Thermal evolution of ferroelectric behavior in epitaxial HfosZros02
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Abstract

Herein we report a cryogenic-temperature study on the evolution of ferroelectric properties
of epitaxial HfosZros02 thin films on silicon. Polarization reversal, wake-up, endurance, and
fatigue of these films are found to be intricately correlated, strongly hysteretic, and dependent on
available thermal energy. Field-dependent measurements reveal a decrease in polarization with
temperature, which has been determined not to be an intrinsic change of the material property,
rather, a demonstration of the increase in the coercive bias of the material. Our findings suggest
that a deficiency in thermal energy suppresses the mobility of defects presumed to be oxygen
vacancies during wake-up and trapped injected charge during fatigue, which is responsible for
polarization evolution during cycling. This permits accelerated wake-up and fatigue effects at high
temperatures where thermal energy is abundant but delays these effects at cryogenic temperatures.



Since the discovery of ferroelectric in Si-doped HfO, by Bdscke et al in 20112, researchers
have endeavored to explore its origin and nuances, as well as its practical application in industries
like electrocaloric energy storage®® and nonvolatile memory*®°. Following Si-doped HfO2, a
number of other solid solutions were discovered to exhibit ferroelectricity, with dopants such as
Al®, Gd’, S8, Y®, and most ubiquitously, Zr'°. Of import to any practical application of HfO,-
based ferroelectrics is endurance. This quality is reflected in the evolution of the ferroelectric
polarization with electric cycling, termed “wake-up”!! and “fatigue”?4, Wake-up is the process
by which the ferroelectric polarization increases from a sub-optimal initial value!'. Following
wake-up, the polarization stabilizes for a variable number of electric field cycles, then begins to
decrease as fatigue sets in*? 14,

Wake-up and fatigue characteristics have been extensively studied in HfO.-based
ferroelectrics grown via atomic layer deposition't'4 but these characteristics are less
documented for pulsed laser deposition (PLD)-grown films. In the case of HfO2-based
ferroelectrics prepared by ALD, the presence of mixed phases is expected to play a significant role
in wake-up behavior. In their pristine state, polycrystalline HfO. solid solutions often occur as a
mixture of both a ferroelectric orthorhombic phase and a paraelectric monoclinic phase, the latter
of which is believed to be partially responsible for the low initial polarization®®. According to
Grimley et al., exposing ferroelectric hafnia to enough switching cycles has the effect of
facilitating a monoclinic-orthorhombic phase transition in the bulk, and a tetragonal-orthorhombic
phase transition at the film-electrode interface!’. Because neither the monoclinic nor tetragonal
phase contributes to ferroelectricity in HfO2-based systems, their diminishment with cycling (and
corresponding increase in the orthorhombic phase volume) increases polarization and “awakens”
the material. In the case of some epitaxial HfO, the evolution of polarization with cycling is less
a matter of phase changes, and more a matter of charge-carrier domain wall interactions. This
position has recently been taken by Chouprik et al.'®, albeit in ALD-grown films with negligible
monoclinic phase fraction, who pointed to the minimization of oxygen vacancy- and trapped-
charge-mediated domain wall pinning as a plausible origin of wake-up. As PLD growth of oxide
thin films often requires high-vacuum and high-temperature conditions, the resulting vacancy
defect density can be quite different than in HfO,-based ferroelectrics prepared with ALD!2,
which will also influence phenomena mediated by oxygen vacancies. In both ALD- and PLD-
grown films, accumulation of defects in the bulk of the film after extended cycling, e.g. by means
of charge injection, results in repining of domains and the onset of fatigue.

