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ABSTRACT

HfO,-based antiferroelectric-like thin films are increasingly being considered for commercial devices. However, even with initial promise,
the temperature sensitivity of electrical properties such as loss tangent and leakage current remains unreported. 50 nm thick, 4at. %
Al-doped HfO, thin films were synthesized via atomic layer deposition with both top and bottom electrodes being TiN or Pt. A study of their
capacitance vs temperature showed that the Pt/AL:HfO,/Pt had a relative dielectric permittivity of 23.30 = 0.06 at room temperature with a
temperature coefficient of capacitance (TCC) of 78 = 86 ppm/°C, while the TiN/AL:HfO,/TiN had a relative dielectric permittivity of
32.28 £ 0.14 at room temperature with a TCC of 322 = 41 ppm/°C. The capacitance of both devices varied less than 6% over 1 to 1000 kHz
from —125 to 125 °C. Both capacitors maintained loss tangents under 0.03 and leakage current densities of 107°~10~7 A/cm” between —125
and 125°C. The TiN/ALHfO,/TiN capacitor maintained an energy storage density (ESD) of 18.17 = 0.79 J/em® at an efficiency of
51.79% = 2.75% over the —125 to 125 °C range. The Pt/Al:HfO,/Pt capacitor also maintained a stable ESD of 9.83 = 0.26 J/cm® with an effi-
ciency of 62.87% * 3.00% over the same temperature range. Such low losses in both capacitors along with their thermal stability make

antiferroelectric-like, Al-doped HfO, thin films a promising material for temperature-stable microelectronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083656

Antiferroelectric (AFE) materials have long been considered
for energy storage applications,'  but more recently, the fabrica-
tion of AFE thin films has also allowed these materials to be
considered for applications such as memory,” decoupling and fil-
tering circuits,” and microelectromechanical systems (MEMS)
actuators.'” Although it is not the strict definition, AFEs are exper-
imentally characterized by a double polarization electric field (PE)
hysteresis loop."' '” The debate about the origin of this effect in
the thin film HfO, is on-going. However, as much as AFE materi-
als have found use in certain applications, many of these materials
have wide variability in their relative dielectric permittivity over
relatively small temperature changes, which hinders their use in
microelectronics.'® For example, the relative dielectric permittivity
of thin films of PbZrO; (PZO) changes from =100 at 25°C to
/225 at 225°C."” AFE PbHfO; (PHO) thin films also suffer from a
300% change in the relative dielectric permittivity between 25 and
200°C."* This temperature variability can be compensated for,
though it requires either auxiliary components such as heat sinks
or a lookup table. A lookup table is a table generated by exposing

the device to various temperatures and recording the relative per-
mittivity, allowing for corrections to be calculated, while the device
is running,'

AFE-like, doped HfO, thin films have demonstrably higher
intrinsic temperature stability than their Pb-based counterparts. The
term “AFE-like” as opposed to “AFE” is used because there is ongoing
debate about the underlying mechanism that causes the characteristic
“double PE loop” in HfO,-based films."” ** Several theories have been
suggested such as an electric-field-driven phase transition from the
non-polar tetragonal phase to the polar orthorhombic phase,"” while
another theory suggests a depolarization field from charged defects
as the mechanism.”’ Some HfO,-based thin films, such as under
~5 at. % Si:HfO, thin films and Hf,Zr;_,O, with x >0.5, start with an
AFE-like hysteresis loop, but, as they are electrically cycled, their rema-
nent polarization, P,, increases.””" This “wake-up” effect is thought to
be due to the redistribution of charged defects in the thin films,”!
though it was also suggested that this could simply be the
re-orientation of orthorhombic unit cells under applied field.””
Regardless of the origin of the AFE-like response seen in these thin
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films, initial work demonstrating the temperature stability of AFE-like
HfO, thin films shows a material with promising stability for tempera-
ture variable applications. 4at. % Si:Hfy5ZrosO, (HZO) and 4at. %
Al:Hf, 571y 50, with TiN electrodes demonstrated stable energy storage
density (ESD) values of ~245 and ~25 J/cm®, respectively, from 25 to
125°C and up to 10 cycles."” AFE-like Hf 3Zr,,0, with TiN electro-
des has also demonstrated sustained ESD values of ~30 J/cm® from 25
to 175°C.” However, other work reports some variation in P, with
temperature. For example, the P, of 4.5 at. % Si:HfO, films increased as
temperature decreased from 126 to —193 °C,”” which Park et al. attrib-
uted to an increase in the orthorhombic polar phase fraction of the
material via grazing incidence x-ray diffraction (GIXRD). Another
study reported 6 mol. % Si:HfO, thin films with TiN electrodes also
experienced an increase in P, with decreasing temperature.”®

