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Abstract

:

The structural properties of VO2 thin films, grown on either LSAT or Si substrates by pulsed laser deposition (PLD), are elucidated by means of transmission electron microscopy (TEM) methods. The TEM observations confirmed the successful growth of VO2 by PLD in variable thicknesses, by optimizing the O2 partial pressure and growth temperature. The films adopt a columnar polycrystalline morphology with narrow columns, up to the film thickness height. Four VO2 polymorphs have been detected by electron diffraction and high-resolution TEM (HRTEM) analysis, with M1 being by far the most abundant phase. Post-experimental strain measurements in HRTEM images have revealed that the actual residual strain is minimized due to the columnar morphology of the VO2 grains, as well as intrinsic oxide layers in the VO2/Si epitaxy. The TEM outcomes confirmed the complementary electrical and magnetic measurements in the films, where a transition from a monoclinic M1 to a rutile VO2 R phase has been identified, influenced by the initial percentage of phases in thick VO2 films.
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1. Introduction


The requirement to maintain energy comfort in buildings accounts for approximately 40% of the total energy consumption. More than 50% of the building energy is consumed in heating, air conditioning, and ventilation [1,2,3,4,5,6]. One way to minimize this is to replace conventional windows with smart ones, which adjust heat (infrared) transmittance by controlling the solar irradiation and enable buildings to keep a temperature without any need for cooling or heating [7,8,9,10,11,12,13]. This approach has become an important topic of research in recent times.



Thermochromic materials are capable of changing their optical properties by temperature variations as an external stimulation. Thermochromics have been used as coatings on windows for energy saving applications due to their luminous transmittance and solar modulation ability [14,15,16]. In order to use thin film coatings for practical applications, there are several properties that need to be controlled. The critical or phase transition temperature, Tc, must be decreased to around room temperature, while maintaining a good visible light transmittance (nearly 60%). A satisfactory electrical and optical performance is inevitably correlated with the microstructural changes induced in thin film coatings [17].



Vanadium dioxide (VO2) is a transition metal oxide with unique properties due to its reversible phase transition temperature (Tc = 68 °C). Below this temperature, VO2 behaves as an insulator with a monoclinic structure (M1 phase). However, above Tc, it undergoes a lattice distortion to a rutile-type tetragonal structure (R phase), exhibiting metallic behavior. Thus, above Tc, VO2 reflects a large amount of solar radiation which makes it a good candidate for application in thermochromic smart windows [18,19,20,21,22]. In recent times, very promising thermochromic performances of the VO2-based coatings have been reported [23]. Kolenatý et al. reported a thermochromic ZrO2/V0.982W0.018O2/ZrO2 multilayer coating with a low transition temperature of 21 °C, which was deposited by low-temperature magnetron sputtering [24]. Malarde et al. reported VO2 thin films prepared using atmospheric-pressure chemical vapor deposition, showing ΔTsol = 12% [25].



The defect concentration and strain affect the electrical and optical properties of VO2 thin films. It is well known that phase transition in VO2 is strongly influenced by the strain along tetragonal axes [18]. The nature of the microstructure such as the concentration of defects, nature of grain boundaries, and grain size all influence the MIT (metal-to-insulator transition) sharpness, amplitude, and thermal hysteresis [19]. A narrow hysteresis loop shows a fast phase transition which is desirable in this case.



The modulation of the critical temperature of VO2 to room temperature is essential for its practical application in smart windows. Many attempts have been made to do so by doping, applying external electric and magnetic field, strain, etc. However, the thermochromic performance of VO2 has not been optimized yet and often decreases with these strategies [26,27]. Therefore, attempts towards understanding the correlation between the structural features of the films and the involved MIT are of crucial importance for their proper engineering and optimization with respect to thermochromic applications.



