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Abstract

:

Tantalum pentoxide (Ta2O5) has demonstrated promising applications in gate dielectrics and microwave communication devices with its intrinsically high dielectric constant and low dielectric loss. Although there are numerous studies on the dielectric properties of Ta2O5, few studies have focused on the influence of external environmental changes (i.e., temperature and pressure) on the dielectric properties and the underlying physics is not fully understood. Herein, we synthesize Ta2O5 thin films using the magnetron sputtering method, measure the ultraviolet-visible dielectric function at temperatures varying from 300 to 873 K by spectroscopic ellipsometry (SE), and investigate the temperature influence on the dielectric function from first principles. SE experiments observe that temperature has a nontrivial influence on the ultraviolet-visible dielectric function, accompanying the consistently decreased amplitude and increased broadening width for the dominant absorption peak. First-principles calculations confirm that the dominant absorption peak originates from the aggregated energy states near the valence band maximum (VBM) and conduction band minimum (CBM), and the theoretically predicted dielectric functions demonstrate good agreement with the SE experiments. Moreover, by performing first-principles molecular dynamics simulations, the finite-temperature dielectric function is predicted and its change trend with increasing temperature agrees overall with the SE measurements. This work explores the physical origins of temperature influence on the ultraviolet-visible dielectric function of Ta2O5, aimed at promoting its applications in the field of micro-/nanoelectronics.
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1. Introduction


High-performance dielectric materials have been attracting great attention as they show great advantages in various miniaturized devices and high-density storage applications [1,2]. High dielectric constant oxides have become a key carrier for current microelectronic applications such as dynamic random access memory (DRAM) devices and on-chip capacitors [3]. Tantalum pentoxide (Ta2O5) stands out among binary metal oxides due to its intrinsically high dielectric constant, low dielectric loss, high chemical and thermal stability, and high compatibility with current silicon-based microelectronic devices [4,5]. In addition, Ta2O5 has received considerable attention for its promising applications in resistive random access memory (RRAM) devices [6,7], gate dielectrics [8] and high-average-power lasers [9], as well as dielectric resonators in microwave communication devices [10]. To promote such a large variety of applications, a deep understanding of the dielectric function of Ta2O5 is of great necessity.



The dielectric function, ε = ε1 + iε2, is one of the fundamental thermophysical quantities which reflects the intrinsic light–matter interactions in solids [11]. Numerous studies have focused on understanding dielectric characteristics of Ta2O5 [12,13,14,15] either using spectroscopic ellipsometry (SE) experiments or performing first-principles simulations. SE is a nondestructive optical technique which is based on measuring the change in the polarization state of incident light to precisely determine optical constants, without the use of Kramers–Kronig (KK) analysis [16,17,18,19,20,21]. With the aid of SE, several studies have obtained valuable information regarding the structural [22,23] and optical [24,25,26] characteristics of Ta2O5. Darmasetiawan and co-workers performed ellipsometric measurements on Ta2O5 thin films deposited on Si(100) substrates and obtained the refractive index with high accuracy [27]. To gain a deeper understanding of dielectric properties, atomistic scale first-principles simulations have been performed. The first-principles method is an effective tool to study electrons’ quantum behaviors and to predict physical properties of condensed matter with high accuracy [28,29,30,31]. J. Lee et al. [30] further investigated the thermodynamic, electronic, and optical properties of oxygen vacancies in amorphous Ta2O5 based on the hybrid generalized density functional theory, and the calculation results were consistent with experimental measurements. C. Valencia-Balvin et al. [32] presented a theoretical study on electronic and dielectric properties of λ-Ta2O5 using the density generalized function theory and the results obtained were in agreement with the literature values. M. V. Ivanov et al. [29] studied the electronic structure of δ-Ta2O5 with oxygen vacancy and found that the oxygen vacancy induced a defect state in the energy gap 1.2 eV above the top of the valence band. Moreover, the thermal stabilities of optical components have been shown to strongly influence the performance of optical wave systems [33]. For example, high temperature-induced spectral drift can pose a challenge in the design of laser channels. Liu et al., based on the conventional solid-state reaction method and advanced irradiation technique, investigated the high temperature phase and showed that high temperature greatly changed the lattice structures [34]. However, few studies have focused on the influence of external environmental conditions, as represented by temperature, on the dielectric properties of Ta2O5. Although Chu et al. [33] investigated the effect of temperature on the refractive index of Ta2O5, the upper temperature limit studied was too low to effectively characterize the effect of high temperature. Therefore, experimental data on the high-temperature dielectric function of Ta2O5 are urgently needed. Furthermore, the first-principles calculations will facilitate further insight into the mechanism of temperature variation of the dielectric function. These works are expected to provide theoretical guidance for the practical applications of Ta2O5-based optoelectronic materials.



