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Abstract


Many factors have been confirmed to affect ferroelectric phase formation in HfO2-based thin films but there was still a lack of general view on describing them. This paper discusses the intrinsic parameters to stabilize the ferroelectric phase of HfO2 thin films to approach this general view by investigating the separate effects of dopant, oxygen vacancy (VO), and specific surface area on the crystal phase of the films. It is found that in addition to extensively studied dopants, the ferroelectric orthorhombic phase can also be formed in pure HfO2 films by only introducing sufficient VO independently, and it is also formable by only increasing the specific surface area. By analyzing the common physics behind these factors, it is found that orthorhombic phase formation is universally related to strain in all the above cases with a given temperature. To get a general view, a physical model is established to describe how the strain influences ferroelectric phase formation during the fabrication of HfO2-based films based on thermodynamic and kinetics analysis.
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1. Introduction


HfO2-based high-k dielectrics have been applied as an alternative to thin SiO2 gate insulators in Si technology since 2007 [1]. Continuously, a ferroelectric property in Si-doped HfO2 thin films, which was not expected in the thermodynamic phase diagram of HfO2, was observed in 2011 [2]. As soon as it was discovered, it attracted great attention because the HfO2-based ferroelectrics with good CMOS compatibility and scalability are promising to overcome the critical obstacles in the application of conventional ferroelectric materials in memory and logic devices [3,4,5]. Clarification of fundamental material science essentially is critical to the device demonstration in the era beyond Moore’s Law. In the last decade, intensive studies on understanding the physical origin of ferroelectricity and controlling the fundamental properties of HfO2-based thin films have been carried out. It has been agreed that the metastable orthorhombic (O-phase) phase, which is formed during the transition from tetragonal (T-phase) to monoclinic (M-phase) phase, is the origin of ferroelectricity in HfO2 [1,6]. Additionally, many experimental factors, including doping concentration, oxygen vacancy (VO), film thickness, annealing conditions, and capping layers, have been confirmed to influence the stabilization of the O-phase [7,8,9,10,11,12,13,14,15,16,17]. However, a general model describing the intrinsic driving force to determine the stabilization of the O-phase from the T–M phase transition in HfO2 thin film has not been clarified clearly up to now.



It has been argued that defects and surface energy are two main categories of impact factors to help stabilize the O-phase [7,8]. The former refers to dopants and VO, while the latter is usually related to mechanical clamping of electrodes, substrate orientation, and film thickness [9,10,11,12,13,14,15,16,17]. However, in these studies, the above categories and factors are usually synergistic to affect the ferro-O phase formation. For example, ferroelectricity in undoped HfO2 films was usually observed in a sandwich structure with TiN or TaN as bottom and top electrodes followed by post metalization annealing. However, the top layer would not only introduce Vo through the scavenging effect but also bring extra stress into the films [15,16,17,18,19,20]. Additionally, thinner films with larger surface energies enable more ferro-O phase formation, while this effect was mostly demonstrated in doped films [13,14,15,16,17,18,19,20,21]. Therefore, it is difficult to discuss the effect of every single factor and to get the intrinsic parameters behind these factors for engineering the ferroelectricity of the HfO2-based films. It is even difficult to confirm whether the ferroelectric phase is formable or not in an undoped film.



In this study, we intend to approach a general view of phase formation in the films. For achieving reliable conclusions, we investigate the independent effect of dopants, VO, and specific surface area of HfO2-based thin films by carefully designing the experiment process. Our results show that all the above factors enable the formation of ferroelectric O-phase individually. By analyzing our results and the reported ones of other factors, it is found that most of the factors are related to strain universally. On the basis of this, a thermodynamic model is further proposed to give a universal description of the driving forces on the stabilization of the metastable O-phase.