To date, a robust study of the loss tangent, leakage current, and
relative dielectric permittivity of these materials with temperature and
frequency has yet to be reported. Prior works have also not considered
the effect of electrode material on the temperature stability of HfO,
based thin films. Yet, the applicability of numerous other electrodes to
HfO, thin films has been demonstrated, a not exhaustive list of exam-
ples including HfN,”” TaN,""** RuO,,”” Ni,”’ Pd,”” W,” WN,” Ir,”
and Pt,"** resulting in variations in properties such as P, and phase
composition. Newly reported results of the temperature stability of the
loss tangent and leakage current using alternative electrodes, such as
Pt, would further expand the design options for device architectures in
which these films can be utilized. Not only such measurements would
validate the ability of these materials to maintain low leakage current
and loss tangent values at high temperatures, but also new investiga-
tions of the dielectric losses vs temperature could broaden the under-
standing of the driving mechanism for the AFE-like response that is
realized in certain types of HfO, thin films. In this study, we chose to
compare 4at. % ALHfO, thin films with either TiN electrodes or Pt
electrodes. These electrodes were chosen as the TiN electrodes have
been theorized to act as an oxygen sink for HfO, thin films,” while Pt
electrodes would not, enabling a comparison of HfO, thin films with
these two distinctly different types of electrodes.

The 4 at. % 50 nm ALHfO, thin films on Pt were prepared at the
Army Research Laboratory (ARL) in Adelphi, MD, and the fabrication
procedure has been described in prior work.” The substrate used
was a Si substrate with a 500nm of thermally grown SiO,. The Ti
adhesion layer is sputtered and then oxidized to form a 32nm TiO,
layer. 100 nm Pt electrodes were sputtered onto the Si/SiO,/TiO, sub-
strate via DC magnetron sputtering. The ALHfO, thin films were
grown using a Kurt Lesker atomic layer deposition (ALD) 150-LX sys-
tem. The precursors used were tetrakis(dimethylamino)-hafnium
(TDMAH) and trimethylaluminum (TMA) with H,O as the oxygen
precursor. The substrate was heated at 250 °C with Ar as the inert
purge gas. The ratio of the Al,O; cycles to HfO, cycles was 1:24. The
first 1-2nm of thin film was deposited, and then the sample was
removed from the ALD chamber to undergo a thermal treatment in
an RTA at 300°C for 60 s in N,. This annealing step was found to
improve reliability of the samples, possibly due to the removal of vola-
tile organics at the Pt/Hf interface. The sample is then returned to the
chamber to finish growth. A 100 nm Pt top electrode is sputtered onto
the sample using DC magnetron sputtering, with top electrodes being
defined using photolithography. The sample then underwent a rapid
thermal anneal at 700 °C for 60 s in N..