In this work, we apply the magnetron sputtering method to synthesize Ta2O5 thin films, and combine SE measurements and first-principles simulations to systematically study the ultraviolet-visible dielectric function and its temperature dependence. SE experiments show that the dominant dielectric absorption peak of Ta2O5 changes consistently as temperature increases, accompanied by decreased amplitude and broadened width, which can be intrinsically interpreted by analyzing the electronic band structure and density of states from first-principles calculations.




2. Materials and Methods


The Ta2O5 thin films were prepared using the magnetron sputtering method. Firstly, a 2-inch quartz glass with the thickness of 500 nm was chosen as the substrate and was cleaned with an ultrasonic washer for 15 min (5 min with acetone, 5 min with isopropanol, and 5 min with ethanol absolute). The Ta2O5 thin films were coated with the Kurt J. Lesker PVD 75 using the RF power of 100 W. During the deposition, the sputtering atmosphere was mixed with 10% oxygen and 90% nitrogen gas. The growth temperature was set as 300 K, working pressure was 3 m Torr and the deposition duration was 7200 s. After the Ta2O5 thin films were prepared, we performed an X-ray diffraction (XRD) analysis and observed a continuous diffraction pattern, suggesting the noncrystalline phase.



To obtain the ultraviolet-visible dielectric function and thickness of the Ta2O5 thin films, we employed the RC2 ellipsometer purchased from J.A. Woollam Company. After measuring the basic ellipsometric parameters (Ψ, Δ), an optical oscillator model was built to extract the film thickness and dielectric function. The film thickness was determined as 245 nm, consistent with the measured 230 nm by Profilometer. Moreover, to measure the dielectric function at varying temperatures, we employed a Linkham heat cell to heat samples up to 873 K and pure dry nitrogen gas was continuously injected into the sample container to remove oxygen and to prevent oxidation of the samples. When the temperature fluctuation was less than 0.1 K, the ellipsometric data were measured and the temperature-dependent dielectric function was obtained. The measured spectral range was 196–1690 nm and the spectral resolution was set as 1 nm. With the use of a heat cell, the incident angle was fixed as 70°.



In semiconductors, the dielectric function originates from the electronic interband transitions. Following Fermi’s golden rule, the imaginary part of dielectric function ε2 can be evaluated by [35]:


     ε  α β  2  =      2 e  ℏ 2    m ω     2   1 Ω    lim    q  →  0      ∑  c , v ,  k     2  w  k   δ    E c  −  E v  − ℏ ω         ×    φ  c  k      i  ∇ α  −   k  α     φ  v  k         φ  c  k      i  ∇ β  −   k  β      φ  v  k      *  ,    



(1)




where Ω is the volume of unit cell; ℏ is the reduced Planck’s constant; e and m are the electron charge and mass, respectively; φ is the electronic wave function; wk is the k-points weight; E is the energy level of conduction (c) and valence (v) band. The transition dipole moment matrix      φ  c  k      i  ∇ α  −   k  α     φ  v  k        describes the strength of the light–matter interactions in the α polarization direction and the delta function δ ensures energy conservation during interband transitions.



