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Origin of the excitonic recombinations in hexagonal boron nitride by spatially resolved cathodoluminescence spectroscopy
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The excitonic recombinations in hexagonal boron nitride (hBN) are investigated with spatially resolved cathodoluminescence spectroscopy in the UV range. Cathodoluminescence images of an individual hBN crystallite reveals that the 215 nm free excitonic line is quite homogeneously emitted along the crystallite whereas the 220 nm and 227 nm excitonic emissions are located in specific regions of the crystallite. Transmission electron microscopy images show that these regions contain a high density of crystalline defects. This suggests that both the 220 nm and 227 nm emissions are produced by the recombination of excitons bound to structural defects.

Hexagonal Boron Nitride (hBN) is a wide band gap semiconductor [1,2,3,4] isostructural with graphite. For a few years, much interest has been devoted to BN materials since hBN and more specifically BN nanotubes [5,6,7,8,9,10,11,12,13] are expected to be promising materials for optoelectronic applications. Recently, experimental and theoretical studies have been undertaken in order to investigate the optical properties of hBN. Using luminescence experiments, the near band-edge emission has been observed in the UV region [14,15,16,17,18]. Theoretical groups have interpreted this UV emission as due to unusually strong excitonic effects [3,4]. They propose that excitons in hBN are closer to Frenkel-type excitons with large binding energy (0.7 eV) than to the usual Wannier-like excitons of classical III-N semiconductors.

The hBN near-band edge emission consists in several peaks at 215 nm (5.77 eV), 220 nm (5.63 eV) and 227 nm (5.46 eV) [15]. Watanabe et al. [16] recently observed that this UV band shows drastic changes after deformation of a single crystal [16,17]. By pressing a hBN single crystal between two fingers, the authors show that the relative intensities of the 215 nm and 227 nm bands are reversed. After deformation, the CL intensity of the 215 nm band becomes negligible as compared to the 227 nm band which is then predominant. According to recent calculations [3], the 215 nm luminescence band has been attributed to Frenkel-type free excitonic recombinations and Watanabe et al. tentatively assign the 227 nm band, which appears predominantly after deformation, to exci- * Electronic address: francois.ducastelle@onera.fr tons bound to stacking faults or to the shearing of lattice planes [16].

In this work, we present a detailed investigation of the excitonic luminescence in hBN. By combining spatially resolved cathodoluminescence (SR-CL) spectroscopy with a structural analysis of the crystal by means of Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) analyses, we investigate the nature of the 220 nm and 227 nm excitonic recombinations in terms of excitons bound to well identified structural defects.

In these experiments, commercial Aldrich hBN powders are used. The samples were dispersed in ethanol and deposited on carbon coated TEM copper grids in order to isolate individual hBN crystallites. Commercial Starck hBN powders were also investigated and gave comparable results (not reported here). TEM and SAED analyses were performed with a Philips CM20 transmission electron microscope at an accelerating voltage of 200 keV. From the transparency of the crystallite to electrons, one can guess that the thickness of the sample is under 200 nm. For the CL experiments, samples were imaged at 102 K using a 20 keV, 10 nA electron beam in a JEOL840 scanning electron microscope. The spatial resolution of the CL images is then limited by the beam size of about 0.4 µm. A Horiba Jobin Yvon SAS system is used to analyze the CL emission in the UV range. The light is collected with a parabolic mirror and reflected using metallic optics into a TRIAX550 monochromator equipped with a UV-enhanced silicon CCD camera to get the CL spectra, or a Hamamatsu (R943-02) photomultiplier to collect the CL images.

