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Abstract: Hexagonal boron nitride (hBN) is considered as an ideal semiconductor material for 

solid-state neutron detector, owing to its large neutron scattering section because of the low atomic 

number of B and excellent physical properties. Here we study the influence of neutron irradiation 

on crystal structure and on intermediate energy state (IMES) levels induced by the presence of 

impurities and defects in hBN. Large-size and thick pyrolytic and hot-pressed hBN (PBN and HBN) 

samples, which can be directly applied for neutron detector devices, are prepared and bombarded 

by neutrons with different irradiation fluences. The SEM and TEM are used to observe the sample 

difference of PBN and HBN. X-ray diffraction and Raman spectroscopy are applied to examine the 

influence of neutron irradiation on lattice structures along different crystal directions of PBN and 

HBN samples. Photoluminescence (PL) is employed to study the effect of neutron irradiation on 

IMESs in these samples. We find that the neutron irradiation does not alter the in-plane lattice 

structures of both PBN and HBN samples, but it can release the inter-layer tensions induced by 

sample growth of the PBN samples. Interestingly and surprisingly, the neutron irradiation does not 

affect the IMES levels responsible for PL generation, where PL is attributed mainly from phonon-

assisted radiative electron-hole coupling for both PBN and HBN samples. Furthermore, the results 

indicate that the neutron irradiation can weaken the effective carrier-phonon coupling and exciton 

transitions in PBN and HBN samples. Overall, both PBN and HBN samples show some degree of 

the resistance to neutron irradiation in terms of these basic physical properties. The interesting and 

important findings from this work can help us to gain an in-depth understanding of the influence of 

neutron irradiation on basic physical properties of hBN materials. These effects can be taken into 

account when designing and applying the hBN materials for neutron detectors. 

Keywords: hexagonal boron nitride, neutron irradiation, X-ray diffraction, Raman spectrum, 

Photoluminescence 
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1. Introduction 

With the development of nuclear industry and the application of nuclear science and technology, 

there has been a huge and urgent demand for developing the cheap, compact, light weight, 

environmental friendly, and high sensitive neutron detectors to at least partly replace He-based gas 

neutron detectors [1, 2] and to explore the new applications of nuclear technologies [3, 4]. Solid 

state neutron detector is one of the most practical options to meet these requirements. Due to the 

low atomic numbers of B and N, boron nitride (BN) has a large neutron scattering section and 

insensitive to γ-ray. Therefore, it has been considered as neutron detecting material. BN is a white 

and crystalline semiconductor, commonly with a hexagonal lattice structure similar to that of 

graphite [5]. Hexagonal BN (hBN) has already emerged as a realm of great interest for advanced 

electronic and optoelectronic devices, because of its distinguishable characteristics such as high 

chemical and thermal stability [6], strong mechanical strength [7], low dielectric constant [8], low 

leakage current [6], near-zero polarization [9], very wide band gap [6], resistant to oxidation and 

nuclear radiation [10, 11], etc. These features make hBN further important and unique for neutron 

detector based on state-of-the-art electronic technology. At present, hBN based neutron detector has 

been preliminarily realized and its excellent ability for neutron detection has been experimentally 

demonstrated [12, 13]. However, because currently it is very difficult and expensive to obtain large-

size and thick high quality single crystal hBN, poly-crystalline hBN materials are often used for 

testing and studying the neutron detection [14]. In the synthesis and growth of these poly-crystal 

hBN, it is inevitable to introduce the impurities and defects in the hBN samples. The crystal and 

sample structures, along with the impurities and defects in hBN materials prepared by different 

techniques, can expectedly affect the performance of hBN based neutron detectors. Therefore, it is 

of great importance and significance to examine the influence of neutron irradiation on crystal and 

sample structures and on impurities and defects in hBN materials. This becomes the prime 

motivation of the present study. 