2. Experimental


The 30 nm undoped and Si-doped HfO2 (HSO) films were fabricated by plasma-enhanced atomic layer deposition (PE-ALD) at 200 °C on p-Si substrates (HfO2/p-Si) and heavily doped p-Ge substrates (HSO/p+-Ge), respectively. Tetrakis-ethylmethylamino-hafnium (TEMAHf) and oxygen plasma were used as precursors for HfO2. Bis-terarybutylamino-silane (BTBAS) was used for silicon doping. Post-deposition annealing (PDA) was carried out in 0.005 atm O2 for HSO films and in 0.005 atm O2, 0.005 atm N2, and ultra-high vacuum (UHV, base pressure of 10−7 Pa) for undoped HfO2 films, respectively. The heating conditions were all set at 10 °C/s which began from 100 °C and all films were annealed at 650 °C for 30 s. A Premtek rapid thermal processing furnace was used for O2 or N2 annealing and a chamber of thermal desorption spectroscopy (EMD-WA1000S/W (ESCO, Ltd.)) was used for UHV annealing. Then, Au was deposited by thermal evaporation as the top electrode (TE). For some samples, films were etched into cuboid arrays by Ar+ plasma whose side lengths were set to 2 μm, 5 μm, and 10 μm before PDA.



Figure 1 shows the experiment process designed to control doping, VO, and specific surface area separately. For controlling doping singly, quadrivalent Si dopants were selected because they do not induce VO in the film like trivalent cation, and O2-PDA was carried out for eliminating the VO generated in film deposition. Meanwhile, employment of Ge substrate and PDA process help to minimize the interface effect such as inducing extra VO or stress. While for controlling Vo independently, undoped HfO2 films were annealed in O2, N2, or UHV respectively. Similarly, the PDA process was employed, but the Si substrate was selected because less leakage is induced on Si than on Ge in UHV-PDA. While for the individual control of the specific surface area, undoped HfO2 films were etched into different sizes before annealing to explore its impact, while Ge substrate and PDA were also employed for the reasons stated above.



Film thickness was measured by spectroscopic ellipsometry (Filmetrics F50). Doping concentration, defined as dop% = Si/(Si + Hf), was confirmed by X-ray photoelectron spectroscopy (XPS, AXIS-ULTRADL DLD). Grazing incidence X-ray diffraction (GIXRD) was used to detect phase composition by a Riguaku D/max 2500 V (Cu-Kα radiation, λ = 0.154 nm). The incidence angle was fixed at 1° and the emergence angle varied from 27° to 33°. An atomic force microscope (AFM, Bruker ICON, Billerica, MA, USA) was utilized for detecting surface morphologies. Polarization-electric field (P-E) properties were measured by semiconductor parameter analyzer (Keithley 4200, Cleveland, OH, USA) and triangular voltage pulse was set at 10 KHz. Positive-up-negative-down (PUND) measurement was carried out to check the ferroelectricity of samples with UHV annealing.




3. Results


3.1. Independent and Common Effects of Dopants and VO


Firstly, we consider the independent effect of doping concentration and VO on the ferroelectric phase of HfO2 thin films. GIXRD patterns of doped films with different doping concentrations and undoped-HfO2 films with different annealing conditions are summarized in Figure 2a,b. The M-phase appears at both 28.5° and 31.6°, while the peak around 30.5° is attributed to T-, O-, or cubic phases (C-phase) whose difference is difficult to distinguish solely. Therefore, it is referred to as the O/T/C phase hereafter [22]. In order to clarify the impact quantitatively, we extracted the O/T/C phase fraction (RO/T/C) by Gaussian peak splitting. RO/T/C is defined as the ratio of O/T/C phase peak intensity to the total intensity (I), expressed as


RO/T/C = (IO/T/C/(IM(−111) + IO/T/C + IM(111))),



(1)