To calculate the dielectric function, we applied the density functional theory (DFT)-based first-principles simulations to solve electrons’ Schrodinger equations and obtained the above physical quantities. The Vienna ab initio simulation package (VASP) [36] was chosen to perform the electronic band structure and dielectric function calculations. The exchange and correlation term was described by the generalized gradient approximation (GGA) with the Perdew–Becke–Erzenhof (PBE) functional. Regarding the choice of lattice structure of Ta2O5, we chose the monoclinic C2/c structure including 14 atoms in a unit cell [34]. The relaxed lattice parameters were a = 6.917 Å, b = 6.917 Å, c = 5.59 Å, α = 77.65°, β = 77.65°, and γ = 41.74°. That is because, although noncrystalline thin films lack long-range symmetry, the topological constraints hold to some extent and they share some structural properties with the crystalline polymorphs, at least on the local scale. Prior to the dielectric properties calculations, the structural optimization was performed, where the energy cutoff was set as 520 eV and the maximum forces acting on each atom were smaller than 10−6 eV/Å. With the relaxed lattice structure, the ground-state electronic energy state and transition dipole moment were calculated to predict the dielectric function [37,38,39,40]. With the conventional DFT, the “frozen” atom was adopted and all the properties were predicted at the absolute 0 K. To explore the temperature effect, we applied the first-principles molecular dynamics simulations to introduce lattice vibration effect and to collect the thermally equilibrated configurations at finite temperatures. A large supercell 2 × 2 × 2 containing 112 atoms was built to perform the dynamics simulations. The timestep was set as 1 femosecond (fs) and a 2 picosecond (ps) dynamics run was sufficient to reach thermal equilibrium. In the following 3 ps dynamics run, the thermally equilibrated configurations were collected by averaging over ten representative configurations. Then, the finite temperature dielectric functions were predicted following the Fermi’s golden rule. Moreover, the conventional DFT was based on the independent particle approximation (IPA) and ignore the many-body effect [41]. To study the many-body effect on optical absorption of Ta2O5, we performed the model Bethe–Salpeter equation (mBSE) calculations.




3. Results and Discussions


After preparing the Ta2O5 thin films following the magnetron sputtering method, we employed an RC2 ellipsometer to measure the complex dielectric function in the ultraviolet-visible spectral range. With the use of a Linkham heat cell, the Ta2O5 sample was heated up to 873 K and the ellipsometry parameters (Ψ and Δ) were collected every 100 K. In Figure 1, it is observed that temperature has a nontrivial influence on the ultraviolet-visible dielectric function of Ta2O5. The amplitudes of the real part ε1 and imaginary part ε2 of the dielectric functions both consistently decrease as the temperature increases from 300 to 873 K. Meanwhile, its absorption edge shifts from 4.052 eV at 300 K to 3.712 eV at 873 K.



To quantify the temperature influence, we fit the temperature-dependent ε2 with a Tauc–Lorentz oscillator, expressed by [42]:


   ε 2  =        A m   E 0   B r    ( E   −    E g  )  2    (  E 2    −    E 0 2  )   +     B r  2   E 2    ·  1 E    f o r   E >  E g      0   f o r   E ≤  E g      ,  



(2)




where Am is the amplitude, E0 is location of dominant peak, Br is the broadening width, and Eg is the absorption edge. This oscillator assumes that optical absorption occurs when the incident photon energy is higher than the absorption edge. After data fitting, the temperature-dependent oscillator parameters are obtained. In Figure 2, it shows that Am linearly reduces as temperature increases, while the parameters E0 and Br slightly enlarge. The change trend of Am and Br with increasing temperature is normal and easy to understand. The dielectric function reflects the intrinsic strength of light–matter interactions. As temperature increases, the increased lattice vibration significantly influences the electrons’ quantum behaviors, leading to reduced relaxation lifetime and perturbed electronic band structure. As a consequence, fewer electrons would participate in the light–matter interactions and the optical absorption strength reduces. However, the locations of dominant absorption E0 abnormally increase as lattice vibration strengthens. To understand this phenomenon, we perform first-principles simulations to obtain electronic energy bands, density of states, and their relationships with optical absorption.



In Figure 3, the electronic band structure, projected density of states, and the square of transition dipole moment of Ta2O5 are calculated from first principles. It shows that the valence band maximum (VBM) and conduction band minimum (CBM) locates at different sites in the first Brillouin zone, indicating the indirect band gap of Ta2O5. By further analyzing the projected density of states, the top valence bands are mainly contributed by the O_px, O_py, and O_pz orbitals, while the low conduction bands are contributed by the Ta_dx2, Ta_dxz, and Ta_dz2 orbitals. The aggregate of energy states near the VBM and CBM generate a large probability of electronic interband transition. In Figure 3c, there is a dominant peak in the square of transition dipole moment between the VBM and CBM along the high-symmetry G-M line in the first Brillouin zone. The larger the transition dipole moment is, the stronger the optical absorption is. Therefore, this can explain the steep absorption edge in the dielectric function of Ta2O5.



