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Abstract 

This paper reports the improvement of electrical, ferroelectric and endurance of 

Hf0.5Zr0.5O2 (HZO) thin film capacitors by implementing W electrode. The W/HZO/W 

capacitor shows excellent pristine 2 Pr values of 45.1 μC/cm2 at ±6 V, which are much 

higher than those of TiN/HZO/W (34.4 μC/cm2) and W/HZO/TiN (26.9 μC/cm2) 

capacitors. Notably, the maximum initial 2 Pr value of W/HZO/W capacitor can reach 

as high as 57.9 μC/cm2 at ±7.5 V. These strong ferroelectric polarization effects are 

ascribed to the W electrode with a fairly low thermal expansion coefficient which 

provides a larger in-plane tensile strain compared with TiN electrode, allowing for 

enhancement of o-phase formation. Moreover, the W/HZO/W capacitor also exhibits 

higher endurance, smaller wake-up effect (10.1%) and superior fatigue properties up 

to 1.51010 cycles compared to the TiN/HZO/W and W/HZO/TiN capacitors. Such 

improvements of W/HZO/W capacitor are mainly due to the decreased leakage 

current by more than an order of magnitude compared to the W/HZO/TiN capacitor. 

These results demonstrate that capping electrode material plays an important role on 

the enhancement of o-phase formation, reduce oxygen vacancies, mitigate wake up 

effect and improve reliability. 

 

 

 

 

 

 

 

 

 



1. Introduction 

Hf0.5Zr0.5O2 (HZO) thin film is one of the most attractive candidates among 

various cation-doped HfO2 ferroelectric thin films [1]. The ferroelectricity in HfO2 

film originates from the non-centrosymmetric orthorhombic phase (o-phase, space 

group Pca21) [2]. It has been reported that the generation and stability of o-phase are 

closely related to the mechanical clamping strain exerted by the capping layers (or top 

electrodes), whereas the magnitude of strain depends on the difference in thermal 

expansion coefficient (TEC) between the top and bottom electrodes or between the 

electrodes and ferroelectric films [3-8]. To achieve high ratio/stability of o-phase in 

HZO films, various capping layer materials such as TiN [1, 2, 7], TaN [9, 10, 11], Pt 

[3, 4], W [3, 5], Ru [6], RuO2 [7], Co [12], Ni [13], Au [14], VOx [15], HfN [16], and 

Al2O3 [17] etc. have been extensively investigated. Currently, TiN is widely adopted 

as capping electrode to induce ferroelectricity in HZO-based capacitors. However, it 

has a high TEC (9.110−6 K−1) [7] comparable with that of HZO film (1010−6 K−1) 

[18], which is not beneficial for suppression of non-ferroelectric (i.e., c, t, and m) 

phases, resulting in relatively low ferroelectric polarization. In addition, the interface 

chemistry of the capping electrodes/HZO films is also an essential factor that affects 

their electrical, ferroelectric and endurance of HZO-based ferroelectric capacitors [19, 

20, 21]. For TiN electrode, it is a reactive metal that could easily react with oxygen in 

HZO layer, leading to generation of oxygen vacancies inside HZO film and the 

formation of the non-ferroelectric dead layer at the interfacial region [7]. These 

defects can cause high leakage current, strong wake up effect and poor reliability of 

HZO-based ferroelectric capacitors [20, 21]. 



To overcome these disadvantages of TiN, it is a critical issue to choose 

appropriate electrode materials to improve the ferroelectric and endurance properties 

of HZO films. As a possibly eligible capping electrode, tungsten (W) exhibits the 

lowest TEC (4.510−6 K−1) [3] among the extensively employed metal electrodes. It 

can produce a high in-plane tensile strain during the annealing process, which favors 

the formation of o-phase while the generation of m-phase is suppressed. Furthermore, 

W electrode has high chemical stability [5], which can lessen the reaction with the 

HZO film and decrease the vacancy defects of the HZO film, resulting in lowered 

leakage current, strengthened breakdown field and improved stability of its 

polarization states during field cycling. 

In this work, we performed a comparative investigation on the electrical, 

ferroelectric and endurance properties of HZO film with two different electrodes, TiN 

and W. These findings indicate that HZO film with W top and bottom electrodes 

present significantly increased polarization value, obviously decreased leakage 

current, mitigated wake-up effect, and clearly enhanced endurance properties. 