Based on the literature, ferroelectricity in HfO2 is observed with RO/T/C of 20–90% [23]. The effect of doping concentration and VO on RO/T/C are summarized in Figure 2c,d where the red regions are those with ferroelectricity. As for the doped films, 60% of the O/T/C phase was stabilized with a suitable doping concentration (~4 mol%) without other effects. The M-phase tends to form with lower doping concentrations while the T-phase with higher ones. The P-E characteristics in Figure 2e confirm ferroelectricity in ~4 mol% HSO films and non-ferroelectricity in ~6 mol% or undoped ones. This is consistent with reported data [1]. As for undoped HfO2 films, a pure M-phase is formed with N2- or O2-PDA as expected. Interestingly, ~60% of the O/T/C phase is formed with UHV-PDA. This indicates the formation of ferroelectric O-phase with this condition. In Figure 2f, the ferroelectricity of the film with UHV-PDA is further confirmed by PUND measurement. These results clearly suggest that either sufficient VO or sufficient dopants enable the stabilization of the O-phase in HfO2 thin film independently. Although the effect of dopants and VO on phase formation have been investigated widely, previous studies neglected to separate the effect of these two parameters, thus making it difficult to get the intrinsic and general view. Here, we clearly show their independent effect and amply confirm that the ferroelectric phase can be formed in really undoped HfO2 films with an amount of Vo. However, it should be noticed that introducing too much VO into the films will arouse large leakage which brings negative effects from the perspective of application engineering.



In addition to the independent effect of Si dopants and VO on promoting O/T/C phase stabilization, the combined effect of two factors was further considered. Figure 3a shows P−E results of low doped HSO films (~2.5 mol%) with N2- or O2-PDA, respectively. As expected, no obvious polarization is observed in ~2.5 mol% HSO with O2-PDA. However, the polarization of ~2.5 mol% HSO films with N2-PDA increases rapidly which even becomes greater than that of 4 mol% HSO films. Figure 3b,c shows the surface topography of the films with N2- and O2-PDA respectively. Both films have excellent uniformity, while films with O2-PDA have larger grains (RMS = 0.158) compared to that of N2-PDA (RMS = 0.203). It is well known that the T-phase has smaller grains than the M-phase [24]. Thus, these results suggest that a certain amount of O/T phase can also be formed if the additive concentration of Vo and Si is sufficient, though the individual concentrations of them are not enough. Namely, VO plays a similar role as a dopant.




3.2. Effect of Specific Surface Area


Next, we investigate the independent effect of surface area. The effect of reducing the planar size of the film is very important to device performance when the technology node is within a nanometer. To get a clear view experimentally, we etched 30 nm ~4 mol% Si-doped and 10 nm undoped HfO2 films into cuboids with different sizes, followed by O2-PDA to study the influence of the specific surface area. Figure 4a shows the morphology diagram of the cuboid arrays and Figure 4b shows the AFM analysis of a cuboid with a length of 10 μm. The etching depth is about 30 nm, indicating that HfO2 films are removed without residual. Figure 5a,b show GIXRD patterns of doped and undoped HfO2 cuboid arrays with a length of 2 μm, 5 μm, and 10 μm, respectively. The signal of the undoped HfO2 cuboid array with a length of 2 μm is too weak to analyze, so we did not show the result. Similarly, we extracted RO/T/C from the curves and plotted them in Figure 5c. It is shown that more O/T/C phases tend to be stabilized as the length of the cuboid decrease, namely the specific surface area increases, regardless of doping. In particular, the emergency of the O/T/C phase in the undoped HfO2 array with a length below 10 μm suggests that the O-phase could be formable by only increasing the specific surface area largely. RO/T/C of 25% is reached in our results for undoped films with a length of 5 μm. Although it is still relatively small for getting enough polarization, we believe that it can be optimized by further decreasing the size of the film to the nanoscale. These results clearly show the enhanced effect of specific surface area on the ferroelectric phase formation. Moreover, decreasing film thickness is another common way to increase specific surface area and it has been intensively investigated in previous studies. It has been shown a similar result that thinner HfO2 films tend to form T-phase while thicker films tend to form M-phase. In general, our results provide an approach to controlling the properties of HfO2-based devices in size scaling. This is quite valuable for the demonstration of nanoscale devices.





