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Abstract: Ferroelectricity is demonstrated for the first time in Si(100)/SiO2/TiN/HfO2-ZrO2/TiN 

stack using pulsed laser deposition (PLD) and the effects of temperatures, partial oxygen pressures, 

and thickness for the stabilization of the ferroelectric phase were mapped. Thin films deposited at a 

higher temperature and a higher oxygen partial pressure have a higher thickness, demonstrating a 

better ferroelectric response with ~12 μC/cm
2
 remnant polarization, a leakage current of 10

−7
 A    

(at 8 V) and endurance >10
11

 cycles indicative of an orthorhombic crystal phase. In contrast, thin 

films deposited at lower temperatures and pressures does not exhibit ferroelectric behavior. These 

films can be attributed to having a dominant monoclinic phase, having lower grain size and increased 

leakage current. Finally, the effects of ZrO2 as top and bottom layer were also investigated which 

showed that ZrO2 as the top layer provided better mechanical confinement for stabilizing the 

orthorhombic phase instead of as the bottom layer. 

Keywords: ferroelectricity; pulsed laser deposition; remnant polarization; leakage current; 

endurance; X-ray diffraction 

 

1. Introduction  

In the advancement of emerging technologies such as IoT, big data, cloud computing, etc., 

traditional memory technologies face challenges due to high power loss, limited endurance, low 
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write speed, and scalability issues [1,2]. To overcome the aforementioned drawbacks and meet the 

increasing demands for information technology, novel and high-performance memory is urgently 

needed. Recently, ferroelectric materials having bi-stable polarization states in electric field-induced 

hysteresis response have garnered enormous interest for next-generation memory applications, 

known as FeRAM (Ferroelectric Random Access Memory) [3,4]. Initially, perovskite and related 

structures such as BaTiO3, PbTiO3, SrBi2Ta2O9, Bi4Ti3O, PZT, etc. [5–11] possessed a significant 

amount of attraction for FeRAMs due to their large remnant polarization, chemical and thermal 

stability. However, despite having excellent characteristics, perovskite materials suffer from lower 

dielectric constant, and face severe scaling limitations due to having a small bandgap of      

3.2–4.3 eV [12]. Thus, thicker films of perovskite materials are required to avoid leakage current 

which is undesirable for the implementation in high-density memory technologies [3]. It is also 

challenging to integrate these materials in memory devices because of their complicated structure. 

However, the recent discovery of ferroelectricity in HfO2-based materials and HfZrO4 have resolved 

the aforementioned critical issues of perovskite-structure ferroelectrics [13]. Ferroelectricity in HfO2 

is promising due to its compatibility with Si CMOS technology since it is currently being used as a 

high-k dielectric material. In addition, HfO2-based materials demonstrate high remnant polarization 

with downsizing to 5 nm due to its high electronic bandgap of 5–5.9 eV [14] compared to perovskite 

materials [15,16]. Furthermore, HfO2-based ferroelectrics can withstand annealing in forming gas 

(N2 + 4% H2) without degradation of polarization compared to conventional perovskite-based 

ferroelectrics, making this material system more compatible with modern semiconductor integration 

schemes. Hence, HfO2-based ferroelectric memories are promising candidates due to its scalability, 

chemical structure, improved polarization switching and endurance performance. 

Primarily, HfO2 is stable in a monoclinic phase at room temperature (RT) and transforms into a 

higher symmetry tetragonal phase at 1720 ℃. With further increase in temperature, the tetragonal 

phase (t-phase) transforms into a cubic phase (c-phase) at 2700 ℃ [4]. These centrosymmetric 

phases, however, are not responsible for the ferroelectricity in HfO2. Ferroelectricity in HfO2 

originates from the non-centrosymmetric orthorhombic phase (o-phase) with space group Pca21 

which was first proposed in Mg-doped ZrO2 using neutron diffraction and also confirmed by Sang et 

al. using scanning transmission electron microscopy (STEM) [4,17,18]. Various driving factors such 

as doping, surface effects, film thickness, annealing temperature [19], oxygen vacancies, capping 

electrode [4,20], etc. need to be considered in stabilizing this metastable o-phase at room 

temperature. 

