A Segura 
  
L Artús 
  
R Cuscó 
  
T Taniguchi 
  
G Cassabois 
  
B Gil 
  
Natural optical anisotropy of h-BN: Highest giant birefringence in a bulk crystal through the mid-infrared to ultraviolet range

d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Natural optical anisotropy of h-BN: Highest giant birefringence in a bulk crystal through the mid-infrared to ultraviolet range

A Segura, L. Artus, R. Cusco, Takashi Taniguchi, Guillaume Cassabois,

Bernard Gil

To cite this version:

A Segura, L. Artus, R. Cusco, Takashi Taniguchi, Guillaume Cassabois, et al.. Natural optical anisotropy of h-BN: Highest giant birefringence in a bulk crystal through the mid-infrared to ultraviolet range. Physical Review Materials, 2018, 2, pp.024001. 10.1103/PhysRevMaterials.2.024001. hal-

I. INTRODUCTION

Hexagonal boron nitride (h-BN) is a van der Waals crystal that has been intensively studied over the last few years for the high interest of its numerous potential applications. The wide band gap of this layered material (∼6 eV) [1] and its high emission efficiency [2] make h-BN a material of special interest for deep ultraviolet photonic device applications [3][4][5]. In spite of the fact that ab initio band structure calculations long predicted an indirect band gap for h-BN [6,7], only recently the experimental demonstration of the indirect nature of the h-BN band gap has been provided [8]. Because of the similarity between the in-plane lattice constant of h-BN and graphene, h-BN is ideally suited to form van der Waals stacked heterostructures. The exceptional crystalline quality of such structures has opened up new avenues for exploring novel physics and potential applications of stacked two-dimensional materials [9,10]. By encapsulating graphene in h-BN layers, graphene devices exhibiting extremely high electron mobility at room temperature were demonstrated [11]. Atomically thin graphene-boron nitride lateral heterostructures have been realized that may enable the development of atomically thin integrated circuits [12]. Besides its prominent role in advanced optoelectronics, h-BN has also emerged as a material with unique properties for solid-state neutron detector applications [13].

In spite of the huge amount of research recently reported on h-BN, the knowledge of its optical properties is rather limited, possibly because of the difficulties in growing sizable samples with high crystal quality. Spectroscopic ellipsometry studies on amorphous BN films deposited by rf magnetron sputtering consisting of mixed cubic-BN and h-BN phases reported the dielectric function in a wide energy range [14]. Values of the macroscopic dielectric constant along the c axis (ε ) and perpendicular to the c axis (ε ⊥ ) were reported in infrared reflectivity studies on h-BN polycrystalline samples grown by pyrolytic methods [15]. Ab initio calculations indicate that the layered structure of h-BN induces a remarkably strong optical anisotropy [7,16], which was not confirmed by the experimental work of Geick et al. [15], probably because the polycrystalline nature of the samples precluded an accurate determination of pure ε and ε ⊥ values. To our knowledge, the disparity between theoretical and experimental values of the dielectric function anisotropy has not been elucidated yet.

In recent times, a great deal of effort has been devoted to develop semiconductor nanostructures exhibiting large artificial birefringence for applications in quantum optics [17], polarization sensitive optoelectronics [18], and microphotonic polarization converters applications [19]. Birefringence values as high as n = 0.8 at 633 nm have been reported in ensembles of GaP nanowires [20], which are much larger than the birefringence of the YVO 4 crystal (0.21 at 633 nm) widely used in laser devices and optical components [21].

While the structural anisotropy intrinsic to all van der Waals crystals is presumed to produce a strong optical birefringence, detailed experimental studies of birefringence in these materials are lacking. Even though on account of its layered structure the h-BN crystal is expected to be highly optically anisotropic, and indeed it has emerged as a natural hyperbolic crystal suitable for supporting phonon polariton modes [22], birefringence of h-BN has not received much attention despite the vast variety of technological applications of this material. The deceptively low value of dielectric constant anisotropy reported in Ref. [15] may have contributed to dim the interest of h-BN as a birefringent crystal.

