-thin Silicon Dioxide (SiO2)
gate oxide has been replaced by high-k dielectrics [2].
However, some high-k materials show a polycrystalline
structure [3], [4], which could affect the electrical properties
of scaled devices [5] by increasing the leakage current and the
device-to-device variability. Since high-k polycrystallization
takes place at the nanometer scale [4], Conductive Atomic
Force Microscopy (C-AFM) has been demonstrated to be
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a very powerful technique to evaluate at the suitable scale
the morphological and electrical properties [6]–[10] of
polycrystalline high-k dielectrics [11]–[15]. As an example,
it has been found that in some polycrystalline Hafnium
Dioxide (HfO2) layers, the gate leakage current mainly flows
through grain boundaries (GBs) [16], where a reduced oxide
thickness (tox) was measured [3]. Moreover, the presence of
defects has been observed at the GBs, which were associated
to an excess of oxygen vacancies [3], [16].

Traditionally, due to the lack of experimental data,
variability studies are done via the implementation of
physical models that mimic the real behavior of the sources
of fluctuations [5], [17], [18]. However, more recently a
new methodology was proposed in [11]. It consisted in
the simulation (using Technology Computer-Aided Design,
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TCAD [19]) of the I-V curves of MOSFETs whose gate
oxide properties were directly determined from experimental
data. In this way, it was possible to better link variability
sources at the nanoscale with the variability of figures of
merit of MOSFETs. In particular, a CAFM was used to
measure topographical and current maps of polycrystalline
high-k dielectrics (from which nanoscale tox and charge
density, ρox maps were obtained [11]) and a simulator was
used to evaluate their impact on the MOSFET threshold
voltage (Vth). However, in that work, a statistical analysis
was not possible. Only small regions of a particular sample
were measured, so that the number of MOSFETs instances
available for the analysis of the variability of Vth and
ON and OFF currents (Ion and Ioff) was rather limited.
In addition, the complete evaluation of the impact of the
different parameters that describe the polycrystallization
of high-k dielectrics (as the grain size, Grain Boundaries
depth and/or width, etc) was not allowed. On one hand,
because samples obtained with other growth parameters
(which result in different polycrystallinity properties) are not
always available. On the other, because it would be necessary
a lot of experimental measurements, which is very expensive
and time consuming.

The focus of this work is to propose a complete simulation
flow to statistically evaluate the impact of polycrystalline
high-k dielectrics on the MOSFET variability, starting from
experimental nanoscale data obtained with a C-AFM. With
the proposed methodology, less experimental measurements
and samples with different characteristics are needed, reduc-
ing the cost and time of such analysis. At this point, only
the high-k polycristallinity is considered as variability source,
but it could be afterwards combined with others to investigate
their global effect on the device [20].

II. EXPERIMENTAL
A. SET UP AND DEVICE STRUCTURE
Nanoscale data, that is, tox and ρox and their fluctuations
in the nanometer range, were obtained with CAFM on a
sample containing a 5.3 nm thick HfO2 film deposited by
Atomic Layer Deposition (ALD) on a 0.7 nm thick SiO2
layer. The average thickness of both layers was measured
by X-Ray Reflectivity. The gate stack was grown on a Si
epitaxial P-substrate. With the aim of studying the impact
of the polycrystalline dielectric structure on the MOSFET
device variability, an annealing process was carried out at
1000 ◦C, which lead to the polycrystallization of the high-k
layer. The presence of the SiO2 layer was taken into account
during the TCAD simulations, as reported in [11]. However,
SiO2 charges and tox fluctuations in SiO2 were considered
to be negligible when compared to those linked to the
polycrystalline high-k dielectric. This is justified by the fact
that SiO2 is not polycrystalline and because the amount of
charges is expected to be larger in HfO2 than in SiO2. So, the
measured tox and ρox fluctuations are assumed to be related
to the polycrystalline high-k.

FIGURE 1. Schematic of the set up and device structure.

Figure 1 shows a schematic of the CAFM experimental set
up. Note that no top electrode is used. Actually, the tip of the
CAFM plays the role of the top electrode, defining a Metal-
Oxide-Semiconductor structure whose size is determined
by the tip-sample contact area, which is ∼100nm2 [21].
With this experimental configuration, morphological and
current maps of different kinds of materials (as high-k
dielectrics [12], [13], [22], [23]) can be measured with a
nanometer resolution. Current maps correspond to the x-y
spatial distribution of the tunneling currents flowing between
the gate and the substrate, through the dielectric layer.

