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Abstract— A more realistic approach to evaluate the impact of
polycrystalline metal gates on the MOSFET variability is
presented. 2D experimental workfunction maps of a
polycrystalline TiN layer were obtained with Kelvin Probe Force
Miscroscopy with nanometer resolution. These data were the
input of a device simulator, which allowed to evaluate the effect
of the workfunction fluctuations on MOSFET performance
variability. We have demonstrated that in the modelling of TiN
workfunction variability not only the different workfunctions of
the grains but also the grain boundaries should be included.

Index Terms— KPFM, polycrystalline metal gate, variability,
MOSFET.

THE continuous scaling of MOSFET dimensions has led to
the introduction of high-k/metal gate stacks in recent
technological ~ nodes. However,  high-k  dielectric
polycrystallization has already been shown to be a variability
source in ultrascaled MOSFETs affecting its electrical
properties'>. Metal gates were also introduced with high-k
dielectrics because they have several advantages compared to
polysilicon®’. However, depending on the growth temperature,
metals become polycrystalline, leading to grains with different
sizes and orientations. Since the grains workfunction (WF)
depends on their orientation®, the random distribution of grains
(with their corresponding WF) results also in variations in the
metal WF and threshold voltage variability (TVV)* 'L
Therefore, it is critical to understand the origin of this
variability in order to select the best fabrication process and
materials that can reduce it.

Some works have already evaluated the impact of the grain
orientation induced workfunction variation (WFV) on the
variability of MOSFETs. In Ref. 11, for example, it was
experimentally demonstrated that the TVV of a MOSFET is
affected by the grain size. However, since this study was
performed at device level, the individual impact of the WFV
on the device properties cannot be separated from other
sources as random dopant fluctuation (RDF) or line edge
roughness (LER). Other works have evaluated the TVV by
means of simulation and statistical models that make
assumptions that could be unrealistic®!°.

In this work, a more realistic approach which relies on 2D
experimental WF maps obtained with Kelvin Probe Force
Microscopy (KPFM) is proposed to study the impact of metal
polycrystallization on the electrical parameters of MOSFETs.

From KPFM measurements, the metal gate WF fluctuations
are determined at the nanoscale. This information is then
introduced into a device simulator to analyze the impact of the
metal granularity on the variability of the device electrical
properties.

Experimental data were obtained from a sample containing a
100 nm thick TiN layer grown by continuous e-gun
evaporation of metallic Ti over a HfO./Si substrate. The
formation of TiN was ensured by passing the Ti atoms through
a reactive nitrogen-enriched atmosphere, at a nitrogen partial
pressure of 8:10* mbars. The structure of the TiN layer was
determined by X-Ray Diffraction (XRD) using a Panalytical
X’PERT PRO with the CuK, line in Bragg-Brentano
geometry. The morphological and electrical properties of the
polycrystalline metal layer have been measured with a Nano-
Observer AFM (from Concept Scientific Instruments), which
allows bimodal single pass AM-KPFM measurements to
obtain simultaneously topographical and sample-tip contact
potential difference (CPD) 2D maps with nanometer
resolution!?!3, Note that although FM-KPFM usually offers a
better resolution than AM-KPFM'#!6, bimodal single pass
AM-KPFM measurements, thanks to the smaller tip sample
distance, can offer comparable resolution to lift mode FM-
KPFM!!718  The first flexural eigenmode resonance
frequency of the cantilever (f1 = 61.3 kHz) was used to track
the topography. The feedback to measure the CPD of the
sample works at a frequency around the second eigenmode
resonance frequency of the cantilever!>!® (f2 = 380 kHz, high
enough to avoid any KPFM signal dependence on the
frequency?®). An internal algorithm selects the working
frequency that maximizes the signals used to nullify the
electrically driving oscillation, improving the sensitivity of the
measurements. Since the ratio f2/fl1 is typically 6.2, self-
excitation of second eigenmode through the 6th-harmonic of
the first eigenmode is not present in the measurements,
minimizing cross-talk between topography and CPD image?!.

To obtain the CPD image, the tip is biased at VAC =1V
while the TiN layer is directly connected to ground. Since the
CPD data correspond to the difference between the WF of the
tip and the metal layer, assuming a constant value of the tip
WF during the experiment, the measured CPD variations are
related to the WF fluctuations of the metal layer. Therefore,
the CPD image provides information of the local value of the
WF of the metal. In our case, KPFM images were obtained in
air and using a highly doped?®® Si tip (radius <10 nm) from
AppNano.
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Fig. 1. Topography (a) and WF (b) maps obtained with KPFM on a
TiN layer (850 nm x 290 nm). (c¢) Topographical (continuous line)
and WF (dashed line) profile across the line plotted in Fig. 1.a-b.
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Fig. 2. (a) Histogram showing the distribution of nanocrystals
diameter. The average diameter is 25.4 nm. (b) Relationship between
the WF and topography (Z-axis relative position, Ze1) map pixel by
pixel. Color map shows the density of points for each region. Zre is
defined as the Z-position with respect to Z-axis mean value of the
image, which has been arbitrarily considered to be the zero-reference
level. The general trend is that depressed areas (regions with low Zer)
show lower WEF.
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Fig. 3. XRD spectrum of the TiN layer, showing the [111] and [200]
orientations of TiN.