Ferroelectricity in HfO2 has been investigated by chemical doping using Y [18], Zr [21], Si [22], 

La [23], Gd [24] and other metallic elements [13]. The most intensively studied system is the 

HfO2-ZrO2 alloy/solid solution, as these binaries have a similar ionic size and chemical valence and 

exhibit lower crystallization temperatures compared to pure HfO2 and ZrO2 [25]. Considering these 

reasons, it is believed that HfxZr1–xO2 can be an extremely promising candidate in non-volatile 

ferroelectric memories. Recent studies show ferroelectricity over a wide composition range in 

HfxZr1–xO2 having maximum remnant polarization (17 μC/cm
2
) [2,21,25] and endurance (10

9
 cycles) 

for x = 0.5 on STO(100) templates grown on Si [26]. Chernikova et al. reported improved endurance 

up to 4 × 10
10

 cycles by introducing 1 mol% La in HZO film, but this endurance is not sufficient for 

memory applications [23]. Besides, introducing an STO template or La-doping brings complexity to 

the fabrication process [27]. Therefore, an alternative design has recently been proposed [3,27,28], 

involving bilayers or superlattices of undoped HfO2 and ZrO2 thin films. A bilayer system is much 
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simpler to design and provides better flexibility in the fabrication process over either doped-HfO2 or 

a solid solution of HZO thin films, which require precise composition control. Although a single 

layer of HfO2 can show ferroelectricity with a small amount of remnant polarization [29], 

introducing ZrO2 as the top layer can improve the ferroelectric response by applying mechanical   

stress [27]. However, the study of bilayer structures is still in its early stage and an extension of the 

bilayer structure is the use of nanolaminates that can be deposited by a number of techniques. To the 

best of our knowledge, all HfO2-ZrO2 nanolaminate systems have been grown by Atomic Layer 

Deposition (ALD) at temperatures <300 ℃ followed by post-growth annealing at higher 

temperatures for crystallization [4]. The low-temperature deposition process with precursors suffers 

not only from the difficulty of process time but also from carbonaceous impurities in the deposited 

materials which degrade the quality of the film [30]. Additionally, the behavior of this nanolaminate 

system grown at high temperatures and different partial oxygen pressures still requires extensive 

study. Another suitable growth technique that offers more degrees of freedom over ALD to engineer 

the deposition conditions, can be carried out further to validate the behavior of ferroelectricity in 

HfO2-ZrO2 nanolaminates. In this regard, pulsed laser deposition (PLD) provides such flexibility to 

adjust the driving factors (temperature, oxygen pressure, and thickness) over a wide range and make 

the process chemical-free and non-toxic [30,31]. PLD uses ceramic targets as the source and a 

high-energy laser is used to transfer the source composition onto a substrate [32].  

In this study, ferroelectricity is demonstrated for the first time in PLD grown HfO2-ZrO2 bilayer 

system on TiN/SiO2/Si by optimizing the growth conditions (substrate temperatures, partial oxygen 

pressures, thickness, and switching layers sequence). Due to the limitations of the equipment, the 

maximum deposition temperature used in this study was limited to 750 ℃ and additionally, as we 

achieved fully oxidized film at an oxygen partial pressure of 1.2 × 10
−4

 torr, higher oxygen pressure 

was not considered. X-ray diffraction, polarization vs voltage (P-V) hysteresis, and Raman 

spectroscopy were performed on the thin films to explore the properties and origin of ferroelectricity. 

The result of this study will give insight and suggest possible routes to optimize this material system 

for memory applications. 

2. Materials and methods 

A 100 mm diameter p-type Si (100) wafer was first oxidized using a thermal oxidation process 

at a temperature of 1000 ℃, with N2 flow 5 SLM and O2 flow 2 SLM, for 2 h 30 min. Following this, 

85 nm TiN was deposited on the SiO2/Si by DC magnetron sputtering at room temperature with an 

argon flow rate of 10 sccm. Later, a bilayer of the HfO2-ZrO2 stack was grown on the Si/SiO2/TiN 

template, the structure of which is shown in Figure 1. Two separate targets of HfO2 and ZrO2 were 

used for the deposition of the HfO2-ZrO2 nanolaminates. Film growth was carried out using PLD, 

which uses a Krypton Fluoride (KrF) excimer source having a wavelength of 248 nm to ablate the 

target materials onto the substrate. During deposition, the laser pulse frequency was 3 Hz with an 

energy of 400 mJ. Three series of samples were prepared under varying deposition conditions: 

thickness (t), temperature (Ts) and partial oxygen pressure (Po) series. In the thickness series, the 

individual layer thickness of HfO2-ZrO2 layers was varied by controlling the number of laser pulses 

at a fixed temperature of 750 ℃ and oxygen partial pressure of 1.2 × 10
−4

 torr. In the temperature 

series samples, a 15 nm HfO2/15 nm ZrO2 bilayer structure was deposited at RT, 500 ℃ and 750 ℃ 

at a fixed Po of 1.2 × 10
−4

 torr. In the pressure series samples, the 15 nm HfO2/15 nm ZrO2 structure 
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was deposited at Po of 1.2 × 10
−4

 torr and 10
−6

 torr at a constant substrate temperature of 750 ℃. 