FIGURE 2. Morphological (a) and current (b) maps obtained at VG = 6.5V
on a HfO2/SiO2/p-Si structure (230 nm x 230 nm). (c) corresponds to the
charge density map estimated from (a) and (b). The white line highlights a
GB (depression in the morphological image), which shows higher current
and charge density than that observed in the Grains (see profiles along
the white line in (f) and (g)). Generated morphological (d) and charge
density (e) maps obtained with TACMAG.

B. CAFM EXPERIMENTAL DATA
Figures 2a and 2b show, respectively, an experimental
morphological and current map obtained with a CAFM in
vacuum and using a diamond-coated tip. The current map
was obtained at 6.5V, because it was the minimum voltage
at which current above the noise level of the setup was
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measured. From both maps, the corresponding charge density
map (Fig. 2c) has been estimated using the methodology
shown in [11]. It can be observed that there is a clear corre-
lation between the three images. Higher currents and charge
densities are measured at GBs (deeper areas in the morpho-
logical map). These larger values are assumed to be related
to oxygen vacancies by incomplete atomic bonds between
hafnium and oxygen [24], [25]. As examples, profiles of the
morphological, current and ρox maps through a particular
GB (highlighted in the images) are shown in Fig. 2f-g.
Note that direct information about the oxide thickness tox
cannot be obtained from the morphological image. This is
because tox depends not only on the characteristics of the
scanned top (dielectric/gate) interface (Fig. 2a), but also on
that of the dielectric/substrate interface, and this information
is not available in this kind of experiment. However, Fig. 2a
suggests that tox is smaller at the grain boundaries [26], [27].
Actually, tox at each pixel of the surface of Fig. 2a was
estimated [11] by assuming that the average thickness of the
oxide layer, 5.3nm, corresponds to the average height of the
morphological map. Any height deviation with respect to
the morphological average at any site of Fig. 2a has been
attributed to a deviation from the average tox of the same
value. Then, any morphological map can be interpreted also
as a tox map, as it will be done from now on.

FIGURE 3. Flow diagram showing the different steps of the simulation
methodology.

III. SIMULATION TOOLS
The proposed simulation methodology is based on two
independent simulators, which are executed sequentially.
Fig 3 shows the complete flow of data, covering from
the experimental information obtained with CAFM to the
analysis of the variability of MOSFETs. First, the TACMAG
software (Thickness And Charge MAp Generator) is used,
with which multiple (tox, ρox) maps of gate oxides are
generated (output) from the experimental morphological
and current maps measured with CAFM (input). Secondly,
a homemade Semiconductor Device Simulator is used, which
takes the output (tox, ρox) maps of TACMAGas input data and
simulates the MOSFET electrical characteristics. As a result,
the impact of the nanoscale fluctuations of tox and ρox in the
dielectric on the device I-V characteristics and the device-to
device variability in MOSFETs can be evaluated. Both
simulators are described in detail in the following sections.

A. THICKNESS AND CHARGE MAP GENERATOR (TACMAG)
The core of the Thickness AndChargeMApGenerator (TAC-
MAG) was partially developed in [28]. In the generator
developed in [28], from the AFM measurement of mor-
phological maps of a polycrystalline sample, 3 Dimension

(3D) topographical maps could be reproduced with the same
statistical morphological characteristics as the experimental
sample under study [28]. Moreover, in [11], from pairs of
experimental morphological and current maps obtained with
CAFM (on the same area), the local charge density was also
calculated at each position of the gate oxide. The present
work, however, goes one step further, and improves and
develops new capabilities of that simulator, called from now
on TACMAG, which are necessary to evaluate the impact of
the nanoscale properties on the device variability.

On one hand, in order to optimize the generation of
morphological maps, in the new version of the generator,
that is, in TACMAG, the methodology used to statistically
reproduce the sample morphology has been improved by
using the Poisson-Voronoi diagrams, which are commonly
used to generate polycrystalline grain structures [29]–[31].
Implementing this new technique, the inputs needed to create
the grain structure of new samples are reduced, simplifying
the map generation. Now, only the grain size (Gsize),
GB width and depth (and their corresponding statistics)
are necessary, which are easily obtained from experimental
data (Fig. 2a). Fig. 2d shows an example of a generated
morphological map whose statistical parameters are the same
as those that describe Fig. 2a.

