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Abstract

:

Oxygen vacancies play a crucial role in stabilizing the ferroelectric phase in hafnium (Hf) oxide-based thin films and in shaping the evolution of their ferroelectric properties. In this study, we directly manipulated the oxygen vacancy concentration in Hf0.5Zr0.5O2−x (HZO) ferroelectric thin films in situ using oxygen plasma treatment. We scrutinized the variations in the ferroelectric properties of HZO films across different oxygen vacancy concentrations by integrating the findings from ferroelectric performance tests. Additionally, we elucidated the mechanism underlying the influence of oxygen vacancies on the coercive field and polarization properties of HZO ferroelectric films through the first-principles density functional theory (DFT) calculations. Finally, to study the impact of oxygen vacancies on the practical application of HZO ferroelectric synaptic devices, leveraging the plasticity of the ferroelectric polarization, we constructed a multilayer perceptron (MLP) network. We simulated its recognition accuracy and convergence speed under different oxygen vacancy concentrations in the MNIST recognition task.






Keywords:


ferroelectrics; oxygen vacancy; oxygen plasma; DFT calculations; MLP network












1. Introduction


Hafnium oxide (HfO2) is a material characterized by a wide bandgap and a high dielectric constant, and it was initially employed as a replacement for silicon dioxide gate insulators in CMOS technology. HfO2 films can transition from the tetragonal phase to the monoclinic phase upon annealing or doping, forming the orthorhombic phase with non-centrosymmetric structures and exhibiting excellent ferroelectric properties [1,2]. Ferroelectric HfO2 is fully compatible with silicon-based CMOS processes. It can achieve a physical thickness of less than 10 nm, thereby addressing the challenges of size scaling and CMOS process compatibility faced by traditional ferroelectric materials [3]. Hafnium oxide-based ferroelectric films have a simple composition, are easy to control in deposition processes, exhibit large remanent polarization, and possess a wide bandgap, making them highly suitable for memory device applications. Hafnium-based ferroelectric materials exhibit excellent radiation resistance. The memory cells utilize the bistable polarization of the ferroelectric films to store “0” and “1” states. Typically, radiation sources such as heavy ions and gamma rays do not cause complete switching of the polarization state, making it impossible to alter the storage state of ferroelectric memory cells. This property endows hafnium ferroelectric devices with solid radiation resistance [4]. The non-volatility of hafnium-based ferroelectric devices is closely tied to the mechanism of ferroelectric domain switching. Regardless of where the ferroelectric domains switch, the device maintains a high resistance state externally, inherently possessing low power consumption characteristics [5]. Consequently, hafnium oxide-based ferroelectric materials have garnered significant attention from the academia and industry. Research in this area is anticipated to advance the development and practical application of ferroelectric capacitors, ferroelectric tunnel junctions, ferroelectric transistors, ferroelectric memory, and ferroelectric compute-in-memory technologies [6,7,8,9,10,11].



The most extensive research on the performance regulation of hafnium oxide-based ferroelectric thin films involves doping methods, with zirconium (Zr)-doped hafnium oxide being the most widely studied and exhibiting the best performance. However, achieving ferroelectric properties through doping introduces defects into the hafnium oxide films, with oxygen vacancies having the most significant impact. Furthermore, the ferroelectricity of hafnium oxide depends on the orthorhombic Pca21 phase [12,13], which has a higher energy than the monoclinic P21/c phase. Consequently, the orthorhombic Pca21 phase is not stable in its free state. As a result, hafnium oxide-based ferroelectric thin films still face significant challenges in practical applications, such as wake-up effects, fatigue failure, and imprint failure. Zhou et al. [14] discovered that an increase in the concentration of oxygen vacancies decreases the energy difference between the monoclinic and orthorhombic phases, enhancing the stability of the ferroelectric orthorhombic phase. Hoffmann et al. [15] found that oxygen vacancies contribute to a higher proportion of the orthorhombic phase in HfO2 ferroelectric thin films by reducing the energy difference between the orthorhombic and monoclinic phases.



