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Since the discovery of ferroelectric properties in HfO»-based thin films, capping effect has been extensively
researched to induce ferroelectric orthorhombic phase through mechanical clamping. However, current research
on capping materials has focused on oxide-based materials to address wake-up effect resulted from 3D metallic
capping electrodes, yet the challenge of achieving a large double remnant polarization value remains unresolved.
Here, ultra-thin (=~ 1 nm) MoS,, one of transition metal dichalcogenides, was employed as a novel capping layer
on Hfj 5Zr 50 thin films. Notably, MoS»-capped Hfy 5Zrg 502 films exhibited a higher orthorhombic phase
fraction than uncapped films, resulting in an enhanced double remnant polarization value of ~ 42.2 pC cm™2
This represents approximately a three-fold increase compared to the uncapped Hfj 5Zro 503 films (=~ 14.8 uC
cm™2), attributed to volumetric suppression via the clamping effect even with ultra-thin capping. Additionally,
the MoSy-capped Hfy 5Zr( 502 device exhibited enhanced cycling limits (>10° cycles), achieved by suppressed
oxygen vacancies at the top electrode-Hfy 5Zrg 50> film interface, thanks to the dangling bond-free nature of
transition metal dichalcogenides. This study demonstrates that ultra-thin MoS; effectively functions as a capping
layer, enhancing both remnant polarization and endurance for 1T-1C FeRAM applications while preserving the
scalability of Hfy 5Zrg 502.

stable FE response, attributed to the similar physical and chemical
properties of HfO5 and ZrO, [4-8]. However, the practical utilization of

1. Introduction

Since the discovery of ferroelectric (FE) properties in HfO thin films
in 2011 [1], extensive research has focused on HfO; due to its scalability
and compatibility with complementary metal-oxide semiconductor
(CMOS) technology [2,3]. In particular, doped HfO, thin films with
enhanced FE properties have garnered significant attention as promising
candidates for FE-based non-volatile memory devices such as one-
transistor one—capacitor (1T-1C) ferroelectric random-access memory
(FeRAM) and ferroelectric field effect transistor (FeFET). Among various
dopants such as Al, Gd, Zr, Y, and La, Zr-doped HfO, has been inten-
sively studied due to its relatively lower processing temperature and

HfyZr 4O, thin films as a capacitor in 1T-1C FeRAMs is challenged by
their insufficient double remnant polarization (2P;) value, which hin-
ders the achievement of a large memory window, low leakage current,
and uniform FE properties over multiple operating cycles [9-12]. Given
that a 2P, value of approximately 30 uC cm™2 is required for reliable
FeRAMs, improving polarization performance is essential [13-15].
With varying doping ratio of Zr in HfO,, Hf 5Zro 502 (HZO) exhibits
diverse characteristics, such as dielectric, ferroelectric, and antiferro-
electric properties, which correspond to the monoclinic (m-phase, space
group: P2;/c), orthorhombic (o-phase, space group: Pca2;), and
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tetragonal (t-phase, space group: P4,/nmc) phases, respectively
[3,5,6,16,17]. The o-phase, which is the origin of ferroelectricity due to
its non-centrosymmetric property, exists in a metastable state. Since
early studies, applying a 3D metallic capping electrode on HZO thin
films has been tremendously reported as an effective method to enhance
the areal fraction of the FE o-phase by suppressing the volumetric
expansion of the t-phase during the annealing process. This leads to
inhibition of the phase transition from the t-phase to the m-phase
[18-21]1, a phenomenon referred to as the “Clamping Effect” [22-25].
However, the wake-up effect, the increase in polarization with field
cycling, occurs when applying a 3D metallic capping electrode [26-28].
Various factors such as phase transformation, domain depinning, fer-
roelastic domain switching, and breakdown of the dielectric interfacial
layer have been associated with this effect [29-31]. However, the wake-
up effect is primarily attributed to domain depinning caused by the
redistribution of charged oxygen vacancies (V,) at the interface between
the HZO film and the top electrode. These vacancies result from un-
wanted interface reactions and oxygen scavenging during the deposition
process or post-metallization annealing of FE films [3,26-28,32]. The
unstable FE cyclic characteristic causes hard breakdown and deterio-
ration of operation parameters such as the read/write voltages of
FeRAM, posing a significant obstacle to their stable and long-term use
[12]. Thus, numerous research on capping layers for HZO thin films has
been focused on the suppression of V, to overcome this reliability
limitation.