From a viewpoint of physics, hBN is a conventional semiconductor, where B is sandwiched 

between two N layers. Therefore, hBN is basically a layered semiconductor and its crystal is consist 

of hBN layers with van der Waals type of inter-layer bonding [15]. Its basic physical and chemical 

properties have been relatively well known [16]. However, the influence of neutron irradiation on 

these properties is still a topic of research. Up to the present, the experimental research on the effect 



4 

 

of neutron irradiation on hBN materials has been conducted for the neutron damage [17], structural 

defects [18, 19], swelling [20], thermal neutron shielding [21], color centers [22], etc. In particular, 

the effect of neutron irradiation on 10B- and 11B-enriched hBN crystal flakes has been studied very 

recently [18] by using different measurement techniques. The results demonstrate that the point 

defects in hBN can play an important role in affacting the electronic and optical properties of hBN 

after neutron irradiation and, thus, the defect engineering of hBN via neutron transmutation doping 

has been proposed [18]. In this work, we prepare two types of large-size and thick hBN samples 

using pyrolytic and hot-press techniques [23] respectively. The SEM and TEM are used to observe 

the basic difference of these two types of hBN samples. Because the strongest characteristic X-ray 

diffraction (XRD) peak comes from (002)-plane of hBN [24], we apply the XRD to examine the 

influence of neutron irradiation on crystal and sample structure along the c-axis or growth-direction 

of hBN samples. On the basis that the characteristic Raman mode E2g is induced by in-plane lattice 

vibrations in hBN [25], we employ the Raman spectroscopy to study the influence of neutron 

irradiation on crystal and sample structure, along with carrier-phonon coupling, in the xy-plane or 

in-plane directions of the hBN samples. Furthermore, owing to the fact that the photoluminescence 

(PL) can be measured in visible bandwidth when excitation photon energy is less than the band gap 

of hBN [26], we apply the PL to investigate the influence of neutron irradiation on intermediate 

energy levels induced by the presence of impurities and defects in hBN materials. Our aim of these 

studies is at examining how neutron irradiation can affect the basic physical properties of hBN 

materials fabricated by two different techniques. The results obtained from these studies can be 

taken into consideration when designing and applying the hBN materials for neutron detection. 

 

2. Samples preparation and SAM and TEM images 

In applying hBN materials for neutron detection, large-size sample with relatively thick thickness 

is necessarily required because the neutron scattering section increases exponentially with the 

sample thickness [27]. At present, it is very difficult and very expensive to obtain the large-size and 

thick single crystal hBN [28]. Pyrolytic and hot-press techniques are often applied to grow the large-

size hBN samples consisting normally of the poly-crystalline structures. In this study, we prepared 

two types of hBN samples which can be directly applied for the realization of neutron detectors. 

The pyrolytic hBN (PBN) sample was produced by using the standard high-temperature chemical 
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vapor deposition (CVD) [29]. The depositions were achieved under low pressure in a vertical hot-

wall CVD system, where borazine was used as single source B precursor and nitrogen was used as 

carrier and dilute gas. The samples were grown in the temperature range from 1300 ℃ to 1600 ℃, 

with a total pressure of 200 Pa. Prior to the deposition, the graphite substrates were polished with 

grinder and ultrasonically cleaned respectively in acetone and distilled water. The as-deposited PBN 

sample can be peeled off from the substrate automatically during the cooling step of the reactor. The 

hot pressed hBN (HBN) sample was fabricated by applying the standard hot-press technique [30], 

where the reactive hot-pressing on a graphite die with BN coating was achieved at 1900 ℃ under a 

pressure of 50 MPa for 60 minutes. In using this technique, B2O3 was taken as sintering additive in 

a nitrogen atmosphere. The as-grown PBN and HBN wafers were cut into smaller pieces as samples 

respectively and each sample is about 14 mm×14 mm in area and 1 mm thick along the growth 

direction. These samples were cleaned in acetone or ethanol, followed by a deionized water bath. 

Before neutron irradiation, these samples look white and opaque to the daylight. 

 

Fig. 1: SEM images of PBN [(a) and (b)] and HBN [(c) and (d)] samples before neutron 

irradiation with different magnifications as indicated. 
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Fig. 2: TEM images of PBN and HBN samples before neutron irradiation. Here, (a)-(d) are 

images of PBN sample with different magnifications, (e) is the image of HBN sample with a 

magnification of 500 nm, (f) and (g) show the locally amplifed images of (e), and (h) shows the 

SAED patter of HBN sample before neutron irradiation. 

