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中  文  摘  要

	铁电存储器以其非挥发性、读写速度快、功耗小、强抗辐射等优点，被公认为下一代最具潜力的存储器之一，在计算机、通讯、航空航天和国防等领域具有广阔的应用前景。但由于目前铁电存储器存储密度低，存在疲劳、印记和保持失效等关键问题，而严重制约了其商业化应用。本论文从原子层次上对Bi4Ti3O12(BIT)新型无铅铁电薄膜及其纳米线进行改性和系统优化，得到了剩余极化大、矫顽场小、漏电流低、抗疲劳性能好、环境友好的存储器关键铁电材料，从而可提高铁电存储器的存储密度和抗疲劳性能，降低其工作电压。基于第一性原理计算，探索了BIT基铁电薄膜性能改进的有效途径和方法，阐释了其物理机制，进而为提高BIT铁电薄膜的性能提供理论依据。具体工作和结果概括为以下几方面：

第一，发展了制备BIT系无铅铁电薄膜的化学溶液方法，制备了A位单掺杂BIT无铅铁电薄膜。通过研究掺杂浓度、退火温度、退火时间等工艺参数对薄膜微结构及物理特性的影响，优化和完善了BIT铁电薄膜的制备工艺。

(1) BIT基薄膜中的Bi元素在退火过程中容易挥发，形成铋空位(
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)，由于化合价中和的限制，必然导致氧缺陷(
[image: image2.wmf]·

·

O

V

)产生，影响薄膜的电学性能。我们通过在前驱体溶液中加入一定量的过量Bi实现了对Bi挥发的有效补偿，并确定了最佳添加量为10%。

(2) 在相同工艺条件下制备了不同Nd掺杂含量的BIT薄膜，发现Bi3.15Nd0.85Ti3O12(BNT)薄膜由于具有较强的a-轴取向和大的晶格畸变，因而产生了相对较好的铁电性能。

(3) 为了降低长时间高温热处理对界面和薄膜微结构的影响，我们采用快速热处理工艺对薄膜进行退火，并研究了不同退火温度和不同退火时间对BNT薄膜的微结构和电学性能的影响。发现薄膜的铁电性能和介电性能与退火温度和退火时间之间并非单调递增的关系，而是存在最佳退火温度和退火时间，分别为700℃和5min。

(4) 研究了BNT薄膜厚度对其微结构和电学性能的影响，结果发现，随着BNT薄膜厚度的增大，薄膜的晶粒尺寸和内应变发生明显变化，导致2Pr增大，而Ec先增大后减小。

第二， 提出了在A位和B位同时复合掺杂来综合改善BIT薄膜铁电性能、疲劳特性、漏电流等物理性能的思路，在实验上通过在A位选择Nd元素，B位分别选择受主掺杂、等电位掺杂和施主掺杂元素Mn、Zr和V，系统研究了(Bi,Nd)4(Ti,Mn)3O12 (BNTM)、(Bi,Nd)4(Ti,Zr)3O12 (BNTZ)和(Bi,Nd)4(Ti,V)3O12 (BNTV)三种共掺杂BIT无铅铁电薄膜，实现了对BIT薄膜剩余极化强度和矫顽场的平衡改善，并探讨了物理性能得到改善的物理机制。

(1) 选用Nd、Mn作为BIT薄膜的A、B位共掺杂元素，研究发现适量B位Mn掺杂可以显著增大剩余极化和降低矫顽场。由于Mn3+受主掺杂，能够捕获
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产生的电子，通过中和
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的施主特性而阻止了Ti4+向Ti3+变化的还原反应，从而降低了薄膜畴壁的钉扎效应和稳定了薄膜的电导性质，进而增大了剩余极化强度和降低了矫顽场。

