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Film stress is a known factor in the stability of the ferroelectric phase in hafnium oxide-based
ferroelectrics. In this work, we explore the impact of electrode processing conditions on ferroelectric
response in 20 nm thick hafnium zirconium oxide (HZO) thin films of nominal composition of
Hfo.5Zr0502. RF magnetron sputtered TaN electrodes with varying stress states will be shown to
impact the polarization response of the HZO films. It will be shown that while stress is a contributor
to the polarization response, electrode stoichiometry appears to have a significant impact. TaN
electrodes that are tantalum-rich result in HZO films with the largest polarization responses.
Scavenging of oxygen by the non-stoichiometric HZO electrodes and resulting oxygen vacancy
formation in the HZO films is suggested to be the mechanism leading to large polarizations.
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1. INTRODUCTION

The report of ferroelectricity in silicon-doped hafhium
oxide thin films in 2011' has spurred a tremendous
amount of interest into this and related materials as they
offer potential solutions to a number of technologies, such
as negative differential capacitance  transistors,
ferroelectric field effect transistors, and highly scaled
ferroelectric memory. It is the inherent silicon
compatibility? and scalable processing methods, such as
atomic layer deposition, that leads to such promise.

Ferroelectricity in hafnium-oxide based materials is
attributed to the switchable permanent dipole moment in
a metastable orthorhombic Pca2; phase.! This phase does
not appear on any equilibrium phase diagram and its
stability with respect to the room temperature equilibrium
monoclinic and high temperature tetragonal phases is
influenced by a number of factors. These factors include:
dopants, such Si,? La,* Gd,> and Y° and alloys, such as
HfO,-ZrO,7 and Hf0,-CeO,;® surface energies lowering
the overall free energy,’ which necessitates thin films
and/or fine grain sizes; stress, where biaxial tensile
stresses favor orienting the short polar axis out of plane;'©
and oxygen vacancies,!' where high oxygen vacancy
concentrations increase stability of higher symmetry
phases. Included in the oxygen vacancy stability
argument is the effect of electrodes on polarization
response. It has been shown that more reactive electrodes,
such as TaN, result in higher remanent polarizations than
less reactive electrodes, such as TiN.® It should be noted
that several of these general ferroelectric phase stabilizing
parameters are not universally accepted. Recently,
micron-scale thickness films have been prepared with Y-
doped HfO,,'? which suggests that nanoscale thicknesses
or grain sizes may not be necessary. Switchable

polarizations have also been observed in pure HfO, and
ZrO, and demonstrate that doping and/or alloying is not
always needed to form the ferroelectric phase.' 4

Of interest in this work is the role of processing on
stabilizing the ferroelectric phase. This is motivated by
the observation of large differences in ferroelectric
polarization in films that have nominally identical
structures (compositions and ferroelectric film thickness)
where the oxide has been prepared by nominally identical
deposition methods (atomic layer deposition) and
submitted to nominally identical crystallization annealing
temperatures. This is exemplified in Figure 1 for ~10 nm
thick Hfy sZro 5O, films with TiN electrodes.” 1517
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Fig. 1: Comparison of remanent polarization for

nominally identical 10 nm thick Hfy5Zro50: films with

TiN electrodes.
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The polarization responses from these films have been
compared according to their processing temperatures.
This comparison reveals that the remanent polarization
can vary by up to a factor of 5 for a given processing
condition. This is a surprising result provided that the
films are nominally structurally identical and points to the
possibility that there are additional processing-related
differences that impact ferroelectric response. As recently
shown by Kim, et al., the stress of a TiN electrode can
have a large impact on the phase assemblage and
remanent polarization.'> It was found that by depositing
progressively thicker tensile stress top electrodes that the
monoclinic phase fraction decreased and the polarization
increased. While successful in demonstrating a means to
increase ferroelectric phase stability by altering stress
imparted by the electrode, the necessity of using micron
scale thickness electrodes may not be attractive from a
device development and manufacturing perspective. In
this work, we sought to understand the interplay of
electrode stress on phase assemblage and performance by
fixing the electrode thickness at 100 nm and varying its
stress by altering the background pressure during sputter
deposition. The phase assemblage, polarization response,
film stress, and electrode stoichiometry were all
characterized. The results of this study will reveal that
electrode stoichiometry is also an important variable
impacting the phase and performance of hafnium oxide-
based ferroelectric films.