2. Experiments 

2.1. Preparation 

The three different structures of W/HZO/W, TiN/HZO/W and W/HZO/TiN 

capacitors were fabricated; abbreviated as WW, TW and WT capacitors, respectively. 

The first letters in WW, TW and WT represent bottom electrode in the capacitors. The 

key process flow for the three types of capacitors is illustrated in Fig. 1(a). First, for 

WW, TW and WT capacitors, the W and TiN bottom electrodes with a thickness of 80 



and 50 nm were deposited on Si (100) substrates by using sputtering, respectively. 

Next, 15 nm-thick HZO films were deposited by atomic layer deposition (ALD) at 

280 ℃ with Hf: Zr=1:1 cycle ratio. Hf[N(CH3)2]4, Zr[N(CH3)2]4 and O3 were used as 

Hf precursor, Zr precursor and oxygen source, respectively. Then, the different top 

electrodes (80 nm for W or 50 nm for TiN) were sputtering deposited onto HZO films 

as a contact pad through a shadow mask with a 100 µm hole diameter. Finally, all the 

capacitors were crystallized by rapid thermal annealing (RTA) at 550 ℃ in a N2 

atmosphere for 30 s. 

2.2. Characterization 

For electrical characterization, the FE, dielectric, and leakage current properties 

were measured with Radiant Precision, Agilent B1500A semiconductor product 

analyzer, and E4990A impedance analyzer, respectively. The crystal structures of 

HZO film with various electrodes were examined by grazing incidence X-ray 

diffraction (GIXRD, PANalytical X’ Pert Pro diffractometer) with an incidence angle 

of 0.5°. The microstructures of HZO film and top/bottom interfaces were investigated 

by high resolution transmission electron microscope (HRTEM, JEM2100F) using a 

cross-section specimen. 

3. Results and Discussion 

Figures 1(b) and (c) exhibit the cross-sectional HRTEM images of the WW and 

WT capacitors. The lattice fringes in various directions were observed for the HZO 

films, meaning that the films are polycrystalline. For WW capacitor, both the top and 

bottom interfaces are clean and uniform, implying that the interfaces between HZO 



films and W electrodes is chemically stable. However, the top TiN/HZO interface in 

WT capacitor is very obscure and uneven, suggesting that strong interface reaction or 

interaction should occur between top TiN and HZO film. 

To analyze the influence of different top and bottom electrodes on crystalline 

characteristics of the annealed HZO films, GIXRD scanning was performed in the 

two theta (2 ) range of 25°~33°, as shown in Fig. 2(a). The noticeable diffraction 

peaks appear at 28.5° and 31.6°, corresponding to the (−111) and (111) reflections of 

m-phase [1, 2], are detected for the WT capacitor, but are weakened for the TW 

capacitor. No peaks can be observed in the WW capacitor near 28.5° and 31.6°, 

suggesting that the m-phase is well suppressed. Additionally, the highest intensity 

peak observed in the three types of capacitors near 30.5° are designated as the 

combination of the o (111) and t (011) phases due to their structural similarities [4]. 

The peak position of o-/t-phase for WW capacitor is slightly shift toward lower angle 

than that of the TW and WT capacitors (as depicted from Fig. 2 (b)), which is 

assumed to be attributed to elongated d-spacing in the HZO film of WW capacitor 

[22]. The GIXRD spectra of the three capacitors are fitted by Gaussian function as 

seen in the Figs. 2(c) and S1 (see Fig. S1 in the supplementary material). The relative 

ratio of each phase that acquired by integrating the area of each Gaussian peak [4] is 

shown in Fig. 2(d) for the WW, TW and WT capacitors. The relative ratio of o (111) / 

t (011) phase in WW capacitor is 87.1%, which is much higher than those of TW 

(76.2%) and WT (69.2%) capacitors. These results were due to the different in-plane 

strains applied to the HZO film by the W and TiN electrodes with various TEC [3]. 



