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Abstract: 

Near band gap photoluminescence (PL) of hBN single crystal has been studied at cryogenic 

temperatures with synchrotron radiation excitation. The PL signal is dominated by the D-

series previously assigned to excitons trapped on structural defects. A much weaker S-series 

of self-trapped excitons at 5.778 eV and 5.804 eV has been observed using time-window PL 

technique. The S-series excitation spectrum shows a strong peak at 6.02 eV, assigned to 

free exciton absorption. Complementary photoconductivity and PL measurements set the 

band gap transition energy to 6.4 eV and the Frenkel exciton binding energy larger than 380 

meV.  
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Hexagonal boron nitride (hBN) is an anisotropic wide band gap semiconductor, 

constituted of graphite-like sheets with an hexagonal structure. It is nowadays one of the 

most promising materials for developing far UV light emitting devices.[1-3] Its electronic and 

optical properties have been the subject of many publications in the last decade. The 

understanding of electronic band and exciton structure of hBN is also a particularly important 

issue since it is considered as a reference system for BN nanotubes. [4-7] According to the 

most recent theoretical calculations, [8-10] hBN is an indirect band gap material, the 

electronic structure of which is governed by large Frenkel type excitonic effects. From the 

experimental point of view on the other hand, owing to its high-luminous efficiency 

comparable to that of pure ZnO single crystals, hBN is assumed to be a direct band gap 

material. [2, 3] Besides, the large dispersion in band-gap energy values reported earlier in 

literature, ranging from 4 eV to 7 eV, is currently explained as related to the sample quality 

and experimental methods used. In view of these particularities, a careful experimental 

analysis of near band gap optical properties of a high purity hBN single crystal is of particular 

interest. The luminescence properties of hBN have been earlier studied by 

cathodoluminescence [2, 11-15] or photoluminescence [11, 16-24] spectroscopy. In the 

present letter, we report on a detailed analysis of near band gap electronic properties of a 

high-purity hBN single crystal by means of photoluminescence (PL) and photoconductivity 

spectroscopy methods. From the comparison of PL and photoconductivity excitation spectra, 

we conclude about band gap and exciton binding energies of hBN.  

The PL experiments were carried out at cryogenic temperatures with VUV 

synchrotron-radiation (SR) excitation of a pure hBN single crystal grown as described 

previously. [2, 25] Since simple deformation of a transparent crystal forms structural defects 

and affects the luminescence properties, [12, 15] the used crystal was carefully handled 

before to be fixed in the cryostat. The facility of the SUPERLUMI station (DESY, Hamburg) 

used in the experiments is explained in detail elsewhere.[26] Briefly, samples were cooled 
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down to 10K and irradiated by monochromatized SR ( ) under high vacuum (~10-9 

mbar). The measurements of luminescence spectra were carried out using a visible 0.275-m 

triple-grating ARC monochromator equipped with a CCD detector or a photomultiplier 

operating in the photon-counting mode. The pulse structure of SR (130 ps, 5 MHz repetition 

rate) enables time-resolved luminescence experiments at time-scale of 200 ns with a sub-

nanosecond temporal resolution. Spectra can be recorded within a time gate  possibly 

delayed with respect to the SR excitation pulse. The recorded spectra were corrected for the 

primary monochromator reflectivity and SR current.  

The photoconductivity measurements were performed on high quality h-BN powders 

(Aldrich). The experimental setup is described in details in reference [27]. The microcrystals 

were dispersed in ethanol and then deposited on an appropriate electronic device with 

platinum interdigit electrodes. The solvent is evaporated at slow heating. The UV light, 

tuneable from 400 nm to 180 nm with a spectral resolution of 4 nm, is focused on the 

sample. A sourcemeter coupled with a preamplifier (Keithley 6430) is used to apply a 

constant bias voltage (4V on 2µm) on the electrodes in order to measure the photoinduced 

current on samples as a function of excitation wavelength. The spectrum was corrected by 

the apparatus function. More details will be given elsewhere. 

The PL spectra of hBN single crystal excited with photon of energy 11.27 eV is 

displayed in Fig. 1. At room temperature a broad unstructured band is observed at about 5.4 

eV. In contrast, this band shows a complicated fine structure at low temperature of 11K. 

