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Abstract— This letter introduces a novel methodology to
improve the thermal stability of Zr:HfO, (HZO) ferroelectric
(FE) materials by adding AIN as the middle interlayer (IL)
between HZO. Adding AIN to HZO improves the thermal
stability of FE layers in three ways. Initially, the growth
of grains and the formation of the dielectric monoclinic
(m-) phase are kinetically suppressed in the HZO when
subjected to a subsequent thermal budget (TB) after crys-
tallization annealing for the formation of FE layers. The
middle IL acts as a physical barrier that hinders the
formation of leakage paths along grain boundaries with
increasing TB. Additionally, NH3 plasma treatment during
AIN deposition improves the interface quality between the
IL and bottom HZO FE layer. Collectively, these beneficial
effects synergistically contribute to the enhancement of
thermal stability, ensuring outstanding remanent polariza-
tion (2P, ~ 24 uC/cm?) and reliability (~ 4.3 x 10* cycles)
even under high TB (800 °C for 30 min.). This study is a
significant initial step in investigating the use of HZO FE
material in 3D memory devices, which require high TB due
to intricate process integration.

Index Terms— HfZrO, ferroelectric, hafnia, thermal stabil-
ity, 3D integration, thermal budget.

I. INTRODUCTION
AFNIA ferroelectric (FE) materials have been actively
utilized in high-performance 3D FE memory devices,
thanks to their CMOS compatibility and scalability [1], [2].
Among these, the 3D FE V-NAND flash stands out as the next-
generation storage memory device capable of overcoming the
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limitations of conventional charge trap-based NAND flash [3],
[4], [5]. The switching nature of the FE, combined with charge
trapping, helps achieve a large memory window and a low
operation voltage in 3D FE V-NAND devices [6].

To increase the on-current of a NAND string composed
of transistors connected in series, it iS necessary to increase
the grain size and mobility of poly-Si, which requires a
high thermal budget (TB) (> 800 °C) [7], [8]. Furthermore,
in order to address the decrease in electrical current resulting
from the high string height in high-density V-NAND, these
issues become significant. Therefore, the FE material is
inevitably subjected to significantly high TB as a result of
the following processes.

Accordingly, for the application of 3D FE V-NAND, it is
crucial for the hafnia FE materials to ensure robust thermal
stability [9]. However, unfortunately, hafnia FE layers become
thermally unstable under high TB due to two origins. The first
origin is the occurrence of the non-FE monoclinic (m-) phase
within the FE layer under high TB conditions (Fig. 1(a)) [10],
[11]. The second origin is the formation of leakage paths,
resulting from increased oxygen vacancies (Vo) located along
the grain boundaries in the FE layer (Fig. 1(b)) [12], [13].

Despite these challenges, research on developing thermally
stable FE layers has been scarcely reported so far. Kim et al.
demonstrated that adopting Al dopants, which have smaller
ionic radii compared to Hf, increases both the crystallization
temperature of the FE layer and the energy barrier from the
tetragonal (t-) to the m-phase, providing enhanced thermal
stability [14]. However, because of the nature of Al dopants,
which stabilize the t-phase in the FE layer [15], a wake-up pro-
cess is required to transform the t-phase to the orthorhombic
(o-) phase [16], [17]. Furthermore, the narrow doping win-
dow of Al:HfO; hinders further performance improvement by
optimizing the thickness and the Al doping concentration [18].

This letter proposes a unique method to improve the thermal
stability of Hfy5Zrp 50O, (HZO) material by adding AIN as
an interlayer (IL) within the FE layer. HZO is extensively
researched thanks to its broad doping window and sufficient
remanent polarization (2P;) property even in the pristine
state [19], [20]. The AIN IL within the HZO film suppresses
the unwanted m-phase stabilization (Fig. 1(c)) and inhibits the
formation of continuous grain boundaries, therefore preventing
the creation of leakage routes (Fig. 1(d)). The NH3 plasma
treatment enhances the interfacial quality of HZO during AIN
deposition, which improves its polarization switching behavior
and leakage current properties, as shown in Fig. 1(e). We pro-
vide an in-depth discussion of our experimental findings that
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Fig. 1. Schematics of the origins of thermal instability in hafnia FE
and the effects of AIN IL insertion on thermal stability. (a) Stabilization
of non-FE m-phase and (b) increase of Vg with increasing TB. (c) First
effect of inserting IL (AIN): suppression of m-phase through reduction of
grain size. (d) Second effect: reduced leakage current by blocking the
grain boundaries, where Vo migrate. (e) Third effect: the NH3 plasma
treatment during deposition of AIN IL to enhance interfacial quality.
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Fig. 2. Pristine P-E curves for MFM devices with various stacks:
(a) HZO without IL, (b) HZO with AIO IL, and (c) HZO with AIN IL.
(d) Variations of 2P, with respect to the TB.

show how our method improves the thermal stability of the
HZO layer. We successfully developed a thermally stable HZO
film with a 2P, of approximately 24 C/cm? and endurance of
around 4.3 x 10* cycles, even after being subjected to a TB of
800 °C for 30 minutes. Our study presents a practical method
of producing thermally stable hafnia FE materials suitable for
3D FE V-NAND memory applications, which demand high
TB due to intricate process integration.