2. EXPERIMENTAL PROCEDURES

100 nm thick TaN electrodes were deposited via pulsed
DC (30 kHz) magnetron sputtering within a Denton
Discovery 550 system onto silicon wafers from a sintered
TaN target to form bottom electrodes. Sputter power was
kept fixed for all depositions, but the background pressure
was varied by controlling the argon flow rate into the
sputter system. 20 nm thick HfysZrosO, films were
prepared by thermal atomic layer deposition within an
Ultratech Savannah instrument using H>O as an oxidant
and a deposition temperature of 150 °C. After HZO
deposition, 100 nm of TaN was deposited and the
TaN/HZO/TaN/Si structure was annealed within a rapid
thermal annealer to 600 °C for 30 s with a dynamic N»
atmosphere. Platinum top contacts were defined by
photolithography and a lift-off approach and were used as
a hard mask to etch the TaN and define discrete
capacitors. TaN etching was performed using reactive ion
etching, as described in a prior publication.'® In this study,
only the bottom electrode stress was varied. The top
electrode stress was kept in a near neutral state (-43 MPa).
Note also that reported electrode stresses are the as-
deposited stresses measured by wafer flexure.

Film phase assemblage was assessed using grazing
incidence X-ray diffraction with a Rigaku SmartLab
instrument using Cu Ka radiation. Polarization response
was measured with a Radiant Technologies Precision LC
instrument using a positive-up, negative-down (PUND)
method with a 1 ms pulse and 100 ms delay. Wake-up
cycling was performed with 120 Hz square waves.
Leakage currents were measured using a Keysight 2901A
source measure unit. X-ray photoelectron spectroscopy
was performed within a PHI Versaprobe III instrument
with monochromated AlKa radiation. Sin?y X-ray
diffraction experiments were performed on a PanAlytical

X’pert instrument.

3. RESULTS AND DISCUSSION

Figure 2 shows remanent polarization as a function of
electrode stress in the pristine (open circles) and awoken
(closed circles) conditions. It can be observed that films
prepared with the most compressive stress displayed the
highest remanent polarization in the pristine state. Upon
wake-up cycling, all remanent polarization values
increase, however the films with the most tensile
electrode stress increase the most. The result after wake-
up cycling is maximum polarization for the most extreme
electrode stress states, regardless of stress sign. This
observation is at odds with prior reports showing that
compressive stresses result in minimized polarizations
while tensile stresses maximize polarization. '
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Fig. 2: Remanent polarization as a function of
electrode stress in the pristine (as-prepared) and
awoken conditions.

Figure 3(a) shows grazing incidence X-ray diffraction
patterns of the HZO films. Each film is mixed phase with
presence of monoclinic phases (peaks at ~28.5 and 31.6°
in 2-theta) and a peak that can be attributed to a tetragonal
and/or orthorhombic phase at ~30.4°. While the peak
intensities for the phases present appear similar for each
film, peak fitting was performed to provide a quantitative
assessment. The low angle monoclinic peak and the
tetragonal/orthorhombic peak were fit using LIPRAS
peak fitting software.! The ratios of the
tetragonal/orthorhombic to monoclinic peak intensities
are compared as a function of electrode stress in
Figure 3(b). The results show a similar dependence of
phase ratios with electrode stress as the woken-up
polarization response. This similarity demonstrates that
the reason for the polarization trend observed is due to
phase assemblage differences (i.e. reduced monoclinic
phase fractions in films with the most stressed
electrodes). The observed trend, however, remains
inconsistent with prior observations of compressive
stresses resulting in reduced responses.
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Fig. 3: (a) Grazing-incidence X-ray diffraction

patterns of HZO films with differing electrode stress

levels. (b) Ratios of the integrated intensities of the

tetragonal/orthorhombic:monoclinic peaks.

