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Abstract: The development of the new generation of non-volatile high-density ferroelectric mem-
ory requires the utilization of ultrathin ferroelectric films. The most promising candidates are
polycrystalline-doped HfO; films because of their perfect compatibility with silicon technology and
excellent ferroelectric properties. However, the remanent polarization of HfO, films is known to de-
grade when their thickness is reduced to a few nanometers. One of the reasons for this phenomenon
is the wake-up effect, which is more pronounced in the thinner the film. For the ultrathin HfO, films,
it can be so long-lasting that degradation occurs even before the wake-up procedure is completed. In
this work, an approach to suppress the wake-up in ultrathin Hf 571y 50; films is elucidated. By engi-
neering internal built-in fields in an as-prepared structure, a stable ferroelectricity without a wake-up
effect is induced in 4.5 nm thick Hfy5Zr 50, film. By analysis of the functional characteristics of
ferroelectric structures with a different pattern of internal built-in fields and their comparison with
the results of in situ piezoresponse force microscopy and synchrotron X-ray micro-diffraction, the
important role of built-in fields in ferroelectricity of ultrathin Hfy 5Zrg 50, films as well as the origin
of stable ferroelectric properties is revealed.

Keywords: ultrathin films; ferroelectric memory; ferroelectric tunnel junction; ferroelectric hafnium
oxide; wake-up; piezoresponse force microscopy; synchrotron X-ray micro-diffraction

1. Introduction

Due to the perfect compatibility with modern silicon technology, ferroelectric HfO,
polycrystalline thin films are the most promising functional material for the implementation
of the next-generation non-volatile ferroelectric memory. One of the important trends in
ferroelectric memory development relies on the utilization of ultrathin (of a few nm)
ferroelectric films, which are desired for high-density ferroelectric random-access memory
(FRAM) and non-volatile resistive memory based on ferroelectric tunneling junctions
(FTJs). For inducing ferroelectric properties, the optimum thickness of hafnium oxide
film is about 10 nm [1-3], and the remanent polarization degrades with decreasing film
thickness below 10 nm. Therefore, the development of approaches to maintain the large
remanent polarization during film scaling is of vital importance for both materials science
and practical applications.

The critical thickness of ferroelectric hafnium oxide films depends on many causes.
In the as-deposited state, HfO; film is amorphous, and a subsequent annealing process is
required to crystallize it. Hafnium oxide has several polymorphs, and the structural phase
of its equilibrium is the paraelectric monoclinic P2;/c phase, whereas the ferroelectric
orthorhombic Pca2; phase is metastable. After crystallization, the HfO, film becomes
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polycrystalline, and the fraction of ferroelectric grains depends on several parameters
including annealing temperature, doping element and its concentration, oxygen vacancy
density, and substrate/electrode materials [2]. When the film thickness decreases below
10 nm, the surface energy effect becomes dominant. Due to the increase in the ratio of grain
surface energy to bulk energy, the formation of ferroelectric grain becomes energetically
unfavorable. To date, several approaches have been proposed to compensate for this effect.
In particular, it was shown that ferroelectricity in ultrathin films is promoted by increasing
the annealing temperature budget. In addition, alloyed Hf5Zr 50, (HZO) films are the
best option because the minimal stabilization temperature for the ferroelectric phase is
significantly lower than the annealing temperature for other doped HfO, films (400 °C vs.
800 °C) [1-3]. Next, material engineering revealed that ferroelectricity in ultrathin films
is promoted by using substrates and electrode materials with a low thermal coefficient of
expansion. In this case, during annealing, the hafnium oxide film experiences significant
mechanical stress that lowers the phase transition temperature from the high-temperature
parent nonpolar cubic Pm3m and tetragonal P4, /nmc phases to the polar orthorhombic
phase [2,4-6]. Despite the progress in inducing ferroelectricity in ultrathin films, one
important challenge has not yet been addressed—the prolonged wake-up effect.

The wake-up effect consists of the gradual increase and stabilization of the remanent
polarization during the initial stage of the HfO,-based memory cell operation [7-10]. In
ferroelectric HfO,, this effect mainly originates from the gradual reduction of the internal
built-in fields existing in an as-prepared memory cell and the de-pinning of ferroelectric
domains. Due to the reduction in the built-in fields, pinning gradually disappears, and more
and more domains switch and contribute to the measured remanent polarization. There
are several hypotheses to explain the nature of the built-in fields in ferroelectrics [11-14].
In particular, it has been shown that hafnium oxide easily enters oxidation-reduction
(electro-) chemical reaction with electrode materials, accompanied by the formation of
oxygen vacancies nearby the electrode interfaces [15,16]. These charges are the most likely
source of the built-in fields in this material. The disappearance of the internal built-in fields
is explained by the gradual redistribution of charged defects over the film bulk in response
to the cyclic bipolar pulse application.

