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Defect-related deep-level emissions at �4 eV from hexagonal boron nitride (h-BN) have been

extensively investigated during the past decades. Although the emission has often been associated

with deep level impurities such as carbon and oxygen, the structural and chemical origins of the

emission center have not yet been identified. Here, we perform systematic photoluminescence

measurements and quantitative trace impurity analysis of variously heat-treated h-BN samples with

different deep-level emission intensities. In contrast to the common belief, no positive correlation

between the impurity (carbon and oxygen) concentration and the deep-level emission intensity was

found. We also demonstrate that the intensity of the deep-level emission is significantly enhanced

by high-temperature heating (�1900 �C) under an N2 environment and subsequent post-annealing

at �900 �C. These results suggest that intrinsic defects created under N2-rich conditions are respon-

sible for the deep-level emission. Furthermore, we found that besides the well-recognized zero-

phonon line (ZPL) at �4.1 eV, additional ZPLs are induced in the near ultraviolet (NUV) region by

appropriate annealing of the N2-treated h-BN sample. The results of temperature-dependent and

time-resolved PL measurements on these NUV emission bands are given and discussed. Published
by AIP Publishing. https://doi.org/10.1063/1.5038168

Hexagonal boron nitride (h-BN) has attracted renewed

and growing interest due to its unique structural, electronic

and optical properties, such as a graphene-like two-dimen-

sional structure,1 a wide indirect bandgap of 5.955 eV,2 and

a deep ultraviolet (UV) excitonic emission.3,4 In addition to

these intrinsic properties, defect- and doping-induced proper-

ties in h-BN have been under intensive investigation in

recent years,5–9 revealing various interesting properties such

as multiband luminescence,10 insulator-metal transition,11

single-photon emission,12–18 ferromagnetism,19 and catalytic

oxygen reduction reaction.20

Among all the defect-related phenomena, a deep-level

UV emission at �4 eV has been widely investigated by

experimental and theoretical methods.10,21–31 The �4-eV

emission band is composed of regularly spaced sharp peaks,

including a zero-phonon line (ZPL) at 4.1 eV32 and its pho-

non replicas. In spite of the extensive work performed on

this UV emission band, the origin of the defect emission cen-

ter has not yet been identified. Although carbon and/or oxy-

gen impurities are likely candidates,27,30,33 there has been no

direct experimental proof for this assignment. Recent theo-

retical investigations have alternatively shown that boron

vacancies could be responsible for the �4-eV emission.34

To shed light on the structural origin of the �4-eV emis-

sion band in h-BN, we here carry out systematic photolumi-

nescence (PL) measurements and trace elemental analyses

for a variety of h-BN samples with different emission intensi-

ties. It has been found that there is no correlation between the

intensity of the �4-eV PL band and the concentration of car-

bon and oxygen impurities. We also demonstrate that the

high-temperature (�1900 �C) heating under a N2 atmosphere

is especially effective in enhancing the deep-level emission

band. These results indicate that the deep-level emission in

h-BN results not from extrinsic impurities but from intrinsic

defect centers created under N2-rich conditions. Furthermore,

we show that in addition to the well-recognized ZPL at

�4 eV, spectrally narrow ZPLs can be induced in the near-

UV (NUV) region (�3 eV) by appropriate post-annealing of

the N2-treated h-BN sample.

In this work, we used two types of commercial h-BN

powders, which were purchased from Kojundo Kagaku

(purity >99%, particle size �10 lm) and Aldrich (purity

�98%, particle size �1 lm). In what follows, we will refer

to the as-received Kojundo Kagaku and Aldrich h-BN sam-

ples as samples K1 and A1, respectively. We confirmed

that both the samples show Bragg X-ray diffraction peaks

attributed only to the h-BN phase, as shown in Fig. S1 (sup-

plementary material). For details of the experimental proce-

dures, see also Methods in the supplementary material.

Figure 1(a) shows the PL and PL excitation (PLE) spec-

tra of samples K1 and A1 at room temperature. Sample K1

exhibits structured PL and PLE spectra at �4 eV, as has often

been reported in the literature,26–30 whereas sample A1 exhib-

its only a weak UV emission without showing distinct pho-

non replicas. Since samples K1 and A1 show significantly

different deep-level emission characteristics, it is interesting

to investigate how the concentration of major impurities in

h-BN, i.e., oxygen and carbon, is varied between these two

samples. For that purpose, we performed quantitative elemen-

tal analysis using high-sensitivity oxygen (LECO, TC-600)

and carbon (Horiba, EMIA-920V2) analyzers (for details, see

Methods in supplementary material). These quantitative anal-

yses were performed for five different batch samples consist-

ing of �1 g for each element. Table I shows the mean

(average value) along with a measure of variability. One sees

from Table I that both the oxygen and carbon concentrations

of sample K1 are almost an order smaller than those of

sample A1. It can hence safely be said that the deep-level
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emission, which is substantially enhanced in sample K1 than

in sample A1, does not result simply from an oxygen and/or a

carbon impurity.