To assess whether the stresses in the films differ
substantially, a sin®y X-ray diffraction measurement was
performed on the tetragonal/orthorhombic peaks.
Figure 4 shows the d-spacing of  the
tetragonal/orthorhombic peaks as a function of siny for
the film with the most compressive electrode
(-1455 MPa) and that with near-neutral (-43 MPa)
electrode stress. In such a representation, a negative slope
would indicate a compressive stress and a positive slope
a tensile stress. In both cases, a nearly zero slope is
observed, suggesting that the stress is nearly neutral in
each of these HZO films. This data suggests that film
stress is not significantly impacting the phases present or
the polarization response in these films.
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Varying background pressure during sputter deposition
holds the possibility of altering the TaN film
stoichiometry. X-ray photoelectron spectroscopy was
performed on witness TaN electrodes across the entire
stress series to quantify the Ta:N ratio in the electrodes to
determine if composition varied, which could affect the
film performance. Figure 5 shows the Ta:N ratio as a
function of film stress in the TaN films.
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Fig. 5: Ta:N ratio as a function of electrode stress.

It has been observed that the films with the largest
compressive stress possess the highest degree of non-
stoichiometry and are rich in tantalum. The TaN films
with nearly neutral stress are closer to stoichiometric. The
shape of the Ta:N ratio and stress dependence is similar
to that observed in the polarization and phase assemblage
dependence on stress and would suggest a correlation. A
possible mechanism by which TaN non-stoichiometry
could affect phase assemblage in the HZO films is a
reaction of the electrode with the film. Such a reaction
could involve oxidation of the TaN electrode at the
interface with HZO and result in a reduction of oxygen
content in the HZO, i.e. forming oxygen vacancies within
the HZO film. As oxygen vacancies are suggested to
affect phase stability, with more oxygen vacancies
resulting in increased stability of higher symmetry
phases, such as Pca2; and tetragonal, such a mechanism
appears plausible in this work.

Increased oxygen vacancy content may be expected to
lead to increased leakage currents. Leakage current
measurements were performed for the stress series films
and the results measured with a field of 2 MV/cm are
shown in Figure 6 as a function of electrode
stoichiometry. It can be seen that for films with electrodes
nearest to stoichiometric, which were those that
possessed  the lowest phase  fractions  of
tetragonal/orthorhombic phases and also displayed the
lowest remanent polarizations, the leakage current is the
lowest. Low leakage current would be consistent with low
oxygen vacancy concentrations. Films prepared on
electrodes that were the most non-stoichiometric
possessed the highest leakage currents. The most non-
stoichiometric TaN films were those that were most
stressed, either compressive or tensile. These non-
stoichiometric TaN electrodes appear to result in the most
oxygen vacancies in the HZO films, which in-turn
stabilize a ferroelectric phase preferentially over the
equilibrium monoclinic phase and display the largest
remanent polarizations.
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Fig. 6: Leakage current in 20 nm thick HZO films
measured at 2 MV/cm versus Ta:N ratio in the bottom
electrode.

4. SUMMARY

Electrode processing conditions are shown to impact the
phase assemblage and polarization response of hafnium
zirconium oxide thin films. Devices prepared with the
most stressed TaN electrodes, either compressive or
tensile stress, possess the lowest phase fractions of
monoclinic phase and display the highest remanent
polarizations. The stress of the HZO films is shown to be
minimally affected by the stress of the electrode, which
suggested that stress was not the primary factor affecting
phase assemblage and polarization response. X-ray
photoelectron spectroscopy studies of TaN electrode
composition revealed that Ta:N ratio was sensitive to the
deposition conditions. The films with the most
compressive stress had the highest Ta:N ratio and were
tantalum-rich. TaN electrodes with near-neutral stress
were also the most stoichiometric. HZO polarization
response correlated with TaN non-stoichiometry with the
largest polarization values recorded for films prepared on
the most non-stoichiometric electrodes. The leakage
currents of the HZO films scaled with Ta:N ratio. The
highest Ta:N ratio electrodes resulted in the highest
leakage currents, which can be explained by films having
the highest oxygen vacancy concentrations as a result of
reaction with the TaN electrodes. As oxygen vacancies
are known to stabilize the ferroelectric phase, this work
suggests that nitride electrode stoichiometry is a strong
factor affecting phase assemblage and polarization
response of HZO films.
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