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A B S T R A C T   

In this paper, we report stable polarization switching in metal-HfZrOx (HZO)-metal capacitors when pulses are 
repeatedly applied from the initial state. By examining various process parameters including annealing method, 
annealing temperature, and annealing time, we investigated the optimal conditions for realizing ferroelectricity 
in HZO layers deposited by sputtering systems. More specifically, we examined how polarization behaviors 
evolved as a function of annealing temperatures. Our results showed that annealing HZO capped by a top 
electrode, when annealing temperature was higher than 850 ◦C, drives the transformation to large quantities of 
orthorhombic phases, and enables constant remnant polarization without the fluctuations caused by wake-up 
and fatigue. We continued to observe stable polarization up to 108 cycles with a pulse width of 5 μs.   

1. Introduction 

Hafnium oxide (HfO2) based ferroelectric devices have recently 
attracted considerable attention. These binary oxide materials, which 
are frequently used for gate dielectrics in state-of-the-art transistors, are 
being further explored for versatile applications such as non-volatile 
memories [1–3]. Until now, ferroelectricity has been considered to 
result from a structural transformation into a certain metastable crys
talline phase known as the orthorhombic phase [4,5]. Ever since ferro
electricity was first demonstrated in thin doped HfO2 film [6], the effects 
of various dopants such as Si, Al, Y, and Zr have been experimentally 
explored to determine how the dopants affect the microstructures of the 
HfO2 [7–10]. Additional annealing at high temperatures is known to 
promote thermodynamic phase transitions, and the incorporated dop
ants can stabilize the modified structure [11]. These conditions produce 
dipoles in the ferroelectric HfO2 layers which can be spontaneously 
aligned, and even after voltage has been removed, show a remnant 
polarization (Pr). 

From the device operation perspective, the Pr steadily increases in 
the pristine state with the application of electrical pulses [12–14]. It has 

been reported that electrical stress redistributes the defects that pin the 
dipoles, or further activates the phase transition to the orthorhombic 
phase [15,16]. This wake-up process allows more ferroelectric phases to 
be involved in the switching, resulting in the larger Pr. However, when 
the Pr reaches its maximum value it then begins to decrease due to fa
tigue or degradation resulting from charge trapping and domain pinning 
[17]. Since the ferroelectric HfO2 layer is employed as a gate oxide in 
field effect transistors for memory applications [18–22], the instability 
of Pr during continuous field cycling results in a large variation in 
switching parameters, such as the number of charges induced at the 
channel. 

To date, studies related to this stability have been conducted pri
marily on doped HfO2 layers grown by atomic layer deposition [12–15, 
23–27]. In practice, the HfO2 layer can be also fabricated by sputtering 
systems [11,28–34], which saves deposition time and can be thus a more 
cost-effective process. Polarization switching has been demonstrated in 
sputtered ferroelectric HfO2, taking into account the electrode materials 
and oxygen content during the sputtering process [29,32], but the sta
bility of the Pr has rarely been discussed. 

Therefore, the aim of this study is to identify optimized annealing 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: sungmin@khu.ac.kr (S.-M. Yoon), semoon@etri.re.kr (S.E. Moon).  

Contents lists available at ScienceDirect 

Current Applied Physics 

journal homepage: www.elsevier.com/locate/cap 

https://doi.org/10.1016/j.cap.2020.09.013 
Received 9 June 2020; Received in revised form 9 September 2020; Accepted 27 September 2020   

mailto:sungmin@khu.ac.kr
mailto:semoon@etri.re.kr
www.sciencedirect.com/science/journal/15671739
https://www.elsevier.com/locate/cap
https://doi.org/10.1016/j.cap.2020.09.013
https://doi.org/10.1016/j.cap.2020.09.013
https://doi.org/10.1016/j.cap.2020.09.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2020.09.013&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Current Applied Physics 20 (2020) 1441–1446

1442

conditions that will ensure stable ferroelectric switching characteristics 
in the sputtered HfO2 layer. We specifically show the impact of 
annealing parameters on polarization under repeated pulse cycling. 

1.1. Experiment section 

A 50-nm-thick TiN film as a bottom electrode (BE) was deposited on 
wet-oxidized Si wafer using sputtering. A 16-nm-thick HfZrOx (HZO) 
film was sputtered using a stoichiometric Hf0.5Zr0.=5O2 compound 
target with an Ar plasma on top of the TiN BE at room temperature. 50- 
nm-thick Pt film was used for a top electrode (TE), resulting in a Pt TE/ 
HZO/TiN BE capacitor structure. The capacitors can be annealed in two 
potential ways to realize ferroelectricity, so that post-deposition 
annealing (PDA) and post-metallization annealing (PMA) [35] were 
performed before and after the TE deposition, respectively. Hysteresis 
loops and fatigue stresses were evaluated using 1 kHz triangular pulses 
and 50 μs rectangular pulses with Precision LC II (Radiant) and TF 
analyzer 2000 (aixACT), respectively. Small-signal capacitance was 
measured using an Agilent 4285 A and Keithley-4200 with an AC 
probing signal of 20 mV. I–V characteristics also measured using 
Keithley-4200. To analyze crystal structure of HZO thin films, 
grazing-angle incidence X-ray diffraction (GIXRD) measurement was 
performed using D/MAX-2500 (RIGAKU) with Cu K alpha Source . The 
angle of incidence was 2◦. For transmission electron microscopy (TEM) 