Zhang et al. reported enhanced endurance and retention properties
by supplying oxygen at the interface of electrode-HZO film using VOy
capping, which has a lower bond energy of V-O compared to that of the
Hf-O [33]. Onaya et al. found that ZrO, interfacial layer induced wake-
up free properties by inhibiting the oxygen scavenging at TiN top elec-
trode [34]. Additionally, Goh et al. demonstrated a V,-suppressed
interface using RuO» top electrode, which provides additional oxygen to
the HZO layer, resulting in a reduced wake-up effect [35]. These results
indicate that interface engineering to prevent unwanted reactions is
crucial for achieving reliable cyclic characteristics with prolonged
endurance cycles.

Meanwhile, at present, there have been limitations in the 2P, value in
some studies, possibly due to insufficient clamping effects, since
research on capping materials has been limited to oxide-based materials
to primarily address V,, suppression [34,36,37]. Since large 2P; value is
crucial for high-performance 1T-1C FeRAMs, novel capping materials
that not only effectively induce large fraction of the FE o-phase via
mechanical stress but also reduce the amounts of defects at the interface
are required.

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
suppress unwanted interfacial interactions due to their unique property
of dangling bond-free surface, which inhibits the formation of V, and
ensures a clean interface [38,39]. Additionally, despite the presence of
van der Waals (vdW) bonding resulting from the absence of dangling
bonds on the surface [38,40], it has been demonstrated that ultrathin
monolayer TMDs effectively sustain strain both theoretically and
experimentally [41], which opens up the possibility of inducing a
clamping effect using ultra-thin TMDs as a capping layer. These make
TMDs unique as capping materials, enhancing both endurance charac-
teristics and ferroelectric properties through the use of an extremely thin
layer, which has yet to be studied.

In this study, we introduce a unique capping layer of molybdenum
disulfide (MoS3) to enhance both ferroelectricity and reliability of
ferroelectric capacitors in 1T-1C FeRAMs. The MoS, capping layer
exhibited a strong clamping effect by effectively inhibiting the forma-
tion of the non-FE m-phase, thereby enhancing the areal fraction of the
FE o-phase. Consequently, the 2P, value of MoSs-capped HZO film was
422 pC cm™2, representing approximately a three-fold increase
compared to uncapped HZO capacitor (2P, ~ 14.8 pC cm™2). Further-
more, the dangling bond-free nature of 2D TMDs resulting in decreased
amount of V,, at the interface compared to the uncapped HZO capacitor.
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Notably, owing to the ability to enhance both of 2P; value and endur-
ance properties via interface engineering with ultrathin (= 1 nm) MoS,
layer, MoSz-capped HZO capacitors preserve their superior advantages
of scaling down.

2. Experimental methods
2.1. Device fabrication

The TiN bottom electrodes were deposited to a thickness of 50 nm on
a Si substrate using radio frequency (RF) magnetron sputtering (Co-
sputtering system, DAEKI HI-TECH). The sputtering conditions included
a power of 200 W, working pressure of 1 mTorr, and an Ar flow rate of
20 sccm. The HZO thin films were deposited to a thickness of 10 nm
using atomic layer deposition (ALD, Atomic classic, ISAC Research) at a
temperature of 280 °C. During the ALD process, [(CH3)(CoHs)N]4Hf
(TEMAH(), [(CH3)(CoHs)N]4Zr (TEMAZr) and Os served as the Hf-
precursor, Zr-precursor, and reactant, respectively. For capped sam-
ples, approximately 1 nm of MoS; was subsequently grown using com-
mercial target (LTS Research Laboratories, Inc.) via pulsed layer
deposition (PLD) equipped with a KrF (1 = 248 nm) excimer laser
(Coherent, COMPex PRO 205F). The laser energy density, substrate
temperature, and repetition rate were set at 1.3 J ~cm’2, 500 °C, and 3
Hz, respectively, when operating pressure was maintained at 100 mTorr
with an Ar flow of 50 sccm. To crystallize the HZO thin films, rapid
thermal annealing (RTA) was conducted at 500 °C for 60 s under an Ny
gas atmosphere at 100 mTorr. Finally, 50-nm-thick Pt top electrodes
were deposited by e-beam evaporation through a shadow mask with a
hole diameter of ~ 120 ym for patterning.