Three lines labelled D4, D2 and D1 are observed at respectively 5.48 eV, 5.57 eV and 5.64 

eV. A fourth line at 5.5 eV, labelled D3, can also be distinguished as a shoulder on the high 

energy side of line D4. These four emissions have been already reported and assigned to 

bound-exciton luminescence caused by disorder such as stacking faults or shearing of the 

lattice planes. [12, 15, 21, 28] Moreover, a broader emission, centred on 5.32 eV and 

previously assigned to quasi donor-acceptor transition (qDAP), [24] is also observed.  
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The PL spectrum presented in Fig. 1 is very similar to the spectrum previously 

measured with the same experimental set-up on commercial hBN powders.[24] Conversely, 

striking differences exist with respect to the laser induced PL spectrum of high purity hBN 

single crystal recently published [21]. The series of D lines assigned to bound excitons is 

observed in both spectra; on the other hand, the group of four sharp and intense S-lines in 

the energy range 5.7-5.9 eV reported in reference [21] and assigned to self-trapped exciton 

luminescence is not seen in Fig. 1. Apparently, this peculiarity cannot be explained by the 

sample quality. We believe that it is due to an extremely low intensity of SR light source. In 

fact, in the present experiment, the flux of photons on the sample is typically 0.5 ph/µm2 per 

excitation pulse. In these conditions, the PL spectrum conveys the intrinsic energy relaxation 

in samples as independent excitation events free of cross-correlations. Under more intense 

lamp or laser excitation, the saturation of defects and traps usually favours defect-free 

luminescence. Interestingly, using excimer laser excitation (193 nm), we have also measured 

a PL spectra dominated by the S-lines series completely similar to the one reported in 

reference [21].  

Indeed, a very weak S-series luminescence around 5.8 eV can be evidenced in the 

hBN single crystal, as shown in insert of Fig. 1. This PL spectrum was measured in the 

narrow time window , which coincides with the SR excitation pulse. Such a 

choice is explained by the short excited-state lifetime of 0.6 ns [21] and allows us to increase 

considerably the signal-to-noise ratio. The lines observed at 5.778 eV and 5.804 eV can be 

respectively assigned to the exciton series S4 and S3 reported in ref. [[21]]. The two other 

exciton emissions S2 and S1 which have been observed previously were not seen in the 

present experiment but, as mentioned above, have been observed again in PL experiments 

with a laser excitation. Earlier reflectance spectroscopy measurements have shown that the 

S3 and S4 emissions result from the excitation of exciton states at 6.019 eV and 6.044 eV; 

they have been tentatively ascribed to the self trapped exciton (STE) luminescence. [21] The 
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PLE spectroscopy can bring new important information about PL mechanisms and allows 

testing previous assignments.  

The PLE spectrum of the S4 emission is displayed in Fig. 2. The sharp peak 

observed at 6.02 eV is followed by a plateau and then by a continuous increase of the 

intensity above about 6.4 eV. We assign the strong peak at 6.02 eV to the direct excitation of 

a free exciton: . Moreover the plateau observed in the energy range 

between 6.2 and 6.3 eV could be related to low-intensity excitonic transitions converging to 

the dissociation limit.[9] The large Stokes shift of the S4 emission, equal to 242 meV, results 

from the strong exciton-phonon interaction[29] and supports the assignment of the S4 line to 

the STE luminescence. Theoretical calculations[8-10] of the band structure and optical 

absorption spectra of hBN, taking into account electron-hole interaction, have underlined the 

importance of excitonic effects in this material. Compared to the peak observed at 6.02 eV, 

the strongest oscillator strengths for excitonic absorption are nevertheless calculated at 

somewhat smaller energies, ranging from 5.75 eV to 5.85 eV. 

The layered structure of hBN could favour the STE formation. Two competing 

processes follow the excitation. In the first one the excited state lowers its energy by inducing 

a local distortion and tends to remain localized in this distorted site forming a STE. In the 

second process, the excited state lowers its energy by transfer from one site to a neighbour 

site forming so-called free exciton (FE). Generally, low coordination number of atoms in the 

crystalline lattice favours a formation of STE.[30] The hBN crystal is made of two-

dimensional well separated layers, in which each atom is covalently bound to three 

neighbour ones. This low coordination number could explain the preferential formation of 

STE in hBN. 

Interestingly, the PLE spectrum in Fig. 2 shows a monotonic increase in intensity for 

photon energies above 6.4 eV. We assign this feature to the exciton formation from free 

electron-hole pair following a band-to-band excitation . 