FIGURE 4. (a) ρox values calculated from Fig. 2a and 2b, and shown
in Fig. 2c, as a function of tox (Fig. 2a) for all the pixels of Fig. 2a and 2c.
The histogram on (b) shows the ρox(tox) distribution for a tox = 5nm
(interval between 4.95 and 5.05 nm).

On the other hand, the new version of the genera-
tor (TACMAG) has also been extended to generate 2D
charge density maps (i.e., the inputs of the Device simulator).
To do that, first of all, from morphological and current
maps experimentally obtained with CAFM (Fig. 2a and b),
we use the methodology shown in [11] to calculate the
corresponding ρox map (Fig. 2c). Fig. 4a shows the calculated
ρox values (Fig. 2c) as a function of tox (Fig. 2a) for all
the pixels of Fig. 2a and 2c. Note that there seems to be a
correlation between tox and its corresponding charge density
(statistically, higher densities were found at GBs, which have
smaller thicknesses). However, this relation is not univocal:
for a given tox, a distribution of ρox has been found. Fig. 4b
also shows an example of a statistical distribution of charge
for tox = 5 nm (interval between 4.95 and 5.05 nm). The
ρox(tox) statistical distributions have been determined and
have been used as an input of the TACMAG to generate
(tox, ρox) maps of the dielectric. That is, for a given pixel of a
generated morphological map (characterized by a given tox),
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the ρox value has been determined by applying Montecarlo
methods, considering the ρox distribution found for that value
of tox. As an example, Fig. 2e shows the generated ρox map
obtained for the morphological map in Fig. 2d.

So, to sum up this section, from the input morphological
parameters (Grain size, GB width and depth and their
corresponding statistics obtained from morphological maps)
and current maps obtained with CAFM, TACMAG calculates
the charge density distributions (ρox, which depends on tox),
and provides (tox, ρox) maps at the output (Fig. 3).

B. 3D DEVICE SIMULATOR
To evaluate the impact of the nanoscale tox and ρox fluctua-
tions in polycrystalline dielectrics on the device variability of
MOSFETs, a 3D in-house built parallel drift-diffusion (DD)
Device Simulator (named VENDES) [19] was used, which
allows to obtain the IG-VD characteristics of MOSFETs. The
finite-element method (FEM) has been applied to discretize
the simulation domain, which allows the simulation of
complex device shapes with great flexibility. In addition,
the use of FEM-based meshes allows to easily incorporate
and model non-uniform effects (such as variability sources)
affecting the device, that might require the deformation
of the structure. On every node of the three-dimensional
tetrahedral mesh, the classical electrostatic potential is
obtained via the solution of the Poisson equation. In order
to incorporate quantum mechanical corrections, this classical
potential is corrected through the density-gradient (DG)
approach. To model the transport inside the semiconductor,
the quantum-corrected electrostatic potential is coupled
with the current continuity equation for electrons, to obtain
the electron current density that flows inside the device.
To account for the carrier transport in the MOSFET
device, VENDES incorporates the Caughey-Thomas doping
dependent electron mobility model [32], to describe low
electric field transport, coupled with perpendicular and lateral
electric field models [33], that represent high field carrier
transport. A more detailed description of the simulation
methodology can be found in [19]. This 3DDD-DG simulator
has been widely employed in the modelling of different
sources of variability affecting semiconductor devices, such
as random dopants [34], line-edge roughness [35], [36],
or grains in the metal gate [34], [35], [37], [38].

In this work, this simulator has been used to evaluate the
impact of high-k dielectric polycrystallization on the Vth
variability of MOSFETs. With this purpose, a Width (W) x
Length (L) = 50 × 50 nm2 gate area n-type Si MOSFET
with a HfO2/SiO2 gate stack was considered as a test device.
The device dimensions and doping values were obtained
from the constant field scaling [39] of a n-type 67 nm
effective gate length MOSFET that was calibrated against
experimental data [37]. To simulate the Drain current vs.
Gate Voltage (ID-VG) curves of different devices, nanoscale
(tox, ρox) dielectric maps with a 50 × 50 nm2 size (the area
of the gate region), extracted from Fig. 2, were considered
as inputs of the Device Simulator. The introduced maps

can be either directly measured (i.e, 50 × 50 nm2 portions
of Fig. 2a and 2c) or generated (in Fig. 2d-e).