Fig. 1a presents a 850 nm x 290 nm topographical image of

the TiN layer obtained with KPFM at a scanning rate of 0.2
Hz. Note that it shows a granular structure, which has been
attributed to the polycrystallization of the metal layer: grains
(Gs) are related to individual (or a cluster of) randomly
oriented nanocrystals separated by grain boundaries (GBs,
depressions in the topographical image)?. A statistical analysis
of the Gs diameter has been done using the image analysis
software Gwyddion??. Fig. 2a shows a histogram of the grain
diameter suggesting an average diameter (Gdiameter) of ~25.4
nm. These results are compatible with values already reported,
which point out a large range of diameters, depending on the
growth conditions of the layer®!?.
The effect of the metal polycrystallization on the nanoscale
WEF of the layer was investigated based on the CPD image.
Fig. 1b shows the measured WF at the same surface region as
in Fig. la, suggesting that the WF is not uniform. A granular
pattern, as also observed in Ref. 23, overlaps with that of the
topographical image. Since the tip WF is not known and
absolute values of WF are also very sensitive to ambient
conditions?’, it has been assumed that the average value of the
CPD image is 4.22 eV, which corresponds to the average WF
of a TiN metal gate obtained from experimental devices*, and
only relative variations will be considered. This assumption
does not affect the conclusions of the work because we are
interested on the impact of the WF fluctuations on the
MOSFET variability.

Fig. 1c shows a topographical (continuous line) and WF
(dashed line) profile across the line plotted in Fig. la and 1b
(inside the black square). Note that, in general, the positions
with lower WF are located along the topographical
depressions, though Gs with very low WF can also be found.
This qualitative observation is verified statistically in Fig. 2b,
where the dependence of the WF with the Z-axis relative
position (Z;, defined as the Z-position with respect to the Z-
axis mean value of the image, which has been arbitrarily
considered to be the zero-reference level) of all the pixels in
Fig. 1 is shown. The color scale of Fig. 2b indicates the
density of sites with a given WF and Z.. This figure suggests
that, instead of discrete WF values, there is continuous WF
distribution that spans from ~4.0 eV to ~4.5 eV. The
depressed areas (low Z.i) tend to show lower WF than
hillocks. Since depressed areas are associated to GBs (as
shown in Fig. 1a and 1¢)>%, the results indicate that Gs tend to
have a higher WF value.

In addition to the WF difference between GBs and Gs, the
WF of Gs show also a continuous distribution.  This
distribution can be associated to, on the one hand, a non-
homogeneous WF in the G or intra-G variability (see for
example the G located at ~200 nm in Fig. 1c¢) and, on the
other, to differences in the WFs between Gs (inter-G
variability). To evaluate this inter-G variability, we have
considered the maximum value of WF as metric parameter
(the same conclusions would have been drawn if the average
WF would have been considered instead). Grains with
different maximum WF values are measured, as in Ref. 23. As
an example, Fig. 1c shows two Gs with a similar height and
different maximum WF values (4.30 and 4.48 eV), whose
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difference is ~200 meV. This result is compatible with the
presence of two grain orientations, [111] and [200], with 0.2
eV’ WF (difference. The presence of crystals with 2
orientations is further supported by XRD analysis. The XRD
spectrum of the TiN layer (Fig. 3) reveals the presence of two
peaks, corresponding to aforementioned orientations, being
the [111] orientation dominant over the other. However, the
KPFM map suggests a continuous distribution of values that
spans from ~4.29 eV for low WF values to ~4.5 eV for high
WF values®, within the WFs range of the two crystal
orientations. A continuous distribution of WFs is also
observed for GBs. In this case, however, WFs range from 4.0
to 4.1 eV, so the WF difference between grains and GBs
ranges between ~200 meV and ~500 meV.

The data obtained from KPFM images (WF at the
nanoscale) adds new information on the properties of the
polycrystalline metal layer compared to the data used in
previous works to simulate WFV. Besides the presence of
different grain orientations, we have observed that they do not
show discrete WF values, but a continuous range of them (due
to inter- and/or intra-G variability). Moreover, the presence of
GBs with lower WF values is also observed (which were not
considered in previous works). Such variations could also
affect the electrical characteristics and variability of
semiconductor devices and, therefore, they should be taken
into account. In order to demonstrate this, the nanoscale
information experimentally obtained with KPFM is introduced
in a device simulator to study the variability of MOSFETs
(due to the WF fluctuations in the metal gate).
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Fig. 4. TiN metal gate experimental profiles that produce the highest
(a) and lowest (b) off-currents when considered as the metal gate of a
50 nm gate length Si MOSFET. The electron concentration inside the
device, at VG=0.0 V and Vp=50 mV, is also shown.