The in-plane strain was calculated by T(TA)=(film−cap)(TA−TRT) [23, 24, 25], 

where the αfilm and αcap are the TEC of the HZO films and capping materials, 

respectively; TA and TRT are the annealing and room temperatures, respectively. The 

values of 4.510−6 K−1, 9.110−6 K−1, 1010−6 K−1, 25 °C and 550 °C are used for W, 

TiN, HZO, TRT and TA, respectively. Consequently, the εT values were calculated to 

be about 0.289%, and 0.047% for the W and TiN capping electrodes, respectively. It is 

confirmed that W with lower TEC can produce a stronger in-plane tensile strain, 

allowing generation of m-phase to be inhibited and formation of o-phase to be 

enhanced [26]. 

To investigate the effects of various electrodes on the ferroelectric polarization 

characteristics, the pristine polarization-voltage (P-V) loops were measured at an 

applied voltage varying from ±1 V to ±7.5 V and a frequency of 10 kHz. Figs. 3(a), (b) 

and (c) show well saturated P-V loops of the three types of capacitors, revealing their 

good ferroelectricity. The saturation polarization (Ps), remanent polarization (2 Pr) and 

coercive voltage (2 Vc) values of the three capacitors increase with increasing applied 

voltage as depicted in Figs. 3(d), (e) and (f), respectively. From Figs. 3(d) and (e), it 

can be clearly observed that the Ps and 2 Pr values of the WW capacitor over the entire 

voltage range are higher compared with those of the TW and WT capacitors. The Ps 

and 2 Pr values of WW capacitor are approximately 34.9 μC/cm2 and 45.1 μC/cm2 at a 

voltage of ±6 V, much higher than those of TW (30.8 and 34.4 μC/cm2) and WT (22.1 

and 26.9 μC/cm2) capacitors. Notably, the maximum Ps and 2 Pr values of WW 

capacitor can reach as high as 41.6 μC/cm2 and 57.9 μC/cm2 at ±7.5 V. Additionally, 



the WW capacitor exhibits a lower 2 Vc with applied voltage over 3 V compared to 

that of the TW and WT capacitors; this low coercive voltage allows for the use of a 

lower applied voltage to drive the cycling tests (Fig. 3(f)). To correct for leakage and 

possible contributions from parasitic charges, the positive-up negative-down (PUND) 

method [5] was used to obtain the intrinsic Pr. The P-V loops acquired from the 

PUND method (Fig. 3(g)) showed the intrinsic 2 Pr value of approximately 43.1, 30.9 

and 21.1 μC/cm2 at ±5 V for WW, TW and WT capacitors, respectively. The high 

o/t-phase ratio of WW capacitor was already confirmed by GIXRD (Fig.2(d)), which 

is considered to be a primary reason for its robust ferroelectricity. The quality of the 

interfacial layer between electrodes (TiN and W) and HZO films could be another 

important factor influencing the ferroelectric polarization [21]. To examine the 

electrical properties of these three types of capacitors, Fig. 3(h) reveals the virgin 

leakage current (J-V) characteristics measured at voltage of ±4 V. Note that clear 

current peaks were observed for both WW and TW capacitors, which is believed to be 

ascribed to the strong ferroelectric polarization switching induced negative differential 

resistance effect [17]. However, no current peaks were observed for WT capacitor, 

which may be attributed to the large amount of oxygen vacancies in the top HZO/TiN 

interface. The large concentration of mobile charged oxygen vacancies in the interface 

defective HZO layer screens the polarization charges and leads to the weak response 

to the polarization switching, eventually resulting in much smaller charge 

redistribution at the top interface [27]. The current density of WW capacitor is 

approximately 7.9×10−5 A/cm2 at +4 V, much lower than those of TW (4.6×10−4 



A/cm2) and WT (1.4×10−3 A/cm2) capacitors. Particularly, the leakage current of WW 

capacitor is reduced by more than one order of magnitude compared to the WT 

capacitor, which helps to improve durability. The difference of leakage current 

between WW, TW and WT capacitors could be ascribed to the following reasons: 

