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Abstract

:

Using atomic-force microscopy (AFM) and wide-band (0.02–8.5 eV) spectroscopic ellipsometry techniques, we investigated the morphology and optical properties of Cd   3  As   2   films grown by non-reactive RF magnetron sputtering on two types of oriented crystalline substrates (100)p-Si and (001)  α -Al   2  O   3  . The AFM study revealed the grainy morphology of the films due to island incorporation during the film growth. The complex dielectric function spectra of the annealed Cd   3  As   2  /Al   2  O   3   films manifest pronounced interband optical transitions at 1.2 and 3.0 eV, in excellent agreement with the theoretical calculations for the body centered tetragonal Cd   3  As   2   crystal structure. We discovered that due to electronic excitations to the Cd(s) conical bands, the low-energy absorption edge of the annealed Cd   3  As   2   films reveals a linear dependence. We found that for the annealed Cd   3  As   2   films, the Cd(s) conical node may be shifted in energy by about 0.08–0.18 eV above the heavy-flat As(p) valence band, determining the optical gap value. The as-grown Cd   3  As   2   films exhibit the pronounced changes of the electronic band structure due to the doping effect associated with Cd non-stoichiometry, where fine-tuning of the Cd concentration may result in the gapless electronic band structure of Dirac semimetals.
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1. Introduction


The Dirac semimetals (DSM) considered as a 3D analog of graphene have recently attracted exceptional attention as materials with fundamentally new electronic properties [1,2], which may result in a breakthrough for potential applications of the next generation of electronic devices. A key feature of the DSM is their inverted electronic band structure characterized by the symmetry-protected bands in the Brillouin zone crossing at the Fermi level or close to the Fermi level. In proximity to these symmetry-protected nodal points (Dirac points), the gapless electronic excitations reveal linear dispersion with rigidly coupled spin and momentum vectors leading to double chiral degeneracy of the bands. Naturally, the peculiar features of DSM are most pronounced if the Fermi level is located near the Dirac points, where the doping effect may provide an insight into the topological phases and can be constructive in finding new properties for their applications.



Among several candidates, tetragonal  α -Cd   3  As   2   is considered to be one of the most promising to host the Dirac semimetal phase in which charge carriers are Dirac fermions with the highest carrier mobility up to 10    2  /(V·s), which have zero effective mass. Here, the Dirac points for gapless excitations appear at two points in the momentum space at   k z   =   ±  k 0    on the   k z  -axis. The four-fold rotation (  C 4  ) symmetry around the z-axis forbids the gap-opening. However, the orbital mixing is possible in the x or y directions, where the Fermi surfaces around the Dirac points can naturally exhibit an orbital mixing and Cooper pairing between different orbitals may be possible. According to the theoretical predictions, topological superconductivity (SC) related to the Majorana zero modes [3] may be realized in DSM under high-pressure conditions or due to doping effects. However, the accomplishment of topological SC is still under intense debate, since it is necessary to exclude various effects related to the possible symmetry lowering due to crystal deformation accompanying structural transitions under the applied pressure [4]. In the recent study, SC was discovered in the magnetron sputtered Cd   3  As   2   polycrystalline films [5], which revealed several features, such as the presence of tetragonal crystalline phase and Shubnikov–de Haas oscillations observed in high magnetic fields, indicating its possible topological nature [6].



In the present study, thin Cd   3  As   2   films grown by non-reactive RF magnetron sputtering in an argon atmosphere on oriented single-crystalline Si (100) p-Si and (001)  α -Al   2  O   3   substrates were investigated by atomic force microscopy (AFM) and wide-range (0.02–8.5 eV) spectroscopic ellipsometry (SE). The AFM study of the Cd   3  As   2   films implies that the films are continuous and have a granular surface structure. We investigated a set of the as-grown and annealed Cd   3  As   2   films and analyzed the effect of cadmium nonstoichiometry on the optical properties of the films. The results of the present study can be useful in the comprehension of the doping effect associated with cadmium non-stoichiometry on the electronic band structure of thin Cd   3  As   2   films and constructive in selecting the films where the new properties related to 3D Dirac fermions including SC may be found.