analysis to confirm the stacking of films on Si substrate, we prepared the 
sample by focused ion beam. To confirm the thickness of the HZO layer, 
a low-resolution (× 100 k) image was utilized using Talos F200X (FEI) 
tool. 

2. Results and discussion 

Fig. 1a shows a transmission electron microscopic (TEM) image of 
the fabricated Pt/HZO/TiN capacitor. The thickness of the deposited 
HZO layer was estimated to be about 16 nm. In the HZO before per
forming annealing, no noticeable peak intensity was observed in the 
entire range of 2θ between 26 and 36 through GIXRD analysis, as shown 
in Fig. 1b. Since the phases in the HZO layer were not yet crystallized 
into the particular phase, the capacitor exhibited a linear polarization 
response without hysteresis as a function of the electric field, as shown 
in Fig. 1c. 

At a given annealing temperature of 750 ◦C, the PDA treated HZO 
layer initially showed a convex polarization shape with very small 2 
remnant polarization (Pr) of about 7 μC/cm2 measured at 0 MV/cm in 
the polarization-electric field (P-E) curve, as shown in Fig. 2a. As 5 × 104 

pulses were repeatedly addressed to the capacitor, a somewhat sharp 
transition in the polarization was observed at positive and negative 
coercive fields (Ec), which can be defined by the field at zero polariza
tion. On the other hand, a pinched hysteresis, where the slope of the 

Fig. 1. (a) The TEM image of the Pt/HZO/TiN capacitor. (b) GIXRD peak for the as-deposited HZO film on the TiN bottom electrode. (c) The P-E curve of the Pt/ 
HZO/TiN capacitor. 

Fig. 2. The transition of P-E curves after 5 × 104 cycles of ±4 V with a pulse width of 50 μs for the capacitors annealed by the (a) PDA and (b) PMA at 750 ◦C. The 
antiferroelectric-like behavior from the C-E curve was shown in the inset of Fig. 2(b). 
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polarization changed twice, was shown in the first cycle of the HZO 
annealed by PMA, as shown in Fig. 2b. Multiple peaks at relative 
dielectric constant were subsequently observed from the capacitance- 
voltage (C–V) measurements, as shown in the inset of Fig. 2b. Howev
er, consecutive pulses led to a ferroelectric P-E curve with 2 Pr of 30 μC/ 
cm2. These results imply that the orthorhombic phases with dipoles were 
formed more effectively when annealing HZO capped by TE [36,37]. 
However, the orientations of adjacent dipoles were opposite to each 
other in the pristine state, or the ferroelectric phases were disabled due 
to defects, resulting in an antiferroelectric-like P-E curve [22,23]. In this 
case, repeated electrical pulses that cause mechanical stress, known as a 
wake-up process, helped to align the dipoles with the field, or eliminate 
defects far from the ferroelectric phases [28]. This eventually promotes 
additional phase transition, allowing more activated phases to partici
pate in the switching. 

We then adjusted the annealing temperature during the PMA pro
cess. A similar transition from antiferroelectric-like pinched hysteresis to 
ferroelectric hysteresis was observed in the P-E trace when the annealing 
temperature was increased to 800 ◦C, as shown in Fig. 3a. Compared to 
the capacitor annealed at 750 ◦C, the absolute 2 Pr value was slightly 
lower, but the polarization changed rapidly and became saturated at Ec 
and high field, respectively. It has generally been reported that the po
larization under high field is induced not only by spontaneous dipole 
moments but also by leakage components. When the field was swept up 
to 2.5 MV/cm, the interference from the leakage current became 
noticeable, resulting in a leaky hysteresis loop (Fig. 2b). In this regard, 

the higher annealing temperature enhanced polarization switching by 
preventing the unwanted leakage. Note that the ferroelectric property 
even began to be observed in the pristine state of the HZO when the 
annealing temperature was further increased to 850 ◦C, as shown in 
Fig. 3b. This result was in good agreement with the butterfly curve of the 

Fig. 3. The transition of P-E curves after 5 × 104 cycles of ±4 V with a pulse width of 50 μs for the capacitors annealed at (a) 800 and (b) 850 ◦C. The ferroelectric 
behavior from the C-E curve was shown in the inset of Fig. 3(b). Corresponding transient current density measured at the pristine state was shown in Fig. 3(c). (d) The 
behaviors of the current densities were changed by the pulses in most cases except the capacitor annealed at 850 ◦C. 