 

To observe one of the the basic differences of our PBN and HBN samples before neutron 

irradiation, in Fig. 1 and Fig. 2 we show respectively the SEM and TEM images of them. From Fig. 

1 we see that the PBN sample grown by CVD is composed by thin hBN films and these thin films 

are stacked to form the layered structure along the z- or growth-direction as shown in Fig. 1 (a) and 

(b). In contrast, the HBN sample is consist of micron-sized (about 2-3 µm) hBN thin flakes and 

these flakes are randomly distributed along all directions (as shown in Fig. 1 (c) and (d)). Thus, 

HBN sample is without the layered sample structure as PBN is, although the hBN itself is with a 

layered crystal structure. To take the TEM images, we grinded the PBN and HBN samples into 

powders respectively, dispersed them uniformally in alcohol and evenly dropped them onto a copper 

mesh. From TEM images of PBN sample shown in Fig. 2 (a) - (d), we see that: i) a hBN thin film 

is composed by thin hBN crystals with the size about 50 nm and the random shapes (Fig. 2(a)); ii) 

the folds can be found in these thin hBN crystals (Fig. (2b)); iii) these thin hBN crystals are stacked 

or in the form of poly-crystals (Fig. 2(c)) to form the thin hBN films; and iv) the good hBN crystal 

structure can be observed in at least 5-10 nm scale (Fig. 2(d)). Fig 2(e) is the TEM image of HBN 

sample before neutron irradiation with a magnification of 500 nm, while Fig. 2(f) and (g) show the 
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local amplifications of site 1 indicated in Fig. 2(e). We can see that the HBN sample shows the 

different images compared to those for PBN sample. Because the hBN thin flakes in HBN are 

randomly distributed along the growth-direction, the image with 200 nm magnification cannot be 

clearly taken (see Fig. 2(f)). However, the lattice image for HPN sample (Fig. 2(g)) is much better 

than that for PBN sample (Fig. 2(c)) with 10 nm magnification and the folds are not found in HBN 

sample in this regime. Therefore, HBN sample is with a better crystal quality than PBN sample. Fig. 

2(h) shows the SAED pattern of the HBN sample. We can see very symmetric and identical 

hexagonal patterns in the measured area, indicating that the hBN lattice in HBN sample is not 

deformed due to the random distribution of the thin hBN flakes. From a viewpoint of material 

physics, two different formations of hBN poly-crystalline structures in PBN and HBN samples can 

result in, at least, different stresses and strains along the z- or growth-direction of the hBN samples. 

This may become a basis on the understanding of some results obtained from this study. 

 

3. Neutron irradiation 

 

Table I: The NIFs on hBN samples. 
 

Sample Sample No. Fluence /n·cm-2 

 

PBN 

A1 

A2 

A3 

A4 

0 

3.91×1014 

1.57×1015 

1.00×1016 

 

HBN 

B1 

B2 

B3 

B4 

0 

3.98×1014 

1.98×1015 

1.00×1016 

 

The PBN and HBN samples prepared in this work were bombarded by neutrons with different 

irradiation fluences. The experiments were conducted at the Research Nuclear Reactor Facility in 
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China Institute of atomic Energy. For convenience, we name the PBN and HBN samples as group 

A and group B respectively. In neutron irradiation experiment, the sample was placed inside sealed 

polyethylene flasks (1.5 cm in diameter and 4.5 cm in height) and irradiated inside the reactor with 

an neutron flux of I = 5 × 1011 n·cm−2 s−1, where n is the neutron number. The neutron irradiation 

fluence (NIF) on a sample is evaluated by I × t with t being the irradiation time. In Table I, we show 

the NIF on different samples. 

We find that with increasing NIF, the colors of both PBN and HBN samples turn from white (A1 

and B1) to light-red (A2 and B2), red (A3 and B3) and dark-red (A4 and B4). This is the 

consequence of the production of Li by neutron irradiation on hBN [18] through the reactions [20]:  

 B + n = Li37 ∗(0.84 MeV) + α24 ∗(1.47 MeV)01  (excited state)510 , (1a) 

and 

           B + n = Li37 (1.015 MeV) + α24 (1.777 MeV)01  (ground state)510  .             (1b) 

 

4. X-ray diffraction 

 