After deposition, the samples were cooled to RT under an oxygen partial pressure of 10
−6

 torr. A 

shadow mask was then used to deposit 50 nm TiN top electrode using DC magnetron sputtering 

followed by a 1 min annealing at 750 ℃ in a N2 atmosphere for better confinement in the structure. 

For convenience, #H and #Z are used, where # denotes the thickness in nm, and H and Z represent 

HfO2 and ZrO2 respectively. 

 

Figure 1. Typical bilayer film structure used in this study. 

The crystal structure of the films was measured using a Rigaku SmartLab X-ray diffraction 

system with an operating voltage of 40 kV and current of 44 mA for Cu-Kα source having a 

wavelength of 0.1540562 nm. Symmetric XRD scans were performed on all samples to determine the 

phases in the films. Ferroelectric properties were measured in a top-bottom configuration (grounding 

the bottom electrode and biasing applied to the top) at room temperature using a Precision LC tester 

from Radiant Technologies. 

3. Results and discussion 

Figure 2 shows the XRD spectra for a series of samples having various thicknesses that were 

grown at a fixed temperature of 750 ℃ and oxygen partial pressure of 1.2 × 10
−4

 torr. As a reference, 

the XRD 2θ scans of HfO2 and ZrO2 are also included. Diffraction peaks around 23º, 27.5º, 48.8º, 

and 54º correspond to TiO2 and 28.2º, 31.5º, 34.5º, 35.3º, 36º, and 41º can be assigned to m(-111), 

m(111), m(200), o(002), TiN(111), and TiN(100), respectively. Here, m, o and t represent the 

monoclinic, orthorhombic, and tetragonal phases, respectively. The presence of TiO2 is due to the 

oxidation of Ti during the growth of HfO2-ZrO2 nanolaminates. The deposited thin films were 

polycrystalline that included a peak o(002) at around 35.3º. This peak representing the orthorhombic 

phase is similar to that reported in the literature [33]. Normalized high-resolution XRD (HRXRD) 

spectra of the samples are shown in Supplementary Information Figure S1. Further characterizations 

using Raman spectroscopy and electrical characterization were done to validate the presence of an 

orthorhombic phase over the monoclinic and tetragonal phases at this diffraction angle.  
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Figure 2. (a) XRD 2θ scan of HfO2-ZrO2 deposited at 750 °C and Po = 1.2 × 10
−4

 torr for 

various layer thicknesses, (b) Normalized intensity of o(002) peak w.r.t m(-111), and (c) 

FWHM of o(002) with varying thickness: 5 nm HfO2/5 nm ZrO2, 10 nm HfO2/10 nm 

ZrO2, 15 nm HfO2/15 nm ZrO2, 15 nm ZrO2/15 nm HfO2, respectively. Reference 

powder patterns for HfO2 and ZrO2. 

The relative intensity of the o(002) increases and full-width half maximum (FWHM) of the 

o(002) peak decreases with layer thickness, which implies improved crystallinity and a dominating 

orthorhombic phase. The relation of intensity and FWHM with layer thickness is shown in    

Figure 2b,c, respectively. The reason for improved crystallinity can be attributed to the large 

mechanical and thermal stress applied by the increased ZrO2 layer during crystallization and 

subsequent cooling which brings rigidity, better confinement and stabilizes underlying HfO2 layer. 

However, a single layer of 15 nm ZrO2 also shows a small peak of o(002) [21,28]. 

To explore the role played by the ZrO2-layer, a 15 nm ZrO2 was deposited as a starting layer 

followed by a 15 nm HfO2 at a fixed temperature of 750 ℃ and oxygen pressure of 1.2 × 10
−4

 torr. 