(2) 选用Nd、Zr作为BIT薄膜的A、B位共掺杂元素，制备了BNTZ共掺杂薄膜。对于B位等电位掺杂的BNTZ薄膜而言，因为Zr4+等价替代Ti4+，所以掺杂后薄膜的
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浓度基本不变。但是，一方面由于Zr4+的半径比Ti4+的半径大得多，因而会增大晶格畸变，从而提高了薄膜的铁电性能。另一方面由于Zr4+比Ti4+化学稳定性好，可以在某种程度上抑制Ti4+与Ti3+之间的电子跳跃，减小了薄膜的漏电流。

(3) 选用Nd、V作为BIT薄膜的A、B位共掺杂元素，制备了BNTV共掺杂薄膜。在B位施主掺杂的BNTV薄膜中，由于V5+取代Ti4+，为保持电中性，Bi含量需要相应降低，这将在不产生
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的情况下形成一定浓度的
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的进一步产生被抑制，因此BNTV薄膜中实际
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的浓度远低于BNT中的浓度，从而降低了畴钉扎，提高了剩余极化强度。

(4) 对比研究A位单掺杂和上述三种A、B位共掺杂的BIT薄膜的性能发现，A、B位共掺杂是一种有效综合提高BIT薄膜电学性能的方法。通过对比B位Mn、Zr和V元素的受主、等价和施主掺杂对薄膜铁电性能的影响发现，B位Mn受主掺杂和V施主掺杂可以通过氧空位模型来解释电学性能得到改善的物理机制，而B位Zr等价掺杂则是通过增大晶格畸变和稳定电导而提高铁电性能的。B位Mn和Zr掺杂可以显著减小薄膜的矫顽场，这对解决目前A位单掺杂BIT薄膜存在矫顽场大的关键问题有重要意义。B位Mn和V掺杂都可以适当降低薄膜的热处理温度，这对后续的铁电存储器研究非常有利。

第三，采用基于第一性原理的赝势投影平面波(PP-PAW)方法系统地研究了BIT铁电体的总能和电子结构，为提高BIT基铁电薄膜的铁电性能提供理论依据。

(1) 总能和电子结构的分析发现，BIT铁电相的稳定性主要是由于Bi2Ti3O10钙钛矿层和Bi2O2层畸变以及它们相互耦合作用所释放了一定的能量，从而降低了铁电相的总能；B位Ti离子与O离子之间存在强烈的杂化，这是BIT产生铁电性质的主要原因；A位的Bi离子和O离子之间存在一个较弱的共价杂化，这种共价作用进一步促进了铁电相的稳定。
(2) 电荷密度和迁移电荷分析发现，B位Ti离子和O离子之间以及Bi离子和O离子之间的共价杂化是诱导BIT的结构畸变和铁电性质的主要因素；而B位Ti离子和O离子之间的共价杂化是形成畸变的主导因素，这种畸变将直接诱导体系出现极化。

(3) 第一性原理计算分析表明，当我们采用掺杂的手段，利用不同的离子取代BIT中的B位Ti离子时，诱发的体系畸变是铁电属性改善的一个直接原因。其次，A位的Bi离子在体系极化过程中起着明显的制约作用，Bi-O键及其属性的变化也将诱导离子之间的电荷迁移，从而改变体系的极化属性。因此只要寻找到合适的掺杂元素，采用单掺杂或者双掺杂的手段，就可以实现BIT铁电属性的改善。

第四，设计了BNT与CoFe2O4 (CFO)复合薄膜体系，基于自主发展的复合薄膜技术实现了BNT和CFO的颗粒复合和层状复合，降低了BNT铁电薄膜的漏电流，提高了其抗疲劳特性，而且观察到了磁电耦合效应，拓展了BIT基铁电薄膜在存储器等方面的应用。

(1) 制备了电、磁及磁电耦合性能优良的BNT-CFO颗粒复合薄膜，并研究了铁电相与铁磁相的复合比例对薄膜性能的影响。发现，在薄膜生长过程中发生相分离形成了以CFO小颗粒随机地分布在BNT基体中的复合形式，CFO的加入使薄膜的漏电流和抗疲劳特性得到改善，磁电电压系数
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随着CFO含量的增加而增大，x=0.5的复合薄膜的
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达34.5mV/cm，这比有些铅基复合薄膜的
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值还要大。

