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Abstract

Hf( 5Zry.5s0, (HZO) thin films are promising candidates for non-volatile memory and other
related applications due to their demonstrated ferroelectricity at the nanoscale and compatibility
with Si processing. However, one reason that HZO has not been fully scaled into industrial
applications is due to its deleterious wake-up and fatigue behavior which leads to an inconsistent
remanent polarization during cycling. In this study, we explore an interfacial engineering
strategy in which we insert 1 nm Al,Oj; interlayers at either the top or bottom HZO/TiN interface
of sequentially deposited metal-ferroelectric-metal capacitors. By inserting an interfacial layer
while limiting exposure to the ambient environment, we successfully introduce a protective
passivating layer of Al,O5 that provides excess oxygen to mitigate vacancy formation at the
interface. We report that TiN/HZO/TiN capacitors with a 1 nm Al,O; at the top interface
demonstrate a higher remanent polarization (2P, ~ 42 1C cm ) and endurance limit beyond 10®
cycles at a cycling field amplitude of 3.5 MV cm™'. We use time-of-flight secondary ion mass
spectrometry, energy dispersive spectroscopy, and grazing incidence x-ray diffraction to
elucidate the origin of enhanced endurance and leakage properties in capacitors with an inserted
1 nm Al,O5 layer. We demonstrate that the use of Al,O5 as a passivating dielectric, coupled with
sequential ALD fabrication, is an effective means of interfacial engineering and enhances the
performance of ferroelectric HZO devices.

Supplementary material for this article is available online
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1. Introduction

As demand for consumer electronics continues to increase in
our digitalized world, there is a concurrent need for device
miniaturization and enhanced functionality. Besides high-k
dielectric applications, in the past ten years, hafnium oxide
(HfO,) has emerged as a viable material for ferroelectric field-
effect transistors (FeFETs) [1-3], ferroelectric tunnel junc-
tions (FTJs) [4, 5], vertical arrangements such as 3D NAND
[6], and energy-related applications such as supercapacitors
[7], and pyroelectric energy harvesters [8—10]. The inherently
low-energy and scalable switching mechanism of ferroelectric
HfO, makes it an attractive material for emergent computing
paradigms such as edge computing [11] and neuromorphic
computing [12]. For these applications, low switching voltages,
wake-up free behavior, and high endurance are desirable.

The electronic functionality in HfO, arises from its
ferroelectricity, i.e. a field-driven, reorientable spontaneous
polarization in HfO,. Ferroelectricity in HfO, stems from its
polar orthorhombic crystal structure (space group Pca2;) [13]
which can be represented as a strained tetragonal phase
(P4,/nmc) [13]. Driving factors that have been ascribed to
stabilizing the orthorhombic phase include mechanical stress
from capping layers and densification [14, 15], dopants
[16, 17], annealing [18-20], and substrates [21, 22]. Many
have proposed that oxygen vacancies also play a critical role
in stabilizing the orthorhombic phase [23-25]. First-principles
calculations show that an oxygen vacancy concentration of
~2 at% in HfO, decreases the surface energy of the tetragonal
and orthorhombic phases over the monoclinic phase by 5-10
and 5meV fu. !, respectively [26, 27], affecting the activa-
tion barrier for phase transitions [17]. Oxygen vacancies have
also been identified as the main factor behind the deleterious
wake-up effect [28, 29], i.e. the increase in remanent polar-
ization with electric field cycling, as well as assisting in
fatigue and eventual dielectric breakdown [29, 30].

Oxygen vacancy concentration in HfO, can be altered by
controlling the gas environment during annealing [31-33], by
altering the oxygen source [19, 34, 35] or oxygen pulse
duration [25, 34], and by engineering the oxide-electrode
interface [36—40]. The final listed strategy, i.e. engineering
the oxide-electrode interface, has been the subject of intense
investigation, given the importance of the oxide interface in
determining the reliability of the device [38, 41]. Titanium
nitride (TiN) electrodes are most frequently paired with fer-
roelectric HfO, as they typically result in the most favorable
ferroelectric properties in HfO,. TiN is well-known as an
oxygen scavenging material where Ti favorably reacts with
oxygen to form TiOy or TiON, when in contact with an
oxide. Hard x-ray photoelectron spectroscopy (HAXPES)
studies have shown that when placed in contact with HfO,,
TiN acts as an oxygen sink where oxygen diffuses from the
oxide and to the electrode, leaving behind positively charged
oxygen vacancies [39, 41]. PeSic” er al suggested that the
fastest O vacancy defect generation occurs at the TiO,
interface between HfO, and TiN where electron trapping
creates leakage pathways and eventually results in a break-
down of the device [29]. While the inclusion of oxygen

vacancies in small concentration can be favorable for eliciting
the ferroelectric phase in HfO,, excess vacancy formation
from TiN can negatively impact the endurance of HfO, fer-
roelectric devices [30, 42].