While previous research has indicated that oxygen vacancies can stabilize ferroelectric phases and enhance residual polarization, it does not imply that more oxygen vacancies are always better. Goh et al. [16] reduced the concentration of oxygen vacancies in HZO films by using RuO2 electrodes, thereby mitigating the wake-up and fatigue effects. Pešić et al. [17] conducted simulations to study the movement of oxygen vacancies under an electric field. They found that oxygen vacancies are initially concentrated near the electrode interfaces. With a cyclic electric field application, oxygen vacancies gradually diffuse into the interior of the films. These oxygen vacancy-pinned ferroelectric domains can undergo polarization switching, leading to an increase in remanent polarization and the wake-up of the films. During the wake-up process, the diffusion of oxygen vacancies causes the built-in electric field to become more uniform. It is often accompanied by the transformation from the monoclinic phase to the orthorhombic phase. Adkins et al. [18] performed wake-up tests on HZO at different temperatures, ranging from 293 K to 33 K. They observed that the lower the temperature during the wake-up process, the smaller the polarization increase and the more cycles required to achieve full wake-up. This phenomenon is likely due to the reduced mobility of oxygen vacancies at lower temperatures, necessitating more electric field cycles to achieve a more uniform distribution of vacancies within the films. Fengler et al. [19] and Islamov et al. [20,21] observed increased charged defects during the wake-up process in HZO and La-doped HfO2 films, respectively. They attributed these increased charged defects primarily to oxygen vacancies. Kim et al. [22] employed a novel high-pressure oxygen annealing process on HZO films, resulting in samples with improved wake-up effects compared to those annealed in nitrogen and vacuum environments. Using stable electrodes or those capable of providing additional oxygen to the ferroelectric layer can also reduce oxygen vacancies in the films and mitigate the wake-up effect. Kashir et al. [23] achieved HZO films with almost no wake-up effect by employing W electrodes and optimizing the HZO preparation process. In our previous work, HZO ferroelectric films were prepared using W and Pt as the top and bottom electrodes, respectively. The ferroelectric films with tungsten W electrodes exhibited higher polarization intensity, a flatter fatigue characteristic curve, and a weaker wake-up effect [24].



The movement of oxygen vacancies under an electric field causes wake-up effects and significantly increases the leakage current in the films [25]. The presence of oxygen vacancies introduces trap energy levels into the electronic structure of the system. Electrons do not fully occupy these trap energy levels, allowing external electrons to transition between them. Numerous traps form an electron pathway when the films contain many oxygen vacancies. Under the influence of an external electric field, this results in significant leakage current in the films, leading to the degradation of ferroelectric performance. Oxygen vacancies significantly impact the stability of the ferroelectric phase in hafnium oxide-based films and play a crucial role in the evolution of ferroelectric properties. Wake-up, imprint, and fatigue effects are all believed to be related to the migration and redistribution of oxygen vacancies under electric field cycling [26,27,28]. The current research primarily focuses on controlling the number of oxygen vacancies through the preparation process to compare the performance changes in hafnium oxide ferroelectric films and infer the mechanism of oxygen vacancy influence. However, due to the numerous factors affecting the performance of these films, it is challenging to eliminate other variables between different batches of samples. This limitation hinders the judgment and summary of the rules governing the influence of oxygen vacancies on ferroelectricity. Additionally, regulating the oxygen vacancy concentration through the preparation process introduces a degree of randomness, resulting in weak experimental reproducibility and limited reference value. Based on previous reports, oxygen plasma treatment can oxidize non-stoichiometric metal oxide films and form near-stoichiometric metal oxides on the surface [29], i.e., oxygen ions can partially fill oxygen vacancies in HfOx films after oxygen plasma treatment. As the treatment time increases, there will be a greater chance of filling the oxygen vacancies in the samples. In this work, we directly adjusted the oxygen vacancy concentration in situ in the same batch of HZO ferroelectric films using an oxygen plasma treatment technique, which has the advantage of introducing as few variables as possible. We discussed the variations in the ferroelectric properties of HZO films with different oxygen vacancy concentrations through ferroelectric testing. We analyzed the impact of oxygen vacancies on polarization reversal in HZO ferroelectric films using DFT calculations. Additionally, we discussed how changes in the switching barrier, induced by varying oxygen vacancy concentrations, impact the coercive field of the sample, as revealed by our DFT calculation results. Finally, to study the impact of oxygen vacancies on the practical application of HZO ferroelectric synaptic devices, leveraging the plasticity of the ferroelectric polarization, we constructed an MLP network. We simulated its recognition accuracy and convergence speed under different oxygen vacancy concentrations in the MNIST recognition task.