(2) 制备了电、磁及磁电耦合性能优良的BNT-CFO层状复合薄膜，发现铁电和铁磁层的生长顺序对薄膜的性能有较大影响。CFO/BNT/衬底(CB)结构的复合薄膜具有较小的漏电流密度和较大的剩余极化强度，BNT/CFO/衬底(BC)结构和CB结构具有相似的磁特性，BC复合薄膜的磁电电压系数
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比CB复合薄膜的大。

第五，发展了静电纺丝法和溶胶-凝胶氧化铝模板法制备BNT铁电纳米线的工艺，并对制备条件的影响规律进行了初步探索，制备出了电学性能优良的BNT无铅铁电纳米线，为设计高密度的铁电存储器提供了技术基础和理论指导。
(1) 以PVP为聚合物，采用静电纺丝法制备了BNT铁电纳米线，分析表明该纳米线具有较高的压电系数和居里温度。随煅烧温度的提高，BNT纳米线的结晶性增强，直径减小。经600-700℃煅烧后的纳米线，形态结构较好，直且均匀，直径约为70-160nm。而经800℃煅烧后的样品，其纳米线则出现断裂，而且不均匀，可见较大晶粒。
(2) 利用电化学方法制备了孔洞大小均匀、分布有序的多孔氧化铝模板，孔径约50nm。然后结合溶胶-凝胶技术和模板合成技术制备出了BNT无铅铁电纳米线，其直径约为40-50nm。
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Preparation and modification of BIT-based lead-free ferroelectric thin films and nanowires for memories

Zhong Xiangli 
ABSTRACT

	Ferroelectric random access memory (FeRAM) is currently regarded as one of the most potential next generation memories with clear advantages such as non-volatility, high reading/writing speed, low power consumption and good radiation hardness, which has widespread applications in computer, communication, aerospace and military industry. But currently available FeRAMs have some disadvantages such as low memory density, fatigue, imprint and retention loss, which hinder seriously their commercial applications. In this dissertation, the properties and microstructures of Bi4Ti3O12(BIT) films and nanowires have been controlled by modifying their chemical compositions and preparation technologies. Ferroelectric materials for FeRAM with large remanent polarization, low coercive field, low leakage current, good fatigue resistant and lead-free chemical composition have been obtained, which can be used for fabricating FeRAM with high memory density, low operation voltage and good fatigue endurance property. On the other hand, based on first-principles studies, the origin of polarization in BIT has been discussed, which can help us to find the effective approach and method for modifying BIT’s properties. The main research contents and obtained results in this dissertation are summarized as follows:
1. Preparation and poperties of A-site substituted BIT films

A-site substituted BIT films were fabricated by a chemical solution deposition technique. The preparation process of BIT-based films has been optimized and improved by investigating the effects of excess Bi content, substituting concentration, annealing temperature, annealing time, and film thickness on their structures and properties. 

(1) Bi element in BIT-based compounds can be vaporized easily during a high-temperature annealing process. The loss of Bi will cause bismuth vacancies (
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) in the film, which has a detrimental impact on the electrical properties of BIT-based the film. In this dissertation, various excess Bi contents were intentionally added into the precursor sol and compensated for the possible Bi loss during the high temperature process. Under adding excess Bi content of 10%, the prepared BIT-based thin film shows the best ferroelectric and dielectric properties.

(2) The effect of Nd-substituting concentration on the structure and properties of Nd-substituted BIT film was investigated. Bi3.15Nd0.85Ti3O12 (BNT) film shows better ferroelectric property. This result may be ascribed to more contribution of a-axis polarization components and stronger structural distortion.

(3) In order to decrease the detrimental impact on the electrical properties of the film during a high-temperature annealing, the BIT-based films were annealed by a rapid thermal process. The effect of annealing temperature and annealing time on the structure and properties of BNT films were investigated. The experimental results show that the ferroelectric and dielectric properties of BIT-based thin films are not monotonous functions of annealing temperature and annealing time. The optimal annealing temperature and annealing time of BNT film are 700 oC and 5 min, respectively.

