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1,b)

We report the effects of lanthanum doping/alloying on antiferroelectric (AFE) properties of ZrO,.
Starting with pure ZrO,, an increase in La doping leads to the narrowing of the AFE double hysteresis
loops and an increase in the critical voltage/electric field for AFE — ferroelectric transition. At higher
La contents, the polarization-voltage characteristics of doped/alloyed ZrO, resemble that of a non-
linear dielectric without any discernible AFE-type hysteresis. X-ray diffraction based analysis indi-
cates that the increased La content while preserving the non-polar, parent AFE, tetragonal P4,/nmc
phase leads to a decrease in tetragonality and the (nano-)crystallite size and an increase in the unit cell
volume. Furthermore, antiferroelectric behavior is obtained in the as-deposited thin films without
requiring any capping metallic layers and post-deposition/-metallization anneals due to which our spe-
cific atomic layer deposition system configuration crystallizes and stabilizes the AFE tetragonal phase

during growth. Published by AIP Publishing. https://doi.org/10.1063/1.5037185

Antiferroelectric (AFE) oxides are an interesting class of
functional materials that, under an applied electric field,
undergo a first order phase transition from a non-polar parent
phase into a polar ferroelectric (FE) phase and have lately
been a subject of resurgent interests.'> Such field-induced
phase transitions lead to large changes in volume, strain,
and thermal and electrical properties leading to large/giant
electrostrictive, electrocaloric/pyroelectric effects and applica-
tion of AFEs in high-density charge and energy storage, non-
mechanical refrigeration, high performance transducers and
micro-actuators, electro-optic devices, and so on.” Despite
that, AFEs have been studied relatively less extensively com-
pared to their close cousins: ferroelectrics—primarily because,
unlike FEs which are the basis for dominant non-volatile
memory technologies, AFEs do not have an intrinsic non-
volatility in their polarization-electric field hysteresis charac-
teristics. Even more so, addressing foundational aspects such
as a precise definition and the origin of antiferroelectricity
even in the most extensively studied AFE: lead zirconate™*
and search for new AFEs via high-throughput first principle
calculations® happen to be rather recent developments.

That being said, what brings an unprecedented technologi-
cal relevance as well as renewed scientific interests to antifer-
roelectricity is the recent discovery of this phenomenon in
relatively simple and complementary metal-oxide-semiconduc-
tor (CMOS) compatible binary oxides based on hafnia and zir-
conia—concurrently with the discovery of ferroelectricity in
the same.®’ Hafnia and zirconia have been studied extensively
for microelectronic applications—specifically as high-K gate
dielectrics in CMOS transistors and dynamic random-access
memories. The key to this “surprising” discovery has been the
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use of a metallic capping layer and post-metallization anneal
in N,. These specific processing conditions lead to a partial or
complete suppression of the bulk ground state: non-polar
monoclinic phase (space group P2,/c, #14) in favor of a non-
polar, tetragonal phase (space group P4,/nmc, #137), which
we will refer to as the parent AFE phase in the rest of the letter.
Under an applied electric field, the parent AFE, tetragonal
phase transforms through a first order phase transition into a
polar FE phase with an orthorhombic structure (space group
Pca2,, #29).® Interestingly, it has recently been demonstrated
that these new AFEs can not only be used as non-volatile
memory elements—the main-stay for applications of FEs—but
also with a much improved cycling endurance and stability
compared to FEs, the key being work-function and interfacial
layer engineering.”'> AFEs can also be utilized for ultra-
low power logic applications by exploiting their negative
capacitance properties.'” As such, the scope of these CMOS
compatible AFEs goes far beyond traditional applications of
antiferroelectricity'*'® and have the potential to disrupt the
microelectronics industry and computing.

To stabilize and tailor ferroelectric properties in HfO,, the
role of doping and compositional tuning have been proven to
be of critical importance. A wide variety of chemical elements
such as Si,” AL Zr,'* Sr,'® S¢,'"” La,*® Gd,*' Nb,? Y,*
Mg,18 Ge,22 and N?? have been explored as dopants in HfO, to
find the ideal one with respect to the robustness of the ferroelec-
tricity, CMOS compatibility, the process window, as well as
specific applications such as in actuators, piezo-electric, pyro-
electric, and electro-caloric devices. On the other hand, in the
case of their antiferroelectric counterparts, these types of studies
have been rather limited; antiferroelectricity in Hf Zr;_,0,° and
Si and Al doped HfO,”'7?* and Hf,sZrys0,'® have been
investigated so far. Towards that end, we consider the fluorite-
type prototypical antiferroelectric: ZrO,, and study the effects

Published by AIP Publishing.