To mitigate premature degradation of ferroelectric HfO,
devices, several authors have inserted oxide interlayers to
better stabilize the HfO,/TiN interface. Szyjka et al investi-
gated the role of supplied oxygen flow either before or during
the deposition of a PVD-grown HfO, layer and found that
when oxygen is supplied to the chamber before HfO, growth,
a self-limiting TiO, layer forms on TiN and chemically sta-
bilizes the interface [39]. Most recently, Al,O3 has also been
considered as an interlayer due to effective diffusion barrier
properties [43, 44]. Filatova et al grew an Al,Oj interlayer via
ALD between HfO, and TiN which drastically reduced the
formation of TiO, and TiO4Ny, where scavenging of oxygen
by TiN was reduced by the presence of more chemically
stable AI-O bonds [40]. Theoretical studies have also repor-
ted a deeper electron trap level for Al,O3; compared to HfO,,
suggesting that Al,O; has a lower driving force for oxygen
vacancy creation compared to HfO, [45]. The defect mitiga-
tion properties of Al,O3 were leveraged by Kavrik et al where
Al,Oj3 at the top or bottom interface showed a decrease in the
interface trapped charge which they ascribed to oxygen
scavenging by diffusion of trimethylaluminum (TMA,
Al(CHs3)3) species into HfO, [46]. HZO films by Alcala et al
also showed leakage and endurance improvements with
added Al,O; or La,Oj3 interlayers [47].

Despite successful integration of Al,O3 into HfO,-based
capacitors in these aforementioned studies, a major drawback
of these fabrication strategies is that TiN and HZO are
deposited in separate chambers which requires vacuum
breaking steps and subsequently introduces both deleterious
carbon adsorption and oxidation of the electrode. In the pre-
sent study, we minimize spontaneous oxidation of TiN by
depositing all layers of the metal-ferroelectric-metal (MFM)
capacitor in a process called sequential, no-atmosphere pro-
cessing (SNAP) [31]. Given the favorable properties of
Al,Os3, e.g. a high bandgap of 6.2-6.5 eV [48], compatibility
with Si, and the ability to stabilize the HfO,/TiN via oxygen
vacancy reduction, we hypothesize that insertion of a 1 nm
interlayer of Al,Oj3 at either the top or bottom interface will
improve the endurance and leakage characteristics of SNAP-
deposited TiN/HZO/TiN devices.

Using Si as a bottom substrate, we grow Si/TiN/Al,O3/
Hf 571y 50,/TiN and Si/TiN/Hf,sZrys0,/AlL,O3/TiN capa-
citors with either 1 nm Al,O; at the bottom or top interface,
respectively, where we maintain vacuum during all layer
depositions. In this way, we achieve better control over the
interfacial oxidation of HZO/TiN interfaces and mitigate the
spontaneous formation of TiO4 and TiOxN,. We modify this
process in the present work by purposefully inserting 1 nm
AL O; as a passivating layer while maintaining vacuum. The
bilayer capacitor thus possesses the benefits of controlled,
sequential processing while also demonstrating enhanced
endurance and leakage properties. We also study the effects of
interlayer placement within the TiN/HZO/TiN stack and
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reveal the benefits of inserting an interlayer at the top interface
in order to maximize remanent polarization.

2. Methods

Capacitors consisting of Si/30 nm TiN/10 nm HZO/10 nm
TiN in metal-ferroelectric-metal sequence were grown in an
ALD chamber without breaking vacuum as described in Lee
and Hsain et al [31]. HZO capacitors without an Al,Oj
interlayer are referred to as HZO-control in the text. Other
capacitors were processed identically to the HZO-control but
with the addition of 1 nm Al,Oj at either the top (HZO/TiN)
or bottom (TiN/HZO) interface. The Al,O; layer was grown
using Trimethylaluminum (TMA) and O, plasma at 300 W
for 6s at 270 °C directly preceding or following the deposi-
tion of the HZO layer. Multiple batches were produced to
optimize the thickness, uniformity, and stoichiometry of HZO
and AlLO; films and the final recipes were combined to
produce the multilayer stack. The stoichiometry of the alu-
mina layer was confirmed via x-ray photoelectron spectrosc-
opy (XPS) and found to be consistent with Al,O3
(supplemental figure S1). The capacitors into which the 1 nm
Al,0O; is inserted at the TiN/HZO interface closest to the Si
wafer are referred to as HZO-AO-Bot, whereas the capacitors
into which Al,Oj is inserted into the HZO/TiN closest to the
top electrode are referred to as HZO-AO-Top in the text. All
capacitors were subjected to a rapid thermal annealing treat-
ment at 800 °C for 30s in No.