2. Experimental and Theoretical Methods


A 20 nm W bottom electrode was fabricated using electron beam evaporation on a p-type silicon substrate. The HZO ferroelectric thin films were prepared by atomic layer deposition (PEALD−150R, provided by Jiaxing Kemin Electronic Equipment, Jiaxing, China) using Hf[N(CH3)(C2H5)]4 and Zr[N(CH3)(C2H5)]4 as the precursors for Hf and Zr, respectively. A 10 nm HZO film was deposited on the substrates with the pre-deposited W bottom electrode. On the HZO films, 20 nm thick circular W top electrodes were fabricated using an electron beam evaporation system (TEMD500, provided by Beijing Technol Science, Beijing, China) with a metal mask. The prepared samples underwent rapid thermal annealing at 550 °C in a nitrogen atmosphere for 200 s. The prepared samples were subjected to oxygen plasma treatment (OPT) using an inductively coupled plasma system, (ICP−601, provided by Beijing Chuangshiweina, Beijing, China) with 10 s and 20 s treatment times, respectively. Subsequently, electrical properties and physical phases were characterized on the same device. The polarization (P)-electric field (E) hysteresis loops of the HZO ferroelectric devices were characterized using a ferroelectric analyzer (TFAnalyzer 3000 Basic Unit, provided by aixACCT Systems GmbH, Aachen, Germany). Grazing-incidence X-ray diffraction (GIXRD, Bruker D8, provided by Bruker, Massachusetts, USA) was used to analyze the crystal orientation of the HZO films; the target material used was copper, with an X-ray wavelength of 1.5406 Å, operating at a current of 200 mA and a voltage of 45 kV. We utilized X-ray photoelectron spectroscopy (XPS, Thermo Kalpha, provided by Thermo Fisher Scientific, Massachusetts, USA.) to analyze the chemical states and oxygen vacancies. We used an Al Kα X-ray source (hv = 1486.6 eV), 12 kV operating voltage, and a 6 mA filament current.



We simulated the polarization–switching process of HZO films with varying oxygen vacancy concentrations using DFT calculations. All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with the Perdew–Burke–Ernzerhof (PBE) type generalized gradient approximation (GGA). The polarization–switching process in Hf0.5Zr0.5O2-based materials was modelled using a periodically repeated 2 × 2 × 2 supercell containing 16 Hf atoms, 16 Zr atoms, and 64 O atoms. This method allows for constructing two models with corresponding atomic positions for upward and downward polarization, which is crucial for applying the climbing-image nudged elastic band (CINEB) method to calculate the energy barrier along the polarization–switching pathway. To simulate polarization–switching under different oxygen vacancy conditions, we constructed two models with varying oxygen vacancy concentrations and considered different polarization directions: 1. removal of one oxygen atom to create an oxygen vacancy concentration of 1.56%; 2. removing two oxygen atoms creates an oxygen vacancy concentration of 3.12%, with these two vacancies positioned as far apart as possible to minimize their interaction effects. Considering the possible configurations of two oxygen vacancies within a 2 × 2 × 2 supercell, there would be a total of 64 × 63 = 4032 configurations, which would demand enormous computational resources, given the crystal model’s large size. We adopt a common approach to address this by placing the two oxygen vacancies far apart, localizing their influence and minimizing the direct interaction between vacancies. This method better simulates the behavior of isolated defects. It is essential because it likely reflects the actual distribution of oxygen vacancies in a giant crystal, where such vacancies would naturally be dispersed. The switching potential energy curves and energy barriers are calculated using a climbing-image nudged elastic band (CINEB) method to explore the ferroelectric switching process in Hf0.5Zr0.5O2−x. We used a 2 × 2 × 2 Monkhorst–Pack k-point mesh for structural optimization and CINEB calculations, terminating the NEB calculations when the root mean square force on the images was less than 0.03 eV/Å.