[I. EXPERIMENTAL SECTION

We conducted an experiment to assess the impact of AIN
middle IL on thermal stability using metal-FE-metal (MFM)
devices as outlined in Fig. 2(a)-(c). The lower electrodes
made of TiN (100 nm) were deposited using DC sputtering.
Subsequently, HZO, AlO, and AIN IL were deposited using
plasma-enhanced atomic layer deposition (PEALD), utilizing
TEMAH{f, TEMAZr, and TMA as precursors, respectively.
The 1 nm-thick AlO and AIN interfacial layers were formed
through the utilization of O, and NHj3 plasma. The use of
NH3 plasma during AIN deposition naturally incorporates NH3
plasma treatment. TiN top electrodes (Inm) were deposited
using PEALD, utilizing TiCls and NH3 plasma as precursor
and reactant, respectively. Afterward, Ti/Pt (10/50 nm) elec-
trodes were deposited by an electron beam evaporation system.
Finally, RTA process was conducted at 600 °C for 10 sec. For
testing TB, fresh devices were subjected to furnace annealing
at temperatures of 700 °C, 750 °C, and 800 °C for 30 min.

IIl. RESULTS AND DISCUSSION
Fig. 2(a)-(c) depict the pristine P-E hysteresis curves for
MFM devices with various stacks as a function of TB.
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Fig. 3. Deconvoluted GIXRD spectra with respect to TB. (a)-(b) HZO
without IL, (c)-(d) HZO with AlO IL, and (e)-(f) HZO with AIN IL.
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Fig. 4. Measured |-V characteristics of (a) MFM devices without
intermediate IL, with (b) AIO and (c) AIN IL. (d) Compared increase
of leakage current of devices with respect to TB. (e)-(f) Endurance
characteristics of MFM capacitors with AIO and AIN IL.

Fig. 2(d) shows the 2P; in relation to the TB. The results
highlight the beneficial impact of including AIN as an insertion
IL between HZO layers. For device without IL, a significant
decrease in FE properties was observed with increasing TB,
indicating a transformation from the metastable t-phase to the
irreversible m-phase under high TB. Introducing IL signifi-
cantly reduced the deterioration of FE characteristics, even
after being exposed to TB at 800 °C for 30 minutes. The
introduction of the intermediate IL within the HZO layers
hindered grain growth, resulting in a higher surface-to-volume
ratio and thus preventing the formation of the unwanted
m-phase [21], [22], [23]. Fig. 3(a)-(f) displays deconvoluted
GIXRD spectra, suggesting the effect of IL on phase transition.
To analyze the ratio of each phase, diffraction peaks of
m(—111), o(111), t(011), and m(111) were set at 28.54, 30.4,
30.8, and 31.64 degrees, respectively [21]. Devices without IL
exhibited significant m-phase emergence with respect to ther-
mal budget. In contrast, for the devices with IL, the m-phase
evolution is hindered. Meanwhile, devices without IL were
electrically broken down during thermal testing at 800°C for
30 minutes, while devices with IL did not. This indicates that
ILs prevent the formation of continuous grain boundaries that
could lead to leakage paths along the grain boundaries [22],
[24]. Those containing AIN as an intermediate IL exhibited
improved FE characteristics (2P; ~ 24 1 C/cm?) in comparison
to those with AIO IL (2P; ~ 16 pLC/cm2). The NH3 plasma
treatment during the AIN IL deposition improved polarization
by suppressing the formation of defects such as Vg at the
IL/bottom HZO interface.