4. Discussion


Finally, we discuss the intrinsic parameters for controlling ferroelectric O-phase formation in HfO2 films by combining the above results with those published previously. Apart from Si, which was discussed in our study, quadrivalent cation dopants, including Ge, Si, Zr, and various trivalent ones, including Y, Al, La, Gd, Sc, and Sr have been confirmed to stabilize the O-phase in HfO2 films by sputtering or ALD [1,25,26]. However, quinquevalent cations, such as Nb, do not show such an effect [23]. To get a general view, the radii, and the concentration for the ferro-O phase stabilization of these dopants are summarized in Figure 6a,b. It is found that all the quadrivalent dopants with smaller radii than Hf (~71 pm) and lower doping concentrations are needed for smaller radii dopants. This indicates that the tensile strain caused by dopants with smaller radii than Hf is likely to make HfO2 films ferroelectric. These quadrivalent dopants will cause lattice to shrinkage, and the smaller the dopant radius is (shorter bond length), the larger the strain is. Thus, it can be understood that a lower doping concentration is needed for dopants with smaller radii to get the same strain as dopants with larger radii. As for trivalent dopants, interestingly, all of them work with similar doping concentrations for O-phase stabilization but the radii vary from 53 pm (<Hf) to 115 pm (>Hf). It has been proposed that trivalent dopants introduce VO into HfO2 [25]. In addition, anion dopant N has been reported to have a similar effect [27]. Additionally, our results also confirm that even the pure VO is able to stabilize the O-phase in HfO2 thin film. Therefore, we consider that all the trivalent dopants, anion N dopant works in the same manner as VO. It is well known that VO also induces tensile strain into HfO2 [28]. Thus, the intrinsic effect of all the dopants including VO can be understood as inducing tensile strain. Meanwhile, we noted that the doping concentration to achieve ferroelectricity in HfO2 by SPD was slightly lower than that by the ALD process even for the same dopants. This may be because the sputtering process induces more Vo additionally than ALD which affects the ferroelectricity with dopants commonly as mentioned above [20]. Therefore, it is worth noting that the tensile strain is related to dopants and VO, and tensile stress is associated with the direction of the in-plane. It is different if the direction is changed.



Considering the effect of specific surface area, it is well known that the increase in surface area is a kind of increase in surface tension. Surface tension can be regarded as tensile stress from the surface and enables the distortion of crystalline lattice [29]. In addition, there is also other external stress acting on the surface to promote the formation of the O-phase, such as mechanical capping or selecting the substrate [2,8,9,30]. Moreover, an early paper found that ferroelectricity in HfO2 can be observed on substrates inducing tensile stress in the film but not on those inducing compressive stress [31]. Therefore, the effect of specific surface area may also be originated from the effect of tensile strain from the surface.



To sum up, in controlling phase composition in HfO2 thin films, all the effects of the dopants, VO, and specific surface area, which are investigated in this work, as well as other factors reported in the literature can be generalized to be a strain effect. To understand this more deeply, we further consider it from a thermodynamic view. The change in Gibbs free energy of an elastic dielectric with fixed pressure is given by


dG = −SdT − εidσi − DidEi,



(2)




