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Abstract

:

Unusual optical anisotropy was experimentally observed in hexagonal boron nitride thin films produced from bulk boron nitride via ultrasonication. Both the linear and circular polarisation demonstrated a well-defined single axis of anisotropy over a large sample area. To understand this phenomenon, we employed statistical analysis of optical microscopy images and atomic force microscopy to reveal an ordered particle density distribution at the microscopic level corresponding to the optical axis observed in the polarisation data. The direction of the observed ordering matched the axis of anisotropy. Hence, we attribute the measured optical anisotropy of the thin films to microscopic variations in the particle density distribution.
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1. Introduction


Interest in atomically thin (2D) materials has increased exponentially since the unique properties of graphene were first reported. Since then, researchers have extended the family of known 2D materials to include MXenes [1,2], transition metal dichalcogenides [3], and (of interest herein) hexagonal boron nitride (h-BN) [4,5] amongst others [6]. The optical properties of 2D materials can diverge significantly from those of the bulk crystal, opening up new avenues for their application [6,7,8]. For example, these materials are already being used to create a wide variety of new optoelectronic devices operating at wavelengths across the electromagnetic spectrum [6]. The diverse properties exhibited by the range of known 2D materials, combined with their ultrathin nature, give rise to the prospect of creating van der Waals heterostructures, in which different two-dimensional materials are stacked layer-by-layer to form composite materials with a fine degree of control over the desired properties [9]. Due to the contrasting strong intralayer covalent bonding and relatively weak interlayer interactions, van der Waals heterostructures retain many properties of the individual layer materials. However, the required precise nanoscale stacking is both time and cost intensive, limiting the scalability to large area devices [10,11]. In cases where large area devices are required, other methods and techniques for adjusting the optical properties could be advantageous.



2D materials can generally be synthesised by two overarching routes: top-down and bottom-up [12,13,14,15]. Bottom up methods (such as chemical vapour deposition [16] or molecular beam epitaxy [17]) can produce high quality 2D materials over relatively large areas, but are time-consuming, energy-intensive, and cost-prohibitive [14]. Top-down methods involve exfoliation of the bulk crystal [18,19]. The simplest technology for exfoliating bulk crystals is mechanical cleavage of the layers using sticky tape, as used in the first demonstrations of graphene [20]. This method can produce monolayer single crystals with very few defects [20]. However, the size of the individual monolayer flakes is generally small and the yield low, such that the method cannot be easily scaled to mass production [12]. Hence, new methods for top-down synthesis are required that can overcome these respective fabrication barriers. One of the most promising developing technologies is the cleavage of thin layers from a bulk crystal using ultrasonication in a liquid [21,22,23]. This method can be easily applied to bulk crystals where the interlayer interactions are weaker than the intralayer [21]. The bulk crystals are dispersed in a solvent through which ultrasonic waves are propagated. The energy of the ultrasonic waves causes cavitation to occur within the bulk crystal, resulting in the delamination as the layers are pushed apart [21]. The result is a solution containing flakes of different sizes and thicknesses which can then be further separated by centrifugation and fractionation of the solution. Ultrasonication does not require the high temperatures typical in bottom-up syntheses, making the technique more energy and cost efficient [21]. While the bulk to 2D yield is generally relatively low, ultrasonication can be readily scaled up to produce larger quantities of 2D material overall [21]. However, while large quantities of 2D material can be produced relatively easily via ultrasonication, the individual particle sizes and shapes are hard to control without severely compromising the yield (e.g., by initiating a highly selective centrifugation/fractionation procedure) [24]. Additionally, the average size of the exfoliated particles is significantly less than the original bulk crystal(s) [21,23]. Hence, to produce large area devices using ultrasonicated 2D materials, it is necessary to fabricate thin films of the individual exfoliated particles of similar size and shape, that are uniformly distributed [23,24,25,26].