In this work, we report on the structural features of VO2 thermochromic thin films grown on LSAT (La0.18Sr0.82Al0.59Ta0.41O3) or Si substrates by pulsed laser deposition (PLD). Although VO2 thin films have been deposited on various substrates thus far, a comparative study between the two substrates, LSAT and Si, has not been performed, to the extent of our knowledge, up to now. The substrates were chosen as alternatives to quartz, in order to replicate some of the substrates used for growing VO2 of different texture and morphology, but also to resemble the usual transparent glass. The aim of the study is to investigate the role of different crystalline phases, as well as the overall film morphology in the MIT behavior. Therefore, only those samples obtained under preparation conditions (including the type of substrate and substrate temperature) leading to finite amounts of the most usual VO2 phases but with a predominant and comparable M1-type phase have been selected. PLD has been already successfully established as a growth technique for crystalline VO2 films [28,29], due to providing precise control of oxygen partial pressure for stoichiometric components and a high temperature that contributes to good crystallinity [30,31]. Since a mixture of VO2 phases was observed by X-ray diffraction, which are difficult to quantify, transmission electron microscopy (TEM) was performed for a thorough investigation of the film’s structural aspects. The general morphology, film thickness, interfacial and surface roughness, crystallographic orientation, and epitaxial relationship of films and substrates were deduced. Electrical resistance and magnetic measurements were further conducted to investigate the electronic and phase-transition properties of VO2 thin films, proving finally that the MIT is not simply solely related to the stabilization of the M1 phase of the VO2 film below room temperature (RT). Hence, it was shown that an unstable M1-type phase is required, and in the conditions of marginal residual strains, as in the reported samples, only a very low fraction of the initial M1 phase is transformed to the R phase.




2. Experimental Methods


Pulsed laser deposition (PLD) was employed to grow epitaxial VO2 on (001) LSAT or (001) Si substrates. All thin films were grown using a KrF*excimer laser as an ablation source (COMPex PRO λ = 248 nm, ΤFWHM = 25 ns). The PLD process was conducted under ultra-high vacuum conditions, and the target was ablated at 45° with respect to the focused laser beam keeping parallel with the substrate. The target was continuously rotated in the target carousel to achieve uniform deposition. The oxygen partial pressure was maintained at 10−2 mbar while the substrate temperature was 500 °C. The thickness of the film was controlled by the number of pulses which varied from 5000 to 100,000. The films involved in this study are denoted as S1, S2, and S3, possessing 100,000, 20,000, and 50,000 pulses and grown on LSAT (S1) and Si (S2 and S3) substrates, respectively.



Microstructural studies were performed on a JEOL 2100 electron microscope operating at 200 kV, with a point resolution of 0.23 nm and an electron nanoprobe size down to 1 nm, for performing diffraction studies and chemical analysis at the nanoscale. Cross-sectional TEM samples were prepared by mechanical polishing and precision Ar+ milling at low energies.



The magnetic behavior of the films was investigated by performing magnetization measurements versus temperature under an applied field of 300 Oe, by using the most sensitive reciprocal space option (RSO) of a superconducting quantum interference device (SQUID), MPMS-7T from Quantum Design. Small rectangular pieces (3 mm × 3 mm) of VO2 films deposited on either LSAT or Si substrates were cut in this respect, and the field was applied parallel to the film. The contribution of the substrate has been subtracted by reference measurements.



Electron transport measurements were performed using the ACT option of a physical property measurement system, PPMS-14T from Quantum Design. The four points method was used with in-line contacts made on the films on the LSAT and Si substrates, cut as rectangular pieces of 8 mm × 2.5 mm. The inner electrodes collecting voltage were separated by 2 mm. An AC current of 0.2 mA at a frequency of 17 Hz was applied on the external electrodes, and the resistance (in Ohm) was registered over the temperature interval from 250 to 360 K.




3. Result and Discussion


Qualitatively structural analysis by X-ray diffraction (XRD) in the samples revealed that several phases of VO2 are simultaneously present, due to the multiplicity of phases in the VO2 system. Their relative percentages, as well as the low thickness of the VO2 thin films, render it difficult to clearly distinguish the phases by XRD. Therefore, transmission electron microscopy (TEM) was subsequently employed for qualitative and quantitative structural phase identification.