FIGURE 5. (a) Electrostatic potential inside the 50× 50 nm2 MOSFET
device for the two particular configurations that produce the largest (left)
and lowest (right) drain currents (at VG = 0.6 V and VD = 0.05 V) when
considering both ρox and tox fluctuations in the device gate.
(b) Example of electrostatic potential in the channel (dashed line) and tox
profile (continuous line), (c) ID-VG characteristics simulated at
VD = 50 mV for the two configurations shown in (a) when different
variability sources are analyzed. Red curves correspond to the simulated
ID-VG curves of devices with dielectrics with constant ρox = 1.08 × 1020

cm−3 and with the tox fluctuations taken from (a). Green curves
correspond to the simulated ID-VG curves of devices with dielectrics with
constant tox = 5.3 nm and with the ρox fluctuations taken from (a). Black
curve corresponds to a device with constant ρox and tox (same values as
for the two other considered cases). The inset corresponds to a zoom of
the I-V curves inside the circle, showing VG in the 0.6V to 0.8V range.

As simulation example, Fig. 5a shows a 3D view of the
electrostatic potential (cross section) and charge density (top
view) for the two device configurations that produce the
largest (left figure) and lowest (right figure) drain currents

VOLUME 9, 2021 90571



A. Ruiz et al.: Methodology for Simulation of Variability of MOSFETs With Polycrystalline High-k Dielectrics

(at VG = 0.6 V and VD = 0.05 V) when considering
both ρox and tox fluctuations in the device gate. The tox
maps of both configurations are not shown, for simplicity.
Fig 5b shows, as example, a 1D thickness profile of the
high-k dielectric (continuous line). It has been extracted in the
center of the channel perpendicular to the transport direction.
The corresponding electrostatic potential inside the channel
is also plotted (dashed line). Note that the potential is not
constant, but depends on the thickness fluctuations. In this
case, in those regions with smaller thickness (associated
to GBs), a lower potential is found. Since the presence of
GBs is related to the polycrystallization of the materials,
the results demonstrate that polycrystalization clearly affects
the potential distribution in the channel. Fig. 5c shows the
ID-VG curves at VD = 50 mV for the MOSFET configura-
tions of Fig. 5a with different gate oxides characteristics. The
inset corresponds to a zoom of the same plot, to better display
the differences among the different ID-VG. curves. First,
the impact of tox and ρox fluctuations have been separately
evaluated, as unique nanoscale variability source. Red
ID-VG curves in Fig. 5c correspond to two particular
devices, characterized by gate dielectrics with constant
ρox = 1.08 × 1020 cm−3 (average charge density estimated
from Fig. 2c). The tox fluctuations were introduced by
considering the 50 × 50 nm2 regions of Fig. 5a. Green
ID-VG curves in Fig. 5c correspond to two particular
examples of devices with constant tox = 5.3 nm (average
thickness) and two 50 × 50 nm2ρox maps corresponding
to the configurations of Fig. 5a. Finally, both sources
are considered simultaneously, i.e., fluctuations in both,
ρox and tox parameters. The morphology of the dielectric
corresponds to that of Fig. 5a, with charge distributions
following the same spatial pattern (for clarity, the result-
ing curves are not shown in Fig. 5). As reference, the
ID-VG curve of the device with constant ρox = 1.08 ×
1020 cm−3 and tox = 5.3 nm has also been plotted
in Fig. 5c (black curve).

The two ID-VG curves of each set of simulated devices
show different conduction levels (see Fig. 5c and the inset),
which correspond to different Vth values. To extract Vth,
a constant current criterion was used. Vth was chosen as
the gate bias for which a drain current of 1.4 A/m was
obtained. With this criterion, Vth is 0.664 V/ 0.675 V when
ρox is constant (red curves), 0.606 V / 0.654 V when tox
is constant (green curves) and 0.628 V / 0.678 V when
tox and ρox fluctuations are considered, respectively. The
Vth of the device with constant tox and ρox is 0.656 V
(black curve). These results indicate, first, that ρox and tox
fluctuations lead to different MOSFET electrical properties,
and, second, that their impact changes when considered
individually or combined. Therefore, the proposed simulation
methodology can detect and evaluate the differences in their
impact. It is important to emphasize that Fig 5c shows
two particular cases, therefore they do not correspond to a
statistical analysis, which will be shown in next sections. But
before using our simulation tools to evaluate in more detail

the impact of the high-k polycrystallization onMOSFETsVth
variability, the TACMAG results representativeness will be
first verified.