An investigation was conducted to quantify the suppression
effect of Vp-induced leakage paths by inserting an AIN IL.
The evaluation was focused on the features of the leakage
current. Fig. 4(a)-(c) show the current-voltage (I-V) curves
for three different stacks (HZO, HZO with AIO, and HZO
with AIN) with TB. Fig. 4(d) depicts the results of applying
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(9)-(h) half-width-half-maximum (w) of Lorentzian distribution function of
MFM devices with AIO and AIN ILs with TB. (i) Schematics of domain
pinning effects due to Vg in AlO and AIN IL inserted device.

the logarithm to the increase in leakage current (Irc.x) values
under an external electric field of 3 MV/cm. HZO without an
IL typically exhibits high leakage current, which significantly
worsens as the annealing temperature increases. On the other
hand, HZO with IL exhibits minimal leakage current, and a
decrease in leakage current with higher TB was noted, sug-
gesting that the insertion of ILs efficiently inhibits the creation
of leakage paths. In addition, inserting AIN improves FE char-
acteristics and decreases leakage current. The device with AIN
IL shows enhanced performance in leakage current compared
to the capacitor with AlO IL, particularly evident at a TB of
800 °C for 30 minutes. The endurance properties of MFM
devices with various IL types in relation to TB (Fig. 4(e)-(f))
also suggest the impact of AIN IL insertion. Subjecting the
device to a TB of 800 °C for 30 minutes showed that the device
with the AlO IL had poor endurance, but the capacitor with the
AIN IL showed improved endurance. The improved properties
and endurance characteristics of the FE stem from the AIN IL
introduction, which benefits from both AIN’s intrinsic features
and NH3 plasma treatment during deposition. The nature of
AIN makes it resistant to diffusion from neighboring layers and
less likely to readily accept foreign atoms. Peng et al. found
that nitrogen atoms close to the HZO hinder the diffusion of
Hf/Zr during annealing [25]. Similarly, Kim et al. presented
that metal nitrides effectively functions as a diffusion barrier
to adjacent layers [26]. Regarding NH3 plasma treatment, the
extra surface treatment during AIN deposition helps reduce
the occurrence of defects, representatively Vo, leading to an
improved surface quality between HZO and AIN [27]. Chen
et al. showed that treating the HZO layer with NH3 plasma
results in the creation of a HfZrOxNy passivation layer on the
HZO surface, which helps decrease Vo formation in subse-
quent processes [28]. In addition, research on the mechanism
underlying the decrease in Vo after NH3 plasma treatment
on HZO surfaces has been consistently reported [29], [30].
Wau et al. found that N-bonding hinders oxygen displacement
on the surface of HZO and reduces the formation of Vg [30].
NH3 plasma treatment has been shown to improve the quality
of interfaces by passivating dangling bonds and decreasing
interface traps in materials like HZO and others [25], [31],
[32]. However, Vg reduction caused by NH3 plasma treatment
does not significantly affect the wake-up effect because the
effect is limited to the interface.

ing properties (AP/Ps) of MFM devices with AlO and
AIN IL, respectively. The data was analyzed with the
nucleation-limited switching (NLS) model, which included the
Lorentzian distribution [33]. When comparing the HZO with
AlO IL, the FE layer with AIN IL shows sharper switching
and lower half-width-half-maximum (w) at all TB condi-
tions (Fig. 5(g)-(h)). This indicates that FE domain switching
mainly happens at particular external electric field and pulse
periods, indicating a large domain size. The improved FE
switching characteristics were enhanced by NH3 plasma treat-
ment, preventing Vo production that causes domain pinning
effect as shown in Fig. 5(i) [16]. Fig. 6(a)-(d) depicts decon-
voluted XPS Hf 4f spectra at the IL/bottom HZO interface.
To consider spin-orbital splitting for Hf 4f spectra, peaks
for HfO, were assigned at 18.41 and 20.08eV, while the
peaks for sub-oxide were assigned at 15.72 and 17.02 eV,
in agreement with published data [34]. It can be verified that
relative fraction of sub-oxides, which are indicative of Vg
formation, is suppressed in device with AIN IL, especially in
high TB condition.

IV. CONCLUSION

This research showcases the enhanced thermal stability of a
HZO layer by the use of AIN as an intermediate IL. Through
rigorous experimental investigation, we have identified three
impacts of the AIN IL that successfully reduce the thermal
instability in HZO FE layers. Stabilization of non-FE m-phase
and formation of leakage channels along grain boundaries
are prevented. Consequently, we achieved outstanding FE
and lower leakage characteristics even after exposure to high
TB. Furthermore, enhancing the interface quality with NHj3
plasma treatment improves FE qualities and reduces leakage
current. We developed a thermally stable HZO film with
exceptional qualities, maintaining a remanent polarization of
approximately 24 C/cm? and enduring around 4.3 x 10*
cycles even after exposure to a TB of 800 °C for 30 minutes.
Our research results aid in developing thermally stable FE
HZO layers, allowing for their use in 3D FE V-NAND devices.
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