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Fig. 1. Schematic diagrams of Preisach model for ferroelectric materials: (a) Polarization switching response of a domain element to

applied electric field; (b) total polarization switching response of materials to applied electric field.
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Fig. 2. Outline of first-order reversal curve (FORC) measurement method for ferroelectric materials and approach of getting FORC

diagram: (a) Sweep of the reversal field (E,) from positive saturation electric field (E,) to negative saturation electric field (—E;);

(b) schematic of the measured P-FE first-order reversal curves; (c) geometric interpretation of calculated experimental Preisach dens-

ity (the gray area).
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Fig. 3. Preparation for FORC measurement: (a) Schematic of measurement circuit; (b) IV curve of two broken-down test points

with an electrode diameter of 450 pm; (c) small signal C-E characteristic curve of a test point with an electrode diameter of 200 pm.
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Fig. 4. FORC measurement of Si doped HfO, ferroelectric thin films after wake-up treatment: (a) Measured I-E transient current
response curves; (b) P-E curves obtained by simple integration of transient current I by using MATLAB software; (c) three- and

(d) two-dimensional diagrams of distribution density with E and E, as coordinates; (e) three- and (f) two-dimensional diagrams of

distribution density with F;,s and E, as coordinates.
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Fig. 5. Evolution of P-E/I-E hysteresis loops of 10 nm thick Si:HfO, ferroelectric thin films subjected to bipolar electric field cycling.

(a), (b) Wake-up effect observed for pristine sample subjected to 3 MV /cm and 1 kHz bipolar field cycling. For woken-up sample
subjected to 2 MV /cm and 50 kHz, (c), (d) fatigue effect monitored by 2 MV /cm and 1 kHz field, (e), (f) split-up effect monitored

by 3.5 MV /cm and 1 kHz field. Details of cycling and measurement sequences are shown on top of the figures.
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Fig. 6. FORC switching density distribution of Si:HfO, ferroelectric thin films: (a) Pristine sample; (b) after 10* cycles of 3 MV /cm
and 1 kHz wake-up treatment; (c) after 2 x 10° cycles of 2 MV /cm and 50 kHz sub-cycling; (d) after 4 x 10* cycles of 3 MV /cm

and 1 kHz wake-up treatment again. The schematic P-E hysteresis loops and I-F curves in the second row correspond to the max-

ima (as shown by the gray arrow) of their respective switching density distributions. The third row shows the measured P-E hyster-

esis loop and I-F curve correspondingly.
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Abstract

From physical point of view, the “0, 17 read/write operation of ferroelectric memory is based on the
polarization switching of ferroelectric memory. Therefore, the reliability of device relies directly on the stability
of polarization switching behavior. The polarization behaviors of HfO,-based ferroelectric thin films subjected to
bipolar cyclic electric field often exhibit wake-up, fatigue and split-up of transient switching current. These
unstable switching properties seriously restrict the practical application of this new-type ferroelectric material in
memory devices. It therefore becomes the critical task to explore the mechanism behind the complex evolution
of polarization switching and find out possible approaches to optimizing the stability. However, it will be
extremely difficult to accomplish the task by the traditional characterization methods. First-order reversal curve
(FORC) diagram is regarded as “fingerprint identification” in the study of hysteresis systems, and has been
used successfully to analyze the characteristic parameters of magnetic materials. The FORC diagram can
intuitively determine the type, size and domain status of magnetic particles from distribution of both coercive
field and interaction field. Moreover, it is also found that the FORC diagram is sensitive to measuring
temperature.

In this work, first, the Preisach model and implementation method of the FORC diagram are introduced.
Then using Keithley 4200-SCS equipped with a remote pulse measurement unit, 60 FORCs are recorded for Si-
doped HfO, ferroelectric thin films experiencing different external field loading histories. By the mathematical
treatment, switching density distributions determined by FORC measurements are obtained to explore the
evolution of coercive field and bias field. The FORC diagram of pristine film contains three distribution regions
with different bias fields, which merge into one distribution with an almost zero bias field after 10* wake-up
cycles. Two oppositely biased regions can be observed after 2 x 10° sub-cycling treatments. Surprisingly, the
bias fields nearly vanish again after 10* wake-up cycles. The main change of bias field instead of coercive field
indicates that the migration of oxygen vacancies is likely to be the dominant mechanism behind the complex

polarization switching behavior for HfOy-based ferroelectric thin films.

Keywords: first-order reversal curve diagram, ferroelectric thin film, hafnium oxide, polarization switching
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