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1. Summary

In this work, a more realistic approximation based
on 2D nanoscale experimental data obtained on a
metal layer is presented to investigate the impact of
the metal gate polycrystallinity on the MOSFET
variability. The nanoscale data (obtained with a
Kelvin Probe Force Microscope, KPFM) were
introduced in a device simulator to analyze the effect
of a TiN metal gate work functions (WF) fluctuations
on the MOSFET electrical characteristics. The results
demonstrate that the device characteristics are
affected not only by the WF fluctuations, but also
their spatial distribution, which is specially relevant in
very small devices. The effect on these characteristics
of the spatial distribution on the gate area of such
fluctuations is also evaluated.

2. Introduction

Extensive studies have been devoted to investigate
variability sources affecting ultra-scaled MOSFET
technologies, as Random Dopant Distributions, Line
Edge Roughness, high-k dielectric polycrystallization
[1-5], interface traps [6-8] and metal
polycrystallization [9-11]. Charges captured in traps
located at the semiconductor/insulator interface can
lead to fluctuations in the threshold voltage (Vr) and
the on-current [12,13] introducing, therefore, device-
to-device wvariability. Such Vr fluctuations also
depend on the position of the traps along the channel
[13]. Regarding metal gates, the metal
polycrystallization results in grains with different
sizes and orientations, which have associated different
WFs. The random distribution of grains (and the
corresponding WF) results in Vr variability (TVV)
[9-11]. Some works have already analyzed the impact
of the WF fluctuations on the variability of MOSFETs
[9,10]. However, the statistical models that were used
make assumptions that might not be representative of
real devices.

In this work, the impact of metal
polycrystallization on the electrical parameters of
MOSFETs is studied, based on KPFM experimental
WF maps. These results are compared to those
obtained using the approximated WF distributions
normally used in customary approaches for this kind
of variability source. An analysis of the influence of
the location of the WF fluctuations along the channel
is also studied.

3. Experimental set-up.

A 100 nm thick TiN layer grown over a HfO,/Si
substrate was used to obtain the experimental data.
The layer was fabricated by continuous e-gun
evaporation of metallic TiN. The TiN formation was
ensured by passing the Ti atoms through a reactive
nitrogen-enriched  atmosphere (nitrogen partial
pressure of 8x10* mbars). X-Ray Diffraction (XRD)
was used to determine the structure of the TiN layer.
The XRD spectrum shows a polycrystalline structure
with two peaks [14], that correspond to the [111] and
[200] orientations [9]. being the [111] orientation
dominant over the [200] one.

The nanoscale morphological and electrical
properties of the TiN layer were measured with a
Nano-Observer AFM from Concept Scientific
Instruments. This technique allows bimodal single
pass AM-KPFM measurements, so that it is possible
to obtain during the same scan topographical and
sample-tip contact potential difference (CPD) 2D
maps with nanometer resolution [15,16]. Compared to
a lift mode based AM-KPFM (normally with a worse
resolution [17-19], our bimodal single pass AM-
KPFM can provide a similar resolution to that
obtained with a FM-KPFM [17,20] and minimizes
cross-talk between topography and the CPD data
[18,21]. Since the CPD image corresponds to the WF
difference between the tip and the sample, assuming a
constant value of the tip WF during the test, the
measured CPD fluctuations can be related to the WF
variations of the TiN layer. Therefore, CPD maps give
information of the local value of the WF of the
sample. KPFM images were obtained with highly
doped Si tips to get a better resolution.

4. Experimental results.

Fig. la corresponds to a 520 nm x 240 nm
topographical image of the TiN layer. It shows a
granular structure, where the Grains (Gs) are
surrounded by grain boundaries (GBs), which
correspond to the depressions in the image. Fig. 1b
shows the measured WF map of the same surface
region. Note that GBs tend to show lower WFs (WF <
4.1 eV) than nanocrystals.

We used the open-source software Gwyddion to
identify the Gs and obtain the TiN granular pattern
(Fig. 1c), where the GBs have been neglected. When
only nanocrystals are considered, Gs with different
maximum WF values are measured, as shown in Fig.
2, which corresponds to a 2D-histogram that relates



the maximum WF and the maximum height (with
respect to the mean height value of the topographical
image shown in Fig. 1a) of each grain in Fig. 1c. Note
that although a continuous distribution of maximum
WFs is obtained, WFs are mostly concentrated at ~4.3
eV and, with less frequency, around ~4.5 eV,
suggesting two predominant WFs and indicating a
much higher number of nanocrystals with low WF
than with high WF. This result, confirmed by XRD
[14], is compatible with the presence of two grain
orientations in the TiN layer ([111] and [200]) whose
WFs are separated by 200 mV [9] .

Fig. 1. Topography (a) and WF (b) maps obtained with
KPFM on a TiN layer. Binary mask (c) of the grains
identified in the topographical map and an example
generated WF map (d) from the binary mask. Orange color
corresponds to 4.5 eV and purple color to 4.3 eV.

T T T T T

25 00 25 50 715
Height (nm)

Fig. 2. 2D-histogram showing the maximum WF vs
maximum height of the grains, obtained from Fig. lc. In the
X axis, the height of each grain is determined with respect
to the mean value of the topographical image (Fig. 1a).

The data obtained from KPFM images add new
information on the properties of the polycrystalline
metal layer, not taken into account in previous works.
Besides the dispersion in the WF of the nanocrystals
(not only two discrete values are measured), GBs with
lower WF than Gs are also observed, which could also
affect the variability of devices. Therefore, all these
features should be taken into account when studying
the MOSFET variability and when considering the
WEF fluctuations as variability source.