Fig. 3 XRD spectra of PBN (A1-A4) and HBN (B1-B4) samples under different neutron 

irradiation fluences (see Table I). The insets show the effect of neutron irradiation on (002) XRD 

peak for PBN (upper pannel) and HBN (middle panel, where four curves for B1-B4 coincide 

roughly) samples, along with the weak (100) XRD peak for A1 (lower panel). 
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In this study, we apply the XRD to examine the influence of neutron irradiation on crystal 

properties of PBN and HBN samples and the results are shown in Fig. 3. Before neutron irradiation 

(A1 and B1 samples), we can observe the sharp characteristic XRD peaks for B1 sample, which are 

located at about 26.7o for diffraction from (002)-plane and at about 41.5° from (100)-plane. For A1, 

we can clearly measure one XRD peak located at about 25.9o, shifting from the characteristic peak 

at 26.7o. This peak looks broadened and obviously lower than that for B1. A very weak XRD peak 

from (100)-plane diffraction can be observed at about 41.7 ° for A1 sample (see lower pannel in 

inset). It is known that the strongest characteristic XRD peak for hBN is induced by diffraction from 

(002)-plane [24], namely the lattice constant along the c-axis or out-plane direction of hBN crystal 

determines mainly the position of the XRD peak from (002)-plane. Because PBN sample is formed 

by layered structure (see Fig. 1(b)), the inter-layer stress induced by sample growth can result in 

strains on hBN crystals in the thin films and, thus, alter the lattice constant along the c-axis of hBN. 

Consequently, the shift of the XRD peak can be observed. The results shown in Fig. 3 suggest that 

the inter-layer stress in PBN samples is tension-like, which can lead to a larger lattice constant along 

the c-axis and, therefore, a smaller diffraction angle for (002)-plane because a smaller XRD angle 

corresponds a larger lattice constant [31]. Because the hBN grain size in HBN sample (B1) is much 

larger than that in PBN sample (A1), a stronger XRD peak is expected to be observed for HBN 

sample. From Fig. 3, we find that these basic features do not change significantly after neutron 

irradiation with different fluences. However, it is interesting to notice that after neutron irradiation, 

the XRD peak for PBN samples (A2-A4) can be decomposed into two peaks, one located at 26.7o 

and another at 25.9o, and the component from 26.7o diffraction increases with NIF. This finding 

implies that the neutron irradiation can release and easy the inter-layer tensions in PBN samples. In 

the inset of Fig. 3, we show the effect of neutron irradiation on (002) XRD peaks for PBN (upper 

panel) and HBN (middle panel) samples. It shows that with increasing NIF, the peak height for PBN 

sample lowers but the peak looks more broadened, whereas the height and width of the XRD peak 

for HBN samples do not change markedly. These results indicate that the neutron irradiation affects 

very weakly the hBN lattice structure of HBN sample but can release the inter-layer tensions for 

layered PBN sample grown by CVD technique. Namely, HBN samples can have stronger resistance 

to neutron irradiation along the c-axis or sample growth-direction than PBN samples. 
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5. Raman Spectroscopy 

 

Fig 4: Raman spectra for PBN (black curves) and HBN (red curves) samples with different 

neutron irradiation fluences (see Table I). The excitation laser wavelength is 785 nm and the 

measurements were conducted at room temperature. 

 

We measure the Raman spectra for PBN and HBN samples before and after neutron irradiation, 

where a 785 nm wavelength laser was applied for excitation and the measurements were carried out 

at room temperature. The usage of relatively long wavelength laser excitation here can greatly 

reduce the PL signals from hBN samples and can obtain the clear Raman signals. The corresponding 

results are presented in Fig. 4. The following features can be noticed. i) The positions of Raman 

peaks for PBN and HBN samples are basically the same, which is located at about 1370 cm−1. This 

peak corresponds to the characteristic Raman mode E2g induced by in-plane lattice vibrations in 

hBN [25] and to a longitudinal-optical (LO) phonon energy of 171 meV [32]. We can believe that 

the in-plane crystal structures in PBN and HBN samples are roughly the same because this is the in-

plane Raman mode. This result confirms further that the PBN and HBN samples prepared in this 

work are actually with the hexagonal BN crystal structure. ii) The Raman peaks for HBN samples 

are obviously higher than those for PBN samples. This implies that the photon-excited carrier-
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phonon coupling in HBN samples is stronger than that in PBN samples. This is because of the larger 

hBN grain size in HBN samples than that in PBN samples. iii) Compared to PBN samples, the 