For electrical characterization, 200 ym diameter contact
pads of 10nm Ti/30 nm Pt were deposited via e-beam eva-
poration through a shadow mask. MFM samples were sub-
sequently etched using standard SC1 etch of H,0:30%
H,0,:30% NH,OH 50:2:1 at 50 °C for 5 min. Ferroelectric
characterization was conducted using an aixACCT System TF
Analyzer 3000, where each measurement was conducted on a
pristine contact with no previous electrical history. For
polarization-electric field (P-E) hysteresis characterization,
measurements were taken using a bipolar triangular waveform
at 1 kHz and of 1-4.5 MV cm™'. The endurance measurement
was conducted using a bipolar periodic square waveform with
100kHz and an electric field amplitude of either 3.5 or 4.5
MV cm ™', while a dynamic hysteresis measurement (DHM)
was taken five times per decade on a log-scale (See S2 for
pulse train). Dielectric permittivity was extracted from capa-
citance-voltage curves taken using a voltage sweep up to 3 V
with a 50 mV small signal amplitude at 10 kHz. Each elec-
trical measurement was taken at least five times on different
and pristine devices to ensure repeatability. Experimental
details for analytical characterization including x-ray photo-
electron spectroscopy (XPS), grazing incidence x-ray dif-
fraction (GIXRD), time-of-flight secondary ion mass
spectroscopy (ToF-SIMS), and scanning transmission elec-
tron microscopy (S/TEM) are included in the Supplemental
Information document.

3. Results and discussion

The arrangement of HZO-AO-Top and HZO-AO-Bot layers
were verified via TEM with energy dispersive spectroscopy
EDS (Talos F200X G2) and ToF-SIMS depth profiling.
Figures 1(a) and (d) show schematic illustrations of the HZO-
AO-Top and HZO-AO-Bot after capacitors were etched in
SCI and the top TiN electrode was dissolved, leaving behind
a remaining thin TiO4N, interface layer. Annular bright-field
scanning transmission electron microscopy (ABF-STEM)
images of capacitor stacks with 1 nm Al,Oj3 layer at either the
top or bottom interface are shown in figures 1(b) and (e) and
indicate uniform deposition of Al,O3 in both configurations.
EDS also confirmed the chemical presence of Al atoms at the
TiN/HZO or HZO/TiN interface, with some Al signal also
present in both HZO layers suggesting the diffusion of Al
species either during Al,O3 deposition or annealing (see the
overlays of Zr/Al maps). The EDS measurements are con-
sistent with ToF-SIMS depth spectra where HZO-AO-Top
and HZO-AO-Bot both demonstrated high AlO™ intensities at
the respective oxide-electrode interface as well as high counts
of HfO;, ZrO,, and O; from O to 100 s sputtering time where
the HZO layer is expected.