The properties of this structure were then compared to a similar grown structure but with the HfO2 

layer grown first followed by the ZrO2 layer. From the 2θ scan, in Figure 2, the sample having ZrO2 

as the first layer (top spectrum) has two dominant monoclinic phases of m(11-1), m(111) at 28.22º     

and 31.52º, respectively, and an associated broad peak of o(002) around 35.3º. When compared with 

the sample having the HfO2 layer first grown, the monoclinic phases become dominant over the 

orthorhombic phase in ZrO2 starting sample. When ZrO2 is used as starting layer, it is predicted that 

ZrO2 crystallizes faster than the HfO2 top layer and creates tensile stress on top layer resulting in 

reduced activation energy to transform t-phase to m-phase. This is the result of a reduced critical 

radius of m-phase which increases the nucleation rate of the monoclinic phase in the film [28]. The 
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normalized intensity ratio of o(002)/m(-111) + m(111) and FWHM also confirm the higher 

crystallinity of the o(002)-phase in the HfO2-starting structure as shown in Figure 2b,c. 

Figure 3 summarizes the effect of oxygen pressure on a 15 nm HfO2/15 nm ZrO2 bilayer 

structure. It is observed that the structure grown at low Po (~10
−6

 torr) shows a predominantly 

monoclinic phase in addition to a small o(002) phase, while the sample grown at high Po (~1.2 ×  

10
−4

 torr) demonstrates a dominant o(002) peak around 35.3º. This phenomenon can be explained by 

considering the oxygen deficiency in the top layer of ZrO2. This oxygen-deficient layer does not 

provide enough mechanical confinement to the underlying HfO2 layer in comparison to the sample 

grown at high Po. Besides, the small o(002) peak slightly shifts to a smaller diffraction angle in the 

reduced Po condition indicating an increased interplanar spacing of o(002) phase favoring the 

formation of the monoclinic phase (m(200)). Similar behavior was also observed when an alloy of 

HfO2-ZrO2 (Hf0.5Zr0.5O2) was grown using PLD under low oxygen conditions [34].  

 

Figure 3. XRD 2θ scans of 15 nm HfO2/15 nm ZrO2 after deposited at 750 ℃ using 

oxygen pressures of 1.2 × 10
−4

 torr and 10
−6

 torr. 

To study the effect of deposition temperature on the layer properties, a 15 nm HfO2/15 nm ZrO2 

thin film structure was grown at different temperatures with a fixed oxygen partial pressure of    

1.2 × 10
−4

 torr. The XRD spectra for the structure grown at three different temperatures are shown in 

Figure 4a immediately after deposition and after rapid thermal annealing (RTA) at 750 ℃ in   

Figure 4b. At room temperature deposition, the structure as grown is mostly amorphous while the 

structure grown at 500 ℃, shows a broad peak around 35.3º, which can be attributed to a mixture of 

the orthorhombic with a small amount of monoclinic phase. The structure grown at 750 ℃ shows a 

predominantly o(002) peak. After rapid thermal annealing at 750 ℃ for 1 min in an N2 atmosphere, 

the structure grown at RT remains amorphous. Interestingly, the structure grown    at 500 ℃ shows 

clear a doublet peak at 34.2º and 35.3º which can be assigned to the m(200) and o(002). No obvious 

change in the structure was observed for samples grown at 750 ℃ after annealing. Normalized 

HRXRD scan for pressure dependent and temperature dependent samples are also depicted in 

Supplementary Information Figures S2 and S3. 
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Figure 4. XRD 2θ scans of 15 nm HfO2/15 nm ZrO2 deposited at Po = 1.24 × 10
−4

 torr at 

different temperatures (a) after deposition and (b) after annealing at 750 ℃ in N2 

atmosphere for 1 min. 

Previous studies suggest that different HfO2 crystal phases show different vibrational modes in 

Raman spectra [35–37]. Thus, the presence of crystal phases of HfO2 and stress on the HfO2 layer 

can also be evaluated by means of Raman spectroscopic analysis. Figure 5 shows the orthorhombic 

peak of HfO2 around 140 cm
−1

, 435 cm
−1

 and 600 cm
−1

 in the Raman spectra for both single HfO2 

layer and bilayer HfO2-ZrO2 structures. However, a closer examination of the peak around 140 cm
−1

 

(inset Figure 5)
 
shows that the Raman peak of the bilayer structure shifts to a lower wavenumber and 

appears to be
 
more intense and narrower when compared to the single-layer HfO2 sample. This shift 

can be attributed to the stress caused by the ZrO2 layer and is clearly visible from the peak shift in 

spectra (inset Figure 5). The peak (~142 cm
−1

) is shifted to left by 0.41 cm
−1

 for 15 nm HfO2-15 nm 

ZrO2 compared to the 15 nm thick HfO2 layer which is the result of in-plane tensile stress on the 

HfO2 layer exerted by the top ZrO2 layer [35]. Thus, the Raman analysis further confirms that the 

observed XRD peak around 35.3º can be assigned to the o(002) plane resulting from the in-plane 

tensile stress.  