In ultrathin films, the wake-up effect severely hinders practical applications. Indeed,
since the electric field strength is inversely proportional to the thickness of the ferroelectric
layer, the built-in fields are larger in ultrathin films, and a much higher number of bipolar
switching cycles are needed to eliminate them (approximately 10° bipolar cycles for 5 nm
thick HZO film and 103-10* cycles for 10 nm thick one [6~10]). On the other hand, naturally,
ultrathin films have a lower endurance (10°-10° bipolar switching cycles), i.e., the fatigue
or even electrical breakdown of the memory cells occurs before the end of the wake-up pro-
cedure. Therefore, for the development of high-density FRAM and FI] memory cells, it is
necessary to elucidate the physical basis behind needed material and interface engineering
and to develop the optimal technology for the fabrication of the wake-up-free ultrathin
ferroelectric HZO films. In this work, we propose an approach to suppress the internal
built-in fields in as-prepared memory cells based on ultrathin HZO films and induce stable
ferroelectricity in a 4.5 nm thick HZO film. By analyzing the functional characteristics
and comparing them with the results of in situ piezoresponse force microscopy (PFM) and
synchrotron X-ray microdiffractometry (micro-XRD), we reveal the origin of the improved
ferroelectric properties. The proposed approach could be useful for the material and inter-
face engineering for the development of the next-generation low-power and high-density
FRAM and FT] memories.

2. Materials and Methods

Structures fabrication. Hfys5Zrg50, (HZO) films 4.0, 4.5, 5.0, and 10 nm in thick-
ness are grown on preliminarily electroded silicon (100) substrates via thermal atomic
layer deposition at a 280 °C substrate temperature using Hf[N(CHj3)(C,Hs)]4 (TEMAH),
Zr[N(CH;3)(CyHs)]4 (TEMAZ) and H;O as precursors and N as a carrier and a purging



Nanomaterials 2023, 13, 2825

30f12

gas. The bottom electrode is either a 25 nm thick W film or a 25 nm thick TiN film, both
deposited by magnetron sputtering. The top electrode consists of two layers. First, a
20nm thick top TiN film is deposited via magnetron sputtering. Second, an additional
Al layer, 150 nm in thickness, is deposited on the top of the TiN electrode using electron
beam evaporation. Al layer minimizes the RC time constant and thus allows to decrease
the duration of switching pulses, which, in turn, improves the endurance of ferroelectric
devices. After all, patterning of the top electrode is subsequently performed using maskless
optical lithography and plasma chemical etching.

Crystallization of HZO film is induced by either post-metallization rapid thermal
annealing or post-deposition rapid thermal annealing at 500, 600, and 700 °C for 30 s in Ar
atmosphere. During post-metallization annealing (PMA), HZO film is capped by the top
TiN layer, whereas during post-deposition annealing (PDA), it is non-capped.

For the in situ PFM and micro-XRD studies, the functional capacitors were routed
to the Al contact pads, allowing external electric biasing of the capacitors. The routing
fabrication details were described previously [10].

For ferroelectric characterization, the Cascade probe station coupled with the semicon-
ductor parameter analyzer B1500A (Agilent Technologies, Santa Clara, CA, USA) is used.
Switching I-V and P-V curves are measured through the dynamic positive-up negative-
down (PUND)-like technique as described below. To wake up the as-prepared HZO film,
the ferroelectric capacitors are cycled 10° times by applying bipolar voltage double trian-
gular pulses with a duration of 10 us and amplitude of £4 MV /cm for 4.0-5.0 thick HZO
films and £3 MV /cm for 10 thick HZO films.

Piezoresponse force microscopy. Local piezoresponse is characterized via the in-house
implemented resonance-enhanced band excitation PFM technique using an Ntegra atomic
force microscope (NT-MDT Spectrum Instruments, Moscow, Russia) and a M3300A arbi-
trary waveform generator/digitizer (Keysight, Santa Rosa, CA, USA). The experimental
scheme and the details of the BE PFM were described previously [10]. To minimize the
contribution of the parasitic electrostatic tip-surface interactions, the PFM experiments are
carried out at the patterned capacitors routed to the contact pads.

The electrical excitation of the ferroelectric layer is performed with the following
waveform parameters: the central frequency near the contact resonance frequency was
~350 kHz, the bandwidth was 50 kHz with 256 frequency bins, and the peak-to-peak
value of exciting voltage was 0.8 V [10]. Composite poly-Si&Si cantilevers HA_FM Etalon
(ScanSens, Bremen, Germany) with a free resonance frequency of 80 kHz and a force
constant of 3.5 N/m are used. The loading force is constant at ~120 nN.

In situ synchrotron X-ray microdiffraction. The measurement of the phase composition
of the ferroelectric capacitor using in situ XRD using synchrotron radiation is performed
at beamline P23 in the DESY synchrotron research facility in Germany. Notably, the X-ray
beam is focused on the sample surface to a spot approximately 30 pm in diameter, which is
less than the size of the top electrodes in our capacitor structure. The incidence angle of
the X-ray beam was set to 15° in the sample plane. All measurements are performed with
woken-up capacitors, which guarantees the end of possible structural transformations.

3. Results and Discussion

In the first step, we study the impact of the bottom electrode material (W vs. TiN)
on inducing ferroelectricity in ultrathin HZO and select the most suitable one for further
material engineering and investigation. At the same time, the top electrode is chosen
to be the same throughout this work in order to separate its impact. TiN as the top
electrode is chosen because of its excellent compatibility with modern microelectronics
silicon technology [1-3]. We fabricate and compare PMA and PDA structures based on W
and TiN bottom electrodes and HZO 10 and 5 nm in thickness. In this step, annealing is
carried out at 500 and 600 °C.