Here we report a determination of the refractive index anisotropy of h-BN in a wide energy range from mid-infrared (MIR) to ultraviolet (UV) from polarized transmittance measurements. The high-frequency dielectric constant was evaluated from fits to reflectivity measurements in the MIR. The ordinary refractive index as a function of wave number n ⊥ (σ ) was then obtained from the transmittance interference fringe pattern measured under normal incidence on the c face. The small thickness of the high quality h-BN samples and the uneven nature of the lateral faces resulting from their layered structure preclude polarized transmittance measurements with the electric field parallel to the c axis. Therefore, the extraordinary refractive index dispersion n (σ ) was determined from the analysis of transmittance measurements on the c face at various incidence angles with polarization in the incidence plane and perpendicular to it.

II. EXPERIMENT

High quality h-BN single crystals were synthesized at 4.5 GPa and 1500 • C using barium boron nitride as a solvent in a modified belt-type high-pressure and high-temperature apparatus [23]. Samples of thickness ranging from 1 to 15 μm were cleaved from h-BN single crystalline platelets. Optical transmittance and reflectance experiments in a wide spectral range from MIR to deep UV were performed in several homemade laboratory setups. Optical reflectance measurements in the MIR range (1800-7000 cm -1 ) were performed by means of Fourier transform infrared spectroscopy (FTIR) using an Interspectrum TEO-400 Michelson interferometer module and a noncommercial all-reflecting microscope optical bench [24]. For transmittance spectra in the near IR, visible, and UV range, halogen and deuterium lamps were used as sources, along with an all-reflecting optical bench, with long focal length concave mirrors, and a series of multichannel spectrometers covering a wavelength range from 1700 to 184 nm. For transmission measurements at various incidence angles, the sample was mounted on a rotation stage equipped with an angle and position centering system. Normal incidence was checked by verifying that transmission spectra for a given angle were identical, irrespective of the rotation direction.

III. RESULTS AND DISCUSSION

Figure 1 (symbols) shows the refractive index spectrum n ⊥ (σ ) of h-BN in the MIR range for polarization perpendicular to the c axis, as obtained from the interference fringe pattern of the reflectance spectrum. The reflectance minima are given by the constructive interference condition 2n ⊥ (σ )d = K, where σ is the wave number, d is the sample thickness, and K is the interference order. The interference order and the sample thickness can be self-consistently determined by matching the interference minima to the refractive index determined from the dielectric function of a polar mode, which is given by the well-known expression

ε ⊥ (σ ) = ε ⊥ ∞ + (ε ⊥ 0 -ε ⊥ ∞ ) σ 2 TO⊥ σ 2 TO⊥ -σ 2 -i ⊥ σ . ( 1 
)
Here ε ⊥ 0 and ε ⊥ ∞ are, respectively, the static and electronic contributions to the dielectric constant for light polarization perpendicular to the c axis, σ TO⊥ is the frequency of the TO phonon polarized perpendicular to the c axis (E 1u symmetry), and ⊥ is its damping parameter. The best fit (blue dashed line in Fig. 1) was obtained for the values σ TO⊥ = 1392 cm -1 , ε ⊥ 0 = 6.96, ε ⊥ ∞ = 4.95, ⊥ = 3 cm -1 , and a sample thickness d = 13.5 μm. The σ TO⊥ value is in good agreement with experimental and theoretical values of the E 1u (TO) frequency previously reported [15,25].

Once the refractive index dispersion n ⊥ (σ ) is established in the MIR range, its frequency dependence in the NIR, visible, and UV range can be determined from the transmittance interference fringe pattern of thinner samples (3.4 and 1.7 μm thick). The interference order and sample thickness are evaluated by nonlinear fits in the MIR range and then the refractive index is obtained from the constructive interference condition. Figure 2 shows the refractive index spectrum of h-BN, for polarization perpendicular to the c axis and frequencies above the restrahlen band. Symbols correspond to the experimental values determined by the above method, whereas dashed and solid lines are the results of several simple physical models that were applied to quantitatively account for the refractive index dispersion. The green line was calculated using Eq. ( 1) by assuming a constant electronic contribution to the dielectric function. The fit of this simple model illustrates the fact that below 7000 cm -1 the refractive index dispersion is practically determined by polar phonons.

