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Abstract. Light-emitting properties of boron nitride powders of different morphology 

grown using various techniques have been studied. All samples were hexagonal BN  

(h-BN), while the content of impurity phases varied considerably. The wide photolumi-

nescence band in the visible range has been observed. h-BN synthesized using carbothermal 

reduction method exhibited the highest efficiency of the photoluminescence emission. The 

intensity of BN emission has been interpreted in terms of interplay between the emission of 

intrinsic defects stabilized by carbon, carbon-related recombination centers and the centers 

of non-radiative recombination caused by the presence of sassolite phases in the samples. 
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1. Introduction 

Search for advanced materials with enhanced properties 

for optoelectronic devices of new generation stimulates 

investigations of semiconductors with wide band gap 

including group III nitrides. One of the most interesting 

representatives of this class is the synthetic chemical 

compound boron nitride (BN). Since it is well-known 

that lowering the dimensionality is an effective way to 

broaden the application fields of materials, special 

attention is also paid to nanostructured boron nitride 

materials. Nano-BN has the bandgap energy close to 

6 eV and forms large diversity of structures, including 

those conformable to graphine, carbon nanotubes, 

nanofibers, etc. Nanostructured BN displays various 

attractive electronic, optical and magnetic properties (for 

the review, see [1]) that are advantageous for applications 

in electronic devices, high heat-resistant semiconductors 

and insulator lubricants [2–6]. At present, the BN-based 

devices for hydrogen storage [2–4], composites, where 

nano-BN is used as a filler [5], and abrasive materials [6] 

have been demonstrated. 

One more aspect of the increasing attention to nano-

BN is related with its light-emitting properties [7–22]. It 

is known that bulk hexagonal boron nitride, being excited 

either by accelerated electrons beam or by far UV 

radiation, is a good light emitter in deep ultraviolet [7–9]. 

E.g., it was shown in [7] that h-BN can emit intense 215-

nanometer luminescence at room temperature, and this 

emission was ascribed to free exciton luminescence. 

Moreover, in [9] the lasing effect at this wavelength was 

observed in hexagonal boron nitride single crystals. In 

view of increasing requirements to compact ultraviolet 

laser devices, these phenomena make h-BN a promising 

material for applications in optical storage, photo-

catalysis, and nanosurgery.   

Bulk h-BN is also fluorescent in the visible range 

under optical excitation above 4 eV [10–12], which 

makes h-BN material suitable for creation of display and 

lighting devices. Visible luminescence of bulk BN forms 

a wide phonon-assisted emission band with asymmetric 

profile: it peaks in the violet-blue region and has a long 

tail to the low energy side ranging to green-orange region 

[13–15]. Visible luminescence can be excited either via 

band-to-band excitation or via defect-related intraband 

states [13, 14].  

Similarly to bulk BN, nano-BN also emits light both 

in the UV and visible ranges [14, 16-18]. Moreover, 

nano-BN with a high content of oxygen and carbon, often 

named BCNO [19–22], is also an efficient luminophore. 

Therefore, BN-based nano-materials are expected to be 

used in nanosize light sources, light emitting display 

devices, and medical diagnostic devices. Combination of 

good mechanical properties, thermo- and wear-resistance 
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with the emission of light paves the way to fabrication of 

nano-luminophores with advanced properties, which 

could meet the strict requirements for operation in severe 

environmental conditions. Thus, the aim of this work is 

to study light-emitting properties of the powders of 

nanostructured BN possessing different morphology and 

produced using various growth methods. 
 

2. Experimental 

Four types of nano-BN powders were studied (Table). 

Nano-BN samples of the type A were synthesized using 

the reaction of carbothermal reduction [23]. The samples 

of types B and C were produced from chemically pure 

boron by using the high-temperature catalyst-free 

synthesis [25, 26] in an optical furnace in the flow of 

nitrogen. The grain sizes of initial boron powder were 

0.05 μm and 2.00 μm for the samples B and C, 

respectively. Detailed description of these initial powders 

and their electron microscopy images were presented in 

[27]. As a result of catalyst-free synthesis, the black color 

of boron precursor turned into the white one. The 

presence of moisture in the flow of nitrogen can lead to 

formation of oxygen-containing components in the BN 

powder material. Commercially available BN powder 

produced by Chempur Company was used as reference 

sample for comparison (type D samples). The structure 

of BN nano-powders was examined using scanning 

electron microscopy (SEM) with JEOL Superprobe 733 

electron microprobe. Crystallinity and phase composition 

of the powders were characterized by ХRD 

diffractometer “DRON-3.0” (CuKα radiation).   