Non-ultrathin 10 nm thick HZO films are taken for further comparison and analysis
because it is optimal for inducing ferroelectricity as shown in many sources [1-3]. These
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5.0 nm thick HZO films are chosen since this thickness is slightly larger than the expected
critical thickness. Indeed, it was previously shown that the critical thickness at the silicon
bottom electrode is 4.0 nm [17-19], below which the polarization drops sharply down to
1 uC/cm? [17]. The last value corresponds to the density of the charging interface traps
at the Si/HfO, interface [15,16]. It should be noted that the use of silicon as a bottom
electrode is not possible in some applications, such as back-end-of-line (BEoL) FRAM and
FTJ. Regarding annealing temperature, we have previously established that the thinner
the film, the larger the temperature budget required [17]. Indeed, while for the 10 nm
thick HZO film, 400 °C is sufficient for inducing ferroelectricity; for thinner films, this
temperature is no longer sufficient. Therefore, we use higher temperatures.

Comparing the switchable polarization values measured for the structures with W and
TiN bottom electrodes after the wake-up procedure (Tables 1 and 2), it can be noted that the
W electrode better promotes ferroelectricity. This is true not only for the ultrathin (5.0 nm)
HZO film but also for the 10 nm thick HZO film. This result is natural. As mentioned above,
ferroelectricity in ultrathin HZO films is promoted by the use of substrates and electrode
materials with a thermal coefficient of expansion (TCE) smaller than that for hafnium,
and the smaller, the better. TCEs of the substrate and functional materials are equal to
the following values: for Si substrate 2.6 X 10-6/°C [4], for HfO, 8...10 x 10~%/°C [20],
for W 4.5 x 107¢/°C [5], and for TiN 9.4 x 107%/°C [5]. Therefore, during annealing,
the Si substrate induces mechanical stress in HZO and facilitates the formation of the
ferroelectric phase. The W bottom electrode leads to the same effect, whereas the TiN
bottom electrode has almost the same TCE as HZO and thus suppresses the mechanical
stress from the substrate.

Table 1. Remanent polarization of the PMA structures measured after the wake-up procedure.

Structure W/HZO/TiN TiN/HZO/TiN
Thick
Anm— RS 40 45 5.0 10 5.0
Temp. °C nm
500 1 4 6 40 1
600 4 23 25 42 7
700 too leaky 24 27 - -

Table 2. Remanent polarization of the PDA structures measured after the wake-up procedure.

Structure W/HZO/TiN TiN/HZO/TiN
Anr—__ Thickness 4.0 45 5.0 10 5.0
Temp. °C nm

500 1 12 14 29 1
600 too leaky 30 30 29 20
700 too leaky 30 30 - -

The observed effect of the bottom electrode material is consistent with the results
obtained earlier for HZO of other thicknesses [5,21]. Based on these results, the W bottom
electrode is chosen for further study.

Looking ahead, it is worth noting that the W bottom electrode has not only advan-
tages (promoting ferroelectricity and large remanent polarization) but also disadvantages.
Namely, it leads to a relatively low endurance: the endurance of W/HZO (10 nm) structures
is about 2 x 10° switching cycles, while that of W/HZO (4.5 nm) is 4 x 10° cycles. Low
endurance is probably due to the relatively high roughness of W film. On the one hand, it
is a quasi-3d bottom electrode in which the real area is larger than the nominal area and the
measured polarization is larger. On the other hand, the developed surface leads to large
variations of the electric field in the film (due to the effect of strengthening/weakening of
the field by bulges and pits) and brings the electrical breakdown closer.
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In the second step, we search for the minimum critical thickness of the HZO film
grown on the metal W electrode. For this purpose, structures with film thicknesses of
4.0, 4.5, and 5.0 nm are fabricated under different crystallization conditions: PMA and
PDA at 500, 600, and 700 °C. It is worth noting that we additionally increase the annealing
temperature to increase the temperature budget.

Comparing the switchable polarization values measured for PMA and PDA structures
after the wake-up procedure (Tables 1 and 2), one could note that a 4.0 nm thick HZO film
always has a very small switchable polarization, which resembles the charge density that
can be injected into the interface traps [17]. In contrast, a slightly thicker film (4.5 nm) has
significant polarization at high annealing temperatures (600 and 700 °C)—~23 pC/cm? for
PMA and 30 pC/cm? for PDA. The switchable polarization for a 5.0 nm thick HZO film is
almost equal to the polarization for a 4.5 nm thick film, so it can be concluded that 4.5 nm
is the critical thickness for the HZO film grown on the W bottom electrode.

It is worth noting that the switchable polarization of the HZO (4.5 nm) crystallized
via PDA is larger than that crystallized via PMA, though PMA is most commonly used.
Before studying the origin of this result, in the third step, we analyzed the influence of
annealing temperature on the functional properties. Figure 1a shows the dependences
of switchable polarization and leakage current density on annealing temperature for the
structure Si/W/HZO (4.5 nm)/TiN crystallized via PDA and PMA. For both types of
annealing, the switchable polarization is constant at 600 and 700 °C and decreases at 500 °C,
i.e., it stabilizes at ~600 °C. Meanwhile, for the 10 nm thick HZO film, the switchable
polarization stabilizes at a lower temperature (500 °C). Thus, a higher temperature budget
is needed to induce ferroelectricity in ultrathin films, but further increasing the temperature
above the critical temperature has no effect on the remanent polarization.

(a) (b)
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Figure 1. (a) Functional properties of Si/W/HZO (4.5 nm)/TiN crystallized via PDA and PMA.
Leakage currents are measured at 4 MV /cm. Both 2P; and leakage current are measured after the
wake-up procedure. (b) Cross-sectional HRTEM images of Si/W/HZO (4.5 nm)/TiN crystallized via
PDA. (c) Topography of Si/W/HZO (4.5 nm) surface measured by atomic force microscopy after TiN
electrode patterning. The pits are due to the inhomogeneous etching of HZO, which had time to start
immediately after the completion of TiN etching.

