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ABSTRACT

Scaling of planar HfO,-based ferroelectric capacitors is investigated experimentally by varying the capacitor area within 5 orders
of magnitude, under the scope of limited thermal budget for crystallization. Both Hfy5Zry50, (HZO) and Si-doped HfO, (HSO)
based metal/ferroelectric/metal (MFM) capacitors with 10 nm dielectric film thickness and TiN electrodes are demonstrated to
be ferroelectric when integrated in a back-end of line (BEOL) of 130 nm CMOS technology, with a maximum thermal budget
below 500°C. When the area of the ferroelectric capacitors is scaled down from 7850 pum? to 0.28 pm2, no degradation of the
remanent polarization (2-Pr > 10 uC/cm? for HSO, > 30 uC/cm? for HZO) or of the switching kinetics (down to 100 ns at 3V)
is observed. Significant improvement of the field cycling endurance is demonstrated upon area scaling, consistent with the
reduction of the total number of defects when devices are shrunk. The results pave the way to future BEOL demonstrations in
130 nm and more advanced nodes with record endurance similar to perovskite ferroelectrics.

Ferroelectric HfO,-based materials have been intensively
studied since 2011 [1], thanks to their excellent CMOS
compatibility and potential for scalability compared to state-of
the-art conventional perovskites [2]. Promising performance
has been reported on metal/HfO,-based ferroelectric/metal
(MFM) capacitors [3-8]. However, in the vast majority of
papers, the area of the capacitors is very large (typically 10*
um?) with no specific constraints on the thermal budget
required for crystallization. Therefore, there is a need to assess
the ferroelectric properties of HfO,-based capacitors as their
area shrinks into the sub um? range, under the constraint of low
thermal budgets (< 500 °C) required by BEOL integration. In
particular, in the perspective of ultra-low power memory
applications based on 1T-1C FeERAM architecture, the field
cycling endurance until breakdown of ferroelectric HfO;
scaled capacitors should be extremely high due to the
destructive nature of the reading operation.

In this study, both HfysZr050, (HZO) mixed oxide and
Si:HfO, (HSO) doped oxide ferroelectric capacitors with TiN
electrodes were integrated in the back-end of line (BEOL) of a
130 nm CMOS technology, between metal 4 (M4) and metal 5
(M5) lines. The oxide films were deposited by atomic layer
deposition (ALD) at 300°C and a thickness of 10 nm was
targeted. ALD precursors for HfO, deposition are HfCl, and
H,O. Deposition is performed in an ASM Polygon Pulsar
chamber. In the case of Si:HfO; films, Si doping was provided
by ion implantation performed right after HfO, deposition,
with an energy and a dose of 4 keV and 3-10% cm?
respectively, corresponding to 1% Si effective concentration
as extracted in a previous work [9]. A TiN bottom electrode
was deposited by physical vapor deposition (PVD) at 350°C
and planarized by chemical mechanical polishing (CMP) to

decrease the TiN surface roughness down to 0.18 nm RMS
prior to ferroelectric film deposition.
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Fig.1: (left) Scanning Electron Microscope (SEM) cross section of
TiN/HfO,-based/TiN capacitors integrated in the BEOL of 130 nm CMOS.
(right) Energy Dispersive X-ray (EDX) image detail of BEOL integrated
300 nm diameter TiN/HZO/TIN (top) and TiN/HSO/TiN (bottom)
capacitors revealing process flow integrity with sharp interfaces.

The 100 nm thick TiN top electrode deposited by PVD at
350°C was further etched to define the 600 nm diameter
capacitors (0.28 um?). Capacitor encapsulation is then
performed by SiN and SiO. deposition at 400°C, followed by
planarization by CMP, via opening, and M5 deposition
performed at 450°C, which corresponds to the highest
temperature in this BEOL integration (Fig. 1).

Capacitors with a diameter of 100 um (7850 pum2) with the
same stacks and similar thermal budgets (500°C) were also
fabricated as reference capacitors in order to assess the impact
of capacitor scaling (from 7850 um? down to 0.28 pum?) and
BEOL integration on the electrical characteristics.



High-resolution transmission electron microscopy (HRTEM)
images reveal that the thermal budget used in BEOL
integration (Tmax = 450 °C) is sufficient to crystallize both the
HZO and HSO films, with an in-plane crystallite size of 20 nm

(Fig.2).
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Fig.2: HRTEM cross section images of TiN/10 nm HfO,-based/TiN
capacitors integrated in the BEOL of 130 nm CMOS. (left)
TiN/HfZrO,/TiN capacitor and (right) TiN/Si:HfO,/TiN capacitor with
typical in-plane crystallite size of 20 nm.