2.2. Device electrical measurement

Electrical characterizations were performed using a TF analyzer
measurement system (TFA 3000, Aixacct). Polarization-electric field (P-
E) and current density—electric field (J-E) curves were obtained by
applying a bipolar triangular pulse with various voltage amplitudes at a
frequency of 1 kHz. Positive up negative down (PUND) measurements
were conducted to measure the ferroelectric response while eliminating
non-ferroelectric components with rising and falling pulses, with delay
times set to 250 ps, between +4.5 V. For the endurance test, a bipolar
rectangular pulse between +4.5 V at a frequency of 50 kHz was used.
Leakage current-electric field measurements were conducted after
applying a pre-pooling voltage pulse of —2 V for 1 s. The current was
measured while applying a staircase voltage between —2 V and 2 V in
0.1 V steps for 1 s. & (relative permittivity)-V(voltage) measurements
were performed after applying a pre-poling voltage pulse of —4 V.
Capacitance and loss tangent were measured while applying a small
signal at 100 staircase voltage steps, with the frequency set to 10 kHz
and the amplitude to 50 mV (Fig. S1).

2.3. Material characterization

Raman spectroscopy (InVia, Renishaw) with the laser wavelength of
514.5 nm was employed for the structural analyses of the MoS; capping
layer. Structural analyses of HZO thin films were carried out using
grazing incidence X-ray diffraction (GIXRD, Smart Lab, Rigaku) with a
Cu-Ko source (1 = 1.5406 A), and high-resolution transmission electron
microscopy (HR-TEM, Tecnai G2 F30 S-Twin, FEI). X-ray photoelectron
spectroscopy (XPS, NEXSA, Thermo Fisher Scientific, monochromatic
Al-Ka source) measurements were performed to investigate V, at the
interface, with the binding energy of the XPS spectra calibrated using the
284.5 eV C signal.

3. Results and discussion

Fig. 1 illustrates the schematic structures of the HZO capacitors
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Fig. 1. Schematic illustrations of fabricated metal-ferroelectric-metal (MFM) capacitors; (a) MoS,-uncapped (w/o0 MoS,) and (b) MoS,-capped (w/ MoSs,)

HZO capacitor.

without MoS; capping and with ultra-thin MoS; capping. Fig. 2a pre-
sents the grazing incident X-ray diffraction (GIXRD) patterns of each
capacitor. Due to the extreme thinness of MoS; (= 1 nm), the peak of
MoS; was not observed in GIXRD results. Therefore, Raman spectra in
the range of 355-445 cm ™! and XPS spectra of Mo 3d and S 2p were
measured to verify the presence of the MoS; layer, as shown in Fig. S2-3,
respectively. In Fig. 2a, GIXRD patterns of each HZO film are shown. The
peak at ~ 30.5° is generally attributed to the (1 1 1) peak from the FE o-
phase and the (1 0 1) peak from the non-FE tetragonal phase (t-phase),
while the peaks at ~ 28.6° and ~ 31.7° correspond to the (—1 1 1) and
(1 1 1) peaks from the non-FE m-phase [36,42,43]. To quantitatively
analyze the phase fraction of HZO, comparing the relative peak areas of
the o/t-phase and m-phase is effective [13]. Fig. 2b shows Gaussian-
fitted GIXRD curves in the 26 range of 27°-33° from Fig. 2a, and
Fig. 2c summarizes the phase fraction of the HZO films. From Gaussian
fitting, it was observed that the non-FE m-phase fraction significantly
decreased from 59 % to 35 % in MoSz-capped HZO film. Consequently,
the o/t-phase fraction increased, indicating that MoS, capping layer
sufficiently inhibits the non-FE m-phase by suppressing volumetric
expansion through mechanical clamping.

Fig. S4 shows the ¢&; (relative permittivity)-V (voltage) curves of the
MoS;-uncapped and capped HZO capacitors. The MoS,-capped HZO
capacitor exhibited a higher ¢, value than the uncapped HZO capacitor.
Since the o-phase has a higher ¢, value compared to the m-phase [44],
this result might suggest that the MoSy-capped HZO film had a larger
areal fraction of the o-phase, consistent with GIXRD results.

To further clearly investigate the impact of MoS; on the FE o-phase
fraction, high resolution-transmission electron microscopy (HR-TEM)