First, for TW capacitor, the bottom TiN electrode is already partially oxidized during 

the ALD process owing to the oxygen source injection, whereas the top TiN electrode 

for WT capacitor was not exposed to the oxygen source because it was deposited after 

the sputtering process [19, 21, 27]. During the crystallization annealing process, the 

chemical reduction of the HZO film is expected to generate a lower amount of oxygen 

vacancies at the bottom TiN/HZO interface in TW capacitor compared to the top 

HZO/TiN interface in WT capacitor [19, 21, 27]. Because the bottom TiN electrode is 

already partially oxidized at the interface, the oxygen scavenging effects at the bottom 

TiN/HZO interface in TW capacitor is much weaker than that at the top HZO/TiN 

interface in WT capacitor [19, 21, 27]. So, compared with the WT capacitor, the TW 

capacitor exhibits a lower leakage current due to lower oxygen vacancies. Secondly, 

the leakage current of the WW capacitor is the lowest among these three capacitors. 

This is because that the negative standard heat of formation of WOx is larger (−201.4 

kcal/mol for WO3 and −140.9 kcal/mol for WO2) [28] as compared with that of TiOx 

(−105.6~−154.9 kcal/mol) [29]; this can reduce the interfacial reaction between W 

and HZO film. Additionally, for WT and TW capacitors, Ti or N could diffuse from 

the TiN electrode into the HZO layer after annealing; this can be avoided in the case 

of WW capacitor [6]. Thirdly, the work function of W (4.55 eV) [30] is similar to that 



of TiN (4.2~4.5 eV) [7, 31, 32], but the TiN electrode is easily to be oxidized into 

TiOxNy and takes oxygen away from the HZO film, leading to a decrease of the 

Schottky barrier height for electrons. These facts may result in a relatively large 

amounts of defects and vacancies in the TW and WT capacitors, leading to the 

polarization charges to be screened and leakage current increased. However, the 

interface reactions and the diffusion of electrode atoms may be decreased by the HZO 

with W top and bottom electrodes. Thus, these excellent electrical and ferroelectric 

properties of WW capacitor are also attributed to less defects and vacancies. 

Figures 4(a)-(c) and (d)-(f) show the evolution of P-V and switching 

current-voltage (Is-V) curves of WW, TW and WT capacitors measured in pristine 

state and after 103, 104 and 105 cycles. The triangular wave with an amplitude of ±3 V 

and a frequency of 1 kHz is used for the electrical cycling. One can see that, the P-V 

loops shape of each capacitor is slanted in virgin state and the corresponding Is-V 

curves possesses only a single broad peak on each side of the voltage, implying that 

the film possesses relative homogeneity in the internal electric field and/or coercive 

field at initial state [20, 33]. It is worth noting that, due to its strong ferroelectricity, 

the height of Is peak of the WW capacitor is higher than that of the TW and WT 

capacitors. After 103 cycles, all capacitors reach a wake-up state. Their shape of the 

P-V loops becomes more ideally rectangularity and the 2 Pr values increase. The 

corresponding Is peaks, thereafter, exhibit a single narrower peak and the Is peak 

height increase. The changes in the 2Pr/2Pr, initial (= (2Pr – 2Pr, initial)/2Pr, initial) values 

of the all capacitors as a function of number of electrical switching cycles, are shown 



in Fig. 4(j). The values of 2Pr/2Pr, initial are 10.1%, 24.1% and 14.0% for WW, TW 

and WT capacitors at wake-up state, respectively. This suggests that mitigation in 

wake-up behavior of HZO films using top and bottom W electrodes is mainly due to 

the minimized formation of the dead layer at the interface. 

The switchable polarization and the height of Is peaks of three capacitors 

progressively reduce with a further increased number of field cycles, which 

corresponds to the generally observed fatigue in many doped HfO2 ferroelectrics. 

Note that a distortion in the P-V curves (Fig. 4(c)) and split-up of current peaks in 

Is-V curves (Fig. 4(f)) are observed at the positive axis for WT capacitor after 105 

cycles, but is not the case for the WW and TW capacitors. The reason behind this 

phenomenon is that the switching electric field is severely lost across the high portion 

of m-phase and the top TiOxNy dead layer with low permittivity during cycling, which 

results in insufficient domain switching and spatial inhomogeneity defect distribution 

[20, 21, 34, 35]. 