(4) The thickness dependence on the structures and ferroelectric properties of BNT films was investigated. With an increment of the film thickness, the remanent polarization of BNT film increases, while the coercive field increases firstly and then decreases, which may be attributed to the effects of the internal strain and grain size.
2. Preparation and poperties of A- and B-sites cosubstituted BIT films

A new technological concept of simultaneous substitution for A- and B-sites in BIT is proposed and used to synthetically improve the electrical properties of BIT film, by choosing Nd as A-site substituting element, and Mn, Zr, V as B-site acceptor, equivalent, and donor substituting element, respectively. Both A- and B-sites cosubstituted BIT films were fabricated for improving the remanent polarization and reducing the coercive field, and the relevant mechanism was discussed. 

(1) Thin films of Nd and Mn cosubstituted BIT, i.e., BNTM, were fabricated by a chemical solution deposition technique. It is found that a low concentration B-site substitution with Mn ions can greatly enhance the remnant polarization and reduce the coercive field of the film. Mn ions (act as B-site acceptor dopants) can capture the electrons created by 
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. Thus, the acceptor dopants prevent the reduction of Ti4+ to Ti3+ by neutralizing the donor action of 
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. This further reduces the pinning of domain walls and stabilizes the electrical conductivity, resulting in the improvement of ferroelectric properties.

(2) Thin films of Nd and Zr cosubstituted BIT, i.e., BNTZ, were fabricated by a chemical solution deposition technique. Significantly, compared with the BNT film, the BNTZ thin film has a lower coercive field and leakage current density, and a slightly larger remnant polarization. The improved ferroelectric properties cannot be attributed to the oxygen vacancy mechanism, because the equal valence Zr4+ substituting for Ti4+ cannot reduce the concentration of 
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, which may can be explained as follows. On the one hand, B-site Zr substitution results in a large lattice parameter change, which may enhance the ionic displacement or the distortion of octahedra, thus improving ferroelectric property. On the other hand, the valence of Zr4+ is chemically more stable than that of Ti4+, and Zr4+ ion also has a lager ionic size inducing the increase of the perovskite lattice. The conduction by electron hopping between Ti4+ and Ti3+ can be depressed by the substitution of Zr for Ti, because Zr4+ will block the path between two adjacent Ti ions and enlarge hopping distance. Therefore, the leakage current reduces with the substitution of Ti4+ by Zr4+.
(3) Thin films of Nd and V cosubstituted BIT, i.e., BNTV, were fabricated by a chemical solution deposition technique. In BNTV films, V5+ substitution for Ti4+ and a decrease in Bi content are conducted simultaneously to maintain the charge neutrality. These give a high concentration of 
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 without generation of 
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 accompanied by 
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 will be inhibited. It is easily expected that the actual concentration of 
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 in BNTV films is much smaller than that in BNT, and the influence of domain pinning is significantly reduced, which will be responsible for a larger remnant polarization found in BNTV films.

(4) By comparing A- and B-sites cosubstituted BIT films with A-site substituted BIT films, it is found that A- and B-sites cosubstitution is an effective way for improving the electrical properties synthetically. The improved ferroelectric properties by the B-site Mn acceptor substitution and V donor substitution can be explained by the oxygen vacancy mechanism, while the improved properties by the B-site Zr equivalent substitution may be attributed larger lattice parameter change and lower leakage current. The B-site Mn and Zr substitutions in BNT films can greatly reduce the coercive field, which is significant because the high coercive field in A-site substituted BIT films is always the main hindrance for their applications in FeRAM. The B-site Mn and V substitutions in BNT films can decrease the crystallization temperature to some extent, which is highly advantageous to fabricate FeRAM because the thermal treatment temperature is almost decreased as low as that in IC technologies.