In this paper, we consider the case of boron nitride. The mechanical properties of boron nitride, such as high hardness [27] and high resistance to extreme temperatures and pressures [28,29], have already been widely exploited. In particular, boron nitride films can be used to make a range of composite materials [27,30]. Their low frictional wear and high flexibility [31] make them excellent candidates for the development of various flexible devices. For reduction to a 2D material, the hexagonal form of boron nitride is the obvious candidate. Bulk h-BN has a similar layered structure to graphite. Since the interlayer interactions in h-BN are weak compared to the intralayer covalent bonding, their cleavage can be induced relatively easily. Hence, h-BN can be readily exfoliated to give thinner crystals (down to the monolayer limit). Monolayer (2D) h-BN is stable with a graphene-like hexagonal lattice structure consisting of alternating boron and nitrogen atoms (see Figure 1a).



h-BN is an attractive material for barrier or passivation layers as it is one of the strongest known electrically-insulating materials, with significant prospects for use in nanoelectronics [32] and optoelectronics [33]. However, a significant barrier to its adoption in devices has been the scalability of methods for its synthesis [5]. We address the scalability of the synthesis of h-BN by applying a top-down fabrication method based on ultrasonication which can produce highly uniform thin films at a large scale. Preliminary investigations using optical polarisation characterisation of the fabricated thin films demonstrated their optical anisotropy over the whole sample area with a single optical axis [34,35]. However, the anisotropy does not originate from any properties of the individual, chaotically-oriented particles.



To understand this phenomenon, we employ statistical analysis of optical microscopy images and atomic force microscopy to reveal an ordered particle density distribution at the microscopic level corresponding to the optical axis observed in the polarisation data. Hence, we attribute the measured optical anisotropy of the thin films to microscopic variations in the particle density distribution. This suggests that there is an opportunity to tune the optical properties of the thin films through defined ordering of the particle density distributions at the microscale or below, as a scalable, low-cost alternative to producing heterostructures.




2. Materials and Methods


2.1. Sample Preparation


h-BN thin films were prepared on polyethylene terephthalate (PET) substrates by the following method (Figure 1b). Bulk crystal h-BN powder (25 g) was initially dispersed in a beaker containing 500 mL of a 60:40 ratio mixture of isopropanol and deionised water [36,37,38]. The dispersion was ultrasonicated in a 120 W ultrasonic bath filled with deionised water at an initial temperature of 298 K. Five hour-long periods of ultrasonication, separated by 30 min each to prevent excessive heating of the solvent (over each one hour run, the temperature of the bath increased to around 318 K, which returned to around 298 K after the period of inactivity), to ensure a sufficient exfoliation yield from the bulk crystals. The partially exfoliated dispersion was then put through a centrifuging process for 10 min at 2000 rpm to sediment out the residual bulk material and larger particles, narrowing the distribution of particle sizes present in the supernatant and favouring thinner particles. The dispersion was fractioned to extract the supernatant, ensuring only suitably sized particles remained. The supernatant was then dried under vacuum (0.1 atm, 343 K) in a Schlenk line to fully remove the solvent mixture. 606 mg of the resulting powder was then redispersed in 12 mL of isopropanol mixed with 8 mL of deionised water to give a solution with a known concentration of around 30 mg/mL. This redispersed solution was ultrasonicated for a further 30 min to ensure a uniform dispersion. The redispersed solution was filtered through a microporous (∼0.2  μ m pores) PTFE (polytetrafluoroethylene) membrane to produce homogeneous thin films from the exfoliated h-BN. High quality films have been successfully developed using other two-dimensional materials (for example from dispersions of graphene oxide and molybdenum disulfide [23,39,40]), but not previously for h-BN. The thin films produced from filtering of the dispersion was achieved in accordance with a previously described method [22,25], marking a facile and scaleable method towards large-scale integration of the two-dimensional material. The membrane holding the thin film was carefully transferred to the desired (PET) substrate, with the side with the filtered h-BN in contact with the substrate surface. Isopropanol was used to wet the membrane. The substrate was then heated to 343 K to evaporate the isopropanol and simultaneously release the h-BN film from the membrane. The membrane was then removed leaving the thin film supported on the substrate.