There are two key differences between HZO-AO-Top
and HZO-AO-Bot ToF-SIMS spectra. First, the sputtering
depth from O to 100s in figure 1(f) shows an increased
amount of *’TiN~ within the HZO layer in HZO-AO-Bot,
suggesting that N diffuses into the HZO layer from the top
TiN layer. Second, comparing the *°TiO~ signal at the bottom
TiN/HZO interface, we see that there is more interfacial
oxidation in HZO-AO-Bot (figure 1(f)) than HZO-AO-Top
(figure 1(c)). To understand which electrode contributes to the
Ti and N species diffusion into HZO, let us consider that the
top HZO:TiN interface is typically characterized by a much
thinner TiO4N, layer compared to the bottom interface
[35, 39]. As shown by Szyjka et al the bottom interlayer
forms during deposition of HZO on top of the TiN which
results in a pronounced oxide interlayer that can prevent
interfacial intermixing [39]. On the other hand, the interlayer
that forms at the top HZO:TiN interface is much thinner and
acts as a poor diffusion barrier against Ti and N compared to
the bottom interfacial layer [35]. In the present case, the
oxygen species from the Al,Oj layer at the bottom interface
likely enhanced the growth of a more pronounced TiO, layer
at the bottom interface of HZO-AO-Bot. Thus, the observed
Y'TiN~ within the HZO layer in HZO-AO-Bot likely origi-
nates from chemical species diffusing from the top TiN
electrode where the thinner TiO,N, interface acted as a poor
diffusion barrier. The converse effect is observed in HZO-
AO-Top where the Al,O; interlayer at the top interface acted
as a good diffusion barrier and prevented diffusion of che-
mical species from the TiN and HZO layers to the bottom
interface. The oxygen scavenging behavior observed here by
ToF-SIMS is also consistent with the report from Hamouda
et al, who showed via XPS that Hf is reduced near the top
interface due to oxygen scavenging by the top TiN during the
crystallization anneal [38]. Selective oxygen and nitrogen
diffusion into the electrodes and HZO layer, respectively,
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Figure 1. Schematic illustrations of (a) HZO-AO-Top and (d) HZO-AO-Bot. ToF-SIMS depth profile of (c) HZO-AO-Top and (f) HZO-AO-
Bot showing Zr/HfO3, AI0O™ *’, TiN~ %, TiO™, C3, and Si~ chemical species. Annular bright-field scanning transmission electron
microscopy (ABF-STEM) images of (b) HZO-AO-Top and (e) HZO-AO-Bot including electron dispersive spectroscopy (EDS) images of Al,
Hf, Zr, O, N, and Ti. The scalebar in the ABF-STEM images corresponds to 10 nm.

may lead to the formation of oxygen vacancies at the inter-
faces and unintentional N-doping, both of which have been
shown to influence the structural and electrical properties of
HZO capacitors [37, 49].

The phases and preferred orientation of multilayer
capacitor stacks of HZO-control, HZO-AO-Bot, and HZO-
AO-Top was investigated via GIXRD after annealing at 800
°C for 30 s in N, shown in figure 2. Intensities are normalized
to the integrated intensity of the 200 reflection of TiN to better
perceive the intensity differences among films, while the
diffraction geometry was kept constant across all measure-
ments. All samples demonstrated a GIXRD pattern consistent
with mixed phase of orthorhombic and/or tetragonal based on
the presence of the overlapping orthorhombic 111 reflection
(referred herein as olll) and tetragonal 011 reflection

(referred herein as t011). Because the o111 and tO11 are so
closely overlapping, it is difficult to discriminate between
these two phases; thus, the peak at 26 ~ 30° is typically
reported as 0111/t011 in the literature, which we shorthand as
ol11 in this text, as we believe the films to be predominately
composed of the orthorhombic phase. A peak at ~35° is
present in both films and corresponds to a combination of the
tetragonal 110 and/or orthorhombic 200, 020, and 002
reflections, herein collectively referred to as 0{002}. No non-
ferroelectric monoclinic phase was observed in any multilayer
sample. A sharp peak near 52° observed in HZO-AO-Top and
HZO-AO-Bot is ascribed to the 311 reflection from the Si
wafer.

While diffraction patterns from the three sample were
very similar, slight differences in the integrated area of o111
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Figure 2. Grazing incidence XRD (GIXRD) patterns of HZO-control
(top black), HZO-AO-Top (middle red) and HZO-AO-Bot (bottom
blue) annealed at 800 °C. Intensities are normalized to the 002
integrated peak of TiN; The reference XRD patterns of HZO phases
are orthorhombic (PDF #: 04-005-5597) and tetragonal (PDF #:
04-011-8820).

and o{002} peaks revealed possible differences in phase
composition and/or crystallographic texture. Each peak was
fit to a Pearson-VII model profile shape function using
LIPRAS software (not shown) [50]. The integrated intensity
ratio of the 0111:0{002} peak in HZO-AO-Bot was found to
be twice the value of HZO-AO-Top, whereas the olll:o
{002} peak ratio of HZO-AO-Top was found to be
approximately the same as HZO-control. The higher ol11:0
{002} peak ratio in HZO-AO-Bot is consistent with 111 fiber
texture where the Al,O5 interlayer may have encouraged the
growth of more energetically favorable HZO {111} planes
parallel to the film surface because they have a lower surface
energy compared to the {001} planes [51]. Though the degree
of texture cannot be discerned via GIXRD alone, the present
data suggests that the insertion and placement of an interlayer
can influence phase composition and/or encourage the
development of different textures in HZO films which is
consistent with our earlier findings [35].