The mobility of charged defects is strongly dependent upon temperature, which likely
contributes to some of the temperature-sensitive endurance behavior already reported in hafnia-
based ferroelectrics. However, many of these reports investigate endurance at room temperature
or higher, where charged defect mobility is high. There are few low-temperature investigations of
wake-up and endurance in HfO, the majority of which involve films grown via ALD?%4,
Therefore, considering the noted differences anticipated between ALD- and PLD-grown HfO-
solid solutions, the role of charged defects on the wake-up and fatigue behavior of HfO,-based
ferroelectrics may be further elucidated by careful study of epitaxial PLD-grown films. Herein we
present a systematic study of the influence of temperatures down to 33 K on the ferroelectric
properties and endurance behavior of HfosZrosO.. Polarization vs. voltage (P-V) hysteresis,
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positive-up-negative-down (PUND), and cyclic electric fatigue measurements are employed to
depict the evolution of the material’s properties with temperature and contextualize the behavior
within the current understandings of wake-up and fatigue in HfO,-based ferroelectrics.

Hfo.5Zro502 thin films were deposited on Laz3Sr1zMnOs/ LaNiOs/ CeOq/ yttria-stabilized
zirconia-buffered Si(100) substrates via PLD using a 248-nm KrF excimer laser®®2®. The 5.6-nm
thick HZO ferroelectric layers were deposited at a repetition rate of 2 Hz, PO, = 0.1 mbar, and Ts
= 800 °C, then cooled under 0.2 mbar O». Platinum top electrodes of thickness t = 20 nm and
diameter d =20 um were deposited through a stencil mask with dc magnetron sputtering. Structural
characterization of the thin films via x-ray diffraction is presented in Fig. 1, where the presence of
only (00h)-oriented atomic planes, along with the peak at 26 = 30.4 ° corresponding to (111)-
oriented orthorhombic HZO, indicates epitaxial film growth. Representative field-dependent
polarization and capacitance hysteresis loops are presented in Fig. 2. and Fig. S1, respectively. The
presence of switching current peaks and butterfly-shaped trend of capacitance change confirm the
ferroelectric behavior of these films. We note that due to materials and electrodes quality
variations, a maximum of £5% deviations from the measured polarization values is possible, as
revealed by multiple measurements performed on several devices at same experimental condition.

All further temperature-dependent hysteresis loops were collected with an applied bias Vapp
= 3V, hysteresis period of 3 ms, and frequency of 333 Hz. Positive-Up-Negative-Down (PUND)
data were collected by applying a 79-cycle set of two switching and non-switching positive and
negative voltage pulses, incrementally increasing the maximum drive bias from Vapp, =0.25t0 4 V
(Eapp = 0.45 — 7.14 MV/cm) which each cycle. The pulse width was fixed at 1 ms and pulse delay
at 1000 ms for all cycles. Fatigue cycling was achieved with the use of a square-wave pulse profile
With Vmax = 3 V (Emax = 5.36 MV/cm), pulse frequency of 5 kHz, and pulse width of 0.05 ms; the
number of cycles was controlled by varying the duration of the pulse application. Post-fatigue
PUND measurements were collected with Vapp = 3V, pulse width = 1 ms, and pulse delay = 1000
ms. For field-dependent fatigue cycling, the maximum applied bias was varied from 3 V to 6 V
(Eapp = 5.36 — 10.71 MV/cm), with the same waveform characteristics as temperature-dependent
fatigue cycling.

The results of variable-temperature measurements are featured in Fig. 3. Near room
temperature (T = 280 K), the pristine HZO (Fig. 3a) exhibits a memory window of approximately
12 uC/cm? and coercive field E of + 1.36 V. These low values are commonly reported in pre-
cycled HfO»-based ferroelectrics and are related to the pinned domains and unfavorable defect
distribution present in their as-fabricated state'®. Furthermore, the hysteresis loops do not show
saturation, because the low thickness, 5.6 nm, restricts the application of exceedingly high voltage
for breakdown prevention. As the material is cooled from 280 K to 33 K, the memory window and
apparent coercive bias of the pristine material decrease (Fig. 3d). At T = 33 K, 2P;is 4.9 uC/cm?
~ 48 % of Pr2so k. Similarly, the apparent Ec decreases to + 0.80 MV/cm. This trend is unexpected
because Landau-Devonshire Theory suggests that the polarization order parameter in ferroelectrics
should increase as the system’s temperature moves further below the order-disorder transition?’.
However, recent modeling efforts by VVopsaroiu et al predicts that a ferroelectric’s coercive bias
should also increase as temperature decreases?®. For example, Wang et al. observed an