222902-2 Wang et al.

of La doping/alloying on its antiferroelectric properties through
a combined electrical and X-ray diffraction (XRD) based struc-
tural investigation in this letter. It is observed that with the
increase in La content, the antiferroelectric double hysteresis
loop becomes narrower and the critical field for AFE — FE
transition increases. At high La contents, the polarization vs.
electric field curves of ZrO, resemble those of a non-linear
dielectric devoid of any discernible AFE-type hysteretic charac-
teristics. Such evolution of the electrical properties correlates
well with the observations from the X-ray diffraction measure-
ment that with an increasing La content, the reflections from
parent AFE phase (tetragonal P4,/nmc structure) become
weaker, the tetragonality and the (nano-)crystallite size decrease
and the corresponding unit cell volume increases. We also
report that it is possible to stabilize robust antiferroelectricity in
ZrO, and its doped/alloyed variants without requiring any cap-
ping metallic layer and post-deposition and post-metallization
rapid thermal annealing in N,.

Thin films of ZrO, and its La-doped/alloyed variants
were deposited using thermal atomic layer deposition (ALD)
technique in a Eugenus QXP mini-batch 300 mm ALD sys-
tem with cyclopentadienyl (Cp) complexes used as precur-
sors for ZrO, and La,O5;. ALD deposited TiN (10nm) was
used as the bottom electrode, and no top TiN layer was
deposited. The deposition temperature was kept at 400 °C.
The La content was adjusted by varying the ratio of La,0O;
cycles to ZrO, cycles. Taking into account the deposition
rates of ZrO, and La,0;, the total number of cycles was
adjusted such that the thickness of the oxide layer was 10 nm
which was also confirmed by the X-ray reflectivity measure-
ments (supplementary material, Fig. S1). Sputter deposited
Ti(5 nm)/Au(60nm) metal layers patterned into square
shapes were used as top electrodes. We did not perform any
rapid thermal annealing—neither post-deposition nor post-
metallization—of the samples. X-ray photoelectron spectros-
copy technique was used to estimate the atomic La content
in these samples. In the rest of the letter, La contents in the
doped/alloyed ZrO, samples are given as % of cationic frac-
tion of La, which we define as [La]/([La] + [Zr]) x 100.

Figures 1(a) and 1(b) show the polarization P-voltage
V(electric field E) characteristics and the dielectric constant
€,~V(E) characteristics, respectively, in pure ZrO, and its La
doped variants. Also plotted in Fig. 1(a) are the corresponding
transient switching current [, -V(E) characteristics. In the
P—F and I,,—FE curves for doped ZrO, in Fig. 1(a),
the corresponding curves for pure ZrO, are also plotted in the
background in dotted lines to provide a comparison. The
P —V (E) and ¢, — V (E) characteristics for other La contents
are shown in supplementary material Fig. S2. The P -V
hysteresis measurements were performed using a aixACCT
TF-3000 ferroelectric parameter analyzer at a frequency of
1 kHz with the dynamic leakage compensation enabled.”> The
capacitance measurements were performed using an imped-
ance analyzer (E4990A) at a frequency of 100 kHz. For each
sample during polarization and capacitance measurement, the
voltage sweep range was maximized under the constraint that
the peak voltages do not cause a film break-down.

In Fig. 1(a), the P — V(E) curves for pure ZrO, and ZrO,
with up to 3.5% of La content have a double hysteresis shape
which is characteristic of antiferroelectric oxides. The
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I, — V(E) characteristics of these samples have four well-
separated peaks, which correspond to the steepest points
in the P — V(E) curves indicated by the arrow in Fig. 1(a)
further confirming their double hysteresis shape. The antifer-
roelectric hysteresis loops in all four of these samples are
retained after cycling up to at least 10—10® cycles at
100kHz at the same peak voltages which indicates that
the double loop feature is not due to any defect mediated
mechanisms and, hence, confirms the antiferroelectric nature
of these films. In line with this observation, the dielectric
constant-electric field characteristics in these four films as
shown in Fig. 1(b) also have the antiferroelectric double but-
terfly shape—i.e., the dielectric constant shows two peaks
for each sweep direction with the peaks shifted relative
to each other for different sweep directions. We note in Fig.
1(a) that the antiferroelectric hysteresis loops are asymmet-
ric—i.e., the loop in the first quadrant in the PV coordinate
system is wider than that in the third quadrant. This asymme-
try is possibly due to the asymmetry of the ALD grown
structure, which has a bottom TiN layer but not a top one.
Such asymmetry in the hysteresis loop is not observed in
symmetric structure: TiN/ZrO,/TiN on Si grown using the
ALD technique (see supplementary material, Fig. S4).