2. Materials and Methods


Polymorphism is a peculiar feature of the Cd   3  As   2   compound, which may crystallize into four modifications  α  (  I  4 1  c d  ),   α ′   (  P  4 2  / n b c  ),   α  ″    (  P  4 2  / n m c  ), and  β  (  P  4 2  32  ). The structural phase transitions occur as follows:   α → 503  K →  α ′  → 738  K →  α ″  → 868  K → β  . Thin Cd   3  As   2   films investigated in the present study were grown by non-reactive RF magnetron sputtering in an argon atmosphere on polished oriented single-crystalline (100)p-Si and (001)  α -Al   2  O   3   wafers (for more detail, see Reference [5]). Since (0001)  α -Al   2  O   3   and (224)  α -Cd   3  As   2   have a similar structure and their interatomic (interstitial) distances differ by only 6%, oriented film growth can be promoted. However, the conditions for the Si substrates differ, where there is no structural match between Si and Cd   3  As   2  , which is also aggravated by the presence of the amorphous native oxide layer at the surface of the Si substrates used. The films were prepared without heating the substrates, with heating the substrates to 520 K, and with annealing the films at 520 K in an argon atmosphere.



The composition of the grown films was nearly stoichiometric, as was verified by energy dispersive X-ray analysis, demonstrating that the actual elemental composition is close to the stoichiometric Cd   3  As   2   within 2% accuracy [6]. The phase composition of the grown Cd   3  As   2   films was characterized by X-ray diffraction analysis (XRD) at room temperature [5]. The XRD data for the polycrystalline Cd   3  As   2   films synthesized by magnetron sputtering [6] indicate the presence of both  α  (space group   I  4 1  / a c d  m, a = 12.6461 Å, c = 25.4378 Å) and   α ′   (space group   P  4 2  / n b c  , a = 12.6848 Å, c = 25.4887 Å) phases. It was found that the annealing and film growth on the heated substrate led to an increase in the degree of crystallinity and a decrease in the lattice parameters, which is especially pronounced for the Si substrates.



The surface morphology of the Cd   3  As   2   films grown by RF sputtering deposition on the polished oriented single-crystalline (100)p-Si and (001)  α -Al   2  O   3   wafers investigated in the present study was characterized by atomic force microscopy (AFM) using an ambient AFM (Bruker, Dimension Icon) in peak force tapping mode with ScanAsyst Air tips (Bruker; k = 0.4 N/m; nominal tip radius 2 nm).



The optical properties (complex dielectric function, refractive coefficient spectra, optical conductivity, and optical absorption spectra) of the Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   films were investigated in the wide photon energy range 0.02–8.5 eV with a set of three J.A. Woollam spectroscopic ellipsometers: IR-VASE Mark II, VASE, and VUV-Gen II. The ellipsometry measurements were performed at several angles of incidence at room temperature. At each angle of incidence, the raw experimental data are represented by real values of the ellipsometric angles   Ψ ( ω )   and   Δ ( ω )  . These values are defined through the complex Fresnel reflection coefficients for light polarized parallel   r p   and perpendicular   r s   to the plane of incidence as follows:   tan  Ψ   e  i Δ   =   r p   r s    . The measured ellipsometric angles,   Ψ ( ω )   and   Δ ( ω )  , were simulated using multilayer models available in the J.A. Woollam VASE software [7]. In the simulation, the complex dielectric function spectra of the blank Si and Al   2  O   3   substrates were represented by their tabular dielectric function spectra [8].