scitation.org/journal/apl

The 4at. % 50 nm ALHfO, thin films on TiN were prepared at
the North Carolina State University Nanofabrication Facility (NNF).
A 50 nm TiN bottom electrode was deposited on a Si/SiO, substrate
using plasma-enhanced atomic layer deposition (PEALD). An
Ultratech/Cambridge Fiji G2 system was used for the ALD growths.
The precursor used was tetrakis(dimethylamido)-titanium(IV) at a
pressure of ~0.1 Torr for its half-cycles and 0.01 Torr for plasma half-
cycles. The Ar/N, gas was used to generate plasma, which was pulsed
for 20 s at 250 W. After the TiN bottom electrode deposition, the sub-
strate was not removed from the chamber, i.e., the samples were grown
via a Sequential, No-Atmosphere Process (SNAP).”” The 50nm
AL:HfO, was deposited using thermal ALD with TDMAH and TMA
as the precursors and H,O as the oxidizer, with again a 1:24 ratio
between the HfO, cycles and the AL, O; cycles. The substrate tempera-
ture was kept at 270 °C, and Ar was the inert purge gas. The TiN top
electrode was then deposited onto the ALHfO, thin film without
removing the thin film from the chamber. After deposition of the top
TiN electrode, the sample then underwent a rapid thermal anneal at
700 °C for 60 s in N,. The top electrodes were defined at ARL using an
ion mill (4wave 4W-PSIBE). The ion milling was conducted at a 95°
etch angle with a beam voltage of 400 V, beam current of 400 mA, and
an acceleration voltage of 150 V.

The polarization vs electric field (PE) loops and leakage current
were measured using a Radiant Technologies Precision Premier IL
The capacitor area was 0.000 492 cm?. The samples were mounted in a
Lake Shore PS-100 tabletop probe station with a liquid nitrogen cooled
temperature-controlled stage. The samples were mounted to the stage
using thermal grease. The samples were cooled to —125°C, and
individual PE loop measurements, energy storage density (ESD) mea-
surements, and leakage current measurements were made every 25°C
up to 125°C. A 15V bipolar PE loop was measured at 1kHz, a
monopolar hysteresis loop was measured at 1kHz to calculate ESD
and efficiency of the device at 15V, and the current-voltage (IV) mea-
surement was conducted using a 5V switched linear waveform with a
1000 ms soak time. The resultant PE loops at increasing temperature
for a representative single capacitor on each sample are presented in
Fig. 1. The P, and maximum polarization (Pp,y) remain stable with
increasing temperature. The P, at positive voltage of the TiN/
ALHfO,/TiN increased by 0.97 uC/cm® from —125 to 125°C, and P,
decreased by 0.87 uC/cm® from —125 to 125°C. The Pp. of
Pt/ALHFO,/Pt increased by 0.24 uC/cm? and the P, decreased by
027 uC/em” from —125 to 125 °C. The stable P, in both capacitors sug-
gests that the driving mechanism for the AFE-like response seen in these
thin films is not affected by temperature. This result differs from prior
work on Si:HfO, thin films, which demonstrated a more significant
increase in P, with decreasing temperature.”*" The authors of those
prior works attributed the increase in P, to an increase in the ortho-
rhombic phase.lS‘Z(’ However, in both prior works, 10nm thick thin
films were measured, and Choi et al. previously measured a decreasing
orthorhombic phase fraction with increasing film thickness.’* Thus, the
50nm thin films in this work likely have lower orthorhombic phase
fractions than the HfO, thin films shown to have an increase in P, with
a decrease in temperature. The temperature stable P, also suggests that
orthorhombic phase fractions in both Pt/AL:HfO,/Pt and TiN/ALHfO,/
TiN capacitors are stable with temperature. While both capacitors dem-
onstrate similar temperature stability, there is a clear difference in the
Prax that is achieved between the Pt/ALHfO,/Pt capacitors and the
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FIG. 1. PE loops of (a) TiN/50 nm 4 at. % Al:HfO,/TiN and (b) Pt/50 nm 4 at. % Al:HfO,/Pt from —125 to 125°C at 25 °C steps.