To obtain a better understanding of the evolution of
AFE characteristics with La doping, Fig. 2(a) shows how the
maximum width of the hysteresis window in the first quad-
rant of the P — V characteristics shown in Fig. 1(a) changes
as a function of La content. Figure 2(b) plots the evolution of
the voltage corresponding to the peak switching current in
the first quadrant loop [denoted by P in Fig. 1(a)], Vp, as a
function of La content. Figures 1(a), 2(a), and 2(b) show that
with the increase in La content up to 3.5%, the hysteresis
loops become narrower, critical voltages and electric fields
required for AFE — FE transition increases, and the loops
shift to higher voltages/electric fields. Similar behavior is
observed in Fig. 2(c), which plots the voltage corresponding
to the peak in e~V characteristics [noted as P’ in Fig. 1(b)]
as a function of La content. For La content >5.4%, the loop
ceases to exist for applied voltage range, which is also cor-
roborated by the non-existence of the peaks in [, — V(E)
and €, — V(E) characteristics in corresponding doped/alloyed
ZrO, samples shown in Figs. 1(a) and 1(b), respectively.

The X-ray diffraction (XRD) analysis was performed
to obtain insights into the phase composition and structural and
microstructural information about the (nano-)crystalline phases
in these thin films. The details of XRD measurement protocol
are provided in the supplementary material. In Fig. 3(a), the
measured glancing incidence X-ray diffraction (GI-XRD) pat-
terns of the samples as deposited are shown. For reference, the
diffraction peak positions of the tetragonal P4,/nmc, ortho-
rhombic Pca2, and monoclinic P2;/c phases are marked in
Fig. 3(a). We observe that the Bragg peaks for pure ZrO, and
ZrO, with low La content match well with those of the tetrago-
nal structure. No resemblance of the diffraction patterns of
our samples with the orthorhombic and monoclinic patterns is
observed in these samples indicating that the crystalline phase
in these samples are predominantly or fully tetragonal with
non-existing or extremely tiny fractions (below the detection
limit of our XRD set-up) of orthorhombic and monoclinic
phases. With the increase in La content, the peaks become
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weaker, and for %La content >9.9%, the XRD pattern cannot
be distinguished as diffraction patterns from any of the afore-
mentioned structures. In addition, extremely broadened peaks
are also observed—most clearly in samples with highest La
content—in Fig. 3(a) indicated by * which correspond to a
phase with extremely small crystallites, or nearly amorphous
phase embedding the crystals of tetragonal phase. Given that
the tetragonal P4,/nmc structure is the parent AFE phase, the
overall decrease in XRD signal from the tetragonal crystal

with increasing La content is consistent with the observed evo-
Iution of AFE characteristics shown in Fig. 1(a)—particularly
the absence of AFE behavior in the high La content ZrO,
samples.

The critical field for AFE — FE transition depends on
crystallographic and micro-structural details among many
other effects.??->%%7 Figures 3(b)-3(d) plot the evolution of
refined lattice parameters @ and ¢ and the tetragonality (c/a*)
of the tetragonal structure, respectively, with respect to the
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FIG. 2. The evolution of the hysteresis window (a), voltage at peak switch-
ing current Vp (b) and voltage at peak capacitance Vp with respect to La
content (c).