On the other hand, an increase in temperature leads to an increase in leakage currents
(Figure 1a). This parasitic effect is explained by the coarsening of grains accompanied by
an increase in undesirable leakage currents flowing along grain boundaries. The second
cause is defect generation, which mainly takes place at the metal electrode interfaces due to
redox reactions. This explanation is supported by the results obtained, which show that
the leakage currents increase with temperature more strongly in PMA structures. Indeed,
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unlike PDA structures, in PMA structures, annealing is carried out when the HZO layer
is sandwiched between two metal electrodes and more oxygen vacancies are formed. To
better understand the role of grains in leakage currents, the surface topography of HZO
films (4.5 nm) subjected to PMA and PDA can be compared (Figure 1c). It is evident that
the morphology and roughness of these films are similar. This implies similar grain size,
which corresponds to similar leakage currents in these structures. To summarize, large
leakage currents along grain boundaries and defects are undesirable because they increase
the power consumption of FRAM and interfere with the resistive switching effect in FT]J.

Therefore, the optimal structure based on the ultrathin HZO film is Si/W/HZO
(4.5 nm)/TiN crystallized via PDA. Note that the difference in the thickness of the studied
films is very small. Indeed, 0.5 nm is about of lattice constant of hafnia. In order to control
the thickness of the grown films, the most important samples from the set are examined
by statistical analysis of cross-sectional high-resolution transmission electron microscopy
(HRTEM) images. For example, Figure 2b shows the cross section of the Si/W/HZO
(4.5 nm)/TiN structure crystallized via PDA. The thicknesses notated in this work were
precisely obtained using HRTEM.
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Figure 2. Functional properties of the PMA and PDA structures based on 4.5 and 10 nm thick HZO.
(a) Voltage pulse sequences and current response in PUND-like technique. (b,c) Evolution of the
remanent polarization during the wake-up procedure. (d) Switching -V and P-V curves of the
samples based on 4.5 nm thick film. (e) Switching I-V and P-V curves of the samples based on 10 nm
thick film.

In the fourth step, to clarify the difference in the functional properties of PMA and
PDA structures based on a 4.5 nm thick HZO film, they are studied in more detail. For more
information, we also study similar structures based on a 10 nm thick HZO film. For 4.5 nm
and 10 nm thick HZO films, we choose structures annealed at 600 and 500 °C, respectively,
because these temperatures are optimal for these thicknesses.

Due to the small thickness of the ferroelectric layer, the current through the ferro-
electric is quite high even in high-quality low-defect HZO films. This current contributes
significantly to the measured P-V hysteresis, stretching it vertically and thus leading to
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incorrect values of the measured remanent polarization. To avoid this, we use a dynamic
positive-up negative-down (PUND)-like technique that compensates for the contribution
of leakage currents and obtains correct polarization values [10]. A typical voltage pulse
set and current response are shown in Figure 2a. The input pulse set consists of two pairs
of unipolar (positive and negative) triangular pulses. During the first pulse in the pair of
identical unipolar pulses, the current Iy is the sum of the current associated with polar-
ization switching plus the leakage current and the capacitive displacement current, while
the current during the second pulse Inon-sw has no polarization switching contribution and
originates only from the leakage current and the capacitive displacement current. Thus, the
polarization switching current can be found as the difference between the integral current
signals generated by the first and second unipolar pulses. In turn, the P-V hysteresis is
obtained by time integration of the polarization switching current. A PUND-like technique
is used to measure the evolution of the remanent polarization during the wake-up process
and the P-V hysteresis at different moments of the structure’s lifetime.

The evolution of the remanent polarization during the wake-up process differs for
PMA and PDA samples (Figure 2c). The PDA structures based on 4.5 nm and 10 nm thick
HZO films exhibit very similar behavior. Their remanent polarization is the same both at
the end of and during the wake-up procedure. In contrast, the remanent polarization of the
PMA structure based on HZO (4.5 nm) is much smaller than that based on HZO (10 nm). In
addition, in the PDA structure based on HZO (4.5 nm), the remanent polarization stabilizes
almost at the beginning of electrical cycling and grows very weakly thereafter, whereas in
the analogous PMA structure, a noticeable growth is observed at the end of cycling and no
polarization stabilization is observed at all.

To understand the difference in behavior, we analyze the evolution of the switching
I-V and P-V curves during the wake-up. Very important information is contained in the
shape of the very first two curves, i.e., the switching I-V and P-V curves corresponding
to the first two write-rewrite cycles of the as-prepared structure. They reflect the state
(mono- or polydomain state, fractions of domain) of the as-prepared structure as well as
the magnitude and sign of the internal built-in field across the HZO layer. For example,
splitting of the switching I-V curve and related pinched P-V curve observed for the PMA
structure based on HZO (4.5 nm) indicates the existence of two opposite internal built-
in fields (compare Figure 2b,d) [7], which are signatures of the polydomain structure in
the as-prepared film. Specifically, the internal built-in fields originate from the spatial
distribution of non-ferroelectric charges governed by the depolarization field (ferroelectric
polarization vector) that has opposite directions in the domains with up- and downward
polarization [11-13]. The polydomain structure that is peculiar to the PMA structure is
caused by the charged oxygen vacancies formed at both bottom and top electrode interfaces
during annealing because of redox reactions with the electrode materials. Depending on
the mutual distribution of the oxygen vacancies at the two interfaces, HZO locally switches
to up- or downward polarization during crystallization into the ferroelectric phase.