3. Results


3.1. Atomic Force Microscopy Study of Cd   3  As   2   Films Grown by Non-Reactive Rf Magnetron Sputtering


Figure 1a,b shows typical 1 × 1  μ m   2   AFM images characterizing the surface morphology structure of the annealed Cd   3  As   2   films grown by non-reactive RF magnetron sputtering on the polished oriented single-crystalline (100)p-Si and (001)  α -Al   2  O   3   wafers, respectively. The surface morphology of the Cd   3  As   2  /Si film sample (Figure 1a) exhibits prominent features represented by isolated 100–200 nm-sized equiaxed grains, which appear in bright contrast in the AFM image while scanning the film surface. The peculiar surface morphology was reported earlier for the magnetron-sputtered Cd   3  As   2   films, where it was also attested that this granular structure was not affected by annealing [5,6]. The recorded AFM image (Figure 1a) shows that the surface regions between large well isolated grains include smaller 10–30 nm-sized grains and even still smaller grains. These large and small protruding nanoisland structures seemingly characterize the initial stage of the Cd   3  As   2   film growth on the (100)p-Si substrates determined by the RF sputtering conditions promoting island growth. The island height is less than 10 nm, being about several times smaller than the film thickness, and the grown Cd   3  As   2  /Si films of about a 100 nm thickness are continuous. We would like to note that the scanning electron microscopy images of the Cd   3  As   2   films exhibiting the sub-Kelvin superconductivity without any external stimuli [6] revealed a similar surface morphology as the grainy surface structure of the Cd   3  As   2  /Si film shown in Figure 1a. By contrast, the surface morphology of the Cd   3  As   2  /Al   2  O   3   film sample is different as demonstrated by the AFM image shown by Figure 1b. One can see that here, the grainy morphology structure of the film is represented by relatively small grains having a size of about 10–30 nm, where the grains are closely situated to each other. Seemingly, these small nanoislands characterize the initial stage of the Cd   3  As   2   film growth on the (001)  α -Al   2  O   3   substrates determined by the RF sputtering and [112] texturing conditions. The island height is less than 10 nm, so relatively thick Cd   3  As   2  /Al   2  O   3   films with thicknesses several times higher than the island height can be regarded as continuous.




3.2. Spectroscopic Ellipsometry Study of the Cd   3  As   2   Films


The complex dielectric function spectra,    ε ˜   ( ω )  =  ε 1   ( ω )  + i  ε 2   ( ω )   , of the investigated Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   film samples were probed in the wide photon energy range of 0.02–8.5 eV with a set of three J.A. Woollam spectroscopic ellipsometers: IR-VASE Mark II, VASE, and VUV-Gen II. The ellipsometric angles   Ψ ( ω )   and   Δ ( ω )   were measured at two or three angles of incidence of 60   ∘  , 65   ∘  , and 70   ∘   at room temperature. The obtained ellipsometric angles   Ψ ( ω )   and   Δ ( ω )   were simulated in the framework of the bilayer model for the Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   film samples using the J.A. Woollam VASE software [7] following the same approach as presented in more detail in our recent study of metallic Ta films [9].



The complex dielectric function    ε ˜   ( ω )  =  ε 1   ( ω )  + i  ε 2   ( ω )    of a Cd   3  As   2   layer was modeled by the multiple Gaussian functions:


      ε ˜   ( E ≡ ℏ ω )  =  ε ∞  +  ∑ n      ε ˜   G a u s s    n  =  ε ∞  +  ∑ n    ε  1 n   + i  ε  2 n    ,     



(1)






      ε  2 n   =  A n   e  −     E −  E n   σ   2    −  A n   e  −     E +  E n   σ   2    ,     



(2)






     σ =   γ n   2   l n ( 2 )     ,     



(3)




where   ε ∞   is the high-frequency dielectric constant, which takes into account the contribution of the high-energy interband transitions. The adjustable Gaussian parameters were   E n  ,   γ n  , and   A n   of the peak energy, the half width at half maximum, and the   ε 2   peak height, respectively.