where S is entropy, T is temperature, ε is strain, σ is stress, D is electric displacement, E is the electric field, and i is the coordinates (i = 1, 2, 3). Therefore, in the process of HfO2-based film fabrication, two parameters, temperature and strain, affect the phase formation intrinsically as E = 0. Since the O-phase is thought to be stabilized in the phase transition from T- to M-phase, we will only discuss the M-, O-, and T-phases in the following [32]. It is well known that T-phases are generally under high temperature while M is for the reverse case [2]. Based on Equation (2), it is understandable that strain has a similar effect to temperature, that is, the T-phase is more stable with larger strain and the M-phase is more stable with lower strain, which is consistent with our results. Thus, the phase formation and transition with different strains and given annealing temperature (<700 °C) are discussed as follows. For the film with relatively small strain, namely, the film with low doping concentration, no VO, or small specific surface area, the M-phase is the most stable. Thus, the M-phase is nucleated and dominant after annealing which behaves as non-ferroelectric (first panel of Figure 7a). When sufficient strain is induced in the film by any method, the free energy of the T-phase is lowered relative to the M-phase, which makes it possible for the T-phase to be stabilized. Especially in the stage of initial nucleation, the tiny crystallite (radius ~2 nm) with larger surface energy promotes the nucleation of the T-phase [33]. As the grain grows and the thermal process continues in annealing, part of the strain may be released and the T-phase may become less stable than the M-phase. It has been studied that the activation energy of the T–O phase transition (~30 meV f.u.−1) is lower than that of the T–M phase transition (~300 meV f.u.−1) due to the similar crystal structure between T- and O-phases [11,34]. Thus, T–O–M phase transition may occur and a metastable O-phase is formed transitionally (second panel of Figure 7a). When the strain in the film is further increased, corresponding to high doping concentration in our experiments, the T-phase keeps being the most stable even with partial strain releasing [13,30]. In this case, there is only the T-phase in the films (third panel in Figure 7a). The schematics of phase concentration in HfO2-based film with strain increases at a given temperature are shown in Figure 7b.




5. Conclusions


In conclusion, the separate effects of dopant, VO, and specific surface area on O-phase formation in ferroelectric HfO2 films have been demonstrated experimentally. It has been confirmed that in addition to sufficient dopants, only sufficient VO or specific surface area enables us to stabilize the ferroelectric O-phase in HfO2 films independently. By summarizing the results, a strain effect is considered to be the origin of these factors and this view is applicable for interpreting most of the results reported to date. The strain effect has also been understood from a thermodynamic view. T-phase nucleation with sufficient strain and its transition to the M-phase through a T–O–M pathway is a key to the formation of a ferroelectric O-phase. Thus, engineering the strain in HfO2-based films is critical for controlling the ferroelectricity of HfO2 thin films.
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Figure 1. The process for independent control of doping concentration, VO concentration, and specific surface area in HfO2 thin film. 
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Figure 2. Summarized GIXRD patterns of (a) HSO films with different doping concentrations and (b) undoped HfO2 films with different annealing atmospheres. (c,d) Extracted RO/T/C by fitting curves from (a,b). (e) PE curves of undoped, ~4% and ~6% HSO films with O2 annealing. Only ~4% of doped HfO2 films show ferroelectricity. (f) The difference in current measured by PUND measurement demonstrates that undoped HfO2 films with UHV annealing are ferroelectric. 
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Figure 3. (a) P-E curves of 2.5 mol% HSO films with N2- and O2-PDA, and 4 mol% HSO films with O2-PDA. AFM results of 2.5 mol% HSO films which were annealed in (b) N2 and (c) O2, respectively. 
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Figure 4. (a) Graphical presentation of cuboid array films whose side lengths were set to 2 μm, 5 μm, and 10 μm before PDA. (b) AFM diagram of one cuboid in a 10 μm array, showing that HfO2-based films were all etched. 
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Figure 5. GIXRD results of (a) HSO (~4 mol% of Si) cuboid array films and (b) undoped HfO2 cuboid array films. The peak] intensity of the O/T/C phase increases with the decrease of array size. (c) Extracted RO/T/C by fitting GIXRD results in (a,b). O-phase seems formable in undoped films only by decreasing the side length. 
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Figure 6. (a) Summarized doping concentration and ionic radii of (a) quadrivalent (Si, Ge, Zr) and (b) trivalent (Al, Sc, Y, Gd, La, Sr) dopants that make HfO2 films ferroelectric [22,23]. 
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Figure 7. (a) Free energy diagram with different strains at a given temperature which determines phase composition in HfO2 film. (b) The schematic diagram of the mechanism for general parameters influencing phase stability in HfO2 films. 
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