Figure 3 displays P—F loops as a function of electric field
cycling for HZO-control, HZO-AO-Top, and HZO-AO-Bot.
In figure 3(a) the remanent polarization 2P, value shows an
increase from 50 xC cm 2 to 54 uC cm™ 2 after 10* cycles.
Given the nonlinear increase in current density at high field
amplitudes, the increase in 2P, value is likely due to de-
pinning of domain walls and the concurrent increase in charge
injection. The 2P, of HZO-AO-Top in figure 3(b) remains
relatively stable at ~42 uC cm ? during cycling. In
figure 3(c) the 2P, for HZO-AO-Bot increases from 33 uC
cm 2 to 42 after 10* cycles. Note that in the pristine state
HZO-AO-Bot demonstrates two prominent switching peaks
but after sufficient wake-up cycling, i.e. 10® cycles, the
switching peaks begin to merge. The presence of this double
peak feature and consequently, wake-up, suggests that HZO-
AO-Bot films possess a higher tetragonal phase fraction than

HZO-control or HZO-AO-Top. In HZO-AO-Top, on the
other hand, the 2P, and J-E loop remain stable, suggesting
that placement of a top interlayer in HZO-AO-Top more
readily mitigated the wake-up effect.

The 2E. = |E._| + E., after 10* cycles is determined for
all three cases where HZO-control has a 2E, value of 3.3
MVcem ™' compared to 3.8 MV cm™' for HZO-AO-Bot.
Accordingly, the field drop on the ferroelectric layer is up to
38% lower for the samples with the bottom Al,Oj3 interlayer;
it follows that a lower amount of charge injection and charge
movement is expected during switching. On the other hand,
HZO-AO-Top showed a broad switching peak and a 2E. of
3.2 MV cm™ ', which is nearly equivalent to the 2E, of HZO-
control. It is expected that in HZO-control the TiN readily
reacts with the oxide-rich HZO layer to form a TiO,N, layer.
One explanation for the similar 2E. values of HZO-control
and HZO-AO-Top is that, in the latter case, the top Al,O3
layer may reduce oxygen diffusion from HZO into the top
TiN; therefore, the additional Al,O5 thickness is compensated
by less TiO, formation at the top interface [38]. HZO-AO-
Bot, on the other hand, possesses both the native TiO,N,,
oxidation at the top interface as well as the additional Al,O;
oxide at the bottom interface, which leads to the observed
higher 2E..

Figure 4 displays ¢,-E behaviors as a function of cycle
number (for films cycled with an electric field amplitude of
3.5 MV cm_l) for HZO-control, HZO-AO-Top, and HZO-
AO-Bot. In all three cases the permittivity of the ferroelectric
layer at the most extreme DC bias field of 3.0 MV cm ™', i.e.
the field at which domain switching contributions are mini-
mized, is in the range of 26-27. The lower ¢, exhibited in
capacitors with Al,O; interlayers is due to the lower dielectric
constant value of Al,O3 ~ 9 where the additional layer acts as
a dielectric in series with HZO and diminishes the overall
capacitance [46, 52]. Figure 4(a) shows permittivity as a
function of DC bias offset for the HZO-control capacitor after
different numbers of cycles. The permittivity at a DC bias
field near the coercive field (&, ) remains relatively constant
from the pristine state to the 10* cycled state, which is con-
sistent with prior observations of no wake-up effect in SNAP-
processed capacitors [31]. After 10* cycles, the ¢, value
decreases, suggesting a reduction in realizable switched
polarization due to pinned or locked domains [29]. After 10°
cycles, HZO-control experiences dielectric breakdown.
Similarly, figure 4(b) shows that the .. of HZO-AO-Top
decreases upon cycling. It is also interesting to note the
asymmetrical pinching of the ¢-E loop at —2.2'V, which
likely originates from the non-symmetrical oxide-electrode
interfaces. Figure 4(d) of HZO-AO-Bot shows a small
decrease in €, with increased cycling and an asymmetrical
pinching of the ,-E loop in the positive bias region near 2 V.
The upward tail bending in the permittivity loops of capaci-
tors with an Al,O5 layers suggest more pronounced leakage
contribution compared to HZO-control. The decrease in
permittivity as a function of field cycling shown in
figures 4(a)-(c) evidences the progression of fatigue. Phe-
nomenologically, in PZT-based ferroelectric thin films, sev-
eral mechanisms have described fatigue behavior, including
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domain wall pinning [53], seed inhibition mechanism [53],
local imprint [54], and local phase deposition mechanism
[55], while microscopic models pointed toward mechanisms
of oxygen vacancy redistribution [29] and charge injection
[54]. Permittivity as a function of applied DC bias field is
known to capture a combination of intrinsic (lattice, ionic)
and extrinsic (domain wall, defects) contributions to dielectric
response and can be at least partly de-convoluted by obser-
ving the response at the saturating and coercive field,
respectively.