We fitted the synaptic characteristic curves (plasticity curve of ferroelectric thin films polarization value under voltage) of the samples. We devised an MLP model for MNIST handwritten digit recognition to leverage this synaptic plasticity. Beyond incorporating the concept of ferroelectric polarization-based synaptic plasticity from experimental data into our weight adjustment strategy, we also delved into the relationship between the model’s performance before and after OPT. Our MLP architecture is characterized by its first and second hidden layers, comprising 128 and 64 neurons, respectively, with the ReLU activation function applied to both layers. This configuration aims to strike a balance between model complexity and generalization ability. We implemented a callback function to maintain a vigilant eye on the model’s learning progress and evaluate its performance. This multifaceted function logs the current model accuracy upon completing each training batch. It conducts a comprehensive accuracy assessment across the entire test set at the end of each training epoch. Furthermore, the callback function updates the model weights after each epoch. This process adheres strictly to the principles of the backpropagation algorithm, adjusting the weight parameters by calculating gradients, thereby guiding the model towards progressively optimal solutions. In this manner, we ensure that every step of the model’s training journey is directed towards the right path.




3. Results and Discussion


We characterized the three groups of samples using GIXRD, and the results are depicted in Figure 1. By comparing them with standard PDF cards PDF#34–1084 (orthorhombic phase), PDF#43–1017 (monoclinic phase), PDF#50–1089 (tetragonal phase), and PDF#47–1319 (W), we observed diffraction peaks corresponding to the o phase, t phase, and m phase in all samples, with minimal impurities. This indicates that the prepared samples exhibit ferroelectricity and high purity. The slight shift in the W characteristic peak is likely due to different stresses arising from the varying thicknesses of the W electrodes.



Figure 2 shows the Hf 4f and Zr 3d core levels XPS spectra for the samples before and after OPT. As the OPT time increases, the Hf 4f and Zr 3d peaks shift to higher binding energies. This shift is due to the reduction in oxygen vacancies, which increases the number of electrons taken by oxygen atoms from hafnium and zirconium atoms, thereby raising the binding energies corresponding to these elements [16,30]. By maintaining the ratio of the area of the Hf 4f5/2 and Hf 4f7/2 peaks to the total peak area and fitting with Gaussian functions, we identified the contribution corresponding to the Hf3+ chemical state. Similarly, we identified the contribution corresponding to the Zr3+ chemical state [31,32], as shown by the shaded areas in Figure 2.



Oxygen vacancies prevent adjacent metal atoms from forming chemical bonds with oxygen atoms, resulting in a +3 valence state. Therefore, the concentrations of Hf3+ and Zr3+ can be used to estimate the concentration of oxygen vacancies in the samples [11]. To determine the oxygen vacancy concentration semi-quantitatively, we considered the ratio of the peak areas corresponding to Hf3+ and Zr3+ to the total peak area as the concentrations of Hf3+ and Zr3+. Figure 3a–c show the P-E hysteresis loops of the samples under different applied voltages. As shown in Figure 3d, the oxygen vacancy concentrations of the samples were controlled at 5.07%, 3.02%, and 2.03%, respectively. We found that the oxygen vacancy concentration in the samples significantly decreased after OPT, while extending the treatment time had a limited effect on further reducing oxygen vacancies. As shown in Figure 3e,f, the coercive field and the remanent polarization values of the samples increased with the applied voltage. Notably, within the applied voltage range of 2.5 V to 4 V, the changes in the coercive field for the samples before and after OPT were 0.2 MV/cm, 0.29 MV/cm, and 0.38 MV/cm, respectively, while the changes in remanent polarization were 5.8 μC/cm2, 6.44 μC/cm2, and 12.61 μC/cm2. The samples without OPT exhibited the most significant changes in coercive field and remanent polarization, whereas the samples treated with plasma for 20 s had the most minor differences. This indicates that a moderate increase in oxygen vacancy concentration can modulate the samples to achieve more remanent polarization states, offering better multilevel control capabilities. The HZO ferroelectric films we fabricated are wake-up free, as demonstrated in Figure 4a, primarily due to implementing a unidirectional annealing process [33]. We also presented the fatigue characteristics of the ferroelectric films before and after OPT, finding no significant changes in their fatigue properties, as shown in Figure 4b. To better illustrate that ferroelectric devices can be used for in-memory computing neural network operations, we included experimental data on their retention characteristics, demonstrating their non-volatility. In Figure 4c–e, the remanent polarization of the hafnium oxide-based ferroelectric devices is well maintained over time. The effect of oxygen vacancies on HfO2-based ferroelectric films is complex. In this study, we focused on the impact and mechanism of oxygen vacancies on the coercive field of HZO ferroelectric films, as the coercive field directly influences the multilevel characteristics of HZO films, which in turn affects their application in computing-in-memory systems.