approximate 50% increase in Zr-doped HfO; as the temperature decreased from 300 K to 100 K24,
and based upon a theoretical model?’, we anticipate an increase of similar magnitude for our own
films. Thus, the fixed 5.36 MV/cm field we employ for hysteresis measurements may be
insufficient to keep up with evolving coercive bias at decreasing temperature, which prevents the
complete switching of the ferroelectric and leads to the decreasing polarization at cryogenic
temperatures.

An additional comparison of the behavior of the switchable polarization with decreasing
temperature that fixes the ratio of the applied field to the measured coercive field (Eapp/Ec) at about
3.51is included in section S2 of the Supplementary Material. The polarization still decreases from
280 K to 33 K, but does so to a smaller extent, decreasing by ~24% at a fixed field ratio rather than
by 48 % at the fixed applied field previously mentioned. We suspect the apparent coercive bias
reported here for hysteresis loops collected at low temperatures represent impartial switching of
the ferroelectric. This is made apparent in both the lack of saturation behavior of the pristine
material, as well as the PUND switching behavior featured in Fig. 3b. Under a 5.36 MV/cm field
generated by a 3 V pulse at 280 K, the positive switchable polarization is approximately 12
nC/cm?; to achieve a similar polarization at 33 K requires a~ 4 V (which generates a 7.14 MV/cm
field) pulse. Zhou et al. observed a similar trend of low-temperature polarization-dependence on
poling field in ALD-grown Si-doped HfO,?, suggesting that this behavior is common among
hafnia-based ferroelectrics regardless of growth method.

Following the 79-cycle PUND measurements (Post-PUND) at all temperatures, the HZO
exhibits an increase in memory window and coercive bias — the wake-up effect. (Fig. 3c). This
results from the redistribution of oxygen vacancies during PUND cycling, which de-pin the static
domains present in the pristine state and enable better switching behavior'®2°. Due to the suspected
participation of oxygen vacancies and the influence of temperature on their mobility?, the wake-
up effect is temperature-dependent, represented in Fig. 3c by the difference in hysteresis behavior
at each measurement temperature. This trend is most apparent in Fig. 3d, where comparison of
coercive bias and switchable polarization evolution after PUND cycling reveals a ~100 % increase
in memory window to ~24 nC/cm? at 280 K and much smaller increase in memory window (~ 50
%) to 7.7 uC/cm? at 33 K.

To determine if similar temperature trends in ferroelectric switching behavior exist in long-
term performance of HZO, a series of fatigue measurements were conducted from 293 K to 33 K.
Fig. 4a presents the polarization as a function of fatigue cycles for varying temperatures. Across
the temperature range T= 293 K to T = 130 K, temperature-dependent fatigue behavior is made
apparent. At T = 293 K, fatigue begins immediately following 5000 fatigue cycles, with any wake-
up effects occurring in the cycles before then; device failure occurs after 10° cycles, and no further
data were acquired. At T = 220 K, wake-up again occurs within 5000 cycles, but steady fatigue
onset is delayed by about 30000 cycles. Cycling at T = 160 K and 130 K produces observable
wake-up until about 15000 cycles, after which polarization remains relatively stable until gradual
fatigue sets in after ~75000 cycles.

