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Electric field-induced crystallization
of ferroelectric hafnium zirconium
oxide
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Thomas Kampfe!, Konrad Seidel & Lukas M. Eng?3

Ferroelectricity in crystalline hafnium oxide thin films is strongly investigated for the application

in non-volatile memories, sensors and other applications. Especially for back-end-of-line (BEoL)
integration the decrease of crystallization temperature is of major importance. However, an
alternative method for inducing ferroelectricity in amorphous or semi-crystalline hafnium zirconium
oxide films is presented here, using the newly discovered effect of electric field-induced crystallization
in hafnium oxide films. When applying this method, an outstanding remanent polarization value

of 2P, = 47 nC/cm? is achieved for a 5 nm thin film. Besides the influence of Zr content on the film
crystallinity, the reliability of films crystallized with this effect is explored, highlighting the controlled
crystallization, excellent endurance and long-term retention.

With the discovery of ferroelectric hafnium oxide' its application in many novel device concepts like non-
volatile ferroelectric FETs?, ferroelectric tunnel junctions’, as well as pyro- and piezoelectric sensors*® has been
explored. This is a direct consequence of hafnium oxides full complementary-metal-oxide-semiconductor
(CMOS) compatibility and its outstanding properties, like high coercive field and scalability to ultra-thin films’.
As many HfO,-based devices can be integrated into the back-end-of-line (BEoL), recent publications focused on
hafnium zirconium oxide (HZO), which enables crystallization at low temperatures, compatible with the BEoL
thermal budget requirements®®.

However, recent works discovered a new effect in the hafnium oxide system, namely electric field-induced
crystallization'’. This allows to apply electric fields in order to crystallize the hafnium oxide film directly into
the ferroelectric phase, as illustrated in Fig. 1a, with an effective activation energy of 0.45 eV'% Nevertheless,
this effect is still not understood in detail. Therefore, the behavior of this effect for hafnium zirconium oxide
films with different Zr content as well as the reliability of those films is investigated here. Samples with initially
high amorphous phase fractions showed excellent endurance and no detectable retention loss. Furthermore, the
degree of crystallization and in consequence polarization can be tuned in a very controlled manner, allowing
common ferroelectric operation with a selected maximum remantent polarization (Py).

For investigating electric field-induced crystallization in HZO films, 5 nm thick HZO films with a Hf:Zr
cycling ratio of 3:1, 5:3, 1:1, 3:5, and 1:3, respectively, were grown. More details on the material and device fab-
rication can be found in the Methods section. All films received a rapid thermal processing (RTP) spike anneal
at 450 °C for 60 s to form nuclei required for electric field-induced crystallization'’. Grazing-incident X-ray
diffraction (GIXRD) patterns (see Supplementary Fig. S1) reveal X-ray amorphous films for a high Hf content.
Films with higher Zr content are semi- or fully-crystalline.

The polarization response (see Fig. 1) of these samples behaves quite different for high Hf or Zr content,
respectively. While the Hf-rich sample shows sudden wake-up!® described by a transition from dielectric to
ferroelectric behavior, the Zr-rich sample shows classical wake-up, starting antiferroelectric-like (AFE-like)
and becoming ferroelectric-like upon electric field cycling. Moreover, outstanding 2Py values of 47 uC/cm? are
observed for the Hf-rich sample. This is quite remarkable since these values exceed even the crystalline Zr-rich
film. As crystallinity, or rather a crystalline phase with a non-centrosymmetric space group, is required for the
presence of ferroelectricity, this clearly indicates electric field-induced crystallization for the Hf-rich films.
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Figure 1. Electric field cycling of hafnium zirconium oxide can result in a field-induced crystallization, as
shown schematically in (a). Pristine degree of crystallinity, based on GIXRD results, is given alongside. The
evolution of the polarization hysteresis of a Hf- and Zr-rich sample (b) upon electric field cycling. Dielectric
behavior is observed initially for the amorphous Hf-rich sample. The crystalline Zr-rich sample behaves
antiferroelectric-like initially.