2.2. Optical Measurements


The polarised light transmission spectra of the samples were recorded at room temperature using a 0.5 m monochromator (Princeton Instruments, Trenton, NJ, USA) with a 1200/mm grating equipped with a charge-coupled device detector using an established experimental technique [41,42]. A halogen lamp was used as the light source. A parallel beam of light was formed using lenses and slits. The sample holder allowed the unrestricted rotation of the sample around the normal axis to obtain the dependencies of transmitted light polarisation state on the orientation of the incidence plane relative to the sample surfaces. The same setup was also used to measure the polarisation properties of the samples. The polarisation was controlled using half-wave and quarter-wave plates and a Glan-Taylor prism installed in the detecting part. Different polarisation configurations were measured in the visible spectral range. The incident light was linearly polarised. Spectral dependencies of the transmitted light intensity   I ( ω )   were investigated using two circularly polarised intensities   I  σ ±   , two linearly polarised intensities   I  ⊥ , ‖   , and two linear components with axes rotated by   ±  45 ∘    relative to the plane of incidence   I  1 , 2   . The polarisation degree of the transmitted light was determined using the Stokes parameters. The accuracy of the measured value of polarisation was estimated as 1%.




2.3. Optical Microscopy


We used an optical microscope capable of performing measurements in various polarisations to visualise the surface of the structures under investigation. Images of the samples’ surface were obtained from bright-field microscopy using a Nikon ECLIPSE LV150 (Nikon Europe, Amsterdam, Netherlands) industrial microscope. The experimental images are presented in Figure 2b.




2.4. Scanning Electron Microscopy (SEM)


SEM images were obtained using a Tescan VEGA3 (TESCAN, Brno, Czech Republic) electron microscope operating at an accelerating voltage of 10 kV. Experimental images are presented in Figure 2c.




2.5. Raman Spectroscopy


Raman measurements were carried out using a Horiba Jobin-Yvon T64000 spectrometer (Horiba OOO, Moscow, Russia) equipped with a confocal microscope and a silicon CCD detector. Use of an objective lens with a 100× magnification and a NA of 0.9 together with a 1800 gr/mm grating allowed us to obtain Raman signal at room temperature with high spectral resolution from an area of ∼1  μ m in diameter. The measurements were performed with continuous-wave (cw) excitation using the 532 nm laser line of a Nd:YAG laser (Laser Quantum Torus, Stockport, UK). Experimental images are presented in Figure 2d.




2.6. Atomic Force Microscopy (AFM)


AFM was used to study the topography and the number of layers (thickness) of individual cleaved flakes on the surface, and also the topography and relief of the overall film surface. AFM investigation was performed using an Ntegra Aura (NT-MDT, St. Petersburg, Russia) scanning probe microscope using Si probes (HANC, TipsNano, Tallinn, Estonia) with resonant frequency    f 0  ≈ 140   kHz, spring constant   k ≈ 3.5   N m    − 1   , and tip curvature radius < 10 nm.





3. Results


Hexagonal boron nitride (h-BN) thin films were prepared on polyethylene terephthalate (PET) substrates from few-layer flakes of h-BN prepared by ultrasonication of bulk crystals (Figure 1b; see methods for more details). The average overall thickness of the obtained films (formed of individual stacked thin h-BN particles) was about 5 microns. Optical and scanning electron microscopy (SEM) images of the surfaces of the obtained samples are presented in Figure 2b,c, respectively. The sample consisted of thin crystalline platelets of h-BN with transverse sizes of up to 5 microns (established via SEM) and thicknesses of 1–10 monolayers (determined via AFM). Visually, individual platelets appeared to be chaotically distributed. There were no obvious selected directions on the sample surface at either the hundred-micron scale (optical microscopy) or the micron scale (electron microscopy). The Raman spectrum of the thin film indicated that the h-BN crystals did not contain impurities. At the same time, the intense background scattering observed indicated a high density of defects in the overall film (Figure 2d).



