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Abstract— Electrical and reliability characteristics of
hafnia ferroelectric capacitor are influenced by a cap-
ping electrode layer which controls the type of stress
and the amount of oxygen vacancy inside hafnia. Here,
we present the impact of metal nitride and metal oxide
electrode on the ferroelectricity of a Hf0.5Zr0.5O2 (HZO)
capacitor. For comparison, we employed two different top
electrodes (RuO2 and TiN) with hafnia ferroelectric layer,
forming RuO2/HZO/TiN and TiN/HZO/TiN capacitors. The
RuO2 top electrode provides additional oxygen to the HZO
film, lowering the amount of oxygen vacancies in the film.
From material analysis, we found that the top RuO2/HZO
interface exhibits less oxygen vacancy in comparison to
the top TiN/HZO interface. In addition, for RuO2/HZO/TiN,
due to different thermal expansion coefficient between top
and bottom electrodes, the HZO film experiences signifi-
cant tensile stress, resulting in the high o-phase formation
and remnant polarization (∼20 μC/cm2) as compared with
that of TiN/HZO/TiN capacitor (∼13 μC/cm2). This article
suggests an efficient solution to reduce the interfacial
defects and oxygenvacanciesas well as to enhance o-phase
formation and ferroelectricity.

Index Terms— Capping layer, ferroelectric, hafnia thin
film, interfacial dead layer, oxygen vacancy, RuO2 oxide
metal.

I. INTRODUCTION

HAFNIA-BASED ferroelectric materials with various
dopants (Zr, Al, Si, La, Gd, etc.), which was recently

discovered in 2011 [1], [2], have attracted great attention as
nonvolatile memories, super-steep logic, energy devices, and
neuromorphic applications, due to Si-compatibility, scalability,
and fast switching [3]–[6]. Compared to conventional
perovskite thick films with single-crystalline structure,
the hafnia-based ferroelectric films are crystallized in the non-
centrosymmetric orthorhombic phase (o-phase) after annealing
and cooling processes [7], [8]. It is considered to be attributed
to the mechanical tensile stress in the film sandwiched
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Fig. 1. Schematic of (a) TiN/HZO/TiN capacitor and (b) RuO2/HZO/TiN
capacitor.

between top and bottom electrodes due to different thermal
expansion coefficient between the top and bottom electrodes
or between the electrode and ferroelectric film [9]–[11].
Therefore, the top electrode that mainly induces mechanical
stress is one of the key parameters to improve ferroelectricity.

In addition, to enhance ferroelectric properties of hafnia thin
film, it is essential to reduce the oxygen vacancies in the inter-
facial layer, which leads to wake-up effects and degradation of
reliability [12]–[16]. These oxygen vacancies are redistributed
during the wake-up cycle resulting in the disappearance of
built-in field. As a result, the construction of uniform field
increases the portion participating in the switching [12], [13].
Otherwise, after wake up, electrical cycling leads to electron
trapping at these oxygen vacancies that reduces the field
in the bulk and generates the leakage path and finally a
breakdown of the film. For these reasons, the quality of
ferroelectric/electrode interface plays an important role on the
ferroelectricity. However, in hafnia with TiN top and bottom
electrodes, which is the most common structure, TiN metal
is inevitably oxidized into TiOxNy or TiO2 during deposition
and annealing process [17]. These interfacial sections involve
nonswitching ferroelectric grains and much higher oxygen
vacancies, resulting in the poor performance of the films.
In contrast with the active metal, TiN, the oxide metal, RuO2,
can supply oxygen to hafnia film achieving excellent interface
quality and good ferroelectricity. Furthermore, low leakage
current can be allowed due to higher work function of RuO2

(∼5.4 eV) compared to TiN (∼4.5 eV).
In this article, we investigated the effects of capping

electrode on the interfacial layer and ferroelectric switching
properties of Hf0.5Zr0.5O2 (HZO) – based metal–ferroelectric–
metal (MFM) capacitor with TiN and RuO2 top electrodes.

II. EXPERIMENT

Fig. 1(a) and (b) presents the schematic of MFM capacitors
with TiN, RuO2 top electrodes, respectively. First, 50-nm-
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Fig. 2. TEM images of (a) TiN/HZO/TiN capacitor and (b) RuO2/HZO/TiN
capacitor.