Raman lines for HBN samples are narrower because HBN samples are with better crystal quality 

[18]. And iv) with increasing NIF, the positions of the Raman peaks for PBN and HBN samples do 

not shift and the height of the peak decreases markedly. This indicates that the neutron irradiation 

does not alter the basic in-plane crystal structures and the LO-phonon modes in both PBN and HBN 

samples and, however, it can weaken the effective carrier-phonon coupling in hBN samples, in 

consistent with that obtained from our terahertz time-domain spectroscopy (THz TDS) 

measurements [33]. The main physical reason behind this effect is that the neutron irradiation can 

induce the defects and carrier trap centers in hBN [18, 34], which can reduce the conducting carrier 

density and reduce the effective carrier-phonon interaction. 

 

6. Photoluminescence 

 

 

Fig. 5: Left panel: PL spectra from PBN samples with different NIFs (see Table I), excited by λex 
= 320 nm wavelength light. Right panel: PLE spectra from PBN samples measured at a fixed 

emission wavelength λem = 360 nm. The insets show the corresponding results for A4 in different 
PL intensity scales. 

 



12 

 

We apply the photoluminescence (PL) to study the effect of neutron irradiation on opto-

electronic properties of PBN and HBN samples. It is known that the energy-gap between the 

conduction- and valence-band in hBN is about 6.1 eV. During the growth of hBN samples, the 

impurities (e.g., H- and O-based chemical bonds and functional groups) and defects (e.g, N- and B-

vacancies) can be introduced [35]. Similar to conventional semiconductors, the presence of these 

impurities and defects in hBN can form the intermediate energy state (IMES) levels in-between the 

conduction and valence bands. As a result, the PL emission can be observed in hBN when excitation 

photon energy is less than the band-gap of hBN [36]. In this study, we take the xenon lamp as the 

excitation light source to measure the PL from hBN samples, where the measurements were 

undertaken at room temperature. The advantage to apply xenon lamp as excitation light is that we 

can measure the PL intensity at a fixed emission wavelength as a function of excitation wavelength, 

namely we are able to measure the PL emission (PLE) spectrum.  

 

Fig. 6: PL spectra from HBN samples with different NIFs (see Table I), excited by λex = 290 

nm wavelength light. The inset shows the PLE spectra for B1-B4 samples measured at the fixed 

emission wavelength λem =303 nm (upper panel) and λem =317 nm (lower panel). 
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In the left panel of Fig. 5, we show the PL spectra from PBN samples excited by a fixed light 

wavelength λex = 320 nm. Before neutron irradiation, A1 sample exhibits a rather broad PL peak 

shape at about 360 nm and, with increasing NIF, this broad peak becomes sharper (see inset). We 

find that the PL spectra for PBN samples can be decomposed into two peaks, one is at about 361 

nm and another is at about 383 nm, via Gaussian fitting. The results of the decompositions are 

presented in the Supplementary Materials. We note that the energy difference between these two 

peaks is about 196 meV, quite close to LO-phonon energy of hBN crystal. Our Raman results shown 

in Fig. 4 suggest that the LO-phonon energy in our PBN and HBN samples is about 171 meV. From 

the insets in Fig. S1 in Supplementary Materials, it can be seen that the amplitudes of the decompsed 

two peaks decrease with increasing NIF. In Fig. 6, we show the PL spectra from HBN samples 

excited by a fixed light wavelength λex = 290 nm. In sharp contrast to PBN samples, two sharp PL 

peaks can be observed for HBN samples, one is located at about λem =303 nm and another is at about 

317 nm. The energy difference between these two peaks is about 175 meV, very close to the LO-

phonon energy in hBN. The amplidutes of these two peaks also decrease with increasing NIF.      