On the contrary, as-prepared structures that underwent PDA exhibit a non-split [-V
curve and thus open P-V curve (Figure 2d). However, curves are shifted along the V-axis
(the so-called imprint effect), indicating the presence of a unidirectional internal embedded
field and a monodomain structure. This is caused by the formation of the charged oxygen
vacancies at only one (bottom) interface.

After the wake-up procedure, the internal built-in field in the PDA structure disappears
and the I-V and P-V curves become non-imprinted (symmetrical with respect to zero
voltage) (Figure 2d). In contrast, for the PMA structure, the [-V curve remains to be split
and the P-V curve remains to be pinched (Figure 2e). Therefore, two opposite internal
built-in fields are retained in HZO (4.5 nm), though they decrease. As a result, even at the
end of the wake-up procedure, some of the domains are pinned and the total remanent
polarization remains to be smaller than that for 10 nm thick HZO (Figure 2b).

Next, one could analyze how the HZO thickness affects the built-in fields in the film.
We estimate the magnitude of the built-in fields for each domain population using the
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(a)
After second pulse (-3 V)

PMA

PDA

After third pulse (3 V) Overlapping of phase maps After 10° cycles

sum of the average coercive voltages (Figure 2b), which corresponds to the shift of the
switching I-V curves with respect to the zero field. For example, a shift of the I-V curves
toward negative voltages on V4, 1 indicates the presence of a positive built-in field Vi,
in a given domain population. From Figure 2d,e, one can see that an increase in the HZO
thickness leads to a decrease in the built-in fields, which is reasonable because the electric
field strength in a flat capacitor is inversely proportional to the distance between its plates.
For PMA structures, the built-in fields decrease from 3.3 and —1.7 MV /cm for 4.5 nm to
2.3 and —0.5 MV /cm for 10 nm, and for PDA structures, the built-in field decreases from
20MV/emto 1.7 MV /cm.

It should be noted that in the structures where the P-V curve became open after the
wake-up procedure, this curve is almost symmetric with respect to zero voltage (imprint
not more than 0.2 MV /cm). This value probably corresponds to the potential difference
between the W bottom and TiN top electrodes.

To better understand the influence of the internal built-in fields in PMA and PDA
structures on their functional properties, we study the domain structure in capacitor devices
and its transformation at different stages of capacitor lifetime by in situ piezoresponse
force microscopy (PFM) [10]. Fundamentally, the PFM technique provides two informative
quantities: the PFM amplitude A, associated with the absolute magnitude of the effective
longitudinal piezoelectric coefficient (piezomodule) ds33", and the PFM phase @, associated
either with the orientation of the polarization vector (either up- or downward). Using A and
@, one could plot the maps of piezoresponse A sing, which visualize both the magnitude
and orientation of the vertical component of the polarization.

First, we analyze the local ferroelectric properties of HZO at the initial stage of the
memory cell life, namely, we compared the domain structures after the first switching
pulses. For both PMA and PDA structures based on 10 nm thick HZO films, one could see
the pinning of domains with both polarizations (Figure 3a,c), i.e., initially, some part of
the polarization is not switched in both types of structures. The area (fraction) of pinned
domains is much larger for the PMA structure, in which most of the remanent polarization
is suppressed at the initial stage of the memory cell life.

(b)

1. Region P
2. Region PT

‘.' 3. Normal domains
4, Static domains P}
5. Static domains P1

6. Anomalous domains

Piezomodule (pm/V)

Figure 3. Domain structures of PMA and PDA structures at different stages of their lifetime. (a,c)
Piezoresponse maps of as-prepared PMA and PDA structures after first positive and negative
switching pulses and overlapping of PFM phase maps. (b,d) Piezoresponse maps of cycled PMA and
PDA structures after the voltage pulse 3 V/10 us. (e) Distributions of piezomodule over maps (b,d).
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Additional information can be obtained from the overlapping of PFM phase maps
measured after switching with pulses of opposite signs (Figure 3a,c). For the PDA structure,
the overlapping just confirms the presence of non-switching P{ and P| domains (blue
and orange-colored regions) and also shows that in most of the domains, the polarization
vector switches to normal, i.e., along the applied field (purple-colored regions). The PMA
structure additionally has domains of the fourth type that correspond to the local anomalous
polarization switching (sienna-colored regions). Anomalous domains are regions where the
polarization switches oppositely to the applied field and they are surrounded by the non
(or back)—switching domains. Previously, such domains were also observed in structures
with other electrodes during the wake-up [10].

The phenomenon of anomalous switching in hafnia originates from internal built-
in fields caused by the agglomerates of the oxygen vacancies forming at the electrode
interfaces during annealing due to redox reaction [10]. If the oxygen vacancy density is
locally large at both interfaces, the halo of “anomalous” domains can be composite, i.e., it
consists of non-switching domains with both up and downward polarization. This effect
takes place when the areas of the oxygen vacancies agglomerated at both interfaces overlap
in the substrate plane. During the wake-up, oxygen vacancies are gradually redistributed
over the film bulk, their local density decreases and the internal built-in fields gradually
disappear. As a result, the anomalous and pinned domains disappear, and the whole film
begins to switch normally (Figure 2b,d).