A cross-sectional image of the S1 VO2 thin film grown on the LSAT substrate is shown in Figure 1a. The TEM investigations confirmed that the growth of the film by PLD was accomplished, and an overall coverage of VO2 on top of LSAT was achieved. The total thickness of this film was 720 nm, for 100,000 pulses. In terms of morphology, there was columnar growth of VO2, with a column width of around 170 nm, which is a common feature in the case of deposition of VO2 thin films on various substrates [32,33]. The selected area diffraction (SAD) pattern of S1 in Figure 1b was obtained by an area at the VO2/LSAT interface and shows reflections by both the substrate and film. The LSAT substrate is viewed along its [001] zone axis, whereas the VO2 film has a polycrystalline structure [29,34]. Furthermore, the SAD experiments revealed the co-existence of various VO2 polymorphs in the film, such as VO2 M1, VO2 B, VO2 A, and VO2 R. The structural parameters of these polymorphs are outlined in Table 1. In addition, the arcing of the VO2 spots and their alignment with the main ones of LSAT indicated that there is a tendency towards a structural relationship between the various VO2 phases in the thin film and the LSAT substrate. In more detail, this preferential orientation, with regards to the substrate can be summarized as


       [ 110 ]  LSAT  / /   [ 110 ]    VO 2    M 1           ( 100 )  LSAT  / /   ( 002 )    VO 2    B     &     ( 010 )  LSAT  / /   (  2 ¯  02 )    VO 2    B       











The interfacial quality of VO2/LSAT is depicted in more detail in the HRTEM images of Figure 2; a sharp and clear interface is illustrated, with minimum roughness. The VO2 M1 phase is dominant in the film area, both at the exact interface, as well as in the upper regions of the VO2 film, as demonstrated in Figure 2a. Moreover, the VO2 M1 and LSAT (110) planes, marked in the HRTEM image in Figure 2b, are perfectly aligned, in full agreement with the SAD pattern analysis.



The structural mismatch between VO2 and LSAT is expected to be accommodated for by the formation of misfit dislocation networks. The bright field (BF) image of Figure 3 illustrates a visualization of these misfit dislocations, as alternating dark and bright Moiré fringes, revealing the residual strain between the two lattices. The separation between the fringes, as measured both by BF images, as well as by satellite diffractions spots in common SAD patterns, was found to be dM = 1.94 nm on average, in accordance with the mismatch between VO2 M1 and LSAT.



The columnar morphology of the VO2 thin films has been better illustrated by diffraction contrast-imaging experiments. In Figure 4, two typical complementary BF and dark field (DF) images of the VO2/LSAT sample S1 are shown. The images were acquired using the g = 002 imaging vector of VO2. The columnar morphology of the VO2 area is apparent, with columns possessing typical widths of up to 170 nm towards the film’s free surface region and heights of up to the total film thickness, i.e., 720 nm in this case. Moreover, the VO2 columns have a high concentration of structural defects, which are mainly identified as twins, lying on {110} crystal planes. The SAD pattern of Figure 1b further confirms this observation.



The growth of VO2 thin film on Si substrates revealed similar structural features. Figure 5 shows typical results from the TEM observations of a VO2 film (S2) deposited with 20,000 pulses on Si (001). The VO2 film in Figure 5a also exhibits a columnar mode of growth, with average column widths of about 35 nm. The total film thickness is up to 167 nm. For thicker VO2 samples, i.e., S3 (50,000 pulses), where the total film thickness reaches 500 nm, the average column width proportionally increases to 93 nm in the film’s free surface region. Inside such columns, a significant number of planar defects, such as extended twins have been observed, too, in agreement with the results from VO2/LSAT. Figure 5b depicts a common SAD pattern of the film/substrate interfacial area. Si is oriented along its [011] zone axis, whereas reflections attributed to VO2 reveal a multiplicity of phases. Here, the   2 ¯  02 spots of the VO2 B phase have been illustrated, for comparison. Diffraction analysis revealed that the VO2 films are polycrystalline, in full agreement with the films deposited on LSAT.