C. TACMAG VERIFICATION
To verify that TACMAG is able to generate statistically
representative (tox, ρox) maps of the sample under study,
the Vth variability of MOSFETs whose dielectric is described
by generated (tox, ρox) maps has been compared to that
obtained when experimental data are used. In particular, from
images as those shown in Fig. 2, 100 different 50 × 50
nm2 (tox, ρox) experimental (obtained from images like those
shown in Fig. 2a-c) and 100 generated maps (obtained with
TACMAG, as in Fig. 2d-e) were introduced into the Device
Simulator to set the gate oxide properties of the MOSFETs,
so that an ensemble of 100 different devices were analyzed
for each case [26].

In order to verify the goodness of the TACMAG results
for each of the considered variability sources (tox and ρox),
3 different cases have been evaluated. First, tox is the only
source of variability (being ρox constant and equal to the
average charge density found from Fig. 2c, that is 1.08×1020

cm−3), second, ρox is the only source of variability (being
tox constant and equal to 5.3 nm, i.e. the measured average
thickness of the sample) and, third, both variability sources
are combined. For all the devices, the ID-VG characteristics
were simulated and Vth was estimated. A statistical analysis
of Vth (mean and standard deviation, σVth) for the three
cases has been done and the results are shown in Table 1.
Note that, for the three cases, the statistics of the devices
with experimentally obtained and simulated dielectric are
very similar. In particular, for a 100 devices sample size,
the difference between σVth (indicative of the Vth variability)
of both kinds of devices is<2mV (representing, for example,
an error of ∼7.7% for the case when both variability sources
are considered). For the average Vth, for the same case,
a difference of 17 mV is found, which corresponds to an
error of 2.6%. These results indicate that the maps obtained
by TACMAG (both, tox and ρox) are representative of the
sample under analysis. Therefore, the results demonstrate
that the proposed simulation methodology and, in particular
TACMAG, can be used for an accurate analysis of MOSFET
variability.

TABLE 1. Average and standard deviation of Vth obtained from
100 devices with the device simulator, when the gate oxide characteristics
have been set from experimental data (first row) and maps generated
with TACMAG (second row). The different columns show the impact of the
different nanoscale variability sources (tox and/or ρox).
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IV. CASE OF STUDY: IMPACT OF THE HfO2
POLYCRYSTALLIZATION ON THE VTH VARIABILITY
In this section, the methodology described in Section III
has been used to evaluate in more detail the impact of the
polycrystallization of the HfO2 layer on the Vth variability
of MOSFETs, as an example. Two cases of study will be
considered. In both cases, since the aim is simply to show the
capabilities of the proposed methodology, only 100 devices
have been simulated, to reduce the simulation time. With
this sample size, the relative standard error is around 5%
(see section III.C). To reduce this error and obtain more
accurate values of Vth and σVth for a given gate dielectric,
the proposed methodology could be extended to a larger
number of devices by simply generating enough tox and ρox
maps with TACMAG.

A. CORRELATION BETWEEN tox AND ρox ON THE IMPACT
ON Vth VARIABILITY
We have started by analyzing the impact of tox and ρox
fluctuations on Vth. Remember that in Fig. 4, a correlation
between tox and ρox (at the nanoscale) was observed.
Therefore, one could wonder if, when analyzing their impact
on Vth (at device level), the impact of both variability sources
is (or not) somehow correlated too. Taking advantage of the
versatility and capabilities of our simulation tools, the impact
of both variability sources has been studied individually and
when they are combined. In particular, we have considered for
this analysis the data in Table 1, second row, where Vth and
σVth were determined from the tox and ρox maps generated
with TACMAG. Note that, regarding the average value of
Vth, tox fluctuations have a higher impact (Vth increases from
0.657 V for the reference case to 0.680 V) than ρox variations
(in this case it remains almost equal, changing only from
0.657 V to 0.654 V). Regarding the standard deviation, when
both variability sources are analyzed independently, σVth
due to ρox (30 mV) is 6 times larger than that due to tox
only (5 mV). So, for the case of the sample analyzed in
this work, charge density fluctuations introduce larger Vth
variability than those related to the gate oxide morphology.
However, note also that when both variability sources are
combined, the Vth deviation is in between those obtained
when the two variability sources are considered separately.
In particular, the global Vth deviation does not correspond to
the expected addition of independent variability sources, but
it is reduced when compared with the impact of ρox. These
data suggest that, on one hand, ρox and tox impacts on Vth are
not independent (as suggested in Fig 4) and, on the other, tox
and ρox fluctuations are somehow compensated.
We have investigated the correlation between ρox and tox

and its impact on Vth in more detail. Figure 6 shows the
probability plot (color scale), obtained from the data shown
in Table 1 (second row, generated maps, first and second
columns) of finding devices with Vth’s related to tox variation
only (X-axis) and Vth’s related to ρox variation only (Y-axis).
Note that, for a given value of Vth in the X axis (i.e., only