To model the activation energy associated with the fatigue mechanism, a temperature-
dependent fatigue model first introduced by Brennan et al.*® and later adapted by Huang et al.! is



considered. This model is reproduced in Eg. 1, and presents the polarization P(N) of a ferroelectric
as a function of the temperature-dependent Arrhenius function R(T) in Eq. 2 and the number of
fatigue cycles N. A reinterpretation of Eq. 1 into Eq. 3 instead presents the fatigue of the
ferroelectric f(N) as a function of R(T) and N, whose slope is approximately equal to R(T):

P(N) = Po[L— R(T) log(W)] @
R(T) = AeFs" @)
f(N) =1—R(T)log (N) 3)

Here, f(N) = @. The magnitude of the function R(T) determines the rate of fatigue at a
0

given temperature, and we have calculated its approximate value at T = 293 K, 250 K, 220 K, 190
K, 160 K, and 130 K using the fatigue data presented in Fig. 4a. By taking the natural logarithm
of Eq. 2., a linear function whose slope is proportional to the thermal activation energy is produced:

In[R(T)] = In(4) = £ ) (@)

By taking the natural logarithm of R(T) at each of the temperatures and plotting them
against the inverse of temperature, we calculate and approximate thermal activation energy Ea of
the mechanism influencing fatigue in our HZO film: ~23.4 meV (Fig 4a. inset). Further details
regarding these calculations may be found in section S3 of the Supplementary Material. This value,
while too low to be associated with oxygen vacancy movement during fatigue®%3! is close to some
reported values of the thermal activation energy associated with pinning of domain walls by
injected charge carriers®>3° trapped during electric field, which suggests that they may play a role
in the fatigue in our material, as well.

At lower temperatures (T = 100 K and T = 33 K), no fatigue is observed after 107 cycles,
but a minuscule improvement in polarization characteristic of wake-up appears. Fig 4b. presents
these observations as a function of temperature. At 100 K, total remanent polarization values
increase from 6.6 pC/cm?to 9.9 pC/cm? over 107 cycles, presenting a 50% increase in polarization
during this wake-up regime. At 33 K, the increase is almost half as small, with total remanent
polarization increasing from 4.4 uC/cm?to 5.3 nC/cm? (~25% increase). At these temperatures, a
deficiency in thermal energy can suppress charge mobility and delay both wake-up and fatigue.

We finally investigate the field-dependence of the switching and endurance of HZO at
cryogenic temperatures, a series of variable-field hysteresis and fatigue measurements were
conducted. From Fig. 5a., it is shown that the initial remanent polarization and coercive field
increase with increasing applied field, reaching a relative maximum at Eappmax = 10.71 MV/cm;
above this value device breakdown occurs. This suggests that ferroelectric switching is improving,
as the larger field compensates for the increased coercive bias of HZO and suppressed switching
at such low temperatures, despite the lack of sharp switching and saturation in the hysteresis loops
acquired. In addition to suppressed switching, the behavior of the charged defects whose pinning
of domain walls may contribute to fatigue are also influenced by temperature. Electric-field



sensitive cycling behavior has been previously reported in yttria-doped HfO2%3 and is attributed to
the maximization of domain wall density present for pinning when applying fatigue pulses close
the Ec of the material; at higher fields, domains are larger and fewer domains are present, which
suppresses pinning-based fatigue by accumulated charged defects?>3. From Figs. 5b. and 5¢, some
polarization loss is observed when cycling at low voltages but is quite small (<5% loss of 2P, over
107 cycles). However, the strongest endurance performance is achieved at Eapp = 10.71 MV/cm.
Here, the field is large enough to initiate de-pinning of static domains locked in their initial
configurations, causing wake-up. The absence of wake-up behavior in the device at lower fields
may be related to the decreased mobility of charged defects partially responsible for wake-up,
whose thermal and electric energy starvation at low applied bias and temperature suppresses
depinning of domain walls.

We note that although oxygen vacancies and trap charges are expected to play significant
role in determining the wake-up effects, there is a possibility of additional influence of
temperature-dependent strain (due to the difference in thermal expansion coefficients of HZO and
LSMO)3>-% on the temperature-dependent behavior reported here. Strain calculations for HZO and
LSMO are included in Section S5 of the Supplementary Material and reveal that the HZO layer
may experience an increase in compressive strain upon cooling from room temperature to 33 K
(i.e. from -2.65 % to -4.44%). This increase in compressive strain may further reduce the mobility
of oxygen vacancies, due to reported influences of such strain on the migration energy for oxygen
vacancies in fluorite-based oxide materials*>*3.In addition, such thermally-induced strain can also
directly affect polarization rotation and wake-up effects through complicated electromechanical
coupling.