Figs. 4(g)-(i) display the changes in the dielectric constant-voltage (r-V) curves 

extracted from the capacitance measurement of three capacitors with different number 

of electrical switching cycles. All capacitors exhibit the butterfly-like feature, which is 

specific to ferroelectrics. Similarly, the double peaks are also observed in the r-V 

curves for WT capacitor at the positive axis after 105 cycles. The r values (the 

intersection points of the butterfly curves) of each HZO capacitor with various 

electrical cycles is summarized in Fig. 4(l). The WW capacitor had a r value of 31.9 

in the initial state, which was larger than that the TW (28.8) and WT (27.2) capacitors. 



Two possible mechanisms can cause the relatively high r in the WW capacitor. The 

first is the highest o-phase fraction, which was confirmed by the GIXRD analysis; one 

should consider that the r of the m-phase (r =16~20) is relatively smaller than that of 

the o-phase (r =27~35) [36]. The second reason is the non-ferroelectric dead layer 

near the top/bottom interfaces of the WW capacitor is minimum as confirmed by the 

HRTEM images. Simultaneously, the variation in the leakage currents with the bipolar 

cycling was also detected under an applied voltage of −3 V (see Fig. S2 in the 

supplementary material). The current density at −3 V is plotted as a function of 

cycling number as presented in Fig. 4(k). It can be clearly seen that the current density 

of WW capacitor is significantly lower than that of TW and WT capacitors at all test 

conditions. 

From Figs. 4(i), (k) and (l), both εr and leakage current decrease in the wake-up 

state, while the Pr/2Pr, initial values increase. The εr decrease and 2Pr/2Pr, initial 

increase could be related to a phase transition from t- to o-phase in the interfacial 

region and redistribution of oxygen vacancies [37, 38]. The leakage current during the 

wake-up stage slightly reduces, indicating that there is almost no generation of new 

defects assisting the charge transport through the trap-assisted tunneling but a 

redistribution of the existing ones, as well as a change of their occupancy [20]. 

Further cycling results in the generation of additional defects, which lead to a sharp 

increase of leakage current (Fig. 4(k)). This is accompanied with the degradation of Pr, 

continuation of the phase transition and further drop of the total capacitance and r 

value as well. 



Figure 5(a) illustrates the endurance properties of the WW, TW and WT 

capacitors. The endurance measurement conditions are as follows: cycling was 

performed with a bipolar triangular waveform of 100 kHz. The amplitude of the field 

cycling/PUND read pulses was set at 1.8/3 V for WT capacitor, while it was 2/3 V for 

WW and TW capacitors. The WT capacitor presents a prolonged wake-up effect until 

hard breakdown occurs after 1.5109 cycles, which may be ascribed to the fact that 

the HZO film with TiN top electrode has more non-ferroelectric dead layer and a 

larger amount of oxygen vacancies at the interface [7, 21, 27]. However, the WW 

capacitor exhibits better endurance up to 1.5×1010 cycles without breakdown, while 

the breakdown was observed in the TW capacitor when the electrical cycles to 

4.7×109 cycles. These results indicate that replacing TiN electrodes with W at the 

bottom and top electrodes of the HZO layer can produce better interfaces which 

improves the endurance properties. The leakage results shown in Fig. 3(h) infer that 

the W electrode can decrease interfacial reaction and oxygen vacancies [5]. 

Furthermore, the accelerated endurance measurement was carried out by applying a 

larger field cycling/PUND read pulse amplitude and lower frequency. The test 

condition is that the triangular waveform is used for field cycling/PUND read pulses, 

the amplitude is increased from 3/3 V to 6/6 V at a frequency of 10 Hz. Fig.5 (b) 

shows the number of endurance cycles of the three capacitors as a function of cycling 

voltage. Additionally, the endurance properties were also measured at 4 V cycling 

voltage with the frequency varying from 10 Hz to 1000 Hz. The number of endurance 

cycles of the three capacitors as a function of the frequency is shown in Fig. 5 (c). As 



can be seen from Figs. 5(b) and (c), the endurance measurement demonstrates that the 

number of endurable cycles of the WW capacitor is higher than those of the TW and 

WT capacitors under the same cycling voltage and frequency. When the same number 

of breakdown cycles is 30 (Fig. 5(b)), the withstand voltage of the WW capacitor is 6 

V while it is only 5 V for the WT and TW capacitors, indicating that the adoption of 

top and bottom W electrodes can improve breakdown immunity and endurance of 

HZO films. The extrapolation results of the endurance properties at different cycling 

voltages and frequencies suggest that the WW capacitor displays more endurance 

cycles compared with TW and WT capacitors under voltage higher than 1 V and 

frequency less than 10 MHz, manifesting that WW capacitor was more suitable for 

high voltage and low frequency applications [6]. Similar to endurance, the retention of 

the HZO-based ferroelectric capacitors also depends on the bottom and top electrodes. 