TiN/ALHfO,/TiN capacitors, which can be explained by considering
the effect of the bottom electrode on the ferroelectric layer. Park et al.
found that the use of (111)-textured Pt bottom electrodes resulted in the
formation of (111)-textured HfysZrys0, (HZO).”” (111)-Textured
HZO was found to suppress the phase transformation from tetragonal
to orthorhombic due to unfavorable orientation of the tetragonal cell
during annealing. Such an orientation caused an equivalent tensile strain
state across a-, b-, and c-axes, which did not promote the formation of
the orthorhombic phase. The larger 0111/t011 peak intensity of the
TiN/ALHfO,/TiN capacitors relative to that of the Pt/ALHfO,/Pt
capacitors in the GIXRD patterns, Fig. S, suggests that the TiN/
AL:HfO,/TiN capacitors have a higher orthorhombic phase fraction
than the Pt/ALHfO,/Pt capacitors. However, prior work showed the
TiN/ALHfO,/TiN capacitors fabricated via SNAP have a clean chemical
interface with a diminished TiO,N, layer and carbon impurities at the
electrode interfaces leading to enhanced Py, values.” The TiONy layer
typically acts as a dead layer that reduces the ferroelectric response of a
material. The stability of the ESD and efficiency of the capacitors vs tem-
perature can be seen in Fig. S2 with the TiN/ALHfO,/TiN capacitor
having a higher ESD at 18.17 = 0.79 J/cm® than the Pt/ALHfO,/Pt at
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9.83 + 0.26 J/cm®. However, due to the larger hysteresis of PE loop of
TiN/ALHfO,/TiN, it exhibits efficiency of 51.79% = 2.75%, which is
~10% lower at all temperatures relative to the Pt/ALHfO,/Pt of
62.87% * 3.00%. Figure 2 shows the leakage current of both samples
with increasing temperature. The leakage current measurements were
conducted on capacitors with areas of 0.001 81 cm”. The leakage current
values of 107°~10~7 A/cm? shown in Fig. 2 are lower than values previ-
ously reported for other AFE thin films such as PZO (107> A/cm?),”
(Pbo.gsLag.08)(Zross Tin35)05 (107* A/em?),” and similar to our own
PHO (10® A/cm?)." The thermal stability of the leakage current densi-
ties of the ALHfO, capacitors also provides a significant benefit over
current bulk capacitors such as tantalum capacitors and multilayer
ceramic capacitors (MLCCs), which are known to have increases of two
orders of magnitude or more in leakage current over the full military
temperature range (—55 to 125 °C)."

The capacitance and loss tangent values were also measured from
—125 to 125°C at 25°C intervals using an HP4192a Impedance
Analyzer with the Lakeshore probe station with temperature-
controlled stage and can be seen in Fig. 3. The loss tangent is a mea-
sure of the alternating current (AC) losses in a material due to the
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FIG. 2. Leakage current measurements of (a) TiN/50 nm 4 at. % Al:HfO,/TiN capacitor and (b) Pt/50 nm 4 at. % Al:HfO,/Pt capacitor at temperatures from —125 to 125°C at

25°C intervals.
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FIG. 3. Relative permittivity and loss tangent values of TiN/50nm 4 at. % Al:HfO,/
TiN and Pt/50 nm 4 at. % Al:HfO,/Pt from —125 to 125°C at 25 °C steps.

movement of atoms or molecules. The loss values remained below
0.03 for both TiN/AL:HfO,/TiN and Pt/AL:HfO,/Pt at all measured
temperatures. The capacitance measurements were used to calculate
the relative dielectric permittivities as well as determine the tempera-
ture coefficient of capacitance (TCC) for each of the capacitors. The
TCC was calculated from the slope of the linear fit of the data. The Pt/
AlL:HfO,/Pt capacitor proved to have a lower relative dielectric permit-
tivity of 23.30 at 25 °C but also a lower TCC of 78 = 86 ppm/°C. The
TiN/ALHfO,/TiN capacitor had a relative dielectric permittivity of
33.70 with a larger TCC of 320 ppm/°C. These TCC values are not as
high as class 1 temperature stable capacitors, which can have TCC val-
ues as low as 0 = 30 ppm,”’ but are significantly better than class 2
dielectrics, which have TCC values in the parts per thousand per
degree (ppt) > However, it should be noted that these devices would
have to be packaged to be commercialized, which would affect their
ultimate TCC values. Figure 3 shows an average of four measurements
taken every 25°C at 10 kHz with an AC signal of 0.1 V with 0V bias
with the standard deviation denoted with error bars. A series of capaci-
tance vs frequency measurements were also made every 25 °C. The rel-
ative dielectric permittivity calculated from using a parallel model of a
capacitor and resistor using the capacitance measurements made rang-
ing from 1 to 1000kHz with increasing temperature can be seen in
Fig. S3. The capacitance of TiN/AL:HfO,/TiN varied less than 6% at all