The HRTEM image in Figure 5c shows the VO2/Si interfacial area in greater detail, where a smooth interface has been revealed. There is an approximately 2 nm thick intrinsic amorphous layer of SiOx formed between the VO2 film and the Si substrate [35]. Therefore, although an epitaxial relationship between the film and substrate is not feasible in this case [27], there are some VO2 crystallites that aligned with or close to the main Si reflections, such as the VO2 B ones, whose [  1 ¯  01] direction is close to the Si [100] one.



The TEM analysis revealed the presence of several phases of VO2, irrespective of the thickness of the film and the type of substrate. Despite the variation in the number of pulses and film thickness, the structural quality was found, in general, to be quite good.



Most interplanar d spacings corresponded to the monoclinic VO2 (M1 type) but a good percentage of VO2 B and VO2 A phases were also found. Table 2 below summarizes the relative percentage of phases in the films, as estimated both by SAD pattern and HRTEM image analyses alike.



Post-experimental calculations of the residual strain present in the VO2 films have been accomplished by applying the geometric phase analysis (GPA) method on HRTEM images [36]. Figure 6 summarizes the main outcomes from these calculations. In the case of the Si substrate in Figure 6a,b, the strain is negligible, as it is predominately released due to the SiOx intrinsic amorphous layer formed between the substrate and film, along with the columnar VO2 morphology [37]. On the other hand, the growth of VO2 on top of LSAT as seen in Figure 6c,d is direct; however, the residual strain was still measured to be quite low and in the range of 5% on average, due to the columnar morphology of VO2 crystallites [37]. Only locally, the residual strain reaches values of up to 8–10%, mainly at areas with defects present, as shown in Figure 6d. According to the lattice parameters of LSAT (a = 0.387 nm) and VO2 M1 (Table 1) and their epitaxial relationship, the theoretical anticipated strain would be quite high, more than 17–20%; therefore, a great amount of strain relief is observed, due to the columnar morphology and polycrystalline nature of VO2. In addition, the average strain along the c axis (cVO2-cLSAT/cLSAT) would still be high, equal to 39%. However, the GPA strain maps suggest that the strain distribution does not change significantly throughout the film thickness.



∆A (resistance change), ∆T (sharpness), and ∆H (thermal hysteresis), and the reversibility of phase transition are all dependent on the quality of the film. Premkumar et al. reported a large variation in the resistance of films consisting of VO2 M1 and VO2 B phases at low temperature [38]. Considering the conduction behaviour, VO2 M1 and VO2 A are considered isolators (resistivities in the tens of Ohm.cm at room temperature, RT) and VO2 B a semiconductor (resistivities in the order of 10−2 Ohm.cm at RT), whereas VO2 R is considered to have a metallic character (resistivities in the order of 10−3 to 10−4 Ohm.cm at RT) [39]. However, a greater percentage of defects will lead to an increase in the resistivity of metallic VO2 due to the enhanced scattering of electrons [32], whereas in the case of semiconducting VO2, more energy levels are manifested in the band gap due to defects, leading to a resistivity decrease [40]. As a consequence, the resistivities of metallic and semiconducting films with various defects could become quite comparable at RT, and therefore the absolute values of the resistivities are not adequate to conclude an unambiguous attribution to the VO2 B or VO2 R phases. On the other hand, the MIT transition is usually assigned to a crystalline phase transformation from the higher temperature VO2 R phase to the lower temperature VO2 M1 phase at around 340 K, the transition being reversible and developing under a hysteretic character.