FIGURE 6. Probability (color scale) of finding devices as a function of the
Vth linked to tox fluctuations only (X-axis) and Vth linked to ρox variations
only (Y-axis).

FIGURE 7. Particular examples of how morphological parameters
involved in polycrystalline high-k dielectrics affect the Vth variability of
MOSFETs at 0.05 and 1.0 V drain biases. (a) and (b) show, respectively, the
Vth deviation for different values of the GB depth (a) and grain size (b).

tox fluctuations), a distribution of different Vth values in the
Y axis (i.e., only ρox variations) is observed. The inclination
of the obtained probability plot suggests that both variability
sources are not independent when analyzing their impact on
theVth of devices. To quantify this correlation, the data shown
in Fig. 6 has been fitted to a bivariate equation (equation 1),
being σx and σy the standard deviation found for the case
when only tox or ρox fluctuationswere taken into account (that
is, 0.005 and 0.030 V, respectively), µx and µy the average
Vth (0.680 and 0.654 V, respectively) and ρ the correlation
coefficient. Leaving ρ as free parameter, R-square = 0.85,
demonstrating that our data can be really fitted to a bivariate
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FIGURE 8. tox maps of different gate oxide configurations including (a) a deep GB, (b) a shallow GB between two Grains and (c) a big grain. In all cases,
the electrostatic potential (dashed line) and tox profile (continuous line) along the black lines indicated in the maps are shown below.

equation. The best fitting was for ρ = 0,79, which indicates
that both sources of variability are correlated.

f (x, y)

=
1

2πσXσY
√
1− ρ2

× exp

(
−

1

2
(
1− ρ2

) [ (x − µX )2
σ 2
X

+
(y− µY )2

σ 2
Y

−
2ρ (x − µX ) (y− µY )

σXσY

])
(1)

These results clearly demonstrate that in the HfO2
layer studied in this work, the correlation between the
polycrystalline morphology and the charge density (higher
at GBs, already observed in Fig. 2 and [11]) implies that
when considered together as variability sources (as it happens
in real devices), the Vth variability does not correspond
to the addition of the associated variabilities but, in our
case, is smaller than the one observed when only ρox is
considered. Therefore, the main conclusion of this section is
that, although other variability sources affecting MOSFETs
may be studied independently [20], [40], variability sources
affecting the polycrystalline gate oxides are correlated and
cannot be studied as independent statistical variables if an
accurate analysis has to be performed.

B. IMPACT OF GRAIN SIZE AND GB DEPTH ON THE Vth
VARIABILITY
One of the main characteristics of TACMAG is that, thanks
to the possibility of generating (ρox, tox) maps without the

need of fabricating new samples, such variability sources
and, in particular, the different parameters on which they
depend (as, for example, Grain size, GB depth or width
and/or charge density distribution), can be changed and
analyzed independently. In this section, as another example
of the proposed methodology capabilities, we have evaluated
the impact of some morphological parameters associated to
the high-k polycrystallization of the analyzed sample (as the
GB depth and grain size) on the Vth variability (that is,
on σVth) of MOSFETs.
Fig. 7 shows the σVth obtained for a set of one hundred