In the simulation of the ellipsometric angles,   Ψ ( ω )   and   Δ ( ω )  , the Cd   3  As   2   layers at the Si and Al   2  O   3   substrates were described by different multiple Gaussian dispersion models using Equation (1). For the multiple Gaussian model utilized, the complex dielectric function spectra of the blank Si and Al   2  O   3   substrates were substituted by the tabular complex dielectric function spectra [8]. The quality of the fit for the studied Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   film samples was verified by the coincidence with the recorded ellipsometric angles   Ψ ( ω )   and   Δ ( ω )   within the specified accuracy lower than 5%. The good quality of the fit allowed us to estimate the actual film thickness of the films under study. From the multiple Gaussian model simulations by using Equation (1), the imaginary and real parts of the complex dielectric function spectra,    ε 2   ( ω )    and    ε 1   ( ω )   , as well as the imaginary and real parts of the complex refractive index, k and n, and the optical conductivity and absorption spectra of the Cd   3  As   2   layer on the Si and Al   2  O   3   substrates were obtained as displayed in Figure 2, Figure 3, Figure 4 and Figure 5.



From Figure 2a,b, one can monitor the properties of the complex dielectric function spectra for the annealed Cd   3  As   2   films grown by non-reactive RF magnetron sputtering on the polished oriented single-crystalline substrates (100)p-Si and (001)  α -Al   2  O   3  . We found that, on the one hand, the dielectric response of the annealed Cd   3  As   2  /Al   2  O   3   film measured in the wide spectral range manifests two clearly pronounced interband optical transitions peaking at around 1.2 and 3.0 eV. On the other hand, the wide-range complex dielectric response measured for the annealed Cd   3  As   2  /Si film looks notably different. Namely, the evidently pronounced peak appears here at low photon energies at ∼0.36 eV. In addition, the main interband optical transitions are shifted to higher energies to 1.9 and 3.5 eV. Figure 3 shows the associated optical conductivity spectra,    σ 1   ( ω )  =  1  4 π   ω  ε 2   ( ω )   , which follow the main trends observed in their complex dielectric function spectra. Figure 4a,b shows the optical absorption spectra for the annealed Cd   3  As   2   films in the wide range of the photon energies, where we also give a more detailed absorption at the low-energy edge. We discovered that the low-energy absorption edge of the investigated films exhibits linear dispersion, which is shifted to the higher energies and, therefore, more clearly pronounced for the annealed Cd   3  As   2  /Si film. We found that the low-energy absorption edge can be well described by the parameters of linear extrapolation (for more detail, see Figure 4b).



Here, we also investigated the as-grown Cd   3  As   2   films prepared by non-reactive RF magnetron sputtering on the Si substrates, which exhibited the peculiar morphology properties shown in Figure 1a. We would like to note that namely for the as-grown films, the sub-Kelvin SC is reported, which occurred without any external stimuli [6]. The optical properties of the as-grown films were probed by using a J.A. Woollam VASE spectroscopic ellipsometer in the spectral range from 0.5 to 6.0 eV, and the result of the model simulations is presented in Figure 5a,b. One can notice from the figure that the as-grown Cd   3  As   2  /Si samples show modified optical properties in the whole studied spectral range, as at the low energies, so in the range of the main interband transitions. Here, in comparison to the annealed Cd   3  As   2  /Si film, the low-energy feature may disappear or shift to the higher energy of 1 eV. At the same time, the first interband transition may show a noticeable blue shift to the higher energy of about 2.2 eV.





4. Discussion


The imaginary part of the dielectric function spectra (see Figure 2a) displaying two main electronic interband transitions at 1.2 and 3.0 eV for the annealed Cd   3  As   2  /Al   2  O   3   film is in perfect agreement with the theoretical calculations for the body centered tetragonal Cd   3  As   2   crystal by Conte et al. (see Figure 10 in [10]). From these theoretical calculations, no appreciable anisotropy is foreseen for the in-plane   (  ε  x x   +  ε  y y   ) / 2   and out-of-plane   ε  z z    components. However, the wide range dielectric response measured for the annealed Cd   3  As   2   film/Si looks notably different. Namely, the evidently pronounced peak appears here at low photon energies at ∼0.36 eV. In addition, the main interband optical transitions are shifted to the higher energies of 1.9 and 3.5 eV. We attribute the observed difference in the dielectric function spectra to the effect of different doping associated with cadmium non-stoichiometry in the annealed Cd   3  As   2   /Al   2  O   3   and Cd   3  As   2  /Si films.