First we consider the intrinsic, or lattice, contribution to
permittivity. The &, at saturating fields near £3 V remains
approximately constant for HZO-control and HZO-AO-Top
as a function of field cycling. In the seed-inhibition model, the
g, is expected to only change near the coercive field where
domain walls are still able to contribute via bending [53]. The
nearly constant ¢, at saturating electric fields in HZO-AO-Top
and HZO-control permittivity loops suggest that the seed
inhibition mechanism, where domain walls stop participating
in the overall switching process and results in a loss of
polarization, may also be at play in capacitors with a more
pristine bottom TiN/HZO interfaces.

Now we consider the extrinsic contribution to permit-
tivity measured at lower electric fields. In capacitors both with
and without an Al,Oj3 interlayer, the permittivity at E,
(enhanced by the extrinsic contribution) decreases as a
function of cycling. One possible mechanism for the mono-
tonic decrease of the permittivity at E. with increased cycling

may be domain wall pinning by which domains become
immobilized due to charged defects accumulated at oxide-
electrode interfaces. Electrostatic coupling causes mobile
charge carriers to combine with bound charges to create
charge-neutral defect complexes, which then prevent polar-
ization switching [56]. Additionally, given the increase in
leakage current density as a function of cycling, domains
could become pinned due to increased electric field-induced
trap density generation at higher cycling numbers [29].
Electrons trapped at interfacial regions close to the electrodes
alter the field distribution within the stack and cause the rise
of internal fields, which suppresses ferroelectric switching.
The increase in defects and vacancies creates leakage path-
ways and finally results in the dielectric breakdown of the
device.

Finally we consider the extrinsic contribution for HZO-
AO-Bot. The decreasing e, near the coercive field with
cycling suggests that HZO undergoes an electric-field induced
phase transformation. Recent studies have shown that a
reversible structural transformation from the polar to antipolar
phase may account for the observed wake-up and fatigue in
HZO capacitors [57]. In the present case, we observe a
decrease in the permittivity with cycling measured at DC bias
fields near the coercive field of HZO-AO-Bot, which suggests
a partial phase transformation from the high permittivity tet-
ragonal phase (¢, ~ 36-40) to the lower permittivity orthor-
hombic phase (e, ~ 30) [58]. The decrease in permittivity is
consistent with the observed wake-up effect in HZO-AO-Bot
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Figure 5. Leakage current density in the pristine state and after 10°, 10°, and 107 electric field cycles with an electric field amplitude of
3.5MV cm ! for capacitors (a) HZO-control (grey), (b) HZO-AO-Top (red) (c) HZO-AO-Bot (blue).

in figure 3(c). Finally we consider that the overall decrease in
permittivity (both in the extrinsic and intrinsic regions) is only
observed for HZO-AO-Bot which is also the only sample
with wake-up. This behavior is consistent with prior reports
which ascribe the phase transformation from the antipolar
tetragonal phase to the polar orthorhombic as the origin of
wake-up [29, 59]. In summary, the data presented here sug-
gests that the incorporation of a top interfacial layer, com-
pared to a bottom layer, better mitigates the wake-up effect in
HZO-based capacitors.

Figure 5 shows the leakage current density of HZO-
control, HZO-AO-Top, and HZO-AO-Bot taken after cycling
at 3.5MV cm ! for multiple decades. Note the asymmetry
present in the leakage current density curves in pristine
capacitors; HZO-AO-Top shows lower leakage current den-
sity in the positive bias region, whereas HZO-AO-Bot shows
a lower leakage current density in the negative bias region.
The asymmetries present in figures 5(b) and (c) likely stem
from the asymmetrical interfaces within the capacitor as was
seen in permittivity curves in figure 4. The overall leakage
current density decreases when Al,O; was inserted in either
the top or bottom interface and remained relatively more
stable with prolonged cycling in contrast to HZO-control. At
2V, to reach a leakage current density of 1 x 107> Acm ™2,
HZO-AO-Top and HZO-AO-Bot required 107 cycles. On the
other hand, only 10° cycles were required for HZO-control to
result in a higher leakage current density of 1 x 107> Acm 2.
Based on these observations, we find that the placement of
1 nm Al,O5 at either top or bottom oxide-electrode interface
is to be a viable method for decreasing leakage current density
in HZO-based capacitors both in the pristine state and after
electric-field cycling.