analyses were performed. Fig. 3a and b display the cross-sectional HR-
TEM images of the MoSs-uncapped and capped HZO films, respectively.
Notably, as shown in Fig. 3b, the presence of uniformly formed MoS,
layer was verified with a thickness of 1 nm. For better visibility, the
reverse fast Fourier transformation (FFT) images were generated by
filtering FFT images with masks. In the FFT images, the inter-atomic
distance (d) spacing values were measured to determine the phase in-
formation. Each colored box and corresponding region in HR-TEM im-
ages represents different phases identified in the FFT images. Through
multiple analyses of various regions, we observed that the (1 1 1)-ori-
ented and the (1 1 0)-oriented m-phase were mainly present in the
uncapped HZO film, highlighted in orange and yellow, respectively,
with low fraction of (2 0 0)-oriented o-phase, highlighted in green.
Conversely, the MoS,-capped HZO film predominantly displayed the o-
phase with orientations (1 1 1) and (2 0 0), colored in blue and green,
respectively. Given that the substrate-normal directional phases differed
between the MoS;-uncapped and capped HZO films (m(1 1 1) and o(1 1
1), respectively), it is evident that a larger o-phase fraction was induced
through MoS; capping. This further confirms the clamping effect of the
ultra-thin MoS; capping layer, in agreement with the GIXRD results.
Before examining the effect of MoS; capping on FE properties of HZO
capacitors, it was verified that the MoS; deposition temperature of
500 °C in PLD did not have an additional annealing effect beyond RTP
(Fig. S5). To investigate the FE performance of the HZO capacitors,
polarization-voltage (P-V) loops and the current density-voltage (J-V)
curves were measured. Since uncapped HZO capacitors exhibited
sharper hysteresis loop at each 10% cycles in Figs. S6 and S7, after
applying wake-up cycles 10 times at a voltage of 4.5 V, all electrical
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Fig. 2. Structural analyses of MoS,-uncapped (w/0 MoS,, black) and capped (w/MoS,, red) HZO films. (a) XRD patterns. (b) Gaussian-fitted XRD patterns from 27°
to 33°. (c) Phase fraction of o/t-phase and m-phase from 27° to 33° extracted from XRD by Gaussian fitting. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Cross-sectional HR-TEM images of HZO films for (a) MoS-uncapped (w/o MoS,) and (b) MoS,-capped (w/MoS2) HZO films. Each colored box and corre-
sponding region in the HR-TEM images represents different phases identified in the FFT images for (¢) m(1 1 1), (d) m(1 1 0), (e) and (h) o(2 0 0), and (f) and (g) o(1

11).

characterizations were compared in the operating voltage range of +3.0
~ +4.5 V as shown in Fig. 4. In Fig. 4a, MoSy-capped HZO capacitor
showed larger 2P; value than the uncapped HZO capacitor for all voltage
range. Notably, the MoS,-capped HZO capacitor showed an enhanced
2P, value of 42.2 uC cm™~2, which is approximately a three-fold increase
compared to the uncapped HZO capacitor (14.8 pC cm™~2) between +4.5
V (Fig. 4b). In the uncapped HZO capacitor, the post-deposition
annealing likely increases the fraction of the non-ferroelectric mono-
clinic phase, which in turn elevates the coercive voltage by inhibiting
complete ferroelectric switching [3,45]. In the MoSy-capped HZO
capacitor, part of the applied voltage drops across the MoS; layer,
reducing the field across HZO. As a result, a higher external voltage is
needed to switch the polarization, consistent with reports that interfa-
cial layers increase the coercive voltage in ferroelectric films [46,47]. To

determine the intrinsic polarization response without the leakage cur-
rent effect, P-V loops were measured using the positive-up-negative-
down (PUND) method. The MoS,-capped HZO capacitor exhibited
more than a three-fold increase in 2P; value, reaching 35.2 pC cm™2
compared to the uncapped HZO capacitor (10.2 pC cm~2) as shown in
Fig. 4c, confirming the significant improvement in intrinsic ferroelec-
tricity via MoS; capping. Note that these results are consistent with the
structural analyses, which observed a notably increased o-phase fraction
from GIXRD and a dominant o-phase from HR-TEM. It is remarkable that
the MoSy-capped device showed a noticeable ferroelectricity with
thinner capping layer, compared to reported studies (Table S1).

To assess the impact of MoS; capping on reliability, endurance tests
were conducted with fatigue pulses between +4.5 V with 50 kHz by
extracting 2P, values from PUND tests. As shown in Fig. 5a-c, MoS,-
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+3.0 V ~ +4.5 V. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

capped HZO capacitor demonstrated enhanced 2P, value across all
operating cycles, confirming robust FE performance via MoS; capping.
Moreover, the endurance of MoS;-capped HZO capacitor improved up to
10* cycles despite the commonly studied trade-off between the 2P, value
and reliability [48]. In Fig. 5d, endurance tests were also conducted with
fatigue pulses from +3.0 V to +4.0 V to depict polarization switching
depending on the voltage (Fig. S8). Notably, at +3.0 V, the MoS,-capped