La content. The lattice parameters of crystalline phases and
sizes of the coherently diffracting domains—crystallite sizes
were obtained by the fitting of measured diffraction patterns
using the MStruct software. Measured diffraction patterns
were fitted using the whole powder pattern refinement
method (Rietveld method).?® In calculating the tetragonality
(c/a*), the a-parameters plotted in Fig. 3(b) were recalcu-
lated into “cubic” axes (i.e., a* = a\/i). In pure ZrO,, we
observe (a,c¢) = (~3.595A, ~5.19A), which is in a good
agreement with lattice parameters reported in Ref. 6. It is
observed in Figs. 3(b)-3(d) that a increases while ¢ decreases
decreasing the tetragonality (c/a) with the increase in La
content, suggesting that La doping/alloying has an effect
similar to that of a bi-axial tensile strain in the tetragonal
basal plane of ZrO, nano-crystallites. Note that similar sug-
gestion was made for the case of La doped HfO, in Ref. 20
albeit on its orthorhombic Pca2; phase. Figure 3(d) shows
that with the increase in La content, the tetragonal unit cell
volume increases which is expected since the ionic radius of
La*t (116 pm) is much larger than that of Zr*t (80 pm).zo’29
In addition, we note in Fig. 3(a) that with increasing La con-
tent, the peaks of tetragonal phase become broadened, which
is the indication for decrease in the crystallite size. This is
confirmed by the evolution of the refined mean size of the
coherently diffracting domains—i.e., the mean size of the
nanocrystallites—of tetragonal phase with respect to the La
content shown in Fig. 3(d). By correlating the XRD data
shown in Figs. 3(b)-3(f) and the electrical data shown in
Figs. 1 and 2, we conclude that the increase in La content via
its influence on the tetragonal lattice parameters and nano-
crystallite size increases the energy difference between the
non-polar AFE tetragonal and the polar FE orthorhombic
phases resulting in the increase in the critical field for
AFE — FE transition.

It is interesting to note that the diffraction patterns
of ZrO, with 4.5% and 5.4% La content show discernible
tetragonal reflections [see Fig. 3(a)] while the P — V charac-
teristics of the corresponding samples do not show a double
hysteresis loop—rather, they resemble a non-linear dielectric-
like behavior. However, the refined lattice parameters of this
phase in these two samples are subjected to relatively high
errors [see the errorbars in Figs. 3(b) and 3(c)] owing to the
peaks from tetragonal phase being very broad and weak [see
Fig. 3(a)]. This suggests the possibility that the critical field
for AFE — FE transition in these two samples may be higher
than the break down voltage. Further analyses based on elec-
trical and detailed structural characterization combined with
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first-principle calculations can shed more light into a com-
plete picture of the evolution of AFE characteristics in doped
71O, antiferroelectrics.®20-2-27-3031

Rapid thermal annealing typically at a temperature range
of 400-900°C for 1-30 s in the presence of a top metallic
capping layer (such as TiN,f”7’21’32 TaN,21 Ir,33_35 Pt,%’37 W,3 8
and Ru0239) in N, ambient [generally referred to as post-
metallization annealing (PMA)] has been shown to be critical
to stabilize the robust ferroelectric and the antiferroelectric
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properties in HfO, and ZrO, based oxides. Annealing without
a capping layer in N, ambient [referred to as post-deposition
anneal (PDA)] at 500-900°C for 20-30 s can also stabilize
the same in doped/alloyed HfO, and Hf Zr;_O, in Refs. 16,
19, and 22. For both these instances of PMA and PDA,
the as-deposited films were amorphous since the substrate tem-
perature was kept at relatively low temperatures (200-280°C)
during the ALD. In our case, the observed reflections in the
XRD pattern of the as-deposited films shown in Fig. 3(a)
confirm that our films of ZrO, and its doped/alloyed variants
crystallized into the tetragonal (P4,/nmc) AFE (nano-)crystal-
line phase during the ALD without requiring a capping layer
and a PMA/PDA in N, ambient. In addition to a relatively
higher deposition temperature (400°C) due to cyclopenta-
dienyl (Cp) based precursors, Eugenus QXP ALD system also
employs TriJet Vaporizer for precursor delivery in a small vol-
ume reaction space. Specific QXP ALD system configuration
(i.e., 400 °C) coupled with vaporization of precursors may be
responsible for as-deposited tetragonal crystalline phase of
ZrO, and its doped/alloyed variants.

In summary, we reported the tunability of antiferroelec-
tric properties of ZrO, through La doping/alloying. As we
move from pure ZrO, to ZrO, with small La content, the
antiferroelectric double hysteresis loops become narrower,
critical voltages and electric fields required for AFE — FE
transition increases, and the loops shift to higher voltages/
electric fields. At high La content, the films behave as
non-linear dielectric without any discernible AFE-like hys-
teresis. The evolution of electrical properties is correlated
with the weakening of tetragonal P4,/nmc reflections from
parent AFE phase and a characteristics change in the unit
cell parameters and (nano-)crystallite size with increasing La
content. Furthermore, we show that specific ALD configura-
tion can stabilize antiferroelectricity in as-grown pure and
doped/alloyed ZrO, without requiring any metallic capping
layer and post-deposition/-metallization anneals.

See supplementary material for details on glancing inci-
dence X-ray diffraction procedure, thickness measurement,
and the dielectric constant measurement.
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