We used DFT calculations to explain the effects of oxygen vacancies on the coercive field and multilevel polarization characteristics of HZO ferroelectric thin films. Figure 5 illustrates the energy states of HZO films with oxygen vacancy concentrations of 1.56% and 3.13% under three polarization states. We found that increasing the oxygen vacancy concentration raises the energy of the intermediate state, thereby increasing the switching barrier. This is likely because more oxygen vacancies must migrate during the polarization–switching process. The increase in the switching barrier leads to a larger coercive field, allowing for the modulation of more intermediate coercive field values. Consequently, more remanent polarization states are obtained, resulting in better multilevel characteristics of the device [34].



In applications related to biological synapses, the acceptable remanent polarization value of ferroelectric materials is determined by the readout precision of peripheral circuits and energy efficiency requirements. Higher readout precision in peripheral circuits allows for a smaller acceptable remanent polarization value. Although a smaller remanent polarization value reduces the device’s energy consumption, it can also increase the energy required by the peripheral circuits during readout. It is well known that the remanent polarization of hafnium oxide-based ferroelectric films is nonvolatile and can achieve different remanent polarizations under various applied voltages. This plasticity of polarization is highly analogous to the characteristics of biological synapses, laying a foundation for its ability to perform neural network computations based on the in-memory computing architecture (Figure 6a). In the architecture of neural network computations, the multiply-accumulate (MAC) operation holds a pivotal position. It is explicitly tasked with efficiently performing the multiplication of the input vector by the weight matrix within the framework of each layer of network connections. This serves as the cornerstone for driving the data processing and learning capabilities of neural networks. The mathematical form of this process is the following:


    (  y 1  ,  y 2  , ⋅ ⋅ ⋅ ,  y m  )  T  =  W  m × n   ×   (  x 1  ,  x 2  , ⋅ ⋅ ⋅ ,  x n  )  T   



(1)







In the crossbar array architecture depicted in Figure 6b, each node represents a ferroelectric synaptic device, each of which possesses the capability of non-volatile weight storage, enabling the retention of weight information even when the power is off. By applying Equation (2), when input signals are encoded in the form of voltages (corresponding to the rows of the array), the corresponding output signals (corresponding to the columns of the array) can be computed. This process fully realizes a MAC operation by incorporating weight values, mapping input data directly to output, significantly facilitating the efficient execution of numerous matrix operations in neural networks, as each layer of the crossbar array directly corresponds to a layer of neural network connections. We selected synaptic plasticity curves influenced by varying oxygen vacancy concentrations to mimic genuine biological synaptic plasticity. We fitted them to accurately reflect the impact of this plasticity on the weight updates of neural network nodes. Based on this model, we constructed an MLP for handwritten digit recognition, as illustrated in Figure 6c.