Optical microscopy (Figure 2b) demonstrated the matte appearance of the thin film on the substrate, arising due to strong Rayleigh light scattering from the surface. Rayleigh scattering spectra were measured, for linearly polarised light, as a function of incident angle ( Φ , see Figure 2a) in the range from 0 to ± 45   ∘   and the azimuthal angle ( Θ , see Figure 2a) in the full range from   0 ∘   to   360 ∘  . The spectra did not have any structure, except for one broad peak of 1 eV width at energy 1.7 eV. The intensity of the scattered light did not depend on the azimuthal angle  Θ . In the dependence on the incident angle  Φ , there were no qualitative differences between the spectra except for a change in total intensity. The lack of directional dependence of the Rayleigh scattering spectra is indicative of the chaotic orientation (and hence averaged intrinsic anisotropy) of the sample.



Polarised light transmission spectra of the samples were recorded at room temperature. There was strong absorption in the region within the h-BN bandgap at energies above 3 eV. No interference features were observed in the transparency range from ∼1.3 eV up to ∼3.0 eV, indicating that the sample thickness noticeably fluctuated at the scale of the light beam size (∼1 mm).



The Stokes parameters   P circ   and   P lin   of the transmitted light in the transparency range of this sample were measured for linearly polarised incident light. The degree of circular polarisation   P circ   is


   P circ  =    I  σ +   −  I  σ −      I  σ +   +  I  σ −     ,  



(1)




where   I  σ +    is the intensity of the transmitted light with right circular polarisation, and   I  σ −    is the intensity of the transmitted light with left circular polarisation. The degree of linear polarisation   P lin   is


   P lin  =    I 0  −  I 90     I 0  +  I 90    ,  



(2)




where   I 0   is the intensity of the transmitted light with a linear polarisation state that coincides with that of the incident light, and   I 90   is the intensity of the transmitted light with a linear polarisation state orthogonal to that of the incident light.



Figure 3 shows the spectral dependencies of the degree of circular polarisation   P circ   as a function of the azimuthal angle  Θ  between the polarisation direction and the edge of the sample at normal light incidence. When linearly polarised light passed through the sample, it acquired a circularly polarised component. The degree of circular polarisation is dependent on the azimuthal angle  Θ . At an energy of 2.36 eV, the degree of circular polarisation changed sign. At this energy, the sample was optically isotropic. The maximum value of circular polarisation occurred at an energy of 1.91 eV.



Figure 4 shows the spectral dependence of the degree of linear polarisation   P lin   in the axes coinciding with the direction of polarisation of the incident light as a function of the azimuthal angle  Θ . For linear polarisation, similar dependencies to those for the circular polarisation were obtained with one difference: at energies where   P circ   is maximal,   P lin   is minimal. The magnitude of the degree of linear polarisation reached a maximum when the plane of polarisation coincided with the optical axis of the sample.



The data obtained demonstrated that the birefringence phenomenon was observed in the entire measured spectral range. This phenomenon manifests itself in the conversion of linear polarisation into circular polarisation. The birefringence was measured at different points on the sample surface. The direction of the optical axis was found not to change over the sample area (∼1 cm   2  ). The arrows in the inset of Figure 4 show the direction of the optical axis.




4. Discussion


The optical axis in the polycrystalline sample could be the result of either of two causes: the anisotropy of the individual particles themselves or the anisotropy of their collective distribution [43]. Individual crystals of h-BN do indeed have optical anisotropy. The refractive indices of light along the hexagonal axis and perpendicular to it differ significantly [44]. However, as shown in Figure 2, the orientation of the microcrystals in the samples investigated herein is completely chaotic (at least at scales of a few up to hundreds of microns). Given this chaotic arrangement of the individual particles in the thin film, the anisotropy of the particles alone cannot lead to an overall anisotropy of the entire sample as the net effect of the varied orientations would lead to a negation on average (however, it could manifest as a local anisotropy). Thus, the observed birefringence with a single direction of the optical axis over the entire sample area (∼1 cm   2  ) cannot have been caused by the anisotropy of the h-BN microcrystals themselves. This indicates that the cause of anisotropy is not hidden in the properties of individual microcrystals but is common to the entire sample and manifests itself at large distances. It should also be noted that it was verified that the substrate itself was optically isotropic. Measurements of the reflected/scattered light from the sample show that, in contrast to the cases described in [41,42], the inclination of microcrystals in the samples considered herein is chaotic. The presence of a hidden order in a disordered substance may indicate that there is a small system of microcrystals in which there is no complete averaging of properties. However, this is not valid for our case since the anisotropy is observed consistently across a large surface area. Another reason may be the ordered arrangement of microcrystals, which manifests itself as optical anisotropy. A similar case was theoretically modelled in [43] where no anisotropy was visible by eye, but anisotropic light scattering nevertheless occurred.