Temperature-dependent electron transport and magnetic measurements were performed under the assumption that any structural change would be reflected in both resistivity and magnetization behavior. The evolution of resistivity as a function of temperature for the thicker VO2 films deposited on LSAT and Si substrates (S1 and S3 samples, respectively) is shown in Figure 7. A decrease in the resistivity by more than 20% is observed for sample S1, and by more than 100% for sample S3 in the temperature range from 280 to 340 K, where the transition from the VO2 M1 to VO2 R polymorph is expected. Moreover, these transitions are reversible and of a hysteretic type with a maximum hysteretic width of about 20 K, as specific to the above-mentioned MIT. However, these variations are far lower than the optimal variations of resistance/resistivity by about three orders of magnitude, as observed in a similar film of VO2 deposited on a silica substrate at 600 °C, exemplified in the lower inset of Figure 7. There, resistance values in the order of 10 Ohm, corresponding to values of 10−3 Ohm.cm for resistivity are reported in both cases, below and above the MIT. In comparison, the resistance in the case of the VO2/silica at 600 °C is less than 10−1 Ohm above the MIT, resulting in a resistivity of about 10−5 Ohm.cm above 340 K, where a dominant R phase is expected. In this context, the much higher resistivity in the analyzed samples S1 and S3 at 340 K provides evidence for a dominant VO2 B phase at such temperatures. This result is in line with the TEM analysis, showing a significant amount of the VO2 B phase at RT, and gives support to the fact that only a low fraction of the initially present M1 phase was transformed into the R phase at the higher temperature, in both systems. That is, according to the resistivity data, the VO2 B phase is still highly dominant over the newly formed R phase at higher temperatures.



It is worth noticing from Table 2 that the initial content of the M1 phase was almost similar in both samples, whereas the resistivity of the S1 sample, already stabilizing 11% of the R phase, is higher than that of sample S3 at 340 K. This means that a higher fraction of the M1 phase has been transformed into the R phase in sample S3 as compared to S1. Tentatively, by the correlation of the resistivity results with the initial phase composition of the S1 and S3 films (see Table 2), it might be assumed that, for a more complete MIT, it is necessary to predominately avoid the formation of the VO2 R and secondary to avoid the formation of the rather stable VO2 B phases in the initial films (below the MIT).



The magnetic moments of the samples presented in the upper inset of the same figure are of the order of 10−5 emu (or a few emu/cm3 magnetization), which for such thin films, usually with oxygen vacancies, is specific to diluted magnetic oxide (DMO) behavior [41,42]. The different values and specific jumps in the magnetizations of the S1 and S3 films provide clear evidence for a different phase composition in the two films. For example, it is reported in [43] that the susceptibility is almost constant with the temperature in the isolator M1 phase (order of magnitude of 10−6 emu/g/Oe, bulk sample) but increases by one order of magnitude in the metallic R phase. In the current thin films, the susceptibilities are in the range of 10−3 emu/g/Oe, showing that, due to many defects in thin films (usually associated to oxygen vacancies), the DMO character is prevailing for the analyzed samples and at the same time hinders the much lower change in susceptibility along MIT. This is also the reason that no increase in the magnetization above RT is observed, in direct relation to the M1 to R phase transformation, as reported in [43]. The tiny structural changes of % order from the M1 to R type phase in the present are, however, still observable by only the most sensitive changes in the resistivity (3–4 orders of magnitude over about 100% M1 to R phase change). On the other hand, a decrease in the magnetization (by some 30%) is observed in sample S3 at about 260 K. The easier conversion of the B phase to the unstable M1 and further into the R phase has been reported in many cases and expectedly the more conductive (semiconducting) B phase should have a higher magnetization than the M1 phase, as well as an increased number of oxygen vacancies, also responsible for an increased magnetization in DMO systems; thus, we may tentatively assume that the decrease in magnetization over 260 K is due to the transformation of the B phase into the M1 phase.