After obtaining the fundamental electronic band structure, density of states, and transition dipole moment, the dielectric function can be computed. In Figure 4, we predict the dielectric function of Ta2O5 using IPA and mBSE methods. As compared with IPA, the mBSE method considers the many-body effect. The calculation results show that both the IPA and mBSE method can predict the absorption edge of Ta2O5, in good agreement with the SE experiments. However, a deviation is observed in the width of the dominant absorption peak. The theoretical calculations over predict the width of the dominant peak. Moreover, the theoretically predicted real part ε1 by the mBSE method is in better agreement with the SE data than IPA, suggesting the nontrivial influence of many-body effect on optical absorption of Ta2O5.



To further understand the temperature effect on electronic band structure and optical properties, we perform first-principles molecular dynamics simulations of Ta2O5 at finite temperatures and collect ten thermally equilibrated configurations after the systems reach thermal equilibrium. Then, we perform first-principles calculations to predict the electronic band structure and dielectric function using the IPA method for each configuration, and calculate the average of the dielectric functions of ten configurations at finite temperatures. In Figure 5, the theoretically predicted dielectric functions of Ta2O5 at 0 K, 300 K, and 800 K from first principles are presented. The calculation results show that the amplitude of dominant absorption peak decreases as temperature increases, which agrees with the SE experiments. Moreover, the dominant absorption peak slightly shifts to higher energy as the temperature increases, consistent with the SE measurements. However, relatively large optical absorption appears in the low energy range, which deviates from the SE data. After further analyzing the density of states, it is attributed to the greatly modified energy states near the lowest conduction bands. In the thermally equilibrated configurations at finite temperatures, the crystal symmetry is broken and energy degeneracy is reduced, resulting in the aggregated energy states near the bottom of conduction bands.




4. Conclusions


To summarize, we have systematically investigated the ultraviolet-visible dielectric function of Ta2O5 and its temperature dependence using combined spectroscopic ellipsometry measurements and first-principles calculations. As temperature increases from 300 to 873 K, the SE experiments observe the linearly decreased amplitude and increased broadening width of the dominant absorption peak locating around 5.2 eV. The first-principles calculation results confirm that the dominant absorption peak arises from the aggregated energy states near the VBM and CBM, and the theoretically predicted dielectric function agrees overall with the SE experiments. To understand the temperature influence, we perform first-principles molecular dynamics simulations to obtain thermally perturbed configurations, and then predict the dielectric function at finite temperatures. The calculation results show that the strengthened lattice vibration break crystal symmetry and reduce energy degeneracy near the lowest conduction bands, which enlarge optical absorption in the low energy spectral range. This work provides the ultraviolet-visible dielectric function of Ta2O5 at finite temperatures and an underlying study on its temperature dependence, which could help promote its applications in microelectronic devices.
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Figure 1. The measured complex dielectric functions of Ta2O5 using an RC2 ellipsometer in the ultraviolet-visible spectral range at temperatures varying from 300 to 873 K. 
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Figure 2. The temperature-dependent parameters of the Tauc–Lorentz oscillator which fits the ultraviolet-visible dielectric functions of Ta2O5 thin films measured using an RC2 ellipsometer. 
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Figure 3. The theoretically calculated: (a) electronic band structure; (b) projected density of states; (c) the square of transition dipole moment, between the valence band maximum (VBM) and the conduction band minimum (CBM). 
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Figure 4. The theoretically predicted: (a) real part; (b) imaginary part, of the dielectric function of Ta2O5 using the independent-particle approximation (IPA) and model Bethe–Salpeter equation (mBSE) approach as compared with SE data at normal conditions. The inset of (b) is the enlarged view in the energy spectral range between 3.5 eV and 5.5 eV. 
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Figure 5. The theoretically predicted dielectric functions of Ta2O5 at finite temperatures using first-principles calculations as compared with the SE data. 
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