Grazing incidence (GIXRD) and in-plane X-ray diffraction
(IPXRD) have been used to analyze the films using laboratory
X-ray sources (Panalytical-Empyrean® and Rigaku-
Smartlab® with a wavelength of A=1.5406 A). Full sheet
wafers of HZO and HSO with the same deposition and similar
annealing (< 500°C) conditions have been used for the
analysis. X-ray diffraction patterns inform about phase nature
and microstructure of the films. First, a strong peak around 30°
is noticed (Fig.3), which can be attributed to a ferroelectric
orthorhombic (111) or a tetragonal (101) phase reflection [1].
A small halo at 28.5° is also indicative of a residual proportion
of monoclinic phase. The combination of Gl and IP geometry
provides insight about crystallite aspect ratio and the stress
state. In GI geometry, crystallites are probed at an inclination
y from the out-of-plane direction of 2 6 /2 - a where a is the
grazing angle (e.g. y = 14.5° for o(111) peak). In in-plane
configuration, the inclination y is 90°. Crystallite sizes are
evaluated using Scherrer’s [10] formula,
. kA
" Bcos(0)

where B is the peak broadening corrected from the
instrumental one, Kis a dimensionless shape factor taken at
0.94, and 26 the peak position. This evaluation leads to a
pancake like crystallite aspect ratio of L*[y = 14.5°] =
86nm and L[y =90°]=17.2nm. This statistical
observation is in good agreement with the dimension of a
unique crystallite seen in the cross-sectional TEM image (Fig.
2). The two 0(111) peak positions at {r = 14.5° and yr = 90°
also provide the stress magnitude in the HfO-based film. If the
stress state is supposed iso-biaxial and the film elastically
isotropic, one can write the classical sinus square formula [11]

as:
1+

gy = Ty sinZ‘l’—%a

Where 1 = -gy=¢°/ € y=90°, and the biaxial M = E/(1-v) modulus
are introduced. From the lattice extracted for Bragg peak
position, one can deduce the free-of-stress interplanar spacing
and the stress level. Using E = 384 GPa and v = 0.3 [12], for

the HZO capacitor stack with maximum thermal budget <
500°C, a d0 = 2.9418 A and o = 3.35 GPa are found. This high
level of tensile stress is in accordance with previous studies
[13,14] and is an indication of the link between high
polarization and stress magnitude in HfO»-based films [15,16].
Similar results were obtained on the HSO stack where d0 =
2.9396 A and o = 2.84 GPa are extracted.
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Fig. 3: Grazing incidence and in-plane X-ray diffraction spectra from full
sheet (top) TiN/HZO/TiN and (bottom) TiN/HSO/TiN annealed samples
with maximum thermal budget < 500°C.

XRD results demonstrated the presence of a peak at 30°, which
can be attributed to the ferroelectric orthorhombic phase but
also to a non-ferroelectric tetragonal phase. Hence, electrical
characterization has been performed to quantify the
ferroelectric behavior and confirm the presence of the
orthorhombic phase. A Keysight B1500 equipped with two
B1530 Waveform Generator/Fast Measurement Units has been
used to measure the current response of capacitors during a
voltage ramp. Ferroelectric materials have two typical metrics
extracted from this response: the remanent polarization 2-Pgr =
|Pr*| + |Pr| corresponding to the memory window in FeRAM
architectures and the coercive field Ec, i.e. the switching
electrical field.

Positive Up Negative Down (PUND) (x4 V/10 kHz)
methodology has been used, allowing the extraction of
ferroelectric parameters without any parasitic non-ferroelectric
currents [17]. A triangular wake-up cycling of +4V /100 kHz
has been used to evaluate the evolution of 2-Pr and Ec along
cycling. Fig.4 shows the typical polarization versus electric
field hysteretic behavior of ferroelectrics on both HZO and
HSO-based capacitors for large (@100 um) and scaled (2600
nm) diameters, resulting from the integration of the
ferroelectric switching currents represented above.