Figure 6 shows the endurance characteristics of HZO-
control, HZO-AO-Top, and HZO-AO-Bot cycled at two field
amplitudes and measured up to 10°® cycles. HZO-control
endured 2 x 104 cycles at 3.5 MV cm™ ' before experiencing
dielectric breakdown. Compared to HZO-control, both HZO-
AO-Bot and HZO-AO-Top show a higher endurance limit by
up to two decades at a cycling field of 4.5 MV cm™'. The
endurance of both HZO-AO-Bot and HZO-AO-Top is further
extended by several decades at a cycling field of 3.5 MV
cm ' where a relatively high 2P, of 40 uC cm > was
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Figure 6. Endurance measurements at a cycling field of 3.5 MV
cm™! and 4.5 MV cm™' for TiN/HZO/TiN capacitors with no
Al,O; interface (grey), 1 nm Al,O; layer at the top interface, HZO-
AO-Top (red), and 1 nm Al,O3 layer at the bottom interface, HZO-
AO-Bot (blue). ‘X’ symbol denotes the cycle number that the sample
experienced dielectric breakdown during the measurement.

maintained for HZO-AO-Bot. When cycled at lower voltages,
ie. 3.5 MV cm™ !, the 2P, significantly decreases for HZO-
AO-Top, as shown in figure S3, likely due to incomplete
switching.

Factors that may explain the improved endurance with
the inclusion of Al,O3 into HZO capacitors include (1) the
reduction of interface trapped charge and (2) a decrease in
oxygen-related defects. Several studies have suggested that
the reduction of leakage current density in HfO,-based
devices with the inclusion of an alumina buffer layer stems
from how the Al,O; layer interacts with oxygen defects in
HZO [52, 60, 61]. It is well-known that TiO, forms at the
TiN/HZO interface where oxygen diffuses from the HZO
layer to the oxide-electrode and reacts with metallic Ti
[29, 52]. The formation of TiO, occurs when gettering TiN
acts as an oxygen sink and pulls oxygen from the HZO layer
leaving behind oxygen vacancies. One way to mitigate the
flux of oxygen from HZO is to insert an additional oxide layer
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to stabilize the HZO/TiN interface. Interfacial engineering
strategies such as the use of O, plasma or vacuum breaking
during growth of TiN/HZO/TiN capacitors, e.g. as by Hsain
et al, [35], have shown to be effective in promoting increased
device endurance. The observed higher endurance could also
be driven by the presence of a non-orthorhombic phase
adjacent to the HZO film. Song et al elucidated how a non-
orthorhombic phase in HZO films could enhance endurance
by decreasing domain wall pinning [62]. Considering the
Al,O5 layer specifically, Kavrik er al proposed that the
mechanism by which the reduction of interface trapped
charge (Dj;) occurred in HfO,/Al,O; interfaces was via
oxygen scavenging, where diffusion of TMA precursor spe-
cies into HfO, reduced oxygen defects at the oxide-electrode
interface [46]. While previous reports ascribe the diminished
D; in HZO/Al,05 structures to the beneficial diffusion bar-
rier properties of Al,O3, Kavrik et al correlated the reduction
in D; to oxygen scavenging electrodes reacting with Al,O;
within the capacitor stack. Similarly, in the present study, the
improved endurance in multilayer capacitors with Al,O;
interlayers is likely the result of Al,O5 reducing the oxygen
vacancy defects originating from gettering TiN. Theoretical
studies also point toward the lower propensity for oxygen
vacancy formation in Al,O5 as compared to HfO,. Liu et al
used the screened exchange hybrid functional model to cal-
culate the trapped electron level in Al,O; to be 1.8¢eV,
whereas in HfO, the trapped electron level was found to be
0.4eV. Given the deeper transport depth of Al,O3 for the
formation of O vacancy determined by Liu et al there exists a
lower driving force for vacancy creation in Al,O; compared
to HfO, which gives rise to the beneficial properties of using
Al,O5 as a stabilizing interlayer at oxide-electrode interfaces.