The PLE spectra for PBN samples are shwon in the right panel in Fig. 5, measured at a fixed 

PL emission wavelength λem = 360 nm. We notice that there are two PLE peaks located at about 

278 nm and 320 nm respectively, suggesting that there are two active IMES levels responsible for 

the PL observed at 360 nm for PBN samples. In the insets in Fig. 6, the PLE spectra measured at 

the fixed λem =303 nm (upper panel) and at λem =317 nm (lower panel) are presented for HBN 

samples. Interestingly and surprisingly, only one PLE peak located at about 291 nm can be found 

for both λem =303 nm and 317 nm, implying that there is only one active IMES level responsible for 

two PL peaks at 303 nm and 317 nm.  

From Fig. 5 and Fig. 6 we note that the neutron irradiation does not alter, roughly speaking, 

the PL peak positions around 360 nm for PBN samples and around 303 nm and 317 nm for HBN 

samples, suggesting that the neutron irradiation does not affect the IMES levels induced by 

impurities and defects and responsible for the PL processes. Moreover, the neutron irradiation can 

obviously lower the intensities of PL and PLE for both PBN and HBN samples, implying that the 

irradiation can weaken the excitonic or radiative electronic transitions among the active IMES levels 

in hBN materials.  
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7. Further discussions 

Here we discuss the results obtained from PL measurements on our PBN and HBN samples. 

hBN is an indirect gap semiconductor with fundamental indirect excitons or electron-hole pairs 

lying in-between the conduction and valence bands [37]. When excitation photon energy is less than 

the energy gap, the excitonic transitions accompanied by the emision of photons in hBN are mainly 

achieved via electronic transitions among the IMESs induced by the presence of impurities and 

defects. These electronic transitions have to obye the momentun and energy conservation laws. 

Hence, the radiative recombination of electron-hole pairs must involve coupling with phonons in 

hBN [37]. In the UV regime where the emitted photon energies are in-between 5.0-6.0 eV, the PL 

signals corresponding to phonon-assisted emission in hBN have been observed [37] and the 

influence of neutron irradiation on these emission processes have been discussed [18]. The results 

shown in Fig. 5 and Fig. S1 for PBN samples and in Fig. 6 for HBN samples suggest that the PL 

generation from hBN in visible regime is also induced by phonon-assisted excitonic transitions, 

evident by the fact that the energy spacing between two PL peaks is close to the LO-phonon energy 

in PBN and HBN samples. Because the phonon modes and the strength of carrier-phonon coupling 

depend strongly on the crystallinity of an electronic material, the intensity, line-shape and the PL 

peak position rely also on the crystal quality of hBN [18, 37]. The results obtained from our SEM, 

TEM, XRD and Raman measurements indicate that our HBN sample is with the better hBN 

crystallinity than PBN sample is. This is the main reason why the sharper PL peaks can be observed 

in HBN samples than those in PBN samples. 

As has been pointed out [18,34], the neutron irradiation can induce the defects and carrier trap 

centers in hBN [18, 34]. It is known that the defects induced by neutron irradiation are evenly 

distributed in the sample without introducing impurity-like ions [38]. However, these defects can 

play the roles as carrier trapping centers. The induced defects can be destructive to crystallinity of 

the hBN crystal and, thus, weaken the phonon modes. The presence of the carrier trap centers can 

reduce the conducting carrier density. These factors can significantly weaken the effective carrier-

phonon interactions and, therefore, reduce the possibility for excitonic or radiative electronic 

transitions among the active IMES levels in hBN materials. As a result, the intensities of PL and 

PLE for both PBN and HBN samples decrease with increasing NIF, as shown in Fig. 5, Fig. S1 and 

Fig. 6. This reduced PL intensity by neutron irradiation has also been observed for 10B- and 11B-
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enriched hBN crystal flakes [18]. Moreover, from the results shown in Fig. S1, we see that the lower 

frequency PL peaks centered at about 383 nm for HBN samples decay rapidly with increasing NIF. 

This is a main reason why the PL peaks in Fig. 5 become sharper with the increase of NIF.  

 

Fig. 7: Energy diagram illustrating the PL processes in PBN and HBN samples. Here, IMS 

stands for intermediate states induced by the presence of impurities and defects in the sample, the 

purple lines refer to optical excitations (determined by PLE spectra), the dotted thick vertical lines 

are for nonradiative electronic transitions and the green lines are PL emission chanels (peak 

positions in PL spectra), the dotted thin parallel lines are phonon-assisted emission levels, and the 

bule arrows stand for phonon emission transitions. 