 

Figure 5. Raman spectroscopy for HfO2-ZrO2 bilayer structures. 
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To further confirm the presence of an orthorhombic phase, polarization-voltage (P-V) 

measurements were performed using a bipolar triangular pulse having an amplitude of 8 V and a 

frequency of 1 kHz applied by a precision LC ferroelectric tester. Leakage current was tested in DC 

sweep mode of −8 V to 8 V. Endurance test was carried out by bipolar rectangular pulse train having an 

amplitude of 8 V and pulse width of 0.05 ms. To analyze wake-up effects, P-V measurement was taken 

after 10
5
 cycles of rectangular pulses. 

Figures 6a,b show the ferroelectric polarization before and after 10
5
 wake-up cycling of the 

thickness-dependent samples. Included in the figure are the data for bilayer structures with various 

individual thicknesses and data for a single layer of HfO2 and ZrO2. All the bilayer films showed 

hysteresis response in the P-V measurements which further concludes the presence of o(002) phase 

over the monoclinic and tetragonal phases at 35.3º. With the increase of thickness in the bilayer 

structure, there is an improvement of the ferroelectric polarization. Maximum remnant polarizations  

of 12, 9.45, 7.46, 5.9 µC/cm
2
 were obtained before cycling and 11.6, 9.3, 7.4, 5 µC/cm

2
 after 10

5
 

cycling for sample 15H/15Z, 10H/10Z, 5H/5Z, 15H, respectively. Thus, improved hysteresis response 

with higher remnant polarization was obtained compared to previously published data [31]. Besides, 

the behavior of increasing remnant polarization with thickness is consistent with a recent work on 

PLD-grown Hf0.5Zr0.5O2 alloy [30] directly on Si used as a ferroelectric gate dielectric. Improved 

polarization with layer thickness can be explained due to an improvement in the crystallinity and 

enhanced orthorhombic phase in the thin film [27]. In the case of the single layer 15H, the hysteresis 

loop did not saturate fully even after cycling, which could be due to the absence of mechanical stress 

provided by the ZrO2 layer. Another reason behind the unsaturated P-V response can be attributed to 

charge tunneling and lossy dielectric effect in the film [30]. In addition, no electrical polarization was 

observed for 15Z due to the absence of an orthorhombic phase which was confirmed by the XRD 

measurements. In Figure 6c, the samples did not show a significant change in polarization up to 10
11

 

cycles during endurance testing indicating minimal effects relating to the reduced oxygen vacancies or 

defects in the structure. In comparison, endurance testing on ALD-grown samples show awake effect 

up to 10
4
–10

5
 cycle which was explained to be due to the presence of defects or oxygen      

vacancies [29,38]. Figure 6d shows the leakage current of the various bilayer structures. With 

increasing thickness, there is a decrease in the leakage current which corresponds to an increase in the 

grain sizes as a result of the high temperature experienced during a longer growth time. 

P-V and leakage current measurements were also performed on the altered sequence structure 

(15Z/15H), in which the starting layer was ZrO2, are shown in Figure 7 and were compared with the 

HfO2 starting sample (15H/15Z). Remnant polarization of the ZrO2-starting sample is significantly 

smaller as compared with the HfO2-starting sample as the m-phase is more dominant in the 

ZrO2-starting sample. Additionally, 15Z/15H sample shows higher leakage current due to  smaller 

grain size in the film. 
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Figure 6. Ferroelectric measurement for both single layer and bilayer HfO2-ZrO2 

structures with varying thickness: (a) P-V hysteresis loop before field cycling, (b) P-V 

hysteresis loop after 10
5
 field cycling, (c) Endurance test and (d) Leakage current test. 

 

Figure 7. Ferroelectric measurement: (a) P-V hysteresis loop, (b) Leakage test for ZrO2 

starting sample and HfO2 starting sample. 

Furthermore, ferroelectric measurements of the Po series and Ts series were taken and shown in 

Figure 8a,b and 8c,d. Thin films deposited at low oxygen pressure (10
−6

 torr) show a linear dielectric 

behavior which is consistent with the XRD data that show a dominant monoclinic phase in the film. 