To compare the samples in more detail and to assess the degree of sudden and classical wake-up contribu-
tions, the displacement current is analyzed (see Fig. 2a). For sudden wake-up, as strongly present for Hf:Zr 3:1,
an increase in the integrated switching peak intensity is clearly observable. Consequently, this process can be
clearly separated from filament formation in HfO,-based resistive random access memory devices, which is
described by a leakage current increase. On the other hand, classical wake-up'® (Hf:Zr 1:3) shows initially two
split switching peaks in each direction. Upon cycling these two merge closer, while the total integrated switching
peak intensity stays approximately constant.

For intermediate Zr concentrations, a superposition of both behaviors can be observed. Two very faint switch-
ing peaks, close to each other are observed for Hf:Zr 5:3. However, a single merged peak is observed even after
low amounts of cycles, increasing continuously in intensity with further cycling. For the Hf:Zr 1:1 sample, the
initial presence of classical wake-up is clearly apparent. Nevertheless, an increase of the integrated intensity is
still observable with cycling. This nicely fits to the aforementioned GIXRD pattern, where this sample appears
semi-crystalline. For even higher Zr content (Hf:Zr 3:5), no significant contributions of sudden wake-up are
observable, in-line with the crystalline GIXRD pattern.

In addition to the change in wake-up behavior with increasing Zr content, an increase of leakage current
is observed as well. This indicates that a higher Zr content may become detrimental for device applications.
However, this is in comparison with amorphous or semi-crystalline Hf-rich HZO films, which do not contain
larger amounts of monoclinic phase, which would be present in thermally crystallized Hf-rich HZO films. These
have been reported to exhibit earlier breakdown compared to Zr-rich AFE-like films''. Furthermore, it confirms
that oxygen vacancy migration and consequently filament formation is not interweaved with the crystallization
process.

In order to gain deeper insight into the physical mechanisms in these samples, first-order reversal curve
(FORC) measurements were conducted and the switching (Preisach) density was extracted (see Fig. 2b). More
details on this method can be found in literature'?. For increased Zr content, clear peak splitting into three
distinct peaks is visible. However, a continuous shift of these peaks is observed with decreasing Zr content and
increased cycling, moving from a pinched behavior to an AFE-like behavior, as indicated by the horizontal and
vertical dashed lines. While this cannot be easily explained by a tetragonal-orthorhombic phase transition'?, such
behavior can be related to ferroelastic-mediated switching, which was recently demonstrated to be the physical
mechanism behind AFE-like behavior in HfO, material system'’. The previously presented temperature and
frequency dependence of the AFE-like wake-up, contradicts diffusion processes and domain wall pinning'’. In
addition, transmission Kikuchi diffraction did not observe a significant monoclinic phase fraction prior wake-up
and 90° re-orientation of the polarization axis to the out-of-plane orientation post cycling'®. Combined with the
high Curie temperature (> 250°C)'*"'® and displacement measurements, transitions from non-polar to polar
phases are not supported by the experimental results as an origin for AFE-like behavior. However, antipolar
orthorhombic phases could still be present alongside ferroelastic-switching'®.

In consequence, the increase of AFE-like behavior with higher Zr-content can be related to an increased
tensile stress and therefore an in-plane domain formation combined with 90°-domain wall motion (ferroelastic
switching). This is most likely related to the increased crystallinity in these layers, which enables the promotion
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Figure 2. Changes in the displacement current response (a) with electric field cycling at 2.3 V for samples
with different Zr-content. Hf-rich samples are X-ray amorphous or semi-crystalline and show a increase in the
displacement current peak amplitude, whereas Zr-rich samples are (semi-)crystalline and antiferroelectric-like
wake-up. First-order-reversal-curve (FORC) measurements (b) show peak changes in the intensity and peak
splitting for the Preisach density, which can be related to electric field-induced crystallization and 90°-domain
wall motion (ferroelastic switching), respectively.

SN

Figure 3. Transmission electron microscopy image of a cycled device with a 5 nm HZO layer, which behaved
X-ray amorphous initially.

of mechanical stress. The increased crystallinity for higher Zr-content is a direct result of the reduction in crys-
tallization temperature.