Fig. 3. (a) UPS data of two devices and information of work function.
(b) GIXRD patterns and the value of residual stress of TiN/HZO/TiN and
RuO2/HZO/TiN devices extracted from GIXRD.

thick TiN bottom electrodes were deposited on the SiO2/Si
substrate by physical vapor deposition (PVD). Then, 10-nm-
thick HZO thin films were deposited by thermal atomic layer
deposition (ALD) with Hf:Zr = 1:1 cycle ratio. For device 1
as shown in Fig. 1(a), a 25-nm-thick top TiN electrode was
deposited in an identical method with top electrode. For
device 2, on the other hand, 10-nm-thick RuO2 was prepared
by thermal ALD with Ru(EtCp)2 precursor and O2 reactant
at 225 ◦C. Finally, for contact pad, 10-nm-thick Ti/30-nm-
thick Pt was deposited by using E-beam evaporator with
100 μm × 100 μm size shadow mask. The TiN top electrode
in device 1 was etched by wet etchant SC-I solution, and
the RuO2 top electrode in device 2 was dry-etched with
O2 plasma. After then, both devices were annealed by rapid
thermal annealing (RTA) at 600 ◦C during 10 s for phase
transformation. Each layer was examined by TEM images as
presented in Fig. 2. The devices were electrically characterized
by Keithley 4200 with 4225-PMU module.

III. RESULTS AND DISCUSSION

The RuO2 is a conducting metal oxide with low resistivity
(∼46 μ�/cm), and high work function (∼5.4 eV) compared
to a conventionally used TiN electrode (∼4.5 eV) as shown
in Fig. 3(a) extracted from the ultraviolet photoelectron
spectroscopy (UPS) spectrum. Fig. 3(b) represented the
grazing incidence X-ray diffraction (GIXRD) pattern of
TiN/HZO/TiN and RuO2/HZO/TiN capacitors. The samples
were crystallized during annealing process, and we removed
the top electrode for GIXRD measurement. This indicated
that both devices are polycrystalline including ferroelectric
o-phase, but RuO2/HZO/TiN capacitor presents much higher

Fig. 4. (a) Voltage profile and transient current of TiN/HZO/TiN and
RuO2/HZO/TiN. (b) P–E characteristics of two devices.

intensity of o-phase (2θ ∼ 30.5◦) and less intensity of m-phase
(2θ ∼ 28.5◦ and 31.4◦) compared to TiN/HZO/TiN capacitor.
In addition, residual stress is determined from the XRD pattern
by calculating the strain from the diffraction peak position. The
residual stress changes lattice spacing, so the type and amount
of stress can be extracted by measuring lattice distance and
comparing with theoretical stress-free lattice distance. As in-
plane tensile stress is applied to the film, the lattice distance
of phase increase compared to theoretical value. In this
article, the lattice spacing of o(111) was used to estimate the
residual stress of HZO film. It is revealed that HZO with
RuO2 top electrode is under larger tensile stress allowing
generation of m-phase to be suppressed and formation of
o-phase to be enhanced [9]. Compared to single crystalline
perovskite FE film, it is widely reported that mechanical stress
by capping layers, especially in-plane tensile stress during
annealing and cooling processes, can stabilize the ferroelectric
orthorhombic phase of hafnia-based ferroelectrics. Although
the deposition methods of TiN and RuO2 are different, it is
not important because it does not affect crystallization of
HZO during deposition. The dependence of the top electrode
on ferroelectricity can be demonstrated using different thermal
expansion coefficient, α, between top and bottom electrodes.
In this article, we use RuO2 (α ∼ 6.4 × 10−6/K) as the top
electrode and TiN (α ∼ 9.1×10−6/K) as the bottom electrode.
During annealing process at 600 ◦C, TiN expands much more
than RuO2, resulting in tensile stress applied to HZO film
and increase of the o-phase in HZO film. It is consistent with
polarization switching characteristics as shown in Fig. 4. For
the TiN/HZO/TiN device, the two separate switching current
peaks [upper data in Fig. 4(a)] are measured corresponding
to the pinched polarization–electricfield (P–E) curve as
shown in Fig. 4(b). It is reported that ferroelectric dipoles
pinned by trapped charges in interfacial oxygen vacancies
induced pinched P–E characteristics. On the other hand,
the RuO2/HZO/TiN device shows a clear single switching
current [lower data in Fig. 4(a)] which means stable P–E
hysteresis property as shown in Fig. 4(b). The remnant
polarization Pr of the RuO2/HZO/TiN capacitor is much
higher (∼20 μC/cm2) than that of TiN/HZO/TiN capacitor
(∼13 μC/cm2) even at the initial sweep.