In conclusion, our study demonstrates that PLD-grown HfosZrosO. films exhibit a
reduction in apparent polarization and coercive bias as temperature decreases from near room
temperature to 33 K when studied under electric fields below those required for saturation at all
temperatures. The magnitude of the wake-up effect is similarly affected, with the greatest increase
in polarization after cycling exhibited at room temperature , and the lowest at 33 K. Additionally,
under a 5.36 MV/cm field, the material’s longevity under cyclic electrical loading increases at low
temperature, with characteristics of fatigue manifesting millions of cycles later than when studied
near room temperature. Increasing the applied field to 10.71 MV/cm at 33 K results in a significant
increase in coercive bias and switchable polarization but does not appear to cause saturation.
Application of a larger field at 33 K has little effect on the fatigue behavior but facilitates more
rapid wake-up. The apparent reduction in ferroelectric properties with temperature is explained
by the increase in HZO’s theoretical coercive bias with decreasing temperature, which results in
incomplete switching under the 5.36 MV/cm field in our experiments. It is possible that the
temperature-dependent endurance of HZO is due to the deficiency in thermal energy at cryogenic
temperatures, which suppresses the mobility of defects suspected to be oxygen vacancies during
wake-up and trapped injected charges during fatigue. Further transport measurements are required
to isolate the exact mechanism. Wake-up and fatigue are accelerated at high temperatures where
thermal energy is abundant but delayed at cryogenic temperatures where thermal energy is scarce.
Increases in compressive strain may additionally further suppress wake-up by way of reducing the
mobility of oxygen vacancies, and further analysis of wake-up behavior at lower temperatures may
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provide a greater understanding of its mechanism. These findings highlight the temperature-
sensitive ferroelectric switching in epitaxial HZO prepared via PLD and provide insight into the
behavior of HfO>-based ferroelectrics across previously understudied range of operating
temperatures.

Supplementary Material

See supplementary material for capacitive hysteresis, an additional comparison of the
behavior of the switchable polarization with decreasing temperature that fixes the ratio of the
applied field to the measured coercive field, details regarding the determination of the activation
energy of the thermally-driven fatigue process, temperature-dependent leakage current
measurements, and considerations for the influence of thermally-induced strain on the
temperature-dependent ferroelectric behavior of Hfo5Zro505.
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Figure captions

Fig. 1. Coupled XRD scan of HfosZro502/La0.66Sr0.33MnO3/LaNiOs/CeO2/YSZ thin films on Si
(100) substrates.

Fig. 2. P-E hysteresis and corresponding I-E behavior for pristine ferroelectric HfosZros02. Data
were collected using a max bias of 4 V (7.14 MV/cm) and a hysteresis period of 1 kHz.

Fig. 3. (a) P-E hysteresis of pristine Hfos5Zros50,, from 280 K to 33 K. (b) PUND evolution of
switchable polarization up to 7.14 MV/cm from 280 K to 33 K. (c) P-E hysteresis of PUND-cycled
Hfo.5Zro502. from 280 K to 33 K. (d) Switchable polarization (Psw) and coercive field (Ec) from
280 K to 33 K before and after PUND measurements.

Fig. 4. (a) Evolution of memory window of HfosZro 50, with fatigue cycles from 293 K to 33 K.
Inset: Plot of the temperature-dependent function InR(T) vs. 1000/T for T = 293, 250 K, 220 K,
160 K, and 100 K. (b) Memory window vs. temperature from T = 293 K to 33 K at select cycling
milestones.

Fig. 5. (a) P-E hysteresis of pristine Hfos5Zr050.. at 33 K and Eapp = 5.36 — 10.71 MV/cm. (b)
Normalized memory window vs. fatigue cycles at Eap = 5.36 — 10.71 MV/cm. (c) Plot of
normalized memory window vs Eapp for pristine HfosZrosO; (black circles) and after 107cycles
(red squares).
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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