It is remarkable that the phenomenon of anomalous switching is observed in the PMA
structure and is not observed in the PDA structure. This indicates that regions of oxygen
vacancy agglomeration at least at one of the interfaces are sparsely located. This effect is
due to the absence of one (top) interface during annealing and the suppression of the redox
reaction at it. Thus, the microscopic study confirms the critical role of internal built-in fields
in the ferroelectric properties of PMA and PDA structures.

To get further insight into the functionality of PMA and PDA structures for memory
applications, we analyze the magnitude of the longitudinal piezoelectric coefficient in
cycled structures. After the wake-up procedure, both structures are in a monodomain state,
i.e., domain pinning is completely vanishing, and polarization switches throughout the
film (Figure 3b,d). The average piezomodule over the studied area of the PMA structure is
0.33 pm/V, which is in agreement with the previous synchrotron X-ray microdiffractometry
results [22]. The average piezomodule of the PDA structure is 0.16 pm/V, i.e,, half as
much (Figure 3e). Meanwhile, the piezoelectric coefficient is proportionally related to the
remanent polarization Py: ds3 = 2¢9kQ11 Py, where ¢ is the permittivity of the vacuum, k is
the dielectric constant, and Q1 is the electrostrictive constant. Thus, a larger piezomodule
corresponds to a larger vertical component of the polarization vector. In general, this is
consistent with the remanent polarization 2P, values obtained, which are 42 and 30 pC/ cm?
for the PMA and PDA structures, respectively.

However, the difference between the values of the piezoelectric coefficient and re-
manent polarization is not the same. One possible reason could be the presence of a
non-ferroelectric structural phase, such as a monoclinic phase. Although the PFM shows
polarization switching throughout the film, individual grains or their small groups are not
distinguishable due to mechanical coupling with neighboring ferroelectric grains [22]. To
resolve this issue, we study the structural composition of both structures by synchrotron
X-ray micro-diffraction.

The phase composition of ferroelectric structures Si/W/HZO (10 nm)/TiN that under-
went PMA and PDA is measured using in situ XRD using synchrotron radiation. Notably,
the X-ray beam is focused on the sample surface to a spot approximately 30 um in diameter,
which is less than the size of the top electrodes in the capacitor structures and ensures that
the cycled HZO is under study. Measurements are performed with woken-up capacitors,
which guarantee the end of possible structural transformations.

Comparison of full XRD spectra from PMA and PDA structures (Figure 4b) reveals
that the main difference between PMA and PDA is in the 26 range of 26-37° (besides
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the peak of orthorhombic phase at 60.69°). The decomposition of spectra in this range
(Figure 4a) elucidates that the ratio of ferroelectric orthorhombic phase fraction to non-
ferroelectric monoclinic phase fraction differs significantly. Specifically, the PMA sample
contains more ferroelectric phase and less monoclinic phase than the PDA structure. This
is in general agreement with their remanent polarizations and piezoelectric coefficients.
However, the quantitative ratios of these values for the two types of samples differ less
than the structural phase ratios. This may indicate that in the PDA structure, more grains
of the ferroelectric phase are oriented more vertically. The spectra confirm this assumption.
Indeed, in the second sample, the ratio of the intensity of peak o 002, corresponding to
grains with vertical polar axis, to the intensity of peak o 111 is larger (0.243 vs. 0.188).
Therefore, PDA processing possibly not only induces the formation of a large fraction of
the monoclinic phase but also promotes the vertical texturing of ferroelectric grains.

(a) (b)
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Figure 4. Comparison of the structural phase composition in PMA and PDA structures by synchrotron
X-ray micro-diffraction (micro-XRD). (a) XRD spectra in the 20 range of 26-37 degrees (light blue
lines are vertically shifted experimental spectra, dotted lines are fitting peaks, and the blue line is the
sum of fitting peaks). (b) Full XRD spectra in semi-logarithmic scale.

In addition, it is useful to compare the lattice constants of the orthorhombic phase in
PMA and PDA structures. Indeed, the ferroelectric orthorhombic and non-ferroelectric
tetragonal phases of HfO, and HZO are both slightly distorted cubic lattices. Therefore,
even a minor change in the lattice parameter values may indicate a phase transition
and, consequently, ferroelectric response change [23,24]. The calculated ratio of unit cell
parameters c/a (c is polar axis) turns out to be also slightly larger in the case of PDA
(0.988 vs. 0.969), i.e., a non-monoclinic fraction of the PDA film is closer to the ferroelectric
orthorhombic phase. Thus, it has been experimentally established that PDA induces the
formation of a ferroelectric phase that gives a larger contribution to the measured remanent
polarization. The reason for this is currently unknown and further studies are required.

It should be noted that the monoclinic phase has a narrower band gap [17]. Therefore,
the grains of the monoclinic phase are sites of leakage current flowing. This parasitic
current cannot be modulated by polarization switching in the neighboring grains of the
ferroelectric phase. Therefore, HZO films with a large fraction of the monoclinic phase are
poorly suited for the development of FI]J devices. However, ultra-thin HZO films, even if
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they have similar structural properties, are promising for developing low-power and high-
density FRAM devices. In addition, our findings may be useful for further development of
ultrathin ferroelectric films for FT] and memristor devices.

4. Conclusions

We report an approach to fabricate the wake-up free ferroelectric memory cells based
on ultrathin (4.5 nm) HZO film and reveal its physical basis. The approach relies on
the suppression of internal built-in fields, which can be very large in ultrathin films and
lead to strong domain pinning. This is realized via post-deposition annealing, i.e., with-
out a top electrode that leads to the generation of charged defects at the top interface.
This assumption is confirmed by investigating the domain structure transformation by in
situ PFM.