Our complementary photoconductivity measurements confirm this conclusion. The 
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photoconductivity of hBN has been studied at room temperature under UV lamp excitation in 

the spectral range 230 – 190 nm. The induced photocurrent excitation spectrum is shown by 

open squares in Fig. 2. Two superimposed broad bands centred at 5.75 eV and 6 eV are 

observed. The photocurrent decreases for photon energies higher than 6 eV before 

increasing again above 6.3 eV. It is worth noting that no contribution to the photocurrent from 

the sharp FE absorption at 6.02 eV was detected. The photocurrent curve shown in Fig. 2 is 

consistent with that previously reported in hBN single crystal [31] and correlates well with 

recently published photostimulated luminescence (PSL) excitation spectrum [23]. The PSL 

arises from the trapping of free charge carriers in distant lattice sites and subsequent 

radiative recombination of carriers released from these traps by a visible light. [32] The two 

spectral features observed at 5.7 eV and 6 eV in the PSL excitation spectrum of hBN powder 

have been ascribed to the direct ionization of respectively acceptor and donor (or vice versa) 

levels [23] : . We adopt this assignment to 

explain the two maxima observed 5.75 eV and 6 eV in the photocurrent excitation spectrum. 

Moreover, the photocurrent excitation curve fits very well with the PLE spectrum in the 

energy range above 6.2 eV. This correlation supports our assignment of the monotonic 

increase of PLE spectrum above 6.4 eV to the creation of free electron-hole pairs. 

Finally, from a general point of view, as long as the hBN can be considered as 

optically thin material, the PLE spectrum reflects its intrinsic absorption. On the other hand, 

when the absorption becomes large non radiative recombinations, induced by surface 

defects, reduce the fluorescence quantum yield and lead to a saturation of the PLE signal. In 

principle, the shape of band edge absorption in hBN is governed by the 2D confinement 

effects as well as by the very small dispersion of conduction and valence bands in the MK 

direction  [9, 10]. Accordingly, a sharp increase of the absorption should be observed at the 

band gap energy. Actually, when excitonic effects are taken into account, no clear step is 

expected at the threshold energy of the band edge absorption [10].  Therefore, we have 

assigned the inflexion observed at 6.4 eV on the PLE spectra (Fig. 2) to the onset of 
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interband transitions and set the band gap to this energy namely Eg = 6.4 eV. This value is 

slightly smaller than those obtained in the most recent theoretical calculations namely 6.47 

eV [9], and 6.48 eV [10] for direct transitions. Actually, we have no clear evidence that our 

value corresponds to such direct transitions, so that the real direct band gap could be larger.  

Similarly, our results suggest an excitonic binding energy larger than 380 meV, to be 

compared to the theoretical value of 700 meV. [9, 10] More accurate calculations of the 

absorption spectrum close to the edge of the continuum one-particle excitations are clearly 

needed for a better comparison between theory and experiment. 

 In conclusion, we have carefully analyzed the near band gap PL properties of the 

hBN single crystal with excitation by synchrotron radiation. The emissions due to qDAP and 

exciton D- and S- series have been observed. The D-series ascribed to the excitons trapped 

on stacking faults dominate the spectra; in the same time, the S-lines at 5.778 eV and 5.804 

eV ascribed to the STE are found very weak. This is explained by an extremely low SR 

intensity, which allows considering elementary excitations as independent events free of 

cross-correlations. In these conditions far from any saturation effects, defects luminescence 

is favoured. The PLE spectrum of the 5.778 eV emission shows a strong peak at 6.02 eV, 

assigned to the free exciton absorption. Its high-energy spectral lineshape is inherent to the 

band gap absorption, which is confirmed by complementary photoconductivity excitation 

spectra measurements. The band gap energy of hBN 6.4 eV and Frenkel exciton binding 

energy larger than 380 meV have been obtained. These values are in general agreement 

with recent theoretical predictions. 
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Fig. 1 Time integrated PL spectra of hBN single crystal registered with an excitation energy of 

. Insert: PL spectrum of hBN single crystal integrated on a time gate 

 with respect to the SR pulse (the excitation energy is always 11.27 eV) 
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Fig. 2 PLE spectra of the S4 emission (5.778 eV) in hBN single crystal at low temperature 

(straight line) and normalized photocurrent of hBN micro crystal at room temperature (open 

squares).  