The blue curve was obtained by assuming that the electronic contribution to the refractive index dispersion obeys a simple Phillips-van Vechten model [26,27]. This model assumes that all valence-to-conduction band transitions that contribute to the material electronic dielectric function can be described by a single transition at an average frequency which is known as Penn gap [28]. Under this assumption, the electronic dielectric FIG. 2. Experimental values of h-BN refractive index for polarization perpendicular and parallel to the c axis obtained from the interference pattern of the transmission spectra (filled dots). For n ⊥ , the solid green line was calculated using Eq. ( 1) assuming a constant electronic dielectric constant. The blue line additionally includes a simple Phillips-van Vechten model [Eq. ( 2)] and the red line is obtained by considering also an additional excitonic term [Eq. ( 3)].

For n , the dashed red line was obtained by fitting Eq. ( 2) to the data. Inset: Squared effective refractive index at σ = 18 000 cm -1 (blue) and σ = 43 000 cm -1 (red) as a function of the squared sinus of the incidence angle for s-(filled squares) and p-polarized (filled dots) light. The slope of the linear fit (dotted lines) to the p-polarization data allows n to be accurately determined.

function is given by

ε ⊥ ∞ (σ ) = 1 + σ 2 P 0⊥ σ 2 0⊥ -σ 2 , ( 2 
)
where σ 0⊥ and σ P 0⊥ are, respectively, the Penn gap frequency and an average plasma frequency of valence electrons involved in allowed transitions for polarization perpendicular to the c axis. The best fit to the experimental results was obtained with a Penn gap of 63 000 cm -1 (7.8 eV) and a plasma frequency of 124 800 cm -1 (15.5 eV). This model accounts for the refractive index dispersion up to 30 000 cm -1 , but obviously cannot explain the steep increase of the refractive index for photon energies approaching the fundamental gap of h-BN. This discrepancy is a clear indication that, in spite of the well-established indirect character of h-BN [8], there must be an allowed transition at an energy slightly above the indirect band gap whose contribution to the refractive index cannot be neglected.

While the direct gap contribution to the refractive index can be accurately reproduced in many semiconductors by assuming a steplike absorption onset at the band gap energy [29,30], this model does not seem to fit the electronic structure of h-BN. In agreement with ab initio band-structure calculations [7], which suggest strong excitonic effects in the dielectric function of h-BN, an additional Lorentzian term corresponding to an excitonic transition with central frequency σ 1⊥ , damping parameter 1⊥ , and effective plasma frequency σ P1⊥ was included in Eq. ( 2) in order to obtain a better fit to the experimental refractive index dispersion n ⊥ (σ ). Then, the dielectric function for polarization perpendicular to the c axis is given by

ε ⊥ ∞ (σ ) = 1 + σ 2 P 0⊥ σ 2 0⊥ -σ 2 + σ 2 P 1⊥ (σ 2 1⊥ -σ 2 ) (σ 2 1⊥ -σ 2 ) 2 + 2 1⊥ σ 2 .
(

) 3 
Given that the explored range of wave numbers showing interference does not include the refractive index maximum associated with the excitonic term in Eq. ( 3), a degree of uncertainty in the determination of σ 1⊥ exists, and good fits to the experimental data can be obtained with different sets of parameters. We considered as a reference an experimental study of the dielectric constant in pyrolytic h-BN [31], which revealed an intense peak at 6.1 eV in its imaginary part. Then, the best fit to the experimental points (red line in Fig. 2) was obtained with σ 1⊥ = 49 200 cm -1 (6.1 eV), σ P 1⊥ = 53 200 ± 800 cm -1 (6.60 ± 0.10 eV), and 1⊥ = 1560 ± 270 cm -1 (0.193 ± 0.033 eV). Obviously the introduction of the additional excitonic term implies a shift of the Penn gap contribution to higher energy. The new values of the Penn gap parameters we find from Eq. ( 3) are σ 0⊥ = 75 100 ± 1300 cm -1 (9.31 ± 0.16 eV) and σ P 0⊥ = 124 100 ± 1400 cm -1 (15.39 ± 0.17 eV). The excitonic lines contributing to the strong peak in the imaginary part of the dielectric constant were identified as originating from π → π * interband transitions mainly with k points parallel to the c axis in the direction H K [7,31]. It should be stressed that because these excitonic lines involve bands with the same parity with respect to the mirror plane within each layer, they are only active for in-plane polarization.