<0 [ @TNATHO/TN

g 10 ——-125°C _Pmax

5 =5 06 9C s

330 } —a—125°C

e

220 [ o

N AR

5 10 g 250

2, ? ....... iy
100 102 107 10¢

Cycles

scitation.org/journal/apl

frequencies and temperatures, while the capacitance of the Pt/
Al:HfO,/Pt capacitor varied less than 5% for all frequencies and tem-
peratures measured.

Endurance cycling measurements were conducted on three sepa-
rate capacitors at —125, 25, and 125°C for each sample using a 5V
bipolar waveform. The magnitude of the waveform was selected as it
mimics what could be seen as a realistic operating voltage for these
materials.”* However, other works have demonstrated that a larger
magnitude electric field in endurance measurements can result in early
breakdown and/or early onset of wake-up."* The variability in the
starting P, at each respective temperature is attributed to the variability
from capacitor to capacitor. A PE loop and a leakage current measure-
ment were taken before and after the endurance cycling. The change
in P, per electric field cycle, dP, /dN, increases sharply in both capaci-
tors after 10* cycles as shown in Fig. 4, demonstrating that each of
these samples experienced wake-up whether at —125°C or 125°C.
Thus, demonstrating that both sets of samples respond in the same
manner to an increase in temperature, even as the capacitors wake-up
during endurance cycling. The pre- and post-endurance cycling PE
loops and leakage current measurements are shown in Fig. $4, and
both capacitors transitioned from AFE-like to FE response with endur-
ance cycling. The pre- and post-wake-up leakage current did not
change significantly between pre- and post-endurance cycling as is
shown in Fig. S5. A measurement of the capacitance of both the Pt/
Al:HfO,/Pt and the TiN/AL:HfO,/TiN capacitors pre- and post-wake-
up at room temperature also showed no change after wake-up.

As previously stated, the stability in the PE loops of these samples
between —125 and 125 °C suggests that the driving mechanism for the
AFE-like response in the TiN/ALHfO,/TiN sample and the Pt/
Al:HfO,/Pt sample is fairly temperature insensitive. The temperature
stability of the polarization suggests that the driving mechanism for
the AFE-like response in this material is unlikely to be caused by an
electrically induced phase transition from tetragonal phase to ortho-
rhombic phase since the tetragonal phase is the high temperature
phase. The lack of a change in the permittivity of the material pre- and
post-endurance cycling further suggests that the driving mechanism
for wake-up in these samples is likely not a change in phase composi-
tion. The permittivity of the orthorhombic phase for HfO, has been
previously reported as 30, while the tetragonal phase has been
reported as 35-40."" The lack of a shift in the permittivity suggests

20
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FIG. 4. Remanent polarization (P;) and maximum polarization (Prax) vs number of cycles for (a) TiN/50 nm 4 at. % Al:HfO,/TiN and (b) P50 nm 4 at. % Al:HfO,/Pt at —125,