In Figure 4b, we present the optical absorption spectra,   α ( E ≡ ℏ ω )  , obtained from the modeling of the SE data using a commercial WVASE32 software package [7]. We found that the low-energy absorption edge of the annealed Cd   3  As   2  /Si film is better described by the linear dependence at the lowest measured photon energies from 0.18 to 0.3 eV, compared to the commonly applied Tauc-type dependencies for direct,     α E  2  ∝  E −  E d    , and indirect,     α E   1 / 2   ∝  E −  E i    , gaps. The observed absorption characterized by the linear dispersion can be associated with the conical absorption. Indeed, due to conical dispersions, the optical absorption of 3D massless Kane particles is proportional to the frequency  ω  or to the photon energy (  E ≡ ℏ ω  ) [11,12,13], distinctly in contrast with the frequency-independent optical conductivity of 2D Dirac electrons as observed in graphene [14,15,16]. Massless Kane electrons, which are not symmetry protected, may exist in a semiconductor with a nearly vanishing gap. We suggest that due to the doping effect, the conical Cd(s) conduction band minimum is shifted in energy above the heavy-flat As(p) valence band by about 0.183 ± 0.007 eV in the annealed Cd   3  As   2  /Si film, determining the optical gap value. Here, the maximum appearing at ∼ 0.36 eV can be associated with the absorption threshold developing near 0.3 eV. This can also reasonably explain the observed blue shift occurring for the main electronic transitions, which appear at 1.9 and 3.5 eV. By contrast, the linear dispersion due to conical absorption in the annealed Cd   3  As   2  /Al   2  O   3   seems to appear at the lower energy around 0.08 ± 0.01 eV, determining the value of the optical gap in accord with the linear extrapolation to zero photon energies. We note that because of the lack of reliable data at low photon energies, the given linear approximation may not be very accurate. Here, the low-energy feature becomes substantially weakened. This also results in smooth crossover from the conical to interband absorption. A variety of other investigated as-grown and annealed Cd   3  As   2   films/Si (see Figure 5) illustrates that pronounced changes of the electronic band structure take place at low energies due to the conical absorption, as well as in the range of interband transitions due to Cd non-stoichiometry (doping effect). The low- and high-energy trends seem to be in correlation, as discussed above.



Another issue is related to the possibility of the observation of SC related to 3D Dirac massless fermions, which was reported to exist below 300 mK for the as-grown Cd   3  As   2   films prepared by non-reactive RF magnetron sputtering (as those investigated in the present study) by Suslov et al. [6]. In Figure 5a,b, we show the complex dielectric function spectra of the as-grown Cd   3  As   2  /Si films along with the annealed Cd   3  As   2   film/Si. The dielectric function spectra for the as-grown samples look notably different at low energies, as well as in the range of interband transitions. As we have discussed, this can be explained by the shift in energy of the conical Cd(s) node, which is strongly dependent on the cadmium stoichiometry due to the doping effect. The SC properties necessarily disappear in the annealed films under study due to the opening of the gap, which can be beyond the field to find new SC properties associated with 3D Dirac fermions there. Then, one might suggest that a slight deviation from the intrinsic stoichiometry peculiar to Cd   3  As   2   single crystals leading to the appearance of the conical bands very close to the heavy-flat As(p) valence band around the  Γ  point in the Brillouin zone may be the necessary, but certainly not sufficient condition for the search for the new SC properties due to 3D Dirac massless fermions in Cd   3  As   2   films. Indeed, the symmetry-protected 3D Dirac particles, if existing in Cd   3  As   2  , may appear in a very short energy scale given by the crystal field splitting (at most a few tens of meV).