Now we discuss the differences in 2P, and wake-up
behavior between HZO-AO-Top and HZO-AO-Bot. HZO-
AO-Bot showed a more pronounced wake-up effect at 4.5
MV cm™! and a higher 2P, value at the lower cycling field of
3.5 MV cm™'. The more pronounced wake-up in HZO-AO-
Bot likely stems from a higher tetragonal phase composition
as was suggested by the measured higher permittivity in the
pristine state. It is well-known that the underlying templating
layer can promote or inhibit the development of small HZO
crystal nuclei [35, 63, 64]. Park et al found that HZO nano-
laminates grown on ZrO,-starting layers resulted in a higher
monoclinic phase fraction due to the tensile strain exerted by
the first-crystallized ZrO, underlayer, which possesses a lar-
ger lattice parameter than HfO, [65]. The deposition of HfO,
on top of an Al,O; interlayer may elicit the development of
small nuclei during the ALD process which would result in
the premature crystallization of the HZO film in the ALD
chamber. The small initial nuclei likely crystallize in the
tetragonal phase and promote the development of a higher
tetragonal phase portion during annealing. Given that wake-
up has been ascribed to an electric-field induced phase
transformation from the tetragonal to the orthorhombic phase,
it seems plausible that the origin of heightened wake-up in
HZO-AO-Bot stems from the differing seed layer morph-
ology which favored the development of a higher con-
centration of the tetragonal phase.

We also revisit the observed differences in 2P, between
HZO-AO-Top and HZO-AO-Bot at a cycling field of 3.5 MV
cm ', Note that HZO-AO-Bot does not experience wake-up
at this lower cycling field, suggesting that the activation
barrier for the tetragonal to orthorhombic electric-field
induced phase transformation has not been reached; thus, sub-
cycling i.e. cycling below the saturating electric field, avoids
the deleterious wake-up phenomenon in HZO capacitors with
Al,O5 interlayers. To explain the differences in 2P, at 3.5 MV
cm™! between HZO-AO-Top and HZO-AO-Bot, we consider
the effectiveness of Al,O5 as a diffusion barrier and its con-
sequences on unintentional doping of HZO. As was shown in
the ToF-SIMS analysis, the HZO-AO-Bot sample possessed
higher counts of *’TiN~ and *°TiO~ within the HZO layer
compared to HZO-AO-Top suggesting that placement of the
Al,O5 layer can directly influence the diffusion of N and O
chemical species. Xu et al found as little as 0.34 at% of N
doping was able to increase the 2P, in HZO from 40 to 50 uC
cm 2 [49]. A similar mechanism may be found in HZO-AO-
Bot in which chemical species from the top TiN layer diffuse
into HZO during annealing treatment. In HZO-AO-Top, the
Al,O5 layer instead blocks the diffusion of N or O species
from the top TiN electrode into the HZO layer and results in a
more pristine TiN/HZO interface with a less pronounced
TiO,N,. Hamouda et al showed that in TiN/HZO/TiN
capacitors, the top electrode could scavenge O atoms from the
HZO layer, oxidizing the electrode material and forming an
oxygen-depleted layer in the ferroelectric [38]. The addition
of Al,Oj3 to the top interface not only limits N diffusion but
could also mitigate oxygen vacancy formation at the top
interface, which could also lower the 2P,. At a higher cycling
field of 4.5 MV cm ™' when capacitors are no longer being
sub-cycled, the differences in chemical profiles and doping
become insignificant such that the 2P, becomes comparable
between HZO-AO-Top and HZO-AO-Bot.

4. Conclusion

We report the growth of TiN/HZO/TiN multilayer capacitors
with 1 nm AlL,O; at either the top or bottom HZO-TiN
interfaces grown sequentially in the ALD reactor. TiN/HZO/
TiN capacitors with 1 nm at the bottom TiN/HZO interface
demonstrated superior endurance properties, lasting up to 10®
cycles without experiencing a dielectric breakdown. HZO
capacitors with a 1 nm Al,Oj; layer at either the top or bottom
interface achieved a 2P, of ~42 uC cm 2. ToF-SIMS and
EDS suggested N diffusion into the HZO layer with the 1 nm
Al,O3 layer placed at the bottom interface, which may have
favorably affected the ferroelectricity at low cycling fields. In
addition, deposition of a top Al,O5 could have suppressed the
premature crystallization of HZO into the non-ferroelectric
tetragonal phase and instead aided the development of the
orthorhombic phase upon rapid thermal annealing. Both
capacitors with a top or bottom 1 nm Al,O3 layer showed
robust leakage current density properties of ~107> Acm ?
after 107 cycles at 3.5 MV cm ™. The favorable properties of
Al,0O5 allow it to provide oxygen to adjacent layers and act as
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a diffusion barrier. Al,O; interlayers stabilize the HZO/TiN
interface and suppresses oxygen vacancy formation, which
leads to the observed improved endurance and leakage
properties in ferroelectric HZO capacitors. Our work illus-
trates that, in combination with a sequential deposition of the
capacitor stack without breaking vacuum, inserting Al,O5 to
stabilize the interfaces is a viable interfacial engineering
strategy for HZO devices.
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