By comparison of the functional properties with piezoelectric properties of the woken-
up capacitor resolved with in situ PFM and structural phase composition acquired by in
situ synchrotron micro-XRD, we clarify the role of post-deposition and post-metallization
annealing in the ferroelectric properties of HZO. We show that the parasitic contribution
of the internal electric fields increases with the thickness decrease. In PMA structures,
the contribution of the internal electric fields is always larger. However, in 10 nm thick
films, it does not reach the threshold value when its parasitic contribution suppresses the
switchable polarization, but in ultrathin films, it reaches this threshold value. The use of
PDA cancels this challenge.

The proposed approach could be useful not only for the design of conventional high-
density FRAM and FT] memory but also for the development of novel devices based on
tunnel-transparent ferroelectrics, which require functional materials that suppress ferro-
electricity in hafnium oxide (e.g., graphene and other two-dimensional materials [25-27]).

Author Contributions: Conceptualization, A.C.; methodology, A.C., V.M. and D.N.; validation, A.C.,
EK., D.V.and S.G.; formal analysis, A.C., D.V. and S.G.; investigation, A.C., VM., EK,, S.Z.,, M.K. and
D.N.; resources, D.N.; data curation, A.C., E.K. and D.N.; writing—original draft preparation, A.C.;
writing—review and editing, A.C. and M.K,; visualization, A.C.; supervision, A.C. and D.N.; project
administration, A.C.; funding acquisition, A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was performed using equipment from the MIPT Shared Facilities Center. Structure
fabrication and characterization of the functional properties were financially supported by the Russian
Science Foundation (project no. 20-19-00370, https:/ /rscf.ru/en/project/20-19-00370/, accessed on
1 September 2023). Investigation of local ferroelectric properties and local polarization switching is
supported by the Ministry of Science and Higher Education of the Russian Federation (agreement no.
075-03-2023-106, project No. FSMG-2022-0031). The development of the methodology of the synchrotron
X-Ray microdiffractometry of HZO-based structures was financially supported by the Ministry of Science
and Higher Education of the Russian Federation (agreement no. 075-15-2023-448).

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge DESY (Hamburg, Germany), a member of the Helmholtz
Association HGEF, for their provision of the experimental facilities. Parts of this research were carried
out at PETRA III using beamline P23. Beamtime was allocated for proposal 1-20190533.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Boscke, T.S.; Miiller, J.; Brauhaus, D.; Schréder, U.; Bottger, U. Ferroelectricity in hafnium oxide thin films. Appl. Phys. Lett. 2011,

99, 102903. [CrossRef]

2. Park, M.H.; Schroeder, U. Chapter 3—Root Causes for Ferroelectricity in Doped HfO;. In Ferroelectricity in Doped Hafnium Oxide:
Materials, Properties and Devices; Schroeder, U., Hwang, C.S., Funakubo, H., Eds.; Woodhead Publishing Series in Electronic and
Optical Materials; Elsevier: Amsterdam, The Netherlands, 2019.

3. Miiller, J.; Boscke, T.S.; Brauhaus, D.; Schroder, U.; Bottger, U.; Sundqvist, J.; Kiicher, P.; Mikolajick, T.; Frey, L. Ferroelectric
Zry5Hf 50, thin films for nonvolatile memory applications. Appl. Phys. Lett. 2011, 99, 112901. [CrossRef]



Nanomaterials 2023, 13, 2825 12 of 12

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Shiraishi, T.; Katayama, K.; Yokouchi, T.; Shimizu, T.; Oikawa, T.; Sakata, O.; Uchida, H.; Imai, Y.; Kiguchi, T.; Konno, J.; et al.
Impact of mechanical stress on ferroelectricity in (Hfy 5Zrg5)O, thin films. Appl. Phys. Lett. 2016, 108, 262904. [CrossRef]

Goh, Y,; Hwang, J.; Lee, Y.; Kim, M.; Jeona, S. Ultra-thin Hfy 5Zr 50, thin-film-based ferroelectric tunnel junction via stress
induced crystallization. Appl. Phys. Lett. 2020, 117, 242901.

Park, M.H.; Kim, H.J.; Kim, Y.J.; Moon, T.; Hwang, C.S. The effects of crystallographic orientation and strain of thin Hfy5Zr 50,
film on its ferroelectricity. Appl. Phys. Lett. 2014, 104, 072901. [CrossRef]

Schenk, T.; Hoffmann, M.; Ocker, J.; Pesic, M.; Mikolajick, T.; Schroeder, U. Complex Internal Bias Fields in Ferroelectric Hafnium
Oxide. ACS Appl. Mater. Interfaces 2015, 7, 20224. [CrossRef]

Jiang, P.; Luo, Q.; Xu, X,; Gong, T.; Yuan, P.; Wang, Y.; Gao, Z.; Wei, W.; Tai, L.; Lv, H. Wake-up effect in HfO,-based ferroelectric
films. Adv. Electron. Mater. 2021, 7, 2000728.