For Hf-rich layers, the crystallization occurs during cycling, as confirmed by transmission electron micros-
copy (TEM) analysis of a cycled device (see Fig. 3). As mentioned previously, these layers behave ferroelectric due
to the presence of a displacement current peak. This can be observed in the Preisach density as well, increasing in
intensity upon cycling. Consequently, no significant amounts of ferroelastic-switching should be present in these
films. Therefore, an out-of-plane domain structure and 180°-domain wall movement are expected, as indicated
by Fig. 2b. In the case of minor AFE-like behavior (slightly pinched hysteresis), both switching processes and
domain configurations can be present.

In order to understand, how good the crystallization in these samples can be controlled, films are cycled up to
a defined number of cycles with an amplitude of 2.3 V. Then the stability of this state is checked by cyclingat 1.9 V
(see Fig. 4). As seen here, the crystallization is stopped at lower voltage amplitudes, and a common ferroelectric
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Figure 4. Electric field cycling at 2.3 V up to a certain amount of cycles and subsequent cycling at 1.9 V allows
for operating the HZO layer at different degrees of crystallinity reliably up to 10° cycles. No significant change in
remanent polarization and in consequence crystallinity is observed for the lower cycling amplitude.
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Figure 5. Capacitance measurements after different amounts of electric field cycles show a strong increase

in permittivity as well as the ferroelectric “butterfly” effect for the Hf-rich sample, in agreement with field-
induced crystallization. For the Zr-rich sample, no significant change in permittivity, but changes in the (anti-)
ferroelectric response are observed, which are likely originating from ferroelastic-mediated wake-up.

behavior without cycling variation in Py can be observed. In consequence, the maximum polarization and crystal-
linity of the film can be controlled very accurately, allowing for realizing new device concepts based on this effect.

This effect can be observed as well in the capacitance and permittivity of the sample (see Fig. 5). Here an
increase of permittivity appears with electric field cycling for Hf-rich samples, due to the crystallization into
the ferroelectric phase, whereas only minor changes are observed for the crystalline Zr-rich films, due to the
reorientation of the polarization axis. This behavior is very interesting for the implementation of HZO as a fer-
roelectric thin film varactor'®-2!. The Hf-rich samples show a high capacitance tunability, as demonstrated in
Fig. 5, exceeding the tunability of Zr-rich sample.

Finally, the reliability of these films is investigated. No significant retention loss is observed for the ferroelec-
tric films (see Supplementary Fig. S2). Only the film Hf:Zr 1:3, which behaves AFE-like, shows retention losses,
which is an artifact of the imprint effect in this measurement, due to the initially low Py value.

For endurance, the films are field-cycled at 2.3 V for 3000 cycles, to wake-up/crystallize the films. Afterwards,
the films are cycled at 1.9 V for 10® cycles. As observed here (see Supplementary Figs. S3 and S$4), the Zr-rich
film breaks down already during the wake-up cycling. The other two layers however survive the wake-up field
stress. Moreover, the difference in the wake-up mechanism clearly appears in the Pg evolution. Here, the initial
crystallinity is reflected by the initial P value, which does not increase significantly for fully crystalline films.
For sudden wake-up, a strong increase of P is observable, finally reaching values like the fully crystalline film.

As these films survived the wake-up, no significant degradation is observable until 107 cycles. Afterwards,
a soft breakdown is observed via increased leakage current. As the shape of this breakdown is identical for the
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Figure 6. Visualizing P and the the peak splitting distance over cycling time/cycle number, an amorphous-
crystalline phase boundary as well as the in-plane to out-of-plane transition of the ferroelectric axis appear,
respectively. Since the field-induced crystallization correlates with time and the AFE-like wake-up with the cycle
number, those two transitions can be moved in opposite directions depending on the cycling frequency.

X-ray amorphous and semi-crystalline sample, no reduction of endurance is expected for films crystallized by
sudden wake-up.