Fig. 4. The result of the GIXRD measurement of the HZO films annealed at 800 
and 850 ◦C. 
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dielectric constant obtained from the C–V measurement, as shown in the 
inset of Fig. 3b. The overall impact of annealing temperature on the 
ferroelectric behavior could be also confirmed by tracing current density 
as a function of time, as shown in Fig. 3c and 3d. The two peaks of the 
current density due to defects appeared broadly in the pristine state over 
the entire range of annealing temperatures, except 850 ◦C (Fig. 3c). The 
wake-up pulses drove the conversion to open hysteresis, leading to a 
single merged peak (Fig. 3d). 

The achieved ferroelectric properties resulted from the formation of 
orthorhombic phases, which could be indirectly confirmed by GIXRD 
analysis. The peak intensity at 2θ of about 30.3 ◦ indicated ortho
rhombic, tetragonal, and cubic phases, as shown in both capacitors 
annealed at 800 and 850 ◦C, (Fig. 4). In addition to the mixed phase, the 
GIXRD data exhibited peaks at 2θ of 28 and 34.5 ◦ representing mono
clinic phases. The higher annealing temperature increased the ortho
rhombic phase by reducing the monoclinic phase. The involvement of 
more active phases in the switching can thus be the reason why the 
ferroelectric behaviors were shown in the first cycle of measurement for 
the capacitor annealed at 850 ◦C. 

In the capacitors annealed by insufficient annealing temperatures of 
750 and 800 ◦C, the phases in the HZO were steadily activated by about 
105 pulses resulting in a progressively increased Pr, as shown in Fig. 5a. 
As the interference induced by the leakage was minimized at higher 
annealing temperature, the ferroelectric operations were maintained 
under the 5 × 106 cycles without permanent breakdown. Unlike previ
ous cases where the wake-up process was needed, the large Pr continued 

because the ferroelectric phases were involved in the switching from the 
beginning. 

Fig. 5b shows the current density–electric field curves of the HZO 
thin films annealed in various temperatures. The higher current density 
was observed in the HZO layer annealed at 750 ◦C, which is in good 
agreement with the leaky P-E curves shown in Fig. 2b. The leakage 
current was obviously suppressed as the annealing temperature was 
increased. 

Next, annealing time at the given annealing method and annealing 
temperature was controlled. As evidenced by the annealing temperature 
dependence, a similar evolution from pinched hysteresis to open hys
teresis occurred, as shown in Fig. 6a. After the wake-up process, strong 
ferroelectric properties with large Pr and rapid transition were achieved 
no matter what annealing time was applied, as shown in Fig. 6b. These 
results mean that sufficient annealing temperature and annealing time 
are necessary to complete the thermodynamic transition. 

The switching dynamics of the capacitor was evaluated by measuring 
the minimum annealing time needed to saturate the degree of change in 
polarization, as shown in Fig. 7a and b. The capacitor was polarized in a 
specific direction by negative pulses of 1 ms. A positive pulse of 200 ns 
was then applied to switch the orientation of the dipoles. This procedure 
was performed continuously, while increasing just the width of the 
positive pulse. The magnitude of the saturated polarization varied with 
the applied voltage amplitude, but most switching behaviors were 
saturated within 5 μs. The shorter pulse width caused less stress to the 
capacitor, resulting in reliable fatigue up to 108 cycles, as shown in 

Fig. 5. (a) Endurance characteristics for the capacitors annealed at various annealing temperature under ±4 V bipolar pulses of 5 kHz. The width of the one pulse 
was 50 μs. (b) The current density of the HZO thin film varied in different annealing temperatures. 

Fig. 6. (a) The initial P-E curves for the capacitors as a function of annealing time. (b) The ferroelectric behaviors were clearly shown after the pulses were applied.  
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Fig. 7c. The Pr was continuously lowered in each P-E curve with 
increasing pulses of 50 μs (Fig. 7d), while the stable Pr from the P-E trace 
was observed with shortened pulse width, as shown in Fig. 7e. 

3. Conclusion 

In this study, we systematically investigated and demonstrated stable 
polarization behavior in a sputtered HZO layer, while examining several 
annealing conditions. Our results showed that the phase transition to the 
orthorhombic phase seemed to be preferred when the HZO was annealed 
in the presence of TE. In addition, as the annealing temperature was 
increased to 850 ◦C, not only the leakage was suppressed, but the wake- 
up process, which is essential for the complete conversion from 
antiferroelectric-like hysteresis to ferroelectric hysteresis, was also 
negligible. These results indicate that the ferroelectric phases were 
easily activated from the beginning under conditions where sufficient 
annealing temperature and annealing time were provided. We then 
showed reliable fatigue behavior up to 108 cycles driven by repeated 
cycles with a pulse width of 5 μs, which was extracted from the 
switching dynamics analysis. 
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