4. Conclusions


VO2 thin films were sucessfully fabricated on LSAT and Si substrates using pulsed laser deposition with the aim of investigating the correlations between morpho-structural aspects, phase composition, and the related MIT transitions. Transmission electron microscopy techniques were used for a thorough structural investigation of the VO2 thin films, whereas resistivity and magnetic measurements were considered for the investigation of the specifically involved temperature-driven phase transitions. The films exhibited columnar growth regardless of the substrate. HRTEM imaging and SAD pattern acquisition revealed nanoscale grains of different phases, namely VO2 M1, VO2 A, VO2 B, and VO2 R. The thickest films exhibited the VO2 M1 phase as dominant (more than 50%) prior to the MIT transition but the VO2 B type was also stabilized in high amounts. The residual strain was relieved, predominantly due to the columnar morphology, along with the SiOx layer for the samples on Si substrates. In this context of very low residual strain, the less intense MITs in the thicker films were interpreted in terms of only a partial (a few %) M1 to R structural phase transition, specifically driven by the initial phase composition of the films. It was shown that the initial formation of the VO2 R phase, as well as the presence of the VO2 B phase, considerably diminishes both the sharpness and the resistance change in the VO2 films. According to this study, the lack of residual strain may impede the structural M1 to R transformation, in spite of a consistent presence of the M1-type phase in the films at RT.
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Figure 1. (a) TEM image of S1 VO2 thin film on LSAT substrate, showing the general morphology; (b) SAD pattern from the interface area between VO2 and the substrate. 
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Figure 2. HRTEM images from the VO2/LSAT interface showing the interfacial quality and the dominant VO2 M1 phase. 
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Figure 3. Cross-sectional image of the VO2/LSAT interfacial area, viewed by the [001] LSAT zone axis. 
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Figure 4. (a) BF image taken from S1 revealing the columnar growth of VO2 thin film grown on LSAT; (b) complementary DF image from the same area, obtained with g = 002. 
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Figure 5. Microscopy results of the S2 VO2 thin film on Si substrate: (a) conventional TEM image exhibiting columnar growth; (b) common SAD pattern taken from the interface area with Si being in the [011] zone axis; (c) HRTEM image of the VO2/Si interfacial area showing its structural quality and the SiOx intrinsic layer. 






Figure 5. Microscopy results of the S2 VO2 thin film on Si substrate: (a) conventional TEM image exhibiting columnar growth; (b) common SAD pattern taken from the interface area with Si being in the [011] zone axis; (c) HRTEM image of the VO2/Si interfacial area showing its structural quality and the SiOx intrinsic layer.



[image: Inorganics 10 00220 g005]







[image: Inorganics 10 00220 g006 550] 





Figure 6. Typical GPA results from the VO2 thin films: (a,c) HRTEM images; (b,d) corresponding GPA strain maps of VO2/Si and VO2/LSAT, respectively. 
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Figure 7. Temperature-dependent resistivity of S1 and S3 VO2 films on LSAT and Si substrate, respectively. The upper inset shows the temperature-dependent magnetizations of the same films under a 300 Oe applied magnetic field, whereas the lower inset illustrates the temperature-dependent resistance of a similar VO2 film, deposited on silica at 600 °C. 
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Table 1. Structural parameters of the various VO2 polymorphs found in the thin films.
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	VO2 Phase
	Structure
	Lattice Parameters





	M1
	Monoclinic
	a = 0.575 nm

b = 0.454 nm

c = 0.538 nm

β = 122.6°



	A
	Tetragonal
	a = 0.844 nm

c = 0.767 nm



	B
	Monoclinic
	a = 0.121 nm

b = 0.37 nm

c = 0.643 nm

β = 106.9°



	R
	Tetragonal
	a = 0.456 nm

c = 0.286 nm
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Table 2. Percentage of the dominant VO2 phases detected in the thin films grown on LSAT and Si substrates.
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	Samples
	VO2 M1
	VO2 R
	VO2 A
	VO2 B





	S1
	54
	11
	6
	29



	S2
	40
	-
	15
	45



	S3
	53
	-
	12
	35
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