In the Ts series, the sample grown at room temperature showed an oval shape response as expected 

for an ideal resistor because of high leakage current as shown in Figure 8c,d. The sample grown at 

500 ℃ does not show remnant polarization in the P-V loop because of a higher fraction of 

monoclinic phase over the o-phase but at 750 ℃, film showed a hysteresis loop with an improved 

remnant polarization due to the presence of an orthorhombic phase in the film. Even though the P-V 
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loops showed a lossy ferroelectric response due to our measurement setup [39], they showed good 

remnant polarization. The lossy part can be compensated using the Sawyer-Tower method [39]. 

Unfortunately, we could not carry out the Sawyer-Tower method due to the limitation of sample 

geometry, as shown in Figure 1. 

 

Figure 8. Ferroelectric measurement: Po series sample (a) P-V hysteresis loop, (b) 

Leakage current for 15 nm HfO2/15 nm ZrO2 deposited at 750 ℃ with different oxygen 

pressure. Ts series sample, (c) P-V hysteresis loop of 15 nm HfO2/15 nm ZrO2 at room 

temperature (inset: at 500 ℃ and 750 ℃), (d) Leakage current for 15 nm HfO2/15 nm 

ZrO2 at different temperatures. 

Figure 9a summarizes the ferroelectric properties based on thickness, temperature, oxygen 

pressure and crystalline phases for the samples used in this study which were limited in growth 

temperature and oxygen partial pressure up to 750 ℃ and 1.2 × 10
−4

 torr, respectively. Here, t 

denotes the thickness series samples, Ts denotes the temperature series samples and Po denotes the 

oxygen pressure series samples. The intensity of the o(002) phase and remnant polarization increases 

with increasing thickness, pressure, and temperature as a result of increasing mechanical stress 

exerted by ZrO2 top layer in the structure. A comparative study of this work with the reported 

literature is illustrated in Figure 9b,c, which includes polarization and endurance of HfO2-based 

ferroelectric devices with various dopants. The HfO2-ZrO2 nanolaminates structure of this work 

showed endurance >10
11

 cycles, and remnant polarization of ~12 µC/cm
2
 for the 15H/15Z, which is 

much higher than reported in the literature for Hf-based structures as shown in Figure 9b. Figure 9c 

shows the endurance versus polarization for different dopants in HfO2 and a comparison between 

nanolaminates grown by PLD and ALD. Recently reported ALD deposited 4.4 nm HfO2/4.4 nm ZrO2 

nanolaminates showed the highest remnant polarization of 17 µC/cm
2
 [28] and endurance 4 × 10

10
 

cycles [40] while this work found ~12 µC/cm
2
 and endurance >10

11
 cycles (which is denoted by the 
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red arrow in the figure) in 15H/15Z sample. The improved endurance in PLD grown samples can be 

attributed to reduced defects during growth. 

 

Figure 9. (a) Summary of the effects of different growth conditions (thickness, 

temperature, and pressure) in terms of remnant polarization and intensity of o(002) w.r.t 

m-phases. Here, t denotes the thickness series samples, Ts denotes temperature series 

samples and Po denotes the oxygen pressure series samples. (b) A comparative study of 

remnant polarization depending upon thickness for different dopants (Undoped HfO2 

[29], HZO by ALD [3], HZO by PLD [26], Si: HfO2 [22], Y: HfO2 [18], Gd: HfO2 [24], 

HfO2-ZrO2 by ALD [28]), (c) Endurance vs Pr diagram for various reported result 

compared with this study. 

4. Conclusions 

In conclusion, the orthorhombic phase appears to be dominant with increasing thickness in 

ZrO2/HfO2 bilayer structures and demonstrate better ferroelectric behavior when grown at elevated 

temperature using PLD. High temperature and partial oxygen pressure during PLD growth contribute 

to the improved ferroelectric polarization compared to the sample grown at low temperatures and 

oxygen pressures. Moreover, it was observed that ZrO2 as a top layer demonstrates better 

ferroelectric performance due to the mechanical stress induced on the HfO2 layer compared to the 

case when ZrO2 is used as a bottom layer. This bilayer structure deposited by PLD showed 

endurance of more than 10
11

 cycles with ~12 µC/cm
2
 remnant polarization which is much higher 

than the best result reported so far for HfO2/ZrO2 nanolaminates and solid solution films. This study 

shows that the nanolaminates structure of HfO2-ZrO2 deposited by PLD can be highly promising for 

solid-state memory applications. 
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