Optical properties of nano-BN were characterized 

using the photoluminescence (PL) method. The light 

sources LED-DUV-280-OC46 (280 nm, 2.6 mW) and 

LED-NS375L-5RLO (375 nm, 6 mW) were used for 

excitation of light emission. The emitted light was 

dispersed by MDR-12 monochromator and detected with 

a lock-in photomultiplier-based scheme. The filters were 

inserted in front of the monochromator slit to cut off the 

excitation light (the filters BS-4 for λexc = 280 nm and 

GS-10 for λexc = 375 nm). All the measurements were 

performed at room temperature. 
 

3. Results  

SEM images of A, B, C and D samples and corres-

ponding histograms of particle size distributions are 

shown in Fig. 1 (a–d) and Fig. 2 (a–d), respectively. The 

sample A synthesized in the process of carbothermal 

reduction is an agglomerate of partially molten particles 

(Fig. 1a). Their size distribution is rather wide (Fig. 2a); 

the weighted average size of the particles is about 

600 nm. The sample B produced in the optical furnace 

from the boron powder (mean size of grains is close to 

0.05 μm) is composed of fine-grained and clearly visible 

flake-like BN particles, which have sizes of about 

300 nm and thickness almost by an order of magnitude 

smaller; these flakes form agglomerates with the sizes 

1…2 μm (Figs 1b and 2b). Nanoparticles of the sample C 

formed   in   the   optical   furnace  from   boron   powder 

Table. Samples characteristics. 
 

Sample 

type 

Precursors Method of 

BN synthesis 

Reaction conditions for 

synthesis 

A Boron oxide  

Saccharose 
Nitrogen gas 

Carbothermal 

reduction 

Annealing in the 

furnace under nitrogen 
atmosphere 

(T = 1000…1450 °C) 

B Boron 
powder  

(0.05 μm)  
Flow of 

nitrogen 

Direct 
synthesis in 

a high-power 
optical 

furnace 

Heating under 
concentrated light 

(T = 1400…1700 °C) 

C Boron 

powder  

(2.00 μm) 
Flow of 

nitrogen 

Direct 

synthesis in 

a high-power 
optical 

furnace  

Heating under 

concentrated light 

(T = 1400…1700 °C) 

D Commercially available BN (Chempur company), 

growth details are not available  

 
 

(2.00 μm) are flake-like (Fig. 1c). The mean size of these 
particles is about 400 nm (Fig. 2c). The thickness of 
flakes in C samples is similar to that of the samples B 
particles (Figs 1b and 1c). The dispersion of flake size 
distribution for the sample C is rather wide (Fig. 2c). 
Note that nano-flakes in the sample C do not show a 
tendency to agglomerate. The sample D (commercially 
available BN) consists of nano-flakes with the mean size 
close to 550 nm, which form agglomerates with a size of 
several micrometers (Figs 1d and 2d). 

Crystallinity and phase composition of these BN 

powders was characterized using ХRD measurements 

(Fig. 3). XRD patterns of all the samples demonstrate 

(002), (100), (101) and (004) diffraction peaks that 

correspond to the hexagonal phase of BN (the arrow 

under each graph indicates the position of corresponding 

peak) [3, 27, 28]. Beside the reflections of crystalline  

h-BN, XRD diffractograms of all the samples reveal the 

presence of some oxygen- and/or hydrogen-containing 

phases. The most pure material is the commercial one 

(sample D). It contains only a small amount of boron 

oxide B2O3 impurity. However, the average size of 

particles in commercial samples is the largest. Note that 

the diffractograms of all other samples do not reveal the 

presence of B2O3 phase. The samples B and C contain 

large amounts of sassolite (boric acid H3BO3). Boric acid 

is the product of reaction between boron and moisture; 

the latter is present in the nitrogen flow used for 

synthesizing the samples. Sassolite can also be seen in 

the XRD diffractogram of the sample A grown by 

carbothermal reduction of boron oxide, however, the 

fraction of sassolite in the sample A is obviously smaller 

than in B and C samples. Note that the sample A, most 

probably, contains unreacted carbon, because it is well-

known that carbothermal reduction method provides the 

material strongly contaminated with unreacted charcoal 

(see, e.g., [24]). However, identification of carbon 

clusters by their diffraction pattern is not possible in this 

material, since the most intense peak of carbon particles 

([002] – 26.5°) overlaps with the [002] peak of BN 

(26.27°) [29–31].  
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Fig. 1. SEM images of BN samples prepared using various methods: A – carbothermal reduction; B and C – direct synthesis in a high-

power optical furnace from the boron powders with the grain sizes of 0.05 and 2.00 μm, respectively; D – commercially available BN 

powder (Chempur Company). 