The retention test also was performed at ±5 V pulse amplitude with 1 ms pulse width, 

and Fig. 5(d) depicts normalized polarization switched charge P*
r (P*

r =P switch + P 

non-switch) values with times. After 104 second, it can be clearly observed that the 

polarization remains of the WW capacitor is 98% which is better than that of the TW 

(92%) and WT (88%) capacitors. Moreover, linear extrapolation in the logarithmic 

time scale suggests that the polarization remains is 97%, 89% and 79% after 10-years 

for WW, TW and WT capacitors, respectively. The worse retention properties in TW 

and WT capacitors can be attributed to two major reasons. One is that there may exist 

a depolarization field in the HZO film [7, 39, 40], which is caused by a TiOxNy or 

TiO2 interfacial layer between the HZO film and the TiN electrode in TW and WT 



capacitors. Another possible reason may be due to the interface defects like oxygen 

vacancy at the HZO/TiN interface[19, 31], which may also degrade the long-term 

retention property [40]. 

4. Conclusion 

In conclusion, the electrical, wake-up effect and reliability characteristics of 

HZO film are found to be influenced by W and TiN electrode with different TEC 

values which control the type of strain and the amount of oxygen vacancy inside HZO 

film. Our results suggest that the HZO film with both top and bottom W electrodes 

exhibit the strongest ferroelectricity with a large proportion of o-phase and an 

improved initial 2 Pr of 57.9 C/cm2. This is attributed to the fact that W with a 

relatively low TEC can produce a larger in-plane tensile strain during RTP, resulting 

in distinctly suppressed m-phase and strengthened formation of o-phase. In addition, 

the WW capacitor is found to present better electrical properties than those of TW and 

WT capacitors. Consequently, the mitigative wake up effect, good endurance 

properties and long retention have also been demonstrated in WW capacitor. This 

work indicates that the W electrode with comparatively low TEC and high thermal 

stability can provide an effective way to stabilize more o-phases and lower oxygen 

vacancies, so as to achieve highly reliable HZO-based ferroelectric capacitors that are 

crucial for various memory applications. 
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Fig. 1. (a) Process flow for the fabrication of three kinds of capacitors. Cross-sectional HRTEM images 

of (b) WW and (c) WT capacitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. 2. (a) GIXRD patterns of three types of capacitors. (b) Evolution of o/t-peak position of HZO 

films with respect to the top and bottom electrodes. (c) Deconvolution of GIXRD spectra for WW 

capacitor. (d) Variation of the relative phase ratio of the three capacitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 3. Pristine P-V hysteresis loops of (a) WW, (b) TW and (c) WT capacitors. Comparison in (d) Ps, 

(e) 2 Pr and (f) 2 Vc between WW, TW and WT capacitors. (g) Pristine PUND loops and initial J-V 

curves (h) of three capacitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. The evolution of (a)-(c) P-V and (d)-(f) corresponding Is-V hysteresis loops of three capacitors 

subjected to 1 kHz triangle wave bipolar switching cycles with amplitude of ±3 V. (g)-(i) The change of 

r-V curves of all the capacitors with an increase in the number of electrical switching cycles, 

respectively. The capacitance-voltage measurements were performed at the DC bias amplitude of ±3 V 

and frequency of 1.0 MHz. Summary of (j) the normalized 2Pr/2Pr, initial, leakage current density (k) 

and permittivity (l) of three capacitors as a function of the number of bipolar switching cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 5. (a) Endurance properties of the WW, TW and WT capacitors. Endurance characteristics with 

changing (b) the voltage and (c) the frequency for WW, TW and WT capacitors. (d) Retention data by 

extrapolating the normalized polarization versus log (time) of WW, TW, and WT capacitors. 