   V  o u  t j    =      ∑  i = 1   Input     P  i j , F e    V  i  n i         P  r e f e r e n c e       



(2)







Figure 6a illustrates the polarization plasticity of three sets of ferroelectric synaptic devices. When a continuous positive voltage is applied to the device, its remanent polarization increases. Conversely, the remanent polarization decreases with increasing negative voltage applications. The nonlinearity of the curves (αp/αd) was determined by performing least-squares fitting on synaptic plasticity curves. The comparison shows that the sample without oxygen plasma treatment exhibits the lowest nonlinearity, at 5.21%/6.41%. After applying continuous pulses, we aspire to achieve linearly modulated polarization states with a diverse range of stable polarization states. To train the MLP network, we utilized a handwritten digit dataset consisting of 60,000 training images and 10,000 testing images. By setting the learning rate rationally, we successfully prevented overfitting while ensuring model convergence. To ensure the stability and reliability of the MLP model, we set the learning rate to 0.003 and calculated both the training and test accuracies. This learning rate guarantees model convergence and effectively mitigates the risk of overfitting. Upon examining the trends presented in Figure 6d, it becomes evident that during the initial stages of training with untreated samples, the recognition accuracy of the MLP model rapidly soars. As the training iterations accumulate, reaching a milestone of 50, the recognition accuracy attains an impressive 96.75%. Zhu et al. [35] investigated HfZrOx-based ferroelectric synaptic devices and applied them to MNIST recognition tasks, achieving a pattern recognition accuracy of 93.38%. Furthermore, Zhang et al. [36] fabricated ferroelectric synaptic devices that achieved recognition accuracy of 90.3% in MNIST recognition tasks. In comparison, the synaptic devices we developed demonstrated superior performance. The MLP model we used is a classic neural network architecture, with no specific modifications made to the network connections, despite using ferroelectric synaptic devices. We consider the plasticity of the remanent polarization in these ferroelectric devices to be the primary factor influencing the weight update process. Consequently, the robustness of the constructed MLP network largely depends on the linearity of the plasticity in the ferroelectric synaptic devices. The higher the linearity, the greater the accuracy and robustness of the MLP network. Due to the poorer linearity of the plasticity curve of the samples after OPT, the weight update process based on their fitted curves is less ideal, resulting in a decrease in accuracy. The average confusion matrices representing recognition accuracy at various training iterations are depicted in Figure 6e–g. As the number of training iterations increases, it becomes evident that the accuracy of recognizing the input digit gradually improves while the probability of misclassifying the remaining digits decreases. Similar to the accuracy curve, the average confusion matrix accuracy of the untreated samples is higher than that of the OPT-treated samples. This matrix demonstrates that the model achieves high recognition accuracy for all digits from 0 to 9. Thus, hafnium-based ferroelectric synaptic devices exhibit substantial potential for hardware-level applications in artificial neural networks; oxygen vacancies significantly impact the neural network application of hafnium-based ferroelectrics due to their influence on the plasticity curve.




4. Conclusions


In this study, we regulated the oxygen vacancy concentrations in situ by adjusting the oxygen plasma treatment time. Within the applied voltage range of 2.5 V to 4 V, as the oxygen vacancy concentration in the samples decreased from 5.07% to 2.03%, the change in coercive field values decreased from 0.38 MV/cm to 0.2 MV/cm. The change in the remanent polarization values decreased from 12.61 μC/cm2 to 5.8 μC/cm2. The increase in the oxygen vacancy concentration endows the device with better multilevel control characteristics. The DFT calculations revealed that increasing the oxygen vacancy concentration raises the polarization–switching barriers in the samples, resulting in larger coercive fields under the same applied voltage. Thus, changing the applied voltage can modulate more coercive field values and remanent polarization states. To study the impact of oxygen vacancies on the practical application of HZO ferroelectric synaptic devices, leveraging the plasticity of ferroelectric polarization, we constructed an MLP network. We simulated its recognition accuracy and convergence speed under different oxygen vacancy concentrations in the MNIST recognition task. Using the synaptic characteristic curves of untreated samples, the MLP model achieved a handwritten digit recognition accuracy of 96.75% after 50 training iterations. This indicates that hafnium-based ferroelectric synaptic devices exhibit substantial potential for hardware-level applications in artificial neural networks. Oxygen vacancies can have a significant impact on the neural network application of hafnium-based ferroelectrics due to their influence on the plasticity curve.
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Figure 1. XRD analysis results of samples subjected to varying OPT times. 
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Figure 2. XPS spectra of the samples with different OPT times: (a