The individual hBN crystal studied here is about 5 µm large and is shown in Figure 1a. This image is a TEM analysis of this object indicates that the crystallite is flat, with thicker zones corresponding to the superimposition of other small crystallites under the main one (thickness contrast in TEM). The polychromatic (i. e. total cathodoluminescence intensity) CL image (Figure 1b) of the crystallite shows that it is strongly luminescent and that the total intensity is rather homogeneous in the whole crystal, with slightly stronger luminescence spots observed in the thicker zones of the crystal. Its CL spectrum exhibits two bands : a near-band edge (maximum at 215 nm) and an impurity or defect-related luminescence band (maximum at 317 nm) with relative intensities comparable to previous observations [18,19,20]. The deep blue impurity or defect emission band was recently assigned to intrinsic impurity centers such as C and O impurities [20]. The excitonic recombinations are composed of three peaks at 215 nm, 220 nm and 227 nm. Monochromatic (i. e. filtered at a specific wavelength) CL images of the same object have been recorded at the three wavelengths corresponding to the lines in the excitonic luminescence band (Figure 2). At 215 nm (Figure 2a), the spatial distribution of the light emission over the crystallite is comparable to the polychromatic CL image (Figure 1b) and exhibits a homogeneous spatial distribution. On the contrary, the monochromatic CL images filtered at 220 nm and 227 nm do not show such a distribution (Figure 2b and2c). In both cases, the emission is mainly localized on a bright line crossing the middle of the crystallite (Figure 2b : label 1), and dividing it into two parts. One could also distinguish two other weaker bright lines (Figure 2b : label 2) also emitting at these wavelengths.

In order to identify the crystalline structure of the emitting lines observed in monochromatic CL images filtered at 220 nm and 227 nm, TEM analysis of the same object has been undertaken. First, by orienting the crystallite in the (001) zone axis, we have determined that it is made of two single crystalline domains separated by an interface depicted by the label 1 in Figure 3. The α and β tilt angles characterizing the misorientation between the two grains are respectively equal to 3.65 • and 8 • , as schematized in Figure 3a. Bright Field TEM images in Figure 3b and 3c correspond to orientations where one of the two grains is in exact (001) orientation and is imaged by a strong double contrast. Furthermore, one can distinguish several defects within each grain such as dislocations which are assembled into arrays and aligned along definite crystalline directions (label 2 in Figure 3). Such an array is well visible in the weak beam image of Figure 3d obtained with a reflection (150) of the (001) zone axis. By comparing these images to the monochromatic CL images at 220 nm and 227 nm (Figure 2b and 2c), it is remarkable that the luminescence is exactly localized at the grain boundary (Figure 3c : label 1) and at the dislocations (Figure 3c : label 2). This analysis, based on the correlation between monochromatic CL images and TEM images, shows that the emissions at 220 nm and 227 nm are related to these structural defects: grain boundaries and dislocations. Such a spatial localization of the emitted light has already been observed in the luminescence from excitons bound to defects or impurities in III-V or II-VI semiconductors [21,22,23]. In our case, the CL images filtered at 220 nm and 227 nm display the same spatial light distribution. The excitonic transitions responsible for these emissions can therefore be of the same type and we assign them to excitons bound to the same type of structural defects. These luminescence lines can then be interpreted either as two excitonic levels of the same exciton bound to structural defects or as phonon replica, the 227 nm lines being the first phonon replica of the bound excitonic transition at 220 nm.

These results are consistent with previous works of Watanabe et al. [16] on deformed hBN single crystal. It is noticeable that grain boundaries and dislocations were introduced by a mechanical stress in the case of the Watanabe et al. study [16] whereas in our case, the defects are certainly due to thermal stress introduced during the crystal growth.

To summarize, in this Letter, we have observed the hBN luminescence of free excitons emitting at 215 nm and of lower energy emissions at 220 nm and 227 nm which are localized on the hBN crystallite. Monochromatic CL images and TEM images on the same hBN crystallite have been compared in order to correlate the localization of the excitonic luminescence with the crystalline structure of the crystallite and the structural defects of hBN. The 220 nm and 227 nm luminescence bands could be assigned to excitons bound to grain boundaries and dislocations. Further investigation of hBN luminescence by means of photoluminescence spectroscopy and time resolved spectroscopy is under progress.
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 1 FIG. 1: CL spectrum of the hBN crystallite, T=100 K, I=10 nA. (a) TEM image of the hBN crystallite and (b) Polychromatic CL image of the hBN crystallite
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 2 FIG. 2: Monochromatic CL images of the hBN crystallite at (a) 215 nm, (b) 220 nm and (c) 227 nm ; T=100 K
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 3 FIG. 3: (a) Sketch of the hBN crystallite with Bright Field TEM images oriented in the (001) zone axis (b and c). (d) Dark Field TEM image. Inset : SAED pattern in the(001) zone axis