To explain the different switching properties between
RuO2/HZO/TiN and TiN/HZO/TiN capacitors, we measure
frequency ( f )-dependent hysteresis curves as shown in
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Fig. 5. Frequency dependence of P–E curves of (a) TiN/HZO/TiN and
(b) RuO2/HZO/TiN.

Fig. 5(a) and (b). From the dependence of coercive field
(Ec, the reverse electric field necessary to bring the
polarization to zero) values with a field sweep rate,
switching dynamics of ferroelectric thin films can be
established [18]–[21]. We observed that in the case of the
RuO2/HZO/TiN device, when the f increases from 250 Hz
to 250 kHz, Ec value linearly increases having two slopes as
shown in Fig. 5(b). According to the intrinsic domain-wall
growth model [18]–[21], creep motion in which hopping
mechanism that induces domain wall movement from one
polarization state to another polarization state is dominant at
low f regime, while viscous flow motion is the main process
at high f regime in which E-field increases quickly in time.
For TiN/HZO/TiN, however, the Ec value is independent
with log f indicating defect-driven nucleation-limited FE
domain switching which means formation of opposite domain
is accompanied by significant defect generations [18]–[21].
It could be ascribed to the interfacial layer, TiO2 or TiOx Ny,
which was formed during HZO deposition and annealing
process. The TiN transition metal electrode reacts with
oxygen in HZO layer generating oxygen vacancies (Vo) and
defects in the HZO layer. The charge injection from these
defects degrades the reliability characteristics of the device.
On the other hand, the RuO2 oxide metal electrode can supply
oxygen to the HZO layer by reduction process resulting in the
suppression of Vo formation resulting in excellent reliability.

The existence of Vo in HZO was examined by the XPS
depth profile presented in Figs. 6 and 7. Fig. 6(a) and (b)
shows the XPS spectrum of Zr3d of HZO at the top interface,
TiN/HZO, and RuO2/HZO, respectively. (Although we did
not show the Hf4f peaks in this article, it shows the same
tendency with Zr3d.) Zr3d peaks for ZrO2 are assigned at
182.5, 185 eV and for suboxide are assigned at 179.5 and
181.5 eV. Here, suboxide can be viewed as an oxygen-deficient
ZrO2−x which induces the Vo states [22], [23]. It is usually
due to the oxidation–reduction reaction between the metal
and HZO film. We found that the TiN/HZO interface has

Fig. 6. XPS Zr3d spectra in top interface of (a) TiN/HZO/TiN and
(b) RuO2/HZO/TiN.

Fig. 7. XPS Zr3d spectra in bottom interface of (a) TiN/HZO/TiN and
(b) RuO2/HZO/TiN.

a much higher fraction of the suboxide compared to the
RuO2/HZO interface. It means TiN electrode reacted with
HZO leading to the generation of Vo in the HZO layer
and the formation of the nonferroelectric dead layer in the
interface. It causes polarization domain pinning effect resulting
in pinched P–E characteristics and provoke the degradation of
reliability properties. For HZO with RuO2 top electrode, on the
other hand, Vo and interfacial dead layer can be suppressed
effectively because RuO2 is reduced to Ru at the interface
providing additional oxygen to HZO. It is the same tendency at
the bottom interface as shown in Fig. 7, although both devices
have the same TiN bottom electrode. We can conclude that the
RuO2 electrode supply oxygen throughout the film as well as
the interface. However, for both devices, the surface reaction is
more pronounced at the bottom interface resulting in a higher
portion of Zr suboxide compared to the top interface because
it goes through HZO deposition at 300 ◦C and RTA process
at 600 ◦C.

IV. CONCLUSION

RuO2 oxide electrode was employed as a top capping
layer for a ferroelectric capacitor to examine its influence on
ferroelectricity and oxygen vacancy of HZO. Compared to
the conventional structure, TiN/HZO/TiN, the RuO2/HZO/TiN
capacitor shows a larger Pr value (∼20 μC/cm2 even at
the initial sweep) with stable switching current properties
due to higher residual tensile stress and fewer defect sites.
From f -dependent P–E characteristics, RuO2/HZO/TiN fol-
lows the intrinsic domain-wall growth model including creep
and flow modes, while TiN/HZO/TiN follows defect-driven
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nucleation-limited FE domain switching. By XPS analysis,
it has been obviously confirmed that RuO2/HZO interface
exhibits less interfacial dead layer and oxygen vacancy than
that of the TiN/HZO interface because the RuO2 electrode
can provide the additional oxygen to the HZO layer and
suppress the oxygen vacancy. This structure will give a new
solution to obtain outstanding reliability and ferroelectricity of
HZO-based ferroelectric.
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