 
 

  
 

  

 
Fig. 2. Size distribution of BN particles based on SEM images. 
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Results of the photoluminescence studies of nano-

BN samples obtained by different synthesis procedures 

are shown in Fig. 4a (excitation with λexc = 280 nm) and 

in Fig. 4b (excitation with λexc = 375 nm). The energies 

of the exciting light quanta in both cases (~4.4 eV and 

~3.3 eV, respectively) are not sufficient for band-to-band 

excitation. Indeed, according to the literature data [2, 10, 

11, 16, 32, 33] the band gap of h-BN varies from ~5 eV 

[2, 32] to ~6 eV [33] depending on the synthesis method, 

morphology, impurity composition, etc. Nevertheless, the 

sub-gap excitation of BN is quite usual [16, 17, 19, 21, 

34–39]. Previously, it has been shown that it is possible 

to excite the emission of pure and doped nano-BN with 

the quanta smaller than Eg. For example, to achieve 

excitation of BN luminescence via defect-related levels 

inside the band gap, the authors of [16, 17, 21, 34, 35] 

used the light with the quanta energy about ~4.4 eV, and 

the authors of [19, 21, 38, 39] used quanta with the 

energy close to 3.3 eV.  

From Fig. 4a, it is seen that under excitation with 

λexc = 280 nm the h-BN samples A, C and D demonstrate 

rather wide luminescence band in the visible spectral 

range with slightly different maxima positions varying 

from 400 up to 425 nm (3.1…2.9 eV). Fig. 4a shows  

that the efficiency of light emission strongly depends  

on the procedure of h-BN powders formation. The 

highest intensity of emission  is  observed  for  A sample. 

 

 

 
Its integrated emission intensity is about 2.5 times higher 

than that of the sample D, when these two samples are 

measured side by side for a direct comparison. 

Unfortunately, precise comparison of the emission 

efficiencies is impossible, since all the initial samples  

are powder-like. Therefore, for optical studies we 

prepared homogeneous layers of powder by distributing 

initial BN powders over the surface of sticky conducting 

scotch (this scotch is non-light-emitting by itself). Thus, 

the density of the light-emitting layer of BN powder  

can vary by several percents, which, correspondingly,  

causes deviations in the intensity of photoluminescence 

signals. Note that the emission of the samples A and D 

can be seen by the naked eye and is perceived as bluish 

white. It is illustrated by the photo in the insert in Fig. 4a.  

Here, the white light-emitting spot in the center is the 

place where the exciting beam hits the surface of  

the sample A. It is this emission that is analyzed by 

the monochromator and corresponds to the curve A  

in Fig. 4a. The blue halo around the white spot 

corresponds to the light that was multiply scattered,  

re-absorbed and re-emitted in the h-BN powder around 

the excitation spot. From Fig. 4a, it is also seen that  

the sample B grown using catalyst-free synthesis in 

optical furnace is much less efficient as a light-emitting 

material, while luminescence of the sample C is almost 

negligible.  
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      Fig. 3. XRD diffractograms of the samples A, B, C, D.  
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Fig. 4b shows PL spectra of the samples A and D 

measured at the excitation λexc = 375 nm; no signals from 

the samples B and C were observed at this excitation.  

Note that short-wave parts of the spectra cannot be 

registered at the latter excitation, because the exciting 

light hits the left wing of the PL band. It can be seen that 

excitation with λexc = 375 nm reveals an additional 

feature in the long-wave part of the sample A spectrum; 

the latter corresponds to the emission of some additional 

light-emitting defect centers that do not exist in other 

samples and emit in the orange-red spectral range. On the 

contrary, the spectrum of the sample D remains 

unchanged. 

 

4. Discussion 

The samples of h-BN under study differ very much in 

their morphology, average sizes of particles and purity. 

XRD measurements showed that all the samples contain 

hexagonal BN, while the content of impurity phases 

varies considerably depending on the synthesis route. A, 

B, C samples contain large amounts of sassolite, while D 

does not. The latter contains only small amount of B2O3. 

In what follows, we will discuss the role of these 

additional phases in the light emission by BN powders. 