 

From the results shown in Fig. 5, Fig. S1 and Fig. 6, we can figure out that the active energy 

levels responsible for PL generation from PBN and HBN samples when excitation photon energy is 

less than the band gap of hBN, as shown in Fig. 7. In this study, we find that two PL peaks can be 

observed in 290 nm – 500 nm wavelength regime for PBN and HBN samples, although the two 

peaks in PBN sample can only be seen via decomposision. The energy difference between these two 

PL peaks is close to the LO-phonon energy of hBN. Thus, we may propose a possible mechanism 

for PL generation from hBN materials when excitation photon energy is less than the band gap of 

hBN. Under the action of excitation photons, the electrons in the valence band in hBN are excited 
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into the IMESs (the purple lines in Fig. 7) which are located in-between the conduction and valence 

bands. The electron-hole pairs then can be formed similar to excitons. The excited electrons in the 

higher IMES levels (IMS I and IMS II for PBN and IMS I for HBN in Fig. 7) can relax into the 

lower IMES levels (IMS III for PBN and IMS II for HBN in Fig. 7) via non-radiative electronic 

transitions mediated by phonon scattering (the dotted thick vertical lines in Fig. 7). One radiative 

channel can be achieved directly via electronic transitions from IMS III for PBN and IMS II for 

HBN to the valence band by the separation of the electron-hole pairs, which contributes to the higher 

frequency PL peak. Meanwhile, the electrons in IMS III for PBN and in IMS II for HBN can emit 

the LO-phonons and relax into further lowere IMESs and achieve radiative transition between these 

states and the valence band. The lower frequency PL peak is attributed to this process.  

It is known that the IMESs induced by impurities and defects depend sensitively on the 

electronic band structure of the host semiconductor [39] and the band structure in a semiconductor 

can be affected strongly by the presence of the strain in the material [40, 41]. The presence of strain 

in a semiconductor can alter the dispersion relation and the symmetry of the electronic states and, 

as a result, can alter the energy levels and the symmetry of the IMESs. Together with the fact that 

PL from hBN is induced jointly by many-body electronic interactions such as phonon-assisted 

excitonic coupling and by electron-photon interactions among the IMESs, the different features of 

the PL and PLE spectra observed for PBN and HBN samples (such as the intensity, line-shape and 

peak position) can be excepted.   

 

8. Conclusions 

Motivated by the application of hBN based semiconductor as solid-state neutron detecting 

material, we have undertaken a detailed investigation into the influence of neutron irradiation on 

basic physical properties of PBN and HBN samples. The SEM and TEM have been applied for 

observation of the basic difference of the sample structures of PBN and HBN samples. The XRD 

and Raman spectroscopy have been used to examine the effect of neutron irradiation on out-plane 

and in-plane sample structures respectively. The PL measurements have been employed to study 

the effect of neutron irradiation on intermediate energy states induced by the presence of impurities 
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and defects in these samples. The main conclusions drawn from this study are summarized as 

follows. 

The neutron irradiation does not alter the in-plane lattice structure in both samples. It has a very 

little effect on out-plane lattice structure of HBN samples but can release and easy the inter-layer 

tensions in PBN samples caused by the processes of sample growth. The neutron irradiation also 

affects very weakly the active IMES levels responsible for PL and PLE from both samples. However, 

the irradiation can reduce the effective carrier-phonon coupling, carrier-photon interaction and 

excitonic transitions in both samples. This is mainly due to the fact that the neutron irradiation can 

introduce the carrier trap centers in the sample. Overall, both PBN and HBN samples can have some 

degree of the resistance to neutron irradiation in terms of these basic physical properties. Interesting 

and surprisingly, we have found that two active IMES levels can result in one PL peak (which can 

be decomposed into two peaks) from PBN samples and one active IMES level can lead to two PL 

peaks from HBN samples. The energy spacing between two PL peaks is close to LO-phonon energy 

of hBN crystal. 

The interesting and important findings from this work can benefit us to gain an in-depth 

understanding of the influence of neutron irradiation on basic physical properties of hBN materials. 

We believe that these effects can be helpful when designing and applying the hBN materials for 

neutron detectors. 
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