The refractive index dispersion of h-BN for light polarization perpendicular to the c axis (n ⊥ ) and parallel to the c axis (n ) was determined from the interference fringe pattern of transmission spectra taken at different incidence angles θ i by rotating the sample about an axis perpendicular to the optical axis of the setup. Since the samples were cleaved with faces perpendicular to the c axis, for light polarization perpendicular to the incidence plane (s polarization) only n ⊥ appears in the light propagation equations, as only the ordinary ray propagates in the sample. Then, the interference maxima in the transmission spectrum are given by the constructive interference condition [32] 2n

⊥ d λ 1 - sin 2 θ i n 2 ⊥ = 2d λ n eff,s (θ i ) = K, ( 4 
)
where we have defined the effective index n eff,s as

n eff,s = n ⊥ 1 - sin 2 θ i n 2 ⊥ . ( 5 
)
Note that n eff,s is a purely instrumental parameter for the determination of the actual refractive index n ⊥ . For p-polarized light, both n ⊥ and n affect the light propagation inside the sample, and the transmission spectrum at a given incidence angle exhibits interference maxima at wavelengths determined by the following equation [32]:

2n ⊥ d λ 1 - sin 2 θ i n 2 = 2d λ n eff,p (θ i ) = K. ( 6 
)
As in the case of s-polarized light, an effective index n eff,p for each incidence angle can be defined as

n eff,p = n ⊥ 1 - sin 2 θ i n 2 . ( 7 
)
Transmission spectra recorded on the 3.4-μm-thick sample for s and p polarizations for a number of incidence angles are shown in the Supplemental Material [33]. From the interference patterns, with the interference order K and the sample thickness determined from the analysis of the MIR reflectivity, the effective index dispersion for sand p-polarized light can be obtained. Plots of the effective index dispersion are given in the Supplemental Material [33].

According to Eqs. ( 5) and ( 7), plots of the square of the effective indices versus sin 2 θ i at a given wave number should yield straight lines for both polarization conditions. For n eff,s the slope is -1, whereas for n eff,p the slope equals the squared anisotropy ratio (n ⊥ /n ) 2 , from which the value of n can be accurately determined. The inset of Fig. 2 illustrates this method for two wave numbers. While the slope of n eff,s is found to be 1 ± 0.05 for both wave numbers, the slope of n eff,p varies from 2 in the visible range to 4 in the UV range. It should be stressed that the main source of error associated with this method comes from the error in the incidence angle.

Figure 2 also shows the values of the refractive index of h-BN for polarization parallel to the c axis. The dashed red line is a fit of a simple model equivalent to Eq. ( 2) with the parameters for light polarization parallel to the c axis. The best fit is obtained for σ 0 = 90 000 cm -1 (11.2 eV) and σ P 0 = 110 000 cm -1 (13.7 eV), which yields an electronic dielectric constant ε ∞ = 2.86. This is in excellent agreement with the dielectric constant values predicted by ab initio calculations [7,16].

Even in the visible-NIR range h-BN exhibits a giant negative birefringence ( n = n en o ∼ -0.7) which is much higher in absolute value than the birefringence found, for instance, in YVO 4 ( n = 0.21 at 633 nm), a standard example of a birefringent crystal that is widely used in laser devices and optical components [34]. These results are in stark contrast with previously published infrared reflectivity measurements on pyrolytic h-BN [15], which suggested a much smaller anisotropy ( n ∼ -0.2). As pointed out above, the origin of this discrepancy is most likely related to the relatively poor crystalline quality of the h-BN samples available at the time of Ref. [15]. The optical anisotropy of h-BN increases markedly in the UV range as the wave number approaches the band gap because of the dramatic increase of the dielectric function for polarization perpendicular to the c axis. Such a vast increase in ε ⊥ ∞ (σ ) (140% from 3.2 to 5.7 eV), which was modeled by including a Lorentzian excitonic term in Eq. ( 3), arises from the huge excitonic effects taking place in h-BN. As a consequence of the layered two-dimensional character of the h-BN crystal, the charge density inhomogeneity is large along the c axis and the excitons are tightly confined within the layers. Low-lying excitons stem from interband transitions between conduction and valence bands of the same parity with respect to the mirror plane within each layer and they exhibit a large oscillator strength [7,31]. Parity selection rules allow these transitions only for polarization perpendicular to the c axis. Therefore they contribute to ε ⊥ (σ ) but not to ε (σ ), and as a result, the giant birefringence of h-BN shows a sizable increase in the UV range.