5. Simulations

In order to evaluate the device variability
associated to the WF fluctuations of the TiN layer,
different WF distributions representing the metal gate
of a MOSFET were considered. WF maps as those
shown in Fig. 1 have been divided to generate 100

non-overlapping 50 nm X 50 nm gate WF profiles.
Next, these profiles were introduced in a 3D in-house-
built drift-diffusion device simulator [22] as metal
gate, to evaluate the device electrical characteristics of
MOSFETs with a gate area of 50 X 50 nm?. In order
to compare the results obtained with our
methodology, based on nanoscale experimental data,
with those shown in the literature, we proposed the
study of two cases: (i) the actual WF distribution (as
in Fig. 1b, with GBs and a continuous distribution of
Gs WF), and (ii) an approximated WF distribution,
with two discrete values of the WF, as in Fig. 1d.
Note that the last is the customary approach for this
kind of TVV source [9]. To generate the
approximated WF maps (Fig. 1d), the grain pattern in
Fig. 1c is the starting point. We generated an
approximated WF maps where GBs have been
neglected and, for the Gs in Fig. 1c, two discrete and
constant values, corresponding to the [111] and [200]
orientations (confirmed from XRD analysis), were
only considered. We have assigned 4.3 eV to the
nanocrystals with WF lower than 4.4 eV and 4.5 eV to
those with higher values, leading to WF maps as that
shown in Fig. 1d. The MOSFET behavior for devices
with metal gate WF distributions obtained from the
WF maps as in Fig. 1b and 1d have been compared.
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Fig. 3. Distributions of Iorr (top), Vr (middle) and Ion
(bottom) related to Wr fluctuations in 50 nm % 50 nm Si
MOSFETs (at a drain bias of 50 mV) when using actual WF
data (left column) an approximated WF (right column) from
maps as those shown in Fig. 1b and 1d respectively. The
mean value (< >) and standard deviation (o) of the
statistical ensembles are shown.

Fig. 3 shows the off-current (Iorr), threshold
voltage (Vr) and on-current (Ion) distributions
obtained for these two cases. Note that, the
approximate case (i. e., disregarding the GBs and the
WF continuous distribution), in the right column,



leads to a ~10% and ~18% reduction in oVt and
olog(lorr), respectively, and to a considerable shift
(~0.12 V in the case of the V1) in the mean value of
the distributions.

To better understand these results, the effect of the
spatial location of the Gs in the MOSFET metal gate
has also been evaluated. As an example, Fig. 4 shows
the gate of two devices in which only one nanocrystal
has been included. The average WF of the grains is
4.3 eV for grain (a) and 4.18 eV for grain (b). Since,
in this section, we want to evaluate only the impact on
Vr of the position of the grains in the channel, the WF
of the portion of the gate not covered by the
nanocrystal has been set to same average value, that
is, 4.3 eV for Fig. 4a and 4.18 eV for Fig. 4b. The G
has been swept along the device gate, from the source
end (X=0 nm) to the drain end (X=50 nm), and for
each position of the grain, the device was simulated
and the corresponding Vr extracted. Fig. 5 shows the
Vr variation with respect to the homogeneous case
when the grain position is swept, at both low and high
drain biases. Note that, although the distribution of
WF is the same in all cases, the specific location of
the G may have a different impact on the Vr values
(depending on its position along L), leading to both
positive and negative threshold voltage shifts with
respect to the grain average WF value. In addition, the
device is clearly more sensitive to WF variations at
the source end than at the drain end (as seen in Fig. 5
for both grains). At the drain end, the presence of the
grain does not have any influence on Vr. The drain
bias also has an influence on the TVV, as seen on Fig.
5. However, when the grains were swept along the y-
direction (i.e. along the width of the gate area), no
significant changes are observed in Vr.

WF(eV)
4.4

2

X (a)

Fig. 4. Two examples of isolated nanocrystals (enclosed in
pink rectangles), with average WF values <WF> of 4.3 eV,
grain (a), and 4.18, grain (b). The larger green squares
show the real dimensions of the 50 x 50 nm device gate.

Therefore, the results demonstrate that, not only the
WEF values of the grains in the metal gate can impact
on the MOSFET variability, but also Vr depends on
how those fluctuations are distributed along the
channel direction. This dependence of Vt on the G
position can be explained taking into account the
impact of the WF fluctuations on the electrostatics of
the device. Depending on the G location, the potential
distribution in the channel is affected differently,

leading to variations of Vr. A similar effect was
observed for other sources of variability, as is the case
of interface traps in ultra-scaled MOSFETs [6].
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Fig. 5. Vr spatial sensitivity to a TiN grain WF fluctuations
when its position is swept along the channel of the Si
MOSFET at both low and high drain biases like those
shown in Fig 4a and 4b have seen considered for the
simulation. AVt is calculated as the difference between the
Vr of a device with a gate WF equal to the <WF> of the G
and the Vr of the device that includes the nanocrystal.

6. Conclusion

When analyzing the impact of the WF fluctuations of
polycrystalline metal gates on the MOSFET
variability, the presence of GBs and the WF
continuous distribution of the Gs need to be
considered to obtain more realistic data. Moreover,
the device characteristics and variability are also
affected by the spatial distribution of such
fluctuations: in small devices, where few nanocrystals
may be present in the gate area, their location should
also be considered in order to correctly estimate the
variability at device level.
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