HZO capacitor exhibited not only FE full switching characteristics but
also enhanced endurance cycles up to 10°. In contrast, the uncapped
HZO capacitor displayed only dielectric properties at +4.0, reaching up
to 10° cycles. Although the MoS,-capped HZO capacitor’s polarization
decreases significantly after 10° switching cycles at +4.0 V (2P; ~ 22.4
pC em™2), it still remains higher than that of the uncapped HZO
capacitor at the same cycle count (2P; ~ 7.1 uC cm™2), highlighting
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Fig. 6. Representative (a) Hf 4f, (b) Zr 3d, and (c) O 1s XPS spectra for investigation of oxygen vacancies at the interface between HZO film and capping layer of Pt
and MoS,, for MoS»-uncapped (w/o MoS,, black) and MoS,-capped (w/ MoS,, red) HZO films, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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meaningful endurance improvement provided by the ultra-thin MoS,
capping layer. This further confirms that MoS; capping induces robust
FE properties even at lower voltages, even with enhancing the endur-
ance cycles. Given the general belief that the formation of V, at the
interface between the HZO film and the electrodes is responsible for
endurance failure during cycling, MoS, capping might reduce the
amount of V,, at the interface. [26,27,35,49].

To carefully compare the interfacial interaction related to V,, for both
capacitors, x-ray photoelectron spectroscopy (XPS) analysis was carried
out using two samples of Pt-capped and MoSs-capped HZO films for
uncapped, and capped HZO capacitors, respectively. The thickness for Pt
and MoS; were ~ 1-nm-thick to exclude the effect of thickness on the
formation of defects. Given that sub oxides are regarded as chemical
species having an intermediate oxidation state containing less oxygen
than the corresponding oxide [50-52], the reduced sub oxides ratio in
the Hf 4f and Zr 3d spectra of the MoS,-capped HZO sample suggests a
suppressed V,, fraction at the interface (Fig. 6a and b). More remarkably,
relative areal ratio of the non-lattice oxygen in the HZO films decreased
from 34.6 % to 18.7 % after MoS; capping (Fig. 6¢). It should be noted
that the relative areal ratio does not mean the accurate quantitative
fraction of oxygen vacancies because the intensity in XPS is strongly
depth-dependent. However, the lower areal ratio of non-lattice oxygen
observed for the MoS,-capped sample supports the decreased relative
concentration of V, in MoSy-capped HZO sample compared to that of the
uncapped HZO sample [12,53-55]. These results suggested that the
maintained endurance properties in capped HZO capacitor might be
attributed to the suppression of V, at the interface by inhibiting un-
wanted interfacial interactions with electrodes via MoS, capping layer,
which is free of dangling bonds [38,39].

Modeling could further elucidate the how an increase in ferroelec-
tricity, induced by mechanical property modifications, facilitates lower
voltage operation and enhances reliability. In the presence of a capping
layer, it is known that the annealing process suppresses out-of-plane
expansion, resulting in an increase in in-plane tensile stress [21].
Furthermore, when an in-plane tensile strain of 2-2.5 % is applied to
HZO thin films, ferroelectricity increases by 34 %, as indicated by DFT
calculations [56]. For future studies, DFT-based modeling of HZO could
further aid in capacitor structure design by analyzing the effects of
capping layers on the polarization and endurance properties [57,58].

Beyond the demonstrated improvements in 2P; and endurance, the
possibility of tuning the optoelectronic behavior of MoS; via the ferro-
electric polarization of HZO suggests its potential for in-memory
computing applications [59,60].

4. Conclusion

In summary, we investigated the significant impact of novel MoS,
capping layer in enhancing ferroelectric properties of HZO films. The
ultra-thin (= 1 nm) MoS; successfully acted not only as a clamping layer
but also as a V, suppression layer on the HZO film. Mechanical
confinement via the MoS; layer resulted in the inhibition of the m-phase
and, thus, an increase in the areal fraction of the FE o-phase in the HZO
film. Consequently, a notably enhanced 2P, value (= 42.2 pC cm™2) was
obtained in the MoS,-capped HZO capacitor, representing approxi-
mately a three-fold increase compared to the HZO capacitor (=~ 14.8 uC
em™2). Additionally, the MoS, capping layer suppressed V,, which is
detrimental to endurance properties, by inhibiting unwanted interfacial
reaction with dangling bond-free nature, resulting in maintained reli-
ability. Our approach of adopting unique MoS; capping layer, which
notably enhances the intrinsic 2P; value despite ultra-thinness, may
benefit the application of high-performance capacitors in 1T-1C FeR-
AMs, while maintaining scaling down capability of Hfy 5Zrg 502.
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