To describe the observed phenomenon, we can use the model of an effective dielectric medium [45,46,47]. Although the particle sizes in our case were comparable or larger than the wavelength of light and the applicability of this model is not entirely justified, the basic properties of the medium should be described at least qualitatively by this model.



We considered our sample as a composite with an effective permittivity   ε  e f f    consisting of microcrystals and voids between them. We took the dielectric permittivity of boron nitride averaged over all orientations as an approximation of the dielectric permittivity of the ensemble of microcrystals    〈 ε 〉  =   〈 n 〉  2    [44]. We then used the Maxwell Garnett model [47] in its generalised form outlined by Bruggeman [48]. In this model, the permittivity of an effective medium   ε  e f f    consisting of several components can be found as a solution of the equation


   ∑  ( i = 1 )  N   f i   θ i   (  ε  e f f   −  ε i  )  = 0 ,  



(3)




where   ε i   is the dielectric permittivity of the components,   f i   is the filling factor of the component i, and   θ i   is the form factor of the component i. The normalisation condition must also be met.


   ∑  ( i = 1 )  N   f i  = 1 ,  ∑  ( i = 1 )  N   θ i  = 1  



(4)







According to Equation (3), the anisotropy of the sample can be related both to the anisotropy of the dielectric permittivity of the microcrystals themselves and to the anisotropy of their distribution. For randomly-oriented microcrystals, the anisotropy of the sample can be associated only with the dependence of the filling factor on the direction (Equation (3)). Knowing the thickness of the sample and the spectral position of the isotropic points, we can determine the difference in refractive indices for ordinary and extraordinary beams.


   〈 2 n 〉   (    n ⊥    e f f   −    n ‖    e f f   )  =   (    n ⊥    e f f   )  2  −   (    n ‖    e f f   )  2  =    ε ⊥    e f f   −    ε ‖    e f f   .  



(5)







From the data obtained, we can estimate the value of the anisotropy of the filling factor. The average thickness of the sample was estimated from the amount of deposited material to be 5 microns. Averaged in all directions the refractive index was taken as   〈 n 〉 ≈ 2  . The presence of an optical axis means that ordinary and extraordinary rays propagate at different phase velocities. This is manifested in the conversion of linear polarisation into circular polarisation. If the thickness of the sample is such that the phase difference of these rays is   N π  , then there is no polarisation conversion. This is the isotropic point in the transmission spectrum. If the phase difference is   ( π / 2 + N π )  , then the conversion is maximal. Some variation in the spectral position of the isotropic point in Figure 3 occurred as the incident light beam spot shifted slightly over the surface area when the sample was rotated.



Hence, we found the difference in the effective refractive indices to be      ε ⊥    e f f   −    ε ‖    e f f   ≈ 0.20  . Assuming that the microcrystals were oriented completely chaotically, and the observed anisotropy was caused only by their spatial alignment, we obtain a filling factor of    f ⊥  −  f ‖  ≈ 0.05  . We emphasise that this was only an estimated value based on the outlined assumptions. Such a small value may not be noticeable by eye, but it is manifested in the transmission spectra.



We performed a statistical analysis of the surface image as described in [43]. Figure 2b clearly shows that there are light and dark spots on the surface of the sample. We inferred that the darker areas are associated with voids between microcrystals. The spatial dependence of the distribution of dark and light spots was analysed. The density of dark and light spots as a function of the azimuthal angle is shown in polar coordinates in Figure 5. The distribution density of the microcrystals was anisotropic, with an axis directed at an angle of   35 ∘   relative to the edge of the sample. The direction of the anisotropy axis determined coincides with the direction of the axis determined from the polarisation measurements.