In Fig. 3 we compare the birefringence of h-BN measured over the NIR-UV range in this work with birefringence data on a selected group of birefringent semiconductor crystals available in the literature. In the visible range, the h-BN birefringence in absolute value is more than one order of magnitude higher than in other uniaxial semiconductors such as wurtzite-type GaN [35] and ZnO [36] or 6H-SiC [37]. The birefringence in other layered semiconductors such as GaTe [38] is also more than one order of magnitude lower. Highly birefringent photonic metamaterials based on the artificial birefringence of aligned nanowires are being developed for optical applications. For oblique-aligned ZnO nanowires, the birefringence is almost one order of magnitude higher than that of bulk ZnO [39], but still much less than the one measured in h-BN. Only the record values of n = 0.8 at an optical wavelength of 633 nm achieved in GaP ensemble nanowires with very large filling fractions [20] can compare with the optical anisotropy observed at this wavelength in h-BN. And more strikingly, the birefringence of h-BN displays a huge increase in absolute value for increasing wave numbers in the UV range. This behavior is not observed in other uniaxial semiconductors or layered compounds, and is linked to the unique electronic structure of the layered h-BN crystal which underpins the strong electron-hole interaction and huge excitonic effects present in this material.

IV. CONCLUSIONS

In-plane and out-of-plane refractive index dispersion of h-BN has been determined over a wide energy range, from MIR up to UV energies slightly above the band gap, by analyzing the interference patterns in transmission measurements performed at different incidence angles and with polarization parallel and perpendicular to the incidence plane. Our results reveal an extreme variation of the ordinary ray refractive index n ⊥ from 1.5 in the MIR range up to 3.7 in the UV range close to the band gap. A simple Penn gap model fails to account for such a huge increase. The experimental results can be quantitatively explained by considering a strong excitonic peak contribution to the dielectric function for polarization perpendicular to the c axis. This finding is in agreement with previous ab initio calculations that indicate the presence of huge excitonic effects in layered h-BN and predict excitonic transitions with large oscillator strengths that are symmetry allowed only for polarization perpendicular to the c axis. The refractive index for polarization parallel to the c axis (n ) is significantly lower than n ⊥ (n ∼ 1.6-1.7) and shows a much less marked increase as excitonic transitions are not allowed by the polarization selection rules. This results in a giant birefringence that steadily increases towards the UV range, where birefringence values as high as | n| ∼ 2 have been measured. This is about seven times higher than the birefringence measured in calcite at the same wavelength [40]. Such a giant anisotropy has not been reported in other uniaxial semiconductors or layered compounds, nor even in engineered birefringent metamaterials. In the visible range, only high filling fraction GaP nanowire layers exhibit a comparable birefringence. Remarkably, in the UV range the birefringence in h-BN is sizably larger than in any other known material.

From the fits of the dielectric function model we obtain values of the electronic dielectric constants ε ⊥ ∞ = 4.95 and ε ∞ = 2.86. The dielectric constant we find for polarization parallel to the c axis is much lower than previously reported experimental values, but it is in excellent agreement with theoretical calculations. Thus, our measurements reveal that h-BN exhibits a much stronger birefringence than previously thought and therefore pinpoint h-BN as a material of outstanding interest for optical applications that require huge birefringence components.

FIG. 1 .

 1 FIG.1. Experimental values of the refractive index for polarization perpendicular to the c axis in the MIR range as determined from the constructive interference condition at the interference minima of the reflectance spectrum of a 13.5-μm-thick h-BN sample (filled dots). The refractive index calculated using Eq. (1) with the parameter values given in the figure is plotted as a blue dashed line.

FIG. 3 .

 3 FIG. 3. Birefringence of h-BN in the NIR-UV range compared with the birefringence of several representative uniaxial semiconductors reported in the literature. The giant birefringence of GaP and ZnO ensemble nanowires is also displayed for further comparison.
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