Despite the described diversity of morphology and 

composition, all the samples, excepting the sample B, 

demonstrate similar broad structureless emission band in 

the visible range at the excitation with λexc = 280 nm 

(4.4 eV). The intensity of this band strongly varies with 

the synthesis method, while the position of the maximum 

remains almost the same. The spectral position of this 

band (near 3 eV) evidences that this emission occurs via 

energy levels within the band gap, which can originate 

either from intrinsic defects or impurities. The 

luminescence band observed in our samples is similar  

to those reported for bulk BN and nano-BN in [16, 17, 

19, 32, 40] as well as for BCN and BCNO in [19, 21, 38, 

41]. Usually, this emission is interpreted as that 

dependent on the available impurities and sample 

preparation conditions (see, e.g. [10, 32, 39, 41]).  
 

 

The observed differences in the efficiencies of light 

emission can be caused either by different concentrations 

of light-emitting centers or luminescence quenching 

centers in the samples. Among the models of light-

emitting centers, the so-called “one-boron” and “three-

boron” centers [10, 32] seem to be well argumented by 

EPR studies. The three-boron centers are electrons 

trapped in nitrogen vacancies, one-boron centers are 

supposed to be related to boron oxide. Therefore, three-

boron centers are a plausible source of luminescence in 

all the samples, while the one-boron ones, most probably, 

are characteristic for the sample D. It should be noted 

that in the papers [10, 32] it was stressed that three-boron 

centers appear only in the presence of carbon. Moreover, 

the admixture of carbon and oxygen to BN has been 

proven to be advantageous for observation of visible light 

emission [19, 21, 38]. In view of these findings, the 

highest efficiency of luminescence in the sample A 

prepared using carbothermal reduction of boron oxide 

can be ascribed to the highest content of carbon in this 

sample. One more confirmation of the role of carbon can 

be found in the insert in Fig. 4b. It shows the fitting of 

the emission spectrum of the sample A obtained under 

λexc = 375 nm. Two Gaussians were used for this fitting. 

It is seen that the additional feature that emerges in the 

long-wave side of the spectrum can be pretty well 

described by the band with the maximum at ~550 nm. 

Similar bands were observed in BCNO [19, 21] and even 

for carbon clusters incorporated into solid SiO2 matrix 

[42, 43], thus the band at ~550 nm can be ascribed to 

carbon-related species in BN. 
As it was mentioned above, the integral emission 

intensity is also governed (besides the number of 
emitting centers) by the rate of non-radiative transitions. 
The centers of non-radiative recombination can provide 
the paths for excited electron-hole pairs to recombine 
without emitting light quanta. In view of the increasing 
role of surface-related quenching in nanoparticles, the 
non-radiative deterioration of light emission in nano-BN 
is quite plausible. It is especially true for the sample B 
that  has  the  particles  of  the smallest  sizes.   However, 
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Fig. 4. Photoluminescence spectra of the nano-BN samples A, B, C, D obtained using different synthesis procedures: a) excitation 

wavelength 280 nm, b) excitation wavelength 375 nm. Insert in Fig. 4a – the photo of emission (sample A). Insert in Fig. 4b – fitting 

of the curve A with two Gaussians. 
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this does not hold for the sample C that also has poor 

light emitting properties, but the BN particles are 

comparable with the samples A and D. Therefore, it is 

reasonable to suppose that the samples B and C contain 

the centers of non-radiative emission that are not related 

to the surface. The most plausible candidate for the lumi-

nescence quencher is the presence of the additional phase 

of sassolite, because the content of sassolite dominates in 

the samples with the lowest luminescence efficiency. 

 

5. Conclusions 

Four types of nano-BN samples have been studied by 

SEM, XRD and photoluminescence methods. Two 

samples were synthesized using boron as a precursor, one 

sample – using boron oxide as a precursor, and one 

commercial sample was used for comparison. All the 

samples differ very much in their morphology, average 

sizes of particles (from 300 up to 600 nm) and purity. 

The samples demonstrate very wide luminescence bands 

in the visible range with the maxima positions varying 

from 400 up to 425 nm (λexc = 280 nm), i.e., the radiative 

recombination occurs via the energy levels of deep 

defects. As compared with the samples synthesized using 

carbothermal reduction of boron oxide and commercial 

BN, the intensity of nano-BN samples grown in the 

optical furnace is much lower. Excitation with the light 

λexc = 375 nm reveals additional band in BN grown in the 

process of carbothermal reduction of boron oxide as 

compared with the commercial BN and BN grown in the 

optical furnace. This feature is ascribed to the presence of 

carbon impurity in the sample. 

Intensity of the emission related to BN is interpreted 

in terms of interplay between the emission of intrinsic 

defects stabilized by carbon, carbon-related 

recombination centers and the centers of non-radiative 

recombination caused by the presence of sassolite phases 

in the samples. 
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