First, for large-scaled @100 um capacitors, the remanent
polarization is lower in the HSO case compared to the HZO
case, which is commonly observed in the literature and
attributed to a lowest crystallization temperature for HZO
compared to HSO [18]. HZO is also very often used as it
exhibits one of the highest polarization among all dopants [2].
Nevertheless, both materials possess a significant remanent
polarization, even in pristine state (see black dashed-lines of
Fig.4 bottom), which confirms the presence of orthorhombic
phase observed in XRD results even at low thermal budget

(Fig.3).



—— @100 um  —— @600 nm
THzO

HSO

FHSO

Current Density [A/cm?]

d® AN o N A~ O

N
o

=
o

o

-10¢+

Polarization [uC/cm?]

20+

4 2 0 2 4 4 2 0 2 4
Electric Field [MV/cm]

Fig. 4: (top) Current density and (bottom) polarization versus electric field
of HSO and HZO capacitors with thermal budget < 500°C, after 10* wake-
up cycling of +4V /100 kHz. For the characterization of @600 nm
capacitors, PUND measurement has been repeated several times and
averaged to reduce the parasitic noise as the nA range is close to the highest
sensitivity of the tool. Black dashed-lines correspond to the pristine
polarization of @100 um capacitors.

Then, for @600 nm BEOL-integrated capacitors, the
ferroelectric response of HSO is lower than for HZO, as
previously seen on large area capacitors. When shrinking the
capacitors from 7850 um?2 down to 0.28 umz, the ferroelectric
behavior of the layer is maintained and similar remanent
polarization is measured, i.e. the overall
orthorhombic/tetragonal phase ratio remains unchanged.
Finally, neither the difference of material nor the shrinking of
the devices have significantly affected the coercive field of the
ferroelectric layers. Ec varies between 1.4 MV/cm and a
maximum of 2 MV/cm along electrical cycling, in agreement
with literature [18-20].

During the electrical characterization along the +4V /100 kHz
triangular wake-up cycles, all tested @100 pum capacitors have
encountered hard-breakdown before 10° cycles for both
materials. At the same time, @600 nm capacitors remained
functional and ferroelectric even after 10° cycles. Thus, in Fig.
5, the cycle-to-breakdown (CBD) of both @100 um and @600
nm capacitors have been evaluated with triangular wake-up
cycling (100 kHz) and various cycling fields. Cycling fields >
4 MV/cm have been used to accelerate the hard-breakdown,
mostly for @600 nm capacitors, and a minimum of 5 capacitors
have been tested for all conditions.

As for Fig. 4, all the tested capacitors remained ferroelectric
until hard-breakdown, which is the failure mechanism of these
devices. Indeed, 2-Pr remained at least higher than 5 pC/cmz,
which is the worst case for 100 um HSO capacitors cycled at
3 MV/cm. All capacitors showed various wake-up / fatigue
behaviors depending on the cycling electric field, e.g. high
cycling electric field of 6 MV/cm leads to a strong wake-up,
higher 2-Pr values and dielectric breakdown even before the
fatigue state. A typical trend is highlighted: decreasing the

cycling field improves the CBD, i.e. decreases the probability
of formation of a conductive filament that causes the hard-
breakdown. Another CBD improvement is observed when
shrinking the capacitors area from 7850 um? to 0.28 um2, no
matter which material is considered.
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Fig. 5: Mean Cycle-to-Breakdown (CBD) of both materials under various

cycling electric fields. At least 5 capacitors have been tested for all
conditions. Dashed-lines as guides for the eye.
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For example, at 5 MV/cm cycling field, CBD is increased by
3 orders of magnitude for the HSO case and 5 orders of
magnitude for the HZO case. This expected behavior is
attributed to the reduced total number of defects susceptible to
initiate hard-breakdown when shrinking from 7850 um?2 down
to 0.28 um? [21]. The voltage acceleration factor is found
slightly higher when dealing with scaled capacitors,
supposedly due to peripheral effects [22]. The HSO case is
found to have a lower CBD than the HZO case, on both 7850
pm?2 and 0.28 um? capacitors. Indeed, even though the ion
implantation technique allows a thinner control of the doping
concentration and could be used for thinner films, the quantity
of defects in the HfO; layer in this case is much higher than
with ALD technique, explaining such behavior.

Finally, at 2.5 MV/cm cycling field, i.e. an operating electric
field superior to the highest coercive field of the devices, CBD
is extrapolated to be 10 cycles for the HSO case and even
10 for the HZO case. Shrinking the capacitors and decreasing
the cycling field is not only determining for industrial
applications, but also greatly improves the cycling capability
of the devices.