25,and 125°C.
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that an electric-field induced phase transition is likely not the main
driving mechanism for the AFE-like response. Instead, the driving
mechanism could be due to the ferroelectric/ferroelastic reorientation
of orthorhombic domains’ polar axis with endurance cycling.”” The
Pt/AL:HfO,/Pt capacitor and the TiN/ALHfO,/TiN capacitor both
experience different amplitudes of dP,/dN. However, larger values of
dP,/dN can be seen after 10* cycles for both capacitors. Though the
TiN/ALHfO,/TiN capacitor experienced a larger dP,/dN than that of
the Pt/AL:HfO,/Pt capacitor after 10" cycles. The dP,/dN of Pt/
ALHfO,/Pt is affected by temperature, with the quickest dP,/dN
occurring at 125°C. Temperature dependent wake-up has also been
previously noted in Y:HfO,, with both P, prior to electric field cycling
and P, post-electric field cycling increasing with temperature.”’ The
increase in dP,/dN was attributed to mobile charge defects, specifi-
cally oxygen vacancies.”' The larger dP,/dN after 10* cycles in the
TiN/ALHfO,/TiN capacitor as compared to the Pt/Al:HfO,/Pt capaci-
tor is likely due to an increased number of oxygen vacancies due to the
TiN acting as an oxygen sink unlike the Pt. Thus, the higher dP,/dN
in the TiN/ALHfO,/TiN and Pt/AL:HfO,/Pt capacitors could be
understood by increased movement of charged defects at higher tem-
peratures. The hypothesis of increased defects at higher temperatures
is also supported by a small but distinctive increase in the leakage cur-
rent from pre- to post-wake-up. Even though the leakage current den-
sity values of both capacitors demonstrate strong stability as compared
to MLCCs from —125 to 125°C, the TiN/AL:HfO,/TiN capacitor has
a slightly larger temperature dependence than the Pt/AL:HfO,/Pt
capacitors, which could indicate more mobile charge defects present in
the sample. This increase in mobile charge defects in the TiN/
AL:HfO,/TiN capacitors could be due to the oxygen sink nature of the
electrodes. Differences in the work functions of electrodes could also
be the source of the observed differences in the leakage current. The
current density asymmetry with bias for both samples (Fig. 2) suggests
that there are some influences from the electrodes. Prior work by Park
et al. with Hfy 5Zr, 50, thin films determined that the dominant cur-
rent conduction mechanism was Poole-Frenkel emission, which is
related to volumetric defects.”” Again, suggesting that the larger spread
in TiN/ALHfO,/TiN leakage current with increasing temperature
could be equated with larger concentrations of defects.

Thin films of ALHfO, with either TiN electrodes or Pt electrodes
are promising AFE-like architectures that exhibit enhanced tempera-
ture stability relative to other AFE materials. Their leakage current
remains between 107 and 1077 A/cm® from —125 to 125°C. The
ESD and efficiencies are also temperature-stable between —125 and
125°C. The TiN/AL:HfO,/TiN had the highest relative dielectric per-
mittivity, ranging from 31.56 at —125°C to 34.00 = 0.48 at 125°C
and a TCC of 322 = 41 ppm/°C as well as the highest ESD value of
18.17 + 0.79 J/cm®. The Pt/Al:HfO,/Pt had a more stable capacitance
versus temperature with a TCC of only 78 = 86 ppm/°C and a lower
relative dielectric permittivity of 23.30 % 0.25 at 25 °C. The endurance
cycling of these capacitors at various temperatures revealed a wake-up
effect in the P,. The changes in leakage current and the increased rate
of wake-up with cycle number (dP,/dN) for the TiN/ALHfO,/TiN
capacitors indicate that the movement of charged defects was the
mechanism driving the wake-up phenomenon. The TiN/ALHfO,/TiN
capacitors also had larger dP,/dN value after 10* cycles than that of
the Pt/AL:HfO,/Pt capacitors, indicative of more mobile charge defects.
The low leakage current values and loss tangent values along with the

scitation.org/journal/apl

low TCC values of the TiN/AL:HfO,/TiN and Pt/Al:HfO,/TiN devices
highlight the potential of these thin films for commercial devices,
which require superior temperature stability.

See the supplementary material for XRD data, energy storage
density data, dielectric constant data as well as data on the leakage cur-
rent density and hysteresis pre- and post-endurance cycling of the
studied Al-doped HfO, thin films.
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