Pesi¢, M.; Fengler, EP.G.; Larcher, L.; Padovani, A.; Schenk, T.; Grimley, E.D.; Sang, X.; LeBeau, ].M.; Slesazeck, S.;
Schroeder, U.; et al. Physical Mechanisms behind the Field-Cycling Behavior of HfO,-Based Ferroelectric Capacitors. Adv. Funct.
Mater. 2016, 26, 4601. [CrossRef]

Chouprik, A.; Spiridonov, M.; Zarubin, S.; Kirtaev, R.; Mikheev, V.; Lebedinskii, Y.; Zakharchenko, S.; Negrov, D. Wake up in a
Hfy5Zry50; film: A cycle-by-cycle emergence of the remnant polarization via the domain depinning and the vanishing of the
anomalous polarization switching. ACS Appl. Electron. Mater. 2019, 1, 275. [CrossRef]

Arlt, G.; Neumann, H. Internal bias in ferroelectric ceramics: Origin and time dependence. Ferroelectrics 1988, 87, 109. [CrossRef]
Grossmann, M.; Lohse, O.; Bolten, D.; Boettger, U.; Schneller, T.; Waser, R. The interface screening model as origin of imprint in
PbZryTij_«Oj3 thin films. I. dopant, illumination, and bias dependence. . Appl. Phys. 2002, 92, 2680. [CrossRef]

Tagantsev, A.K.; Stolichnov, I; Setter, N.; Cross, ].S. Nature of nonlinear imprint in ferroelectric films and long-term prediction of
polarization loss in ferroelectric memories. J. Appl. Phys. 2004, 96, 6616-6623. [CrossRef]

Genenko, Y.A ; Glaum, Y.; Hoffmann, M.].; Albe, K. Mechanisms of aging and fatigue in ferroelectrics. Mater. Sci. Eng. B 2015,
192, 52-58. [CrossRef]

Wilk, G.D.; Wallace, R.M.; Anthony, M. High-k dielectrics: Current status and materials properties considerations. Appl. Phys.
Rev. 2001, 89, 5243-5275. [CrossRef]

Robertson, J.; Wallace, R.M. High-K materials and metal gates for CMOS applications. Mater. Sci. Eng. Rep. 2015, 88, 1-41.
Mikheev, V.; Chouprik, A.; Lebedinskii, Y.; Zarubin, S.; Matveyev, Y.; Kondratyuk, E.; Kozodaev, M.G.; Markeev, A.M,;
Zenkevich, A.; Negrov, D. Ferroelectric Second-Order Memristor. ACS Appl. Mater. Interfaces 2019, 11, 32108-32114. [CrossRef]
Fujii, S.; Kamimuta, Y.; Ino, T.; Nakasaki, Y.; Takaishi, R.; Saitoh, M. First demonstration and performance improvement of
ferroelectric HfO,-based resistive switch with low operation current and intrinsic diode property. In Proceedings of the 2016
IEEE Symposium on VLSI Technology, Honolulu, HI, USA, 14-16 June 2016; Symposium on VLSI Technology Digest of Technical
Papers; IEEE: Piscataway, NJ, USA, 2016.

Tian, X.; Shibayama, S.; Nishimura, T.; Yajima, T.; Migita, S.; Toriumi, A. Evolution of ferroelectric HfO; in ultrathin region down
to 3 nm. Appl. Phys. Lett. 2018, 112, 102902. [CrossRef]

Patil, R.N.; Subbarao, E.C. Axial thermal expansion of ZrO, and HfO, in the range room temperature to 1400 °C. J. Appl. Cryst.
1969, 2, 281-288. [CrossRef]

Kashir, A.; Kim, H.; Oh, S.; Hwang, H. Large remnant polarization in a wake-up free Hfy 5Zry 50, ferroelectric film through Bulk
and Interface Engineering. ACS Appl. Electron. Mater. 2021, 3, 629—-638. [CrossRef]

Chouprik, A.; Kirtaev, R.; Korostylev, E.; Mikheev, V.; Spiridonov, M.; Negrov, D. Nanoscale Doping and Its Impact on the
Ferroelectric and Piezoelectric Properties of Hfy 5719 50,. Nanomaterials 2022, 12, 1483. [CrossRef]

Richter, C.; Schenk, T.; Park, M.H.; Tscharntke, E.A.; Grimley, E.D.; LeBeau, ].M.; Zhou, C.; Fancher, C.M.; Jones, ].L.; Mikolajick,
T,; et al. Si doped hafnium oxide—A “fragile” ferroelectric system. Adv. Electron. Mater. 2017, 3, 1700131. [CrossRef]

Schenk, T.; Fancher, C.M.; Park, M.H.; Richter, C.; Kiinneth, C.; Kersch, A.; Jones, J.L.; Mikolajick, T.; Schroeder, U. On the Origin
of the large remanent polarization in La:HfO,. Adv. Electron. Mater. 2019, 5, 1900303. [CrossRef]

Chaudhary, P; Buragohain, P.; Kozodaev, M.; Zarubin, S.; Mikheev, V.; Chouprik, A.; Lipatov, A.; Sinitskii, A.; Zenkevich, A.;
Gruverman, A. Electroresistance effect in MoS,-Hf( 5Zrj 50, heterojunctions. Appl. Phys. Lett. 2021, 118, 083106. [CrossRef]
Jang, S.; Kim, Y,; Jeon, J.; Ham, S.; Choi, S.; Yang, J.; Kim, S.K; Jeon, S.; Jang, J.; Wang, G. Three-terminal vertical ferroelectric
synaptic barristor enabled by HZO/ graphene heterostructure with rebound depolarization. J. Alloys Compd. 2023, 965, 171247.
[CrossRef]

Liu, J.; Ryu, H.; Zhu, W. Nonconventional analog comparators based on graphene and ferroelectric hafnium zirconium oxide.
IEEE Trans. Electron Devices 2021, 68, 1334-1339. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