3. Total energy and electronic structure of BIT ferroelectrics

We systematically investigated the total energy and electronic structure of BIT ferroelectric by pseudopotential project plane wave (PP-PAW) method based on the density functional theory. 

(1) The analysis of total energy and density of states shows that the stability of ferroelectric phase of BIT originates from the distortions of the Bi2O2 layer and the Bi2Ti3O10 block as well as the relaxation energy released by the mutual coupling between distortions of the Bi2O2 layer and the Bi2Ti3O10 block. The ferroelectric property of BIT largely originates from the strong Ti-O hybridization, which is enhanced by the weak hybridization of A-site Bi and O. 

(2) The analysis of the charge density and transfer of electron between the atoms show that the hybridizations between Ti and O (Ti-O) and Bi and O (Bi-O) in BIT determine the ferroelectric properties and lattice distortions, and the hybridization of Ti-O is dominant. 

(3) According to the calculation results by PP-PAW method, the lattice distortions by B-site substitution in BIT is an efficient cause to improve ferroelectric properties of BIT, while the A-site Bi ion in BIT restricts the polarization of BIT. Thus the ferroelectric properties of BIT can be improved effectively by A-site substitution, B-site substitution, or A- and B-sites cosubstitution via suitable ions.
4. Preparation and poperties of BNT-CFO composite films

BNT-CFO lead-free composite films were proposed and fabricated successfully by a chemical solution deposition method developed by us. It was found that the composite films have lower leakage current densities and better fatigue endurance properties compared with pure BNT films, and the composite films exhibit a distinct magnetoelectric coupling effect, which will greatly expand the application of BIT-based ferroelectric films.  

(1) Nanoparticulate xBNT-(1-x)CFO composite thin films were fabricated successfully. These films exhibit good electrical and magnetic properties at room temperature, as well as distinct magnetoelectric coupling behaviours. The film spontaneously separates into two phases of CFO and BNT, and CFO aggregates locally into nanoparticles and embeds in the BNT matrix. The composite films have lower leakage current densities and better fatigue endurance properties, compared with pure BNT film. The composite films possess large magnetoelectric voltage coefficient (E, and the value of (E increases with the increase of CFO content (by decreasing x). The (E value is found to be ~34.5 mV/cm Oe for the composite film with x=0.5, which is much larger than those of other Pb-based composite thin films.
(2) Double-layered composite thin films composed of BNT and CFO were fabricated with different growth sequences of BNT and CFO yielding the following layered structures: BNT/CFO/substrate (BC) and CFO/BNT/substrate (CB). These double-layered films exhibit both good ferroelectric and magnetic properties, as well as magnetoelectric effects at room temperature. The layer sequence has a great effect on the properties of the composite films. The CB composite film exhibits better insulating property and higher remnant polarization, while both the CB and BC composite films have the similar magnetic properties. The (E of the BC composite film is larger than that of the CB composite film due to a possible enhancing of interface coupling in BC structure.

5. Preparation of BNT nanowires

Two methods, i.e., electrospinning and sol-gel alumina template method, were explored to prepare BNT lead-free ferroelectric nanowires with good electrical properties.  

(1) BNT nanowires with high Curie temperature and large piezoelectric coefficient were synthesized by an electrospinning method utilizing a solution which contained poly(vinylpyrrolidone) (PVP) and sol-gel precursor solution of BNT. With increasing calcination temperature, the crystallization of the BNT nanowires is improved and the diameter of nanowires decreases. When the calcination temperature is in the range of 600-700 oC, the nanowires have better microstructure, with a diameter of 70-160 nm. However, after calcination at 800 oC, the nanowires become rough and consist of the structure of packed crystallites obviously, and some of the nanowires are broken into several short nanowires. 

(2) The anodic alumina oxide (AAO) template with the ordered nanopores and parallel cylindrical holes with diameters about 50 nm were prepared by electrochemical deposition. Then BNT nanowires with a diameter of 40-50 nm were synthesized by sol-gel and template technologies.
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