5. Conclusions


In summary, here, using atomic force microscopy and wide-range (0.02–8.5 eV) spectroscopic ellipsometry, we studied the morphology and optical properties of the as-grown and annealed Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   films prepared by RF magnetron sputtering. The AFM study of the Cd3As2 films implies that the films are continuous and have a granular structure with island incorporation during the film growth. The complex dielectric function of the annealed Cd   3  As   2  /Al   2  O   3   film manifests pronounced interband optical transitions at 1.2 and 3.0 eV, in excellent agreement with the theoretical calculations for the body centered tetragonal Cd   3  As   2   crystal by Conte et al. [10]. The dielectric function response for the annealed Cd   3  As   2  /Si film looks notably different, where the evidently pronounced peak appears at low photon energies at ∼ 0.36 eV. We found that the absorption edge near the low-energy feature exhibits a linear dependence and can be associated with the conical absorption. The Cd(s) conical node is shifted in energy above the heavy-flat As(p) valence band by about 0.183 ± 0.007 eV, determining the optical gap value. The as-grown Cd   3  As   2  /Si films exhibit the pronounced changes of the electronic band structure due to Cd non-stoichiometry (doping effect), where the low-energy feature may disappear, signaling gapless electronic band structure. In principal, the conical dispersion at the point of the semiconductor to semimetal topological transition can be achieved by fine-tuning of cadmium concentration. However, since the symmetry-protected 3D Dirac particles may appear in a very short energy scale, insufficient sample quality (inhomogeneous chemical composition and high unintentional doping) might severely complicate this task.
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Figure 1. Typical AFM images of the surface morphology of the Cd   3  As   2   films grown by non-reactive RF magnetron sputtering on the polished oriented single-crystalline wafers (a) (100)p-Si and (b) (001)  α -Al   2  O   3  . The scan size is 1 × 1  μ m   2  . 
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Figure 2. (a,c) The imaginary parts of the dielectric function    ε 2   ( ω )    and refractive index k and (b,d) the real parts of the dielectric function    ε 1   ( ω )    and refractive index n for the annealed Cd   3  As   2  /Si (sample 908, 10 W, 80 min, 20 min annealing at 520 K) and Cd   3  As   2  /Al   2  O   3   (sample 909, 10 W, 40 min, 20 min annealing at 520 K) films, shown by solid blue and green curves, respectively. The thickness estimated from the model simulations was 91 ± 5 nm for the Cd   3  As   2  /Si film and 46 ± 3 nm for the Cd   3  As   2  /Al   2  O   3   film. 
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Figure 3. The respective optical conductivity spectra,    σ 1   ( ω )  =  1  4 π   ω  ε 2   ( ω )   , for the annealed Cd   3  As   2   films. 
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Figure 4. The absorption spectra   α ( ω )   for the annealed Cd   3  As   2  /Si and Cd   3  As   2  /Al   2  O   3   films shown for (a) the wide spectral range and (b) at the low-energy edge (shown by solid blue and green curves and symbols, respectively). The gray solid lines show linear extrapolations (  y = a + b x  ) of the low-energy absorption edge (for Cd   3  As   2  /Si:   a = − 0.017 ± 2 %  ,   b = 0.093 ± 2 %   and for Cd   3  As   2  /Al   2  O   3  :   a = − 0.005 ± 9 %  ,   b = 0.065 ± 4 %  ). 
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Figure 5. (a,b) The imaginary    ε 2   ( ω )    and real    ε 1   ( ω )    parts of the complex dielectric function of the as-grown Cd   3  As   2   films on the polished oriented single-crystalline wafers (100)p-Si. The dashed blue curve corresponds to the data shown by the solid blue line in Figure 2. The solid blue, cyan, and magenta curves correspond to the ellipsometry measurements for Samples 908 (annealed), 904 (as-grown, 10 W, 20 min), and 905 (as-grown, 10 W, 80 min), respectively, obtained using a J.A. Woollam VASE ellipsometer. 
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