50 × 50 nm2 MOSFET devices for different GB depths
(a) and grain sizes (b) at both low (0.05 V) and high (1.0 V)
drain biases. In all cases, smaller average value of Vth were
obtained for higher VD (not shown). However, since we are
interested in the analysis of the variability, we have focused
our analysis on σVth. Note in Fig. 7a that σVth increases as
the GB depth rises, as expected: an increase of the GB depth
leads to a higher inhomogeneity in tox and ρox, which clearly
affects the Vth variability. However, when the Grain size
(Gsize) is considered as parameter, the Vth trend is different.
Note in Fig. 7b that σVth reaches the largest value when
Gsize is smaller than the channel length of the MOSFET
and depends on VD. In any case, from that maximum value,
when Gsize is reduced/increased, σVth decreases. When the
Gsize is much smaller than the MOSFET dimensions, every
device contains a large amount of grains and, therefore, their
impact on the Vth variability is averaged, leading to small
values of σVth. On the other hand, when Gsize is larger than
the MOSFETs dimensions, many MOSFETs could contain
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only one single crystal, increasing the homogeneity of the
gate oxide characteristics and, therefore, reducing the Vth
variability, as it is also observed in Fig. 7. For grain sizes
comparable to the channel length the variability could be
related to the inhomogeneity of the grain properties, since
the thickness and charge in the grain are not homogeneous.
Moreover, the Vth may be affected by the particular position
of the grain in the channel. A combination of all these
factors will determine the particular position of the variability
maximum for a particular bias.

From a nanoscale point of view, the dependence of the
MOSFET Vth variability on the GB depth and Gsize could be
explained taking into account the nanoscale properties of the
gate oxide (tox and ρox) and how they affect the electrostatic
potential in the channel (Fig. 5b). As an example, Fig. 8a-c
shows different tox configurations and the corresponding
tox and electrostatic potential profile measured along the
highlighted lines.

Since the average value of the electrostatic potential
depends on the position along the channel and, in our
case, only relative variations are meaningful, in the three
cases, the maximum value has been associated to 1000 mV
and just relative variations with respect to this maximum
have been considered. Note in Fig. 8a that a very deep
GB (∼0.5 nm deep, dark area in the image) is analyzed.
Fig. 8b shows two small grains with a shallow GB between
them (∼0.3 nm deep). Finally, Fig. 8c corresponds to a big
grain, which is quite homogeneous (tox variations are in
the range of <0.1 nm). If we compare the tox variations in
the three images with the electrostatic potential fluctuations
along the profile, values of ∼15, 9 and 6 mV are measured
in Fig. 8a, b and c respectively. Moreover, in Fig. 8a, where
a deep GB is detected, a clear correlation between the
electrostatic potential and tox is registered. Therefore, these
results indicate that the morphological parameters associated
to the high-k polycrystallization (as the GB depth and Gsize)
affect the electrostatic potential in the channel: the higher
the tox fluctuations, the higher the potential variations. Since
the electrostatic potential along the channel determines the
global electrical properties of the MOSFET, these results
would explain why, the higher the fluctuation in tox and ρox,
the higher the variability observed in Vth.

V. CONCLUSION
To conclude, a simulation methodology has been proposed to
evaluate the impact of nanoscale variability sources related
to the polycrystallization of gate dielectrics on the variability
of MOSFET devices. With this purpose, a Thickness And
Charge MAp Generator (TACMAG) has been developed and
used in combination with a semiconductor device simulator.
CAFM experimental data, i.e., dielectric morphology and
current, are the inputs to the TACMAG and the outputs
are thickness and charge density maps of the dielectric.
The TACMAG tool has been tested by comparing the Vth
variability of MOSFETs whose gate oxide characteristics
were determined either from the use of the TACMAG

generator or measured with CAFM. The results show that
the proposed methodology can be reliably used to evaluate
the impact of the nanoscale tox and ρox fluctuations of
polycrystalline dielectrics on the device threshold voltage
variability.

As a particular example, the developed simulation tools
have been used to evaluate the impact of the tox and ρox
fluctuations of a HfO2 polycrystalline layer on the Vth
variability of MOSFETs. The results show that, at least for
the case of the sample analyzed in this work, ρox fluctuations
have a higher impact on σVth than the tox variations.
Moreover, the impact of tox and ρox fluctuations on Vth
are correlated and can be described by a bivariate equation.
When combined, both variability sources are somehow
compensated, being the global σVth smaller than that caused
individually by ρox fluctuations. Therefore, our results show
that, for an accurate analysis of the impact of the high-k
polycrystallization on the Vth variability and for a more
realistic approach to real devices, the gate oxide morphology
and ρox cannot be considered independent variability sources.

Although the proposed methodology has been applied to
a particular high-k dielectric, it can be extended to any other
kind of polycrystalline structure. Moreover, since the input
parameters are related with the morphological and electrical
characteristics of the dielectric (Gsize, GB depth, charge
density. . . ), they can be easily changed, allowing also to
evaluate their impact without the need of fabricating and
measuring new samples and, therefore, reducing the cost and
time of such analysis.
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