The conclusion about the presence of a selected direction in the sample was confirmed using an atomic force microscope (AFM). The large-scale anisotropy of the microcrystal distribution density is clearly visible in AFM images of the surface (see Figure 6). The image clearly shows wide dark stripes directed at an angle of about   30 ∘   with respect to the horizontal (defined as parallel to the edge of the sample). Owing to the great height of flakes that make up the surface, the thin structure of the surface could not be revealed. The thin, bright, narrow, horizontal furrows along the scanning direction are not connected with the real structure of the surface but appeared due to the inertia of the measuring system. However, it can be clearly seen that the microcrystals formed hills (light stripes) and valleys (dark stripes) of density on a macroscopic scale.



A possible reason for the formation of the macroscopic ordering is the electrostatics of the exfoliated microscrystals. When we exfoliate the bulk h-BN crystals in the ultrasonic bath, the resulting microcrystals have an electrostatic difference between the edges where intralayer covalent bonds are broken and the planar surfaces where only weak van der Waals bonding is broken [23]. They should then preferably agglomerate in an ordered manner in accordance with the direction of their dipole moments during filtering and transfer to the substrate. Due to such anisotropic correlations in the distribution of microcrystals, their density in different directions may be different. This may be invisible to the eye (see Figure 1a in [43]), but it may manifest in the polarisation properties. Indeed, the presence of such electrostatic fields may be sufficient for their ordering at large distances.




5. Conclusions


The transmission and reflection spectra of thin films formed of agglomerated individual h-BN microcrystals were studied in the transparency range below the edge of the fundamental absorption band. The spectral dependencies of the linear and circular polarisation of light passing through the sample were measured. Optical and scanning electron microscopy showed the absence of noticeable selected directions in the sample. However, birefringence was observed in the study of the Stokes parameters of light that passed through the sample. It was established that the optical axes were unidirectional over the entire sample area. Simultaneously, the diffused light from the sample was not polarised. This indicated that the cause of the anisotropy was not in the properties of individual microcrystals but was common for the entire sample. Statistical analysis of optical images of the sample confirmed that the thin films demonstrate microscopic ordering of their density distributions in the same direction as the optical axis, giving rise to the observed optical anisotropy. This conclusion was further supported by AFM images of the sample surface. This suggests that there is an opportunity to tune the optical properties of the thin films through defined ordering of the particle density distributions at the microscale or below, as a scalable, low-cost alternative to producing heterostructures.
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Figure 1. (a) The bulk h-BN structure with dashed lines showing the weaker interlayer van der Waals bonding. (b) The h-BN exfoliation procedure: a powder of bulk h-BN crystals is dispersed in a mixture of isopropanol and deionised water, the solution is ultrasonicated to induce cleavage of the interlayer bonds, then centrifuged to agglomerate the larger (residual bulk) particles, and finally the supernatant containing the suitably exfoliated particles is extracted by fractionation. 
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Figure 2. (a) The experimental scheme. P is the plane of incidence, S is the sample surface,  Φ  is the angle of incidence, and  Θ  is the azimuthal angle between the plane of incidence and the edge of the sample. Images of the sample surface taken with: (b) an optical microscope at ×100 magnification, and (c) a scanning electron microscope at ×40,100 magnification. Scale bars are shown in the images. (d) Raman spectrum of the sample under study at two excitation powers. 
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Figure 3. Spectral dependencies of the circular polarisation degree   P circ   at azimuthal angles from   0 ∘   to   360 ∘   for the light passed through the sample when the incident light was linearly polarised. Spectra were obtained at room temperature. The insert shows the angular dependence of the polarisation conversion. 
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Figure 4. Spectral dependencies of the linear polarisation degree   P lin   at selected azimuthal angles for linearly polarised light passed through the sample. Spectra were obtained at room temperature. The inset shows the direction of the optical axis over the entire area of the sample. 
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Figure 5. The relative density of the distribution of microcrystals, constructed by statistical analysis of the distribution of dark and light spots in Figure 2b. 
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Figure 6. Image of the sample surface obtained using an atomic force microscope. The image size is 30 × 40 microns. The deep blue-to-white contrast scale bar spans a range of 4  μ m. 
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