To evaluate the impact of the nanoscale WF fluctuations on
the device electrical characteristics, a 3D in-house built finite-
element drift-diffusion device simulator®® was used. For
simplicity, a WxL= 50x50 nm? gate area n-type Si MOSFET
with a HfO,/SiO, gate stack was considered. The gate WF
value (4.22 e¢V) and Source/Drain doping were obtained from
the appropriate scaling and calibration of a 67 nm effective
gate length MOSFET experimental device?*. From maps as
those shown in Fig. 1, 100 different 50 nm x 50 nm metal gate
maps (without overlapping) were obtained and introduced in
the device simulator, so that an ensemble of 100 different WF

maps (and, therefore, device configurations) were analyzed.
Fig. 4 shows 2 extreme examples of device configurations.
Fig. 4a corresponds to a device with very low TiN WF values
(mainly occupied with GBs), while Fig. 4b corresponds to a
device mainly occupied with Gs with WF values ranging from
~4.29 to ~4.5 eV. The corresponding statistical analysis of the
100 MOSFETs electrical characteristics is presented in Fig. 5
for the off-current (Iorr), subthreshold slope (SS), threshold
voltage (Vr) and on-current (Ion) at a low drain bias of 50 mV.
The mean value and standard deviation (o) of the distributions
are also indicated in this figure. The Vrt, Iorr and SS
histograms are clearly asymmetric with behaviors far from the
commonly assumed Gaussian distributions, with skewness
values ~ =1, because of the unbalanced grain WF
probabilities. A correlation between Gs/GBs distributions and
electrical characteristics of the device can be found, showing,
for example, that higher values of WF (as in Fig. 4b) lead to
MOSFETs with higher Vr and lower Iopr. Then, from the Iorr
and Vr histograms in Fig. 5, it can be concluded that the
probability of occurrence of Gs with extreme high WF values
(4.5 eV), is extremely low.
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Fig. 5. Distributions of Iorr, SS, V1 and Ion due to the experimentally
observed WFV for a 50 nm gate length Si MOSFET at a drain bias of
50 mV. The mean value and standard deviation (o) of the statistical
ensembles are indicated, together with the values obtained for a
device with a uniform gate WF (set to 4.22 eV).

To perform a fair comparison between our WF variability
results and those previously published by Wang et. al.?,
corresponding to a 35 nm gate length (GL) MOSFET, the ratio
Giameter /GL needs to be used?’. When comparing results with
a similar Ggiameter /GL value of 0.5, our predicted ¢ Vr (~ 49
mV) is around 10% lower than that reported by Wang. These
large variability values explain why WFV is currently
considered one of the major sources of variability impacting
device’s performance. However, most of the previously TiN
WFV published studies?*?° assume that TiN has only two
possible WF values spanning 0.2 eV with probabilities of
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occurrence 60% and 40%*°. Our results demonstrate that such
assumption is quite simplistic since in real materials GBs may
be present. We have observed a maximum excursion in Vr
values of 0.28 V (see Fig. 5), being the mean V1 of the
distribution, 0.68 V, a value lower than the one obtained for a
device with a gate only composed of Gs with extreme low WF
values of 4.29 eV (0.75 V). This indicates a heavy influence of
the GBs (with WF values ~ 4.0 eV) in the statistical
distribution. Note that, the gate of the device that exhibits the
highest off-current (see Fig. 4a) is mainly occupied by GBs
and Gs with WF values ranging from ~4.0 to ~4.3 eV.
Therefore, the influence of the GBs should not be disregarded
when modelling metal gate WFV.

In summary, the impact of the metal gate polycrystallization
on the variability of MOSFET devices has been studied using
a combination of 2D experimental WF maps obtained with
KPFM and a device simulator. The KPFM shows WF
variations between Gs and GBs (being the WF lower in the
GBs). Though two crystal orientations are observed
(supported by XRD data), a continuous distribution of WFs is
measured. Regions of the WF images have been mapped onto
the gate of a MOSFET, to evaluate the device Ip-Vg curves.
This procedure is a more realistic approach for the analysis of
the device-to-device variability (due to the presence of
different grain orientations) since nanoscale differences of the
metal WF are considered from direct experimental data.
Though TiN layers have been considered as case study, the
proposed methodology can be extended to any metal layer
(polycrystalline or not) and growth conditions, since the
electrical properties only depend on the WF.

This work has been partially supported by the Spanish AEI
and ERDF (TEC2016-75151-C3-1-R, TEC2014-53909-REDT
and RYC-2017-23312).
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