Based on the previous analysis, the field cycling data allows to construct a cycling-dependent phase diagram
(see Fig. 6). Here, P can be used to describe the crystallinity of the sample, as discussed above. The reduction
of P¢ for high cycle numbers in Zr-rich samples is due to breakdown. Moreover, the degree of AFE-like behav-
ior, here approximated by the displacement current peak distance to the ideal ferroelectric coercive field value
(IEc ape — Ec pel)> can be summarized as well. A quite sharp transition from amorphous to crystalline can be
observed. This amorphous-crystalline phase boundary is clearly concentration and cycling time dependent. The
latter follows an Arrhenius behavior, as confirmed previously'. The transition from AFE-like behavior, result-
ing from in-plane polarization orientation, to out-of-plane domains (ferroelectric behavior) is quite smooth. In
addition, it has been shown that this process is dependent on the cycling number™. As the relationship between
cycling time and number is described by the cycling frequency, this allows for tuning these two effects to achieve
a desired cycling behavior.

In conclusion, electric field-induced crystallization of ferroelectric HZO has been demonstrated to be a very
controlled and reliable effect. While the initial degree of crystallization and antiferroelectric-like behavior can be
controlled via the Zr-content, the crystallization of semi-crystalline and X-ray amorphous films can be controlled
very accurately. Moreover, regular ferroelectric switching can be performed at a selected degree of crystallinity
without changing the maximum remanent polarization. No significant retention losses and an endurance of
more than 107 cycles at stable remanent polarization values were observed. Finally, a cycling and concentration
dependent phase diagram can be constructed that provides guidelines on how to tune AFE-like wake-up and
field-induced crystallization separately.

Methods

Material preparation. The test structures were fabricated in metal-ferroelectric-metal (MFM) capacitor
configuration, where HZO thin film was capped between titanium nitride (TiN) thin film electrodes. The struc-
tures were deposited on top of highly doped 300 mm silicon wafers, that acted as a bottom ground for electrical
measurements. A 10 nm bottom TiN electrode was deposited with atomic layer deposition (ALD), utilizing the
TiCl, and NH; precursors and the 10 nm top TiN electrode was deposited by reactive magnetron sputtering.
The HZO layer was deposited by ALD with HfCl, and ZrCl, precursors, and H, O as the oxidizing reactant. The
Hf and Zr precursor cycling ratio was varied between 3:1, 5:3, 1:1, 3:5, and 1:3. The thickness of the films was set
to 5 nm. The samples were annealed by a rapid thermal anneal (RTA) at 450 °C for 60 s in N, atmosphere. For
the further electrical measurements the Ni/Pt dot contacts were sputtered through a shadow mask on top of the
MFM layers by using an electron beam evaporation. The dots were later used as a hard mask for a wet-chemical
etching of the top TiN layer with SC1 solution (NH,OH + H,0,) and thereby forming capacitor’s active area.

Electrical characterization. The electrical measurements were carried out with Aixacct TF 3000 analyzer.
For the field-induced crystallization and wake-up a square waveform of 20 Hz frequency with an amplitude
of 2.3 V was used. Such a low frequency was chosen to better observe the development of electrical properties
between cycles. The maximum number of crystallization/wake-up cycles was varied between 100 and 4000. For
the endurance cycling, the amplitude was reduced to 1.9 V to avoid the breakdown due to high leakage currents.
The maximum number of endurance cycles was set to 10%. Cycling at 2.5 V for 1000 cycles was performed prior
to the retention measurements. In case of the Hf-rich samples, pre-cycling was extended to up to 4000 cycles in
order to achieve similar 2P values. For the measurement of standard I-V and P-V characteristics, a 100 Hz tri-
angular waveform with 2.3 V amplitude was used. C-V measurements were conducted with a small-amplitude
(50 mV) sinusoidal signal of 1 kHz frequency, upon sweeping of DC bias between — 2.5 and 2.5 V (Fig. 5). FORC
measurements were conducted with an maximum amplitude of + 2.25 V2,
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Grazing incidence X-ray diffraction.  Grazing incidence X-ray diffraction patterns were recorded with an
incidence angle of 0.5° and 26 ranging from 15° to 45°.

Data Availibility
The data that support the findings of this study are included in the main text.
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