The required performance for a memory technology is
application dependent. Optimizing the operation conditions for
a specific application will result in a trade-off between several
parameters, such as the cycling endurance, the operating
voltage and the programming speed. As previously discussed,
2-Pr corresponds to the memory window in a FeERAM
architecture and is directly linked to the proportion of
ferroelectric domains switched by the write/erase pulses. This
switched proportion has to be evaluated to assess the possible
operating voltages and programming speed of the devices.
Therefore, square pulses have been used instead of the
triangular ones as it is most often used in the memory



operation. A specific electrical sequence has been used to
evaluate the switching efficiency of a square pulse with various
amplitudes/widths. More details have already been published
in [23]. This methodology allows a precise measurement of the
polarization switched by the square pulses themselves, named
2-Psw. This sequence was applied after 10* wake-up triangular
cycles to minimize polarization variation during the test. Fig.
6 depicts the switching efficiency = (2-Psw/ 2-PgPYNP) x 100
of both materials, whether it is a large-scaled @100 pm
capacitor (top) or a BEOL-integrated @600 nm capacitor
(bottom). Fig. 6 highlights that all capacitors can switch
efficiently (>75%) with a 100 ns pulse width. At higher
frequencies, @100 um capacitors have a reduced switching
efficiency compared to @600 nm capacitors, which is
attributed to a RC effect, as the bottom electrode is connected
from the periphery of the capacitor. Long pulses of lower
voltage than the coercive voltage are able to switch the
ferroelectric domains, consistently with ferroelectric switching
dynamic models such as the nucleation-limited switching
(NLS) [8,24,25] or the Kolmogorov-Avrami-Ishibashi
model[26].

Finally, considering a high switching efficiency >90%,
optimized operating conditions of 3 V pulse amplitude and 30
ns pulse width are highlighted for both HZO and HSO-based
@600 nm capacitors. With such optimized operating
conditions, e.g. lower operating voltage combined with short
pulse duration, the endurance of the @600 nm capacitors is
expected to increase even further compared to experimental
trends reported in Fig. 5 [23].

Switching Efficiency [%]

0% 13% 25% 38% 50% 63% 75% 88% 100%

Pulse Amplitude [V]

HSO @600 nm
100ns 1ps

HZO @600 nm

1ps 10ps

10ps )
Pulse Width [s]
Fig. 6: Switching efficiency map on (left) HSO and (right) HZO capacitors.
(top) corresponds to @100 um capacitors while (bottom) is for @600 nm
capacitors. The measurement methodology is described in Fig. 9 of [23].
Rising and fall time of the pulses are tyisefan = 100ns.

Hfo5Zr0s02 and Si:HfO> 10 nm ferroelectric films with TiN
electrodes have been successfully integrated in the back-end of
line of a 130nm CMOS technology. HRTEM images and XRD
measurements confirm the crystallization of the films with

thermal budget below 500°C. Crystallite dimensions are
extracted, resulting in a pancake like shape with 20 nm in-
plane size and out-of plane size corresponding to the thickness
of the film. The orthorhombic ferroelectric phase determined
from XRD is confirmed by in-depth electrical characterization.
The impact of the capacitor area shrink on the ferroelectric
characteristics of the devices is examined by systematically
comparing 0.28 um? BEOL-integrated capacitors with 7850
pum?2 capacitors of the same stack fabricated with similar
process conditions. No detrimental impact on the ferroelectric
parameters is demonstrated, with similar remanent
polarization, coercive fields, switching speeds and operating
voltages. Optimized operating conditions of 3 V pulse
amplitude / 30 ns pulse width are extracted from switching
efficiency maps for both BEOL-integrated materials.
Considering a maximum of 30 nA on 600 nm capacitors (Fig.
4), such operating conditions demonstrate low programming
power of 2.7 fJ per bit, which is at least 1000 times lower than
other emerging memories like PCRAM or OxRAM [27].
Significant CBD improvement is highlighted for both
materials when shrinking the capacitors leading to a projected
endurance value of 10%* cycles for the HZO @600 nm
capacitors under 2.5 MV/cm cycling. Such endurance
performance for HfO,-based capacitors is promising to bridge
the gap towards the 10% cycling capability as reported for
commercial perovskite-based memories.

This project has received funding from the European Union’s Horizon 2020
research and innovation program under grant agreement No. 780302
(3eFERRO project). The data that support the findings of this study are
available from the corresponding author upon reasonable request.
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