Although the PL intensity of sample A1 is rather low, we

found that the intensity of the deep-level PL substantially

increases and shows a structured PL band after heating sam-

ple A1 at �1900 �C for 2 min under a N2 atmosphere with an

induction heating (IH) unit [see Fig. 1(b)]. This N2-treated

A1 sample will be referred to as sample A2. It has been dem-

onstrated that the IH method is quite useful to introduce

defect-related emission centers in optically inert high-melting

temperature materials such as a-Al2O3,35,36 MgAl2O4 spi-

nel,37 AlN,38 and Mg3N2.
39 This is because high temperature

IH and successive rapid quenching create and freeze the rele-

vant defect structures in the crystalline lattice. It should, how-

ever, be noted that when the IH treatment was carried out

under Ar and vacuum, sample A1 does not show an apprecia-

ble increase in PL intensity, as shown in Fig. 1(b). We also

confirmed that the original crystalline phase of h-BN remains

unaffected after IH treatment irrespective of heating environ-

ments (see Fig. S1 in supplementary material). Thus, we can

conclude that the high-temperature heating under N2 is espe-

cially effective in enhancing the deep-level emission of h-

BN. The impurity analysis was also performed for sample

A2. As shown in Table I, the concentration of oxygen in sam-

ple A2 (�0.24 wt. %) is quite lower than that in sample A1

(�1.6 wt. %), whereas that of carbon remained almost

unchanged (�0.05 wt. %) within experimental error between

samples A1 and A2. This result is consistent with the above-

mentioned result that there is no positive correlation between

the intensity of the deep-level emission and the extrinsic

impurity concentration. Such an increase in the deep-level PL

intensity was also observed for sample K1 after a similar IH

treatment (see Fig. S2 in supplementary material); however,

the degree of increase is not significant as compared with

sample A1.

From these results, it can be deduced that the observed

increase in the PL emission intensity, especially of sample

A2, after IH treatment in N2 is induced by

(a) an increase of the density of intrinsic emission centers

created under N2-rich conditions or

(b) a decrease of the density of non-radiative centers dur-

ing N2 treatment.

If the mechanism (b) holds, the PL intensity of sample

A1 will show a substantial increase at low temperatures,

where non-radiative recombination channels will be sup-

pressed. However, the deep-level PL emission of sample A1

remains small even when the temperature is lowered down

to 3 K, as shown in Fig. S3 (supplementary material). Thus,

mechanism (a) is more likely and intrinsic defects such as N

interstitial, B vacancy and/or N antisite, which are expected

to be created under N2-rich conditions,40,41 are presumably

responsible for the deep-level emission at �4 eV.

We also found that when sample A2 is post-annealed at

temperatures of 700–900 �C, the intensity of the 4.1-eV PL

band shows a further increase by a factor of 4–8 irrespective

of the annealing gas environment [see, for example, Fig.

2(a)]. On further increase in the post-annealing temperature,

the PL intensity was almost saturated. The thus post-

annealed sample will be called sample A3. The result of

impurity analysis of sample A3 obtained by post-annealing

under vacuum conditions is shown in Table I. The carbon

concentration of sample A3 is nearly twice smaller than that

of sample A2, which is again consistent with our assertion

that the carbon impurity is not related to the intensity of the

deep-level emission. As for the oxygen impurity, its concen-

tration in sample A3 is almost twice as large as that of sam-

ple A2. The slight increase in the oxygen concentration is

derived most likely from residual oxygen in the present vac-

uum (�30 Pa) heating system. Thus, one might consider that

the oxygen impurities can, in part, account for the observed

increase in the PL signals. It should, however, be noted that

such an increase in the PL emission is not observed when

sample A1 is directly annealed in an air atmosphere without

N2 pretreatment (see Fig. S4, supplementary material), indi-

cating that simple (oxidative) annealing will not lead to the

enhancement of the deep-level PL intensity. We suggest that

FIG. 1. Room temperature PL and PLE

spectra of (a) the as-received Kojundo

Kagaku (K1) and Aldrich (A1) samples

and (b) the induction heating (IH)-

treated A1 samples prepared under dif-

ferent environmental conditions. The PL

spectra were recorded with excitation at

4.27 eV and the PLE spectra with emis-

sion at 3.89 eV.

TABLE I. Concentration of oxygen and carbon impurities in differently

heat-treated h-NB samples.

Sample name Oxygen (mass %) Carbon (mass %)

K1 0.11 6 0.01 0.0043 6 0.0015

A1 1.6 6 0.1 0.047 6 0.002

A2a 0.24 6 0.04 0.053 6 0.003

A3b 0.47 6 0.01 0.027 6 0.003

aIH heating was carried out for sample A1 under a N2 atmosphere.
bPost-heating was carried out for sample A2 at 900 �C for 3 h under

vacuum.
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the post-annealing process promotes the stabilization (or

activation) of the expected intrinsic defect centers created

under N2 treatment, leading to the enhancement of the rele-

vant deep-level emission. This assumption is supported by

the observation that the IH-treated K1 sample also shows a

significant increase in the deep-level PL intensity after simi-

lar post-annealing treatments, as shown in Fig. S2 in supple-

mentary material. The boron vacancy and its related defect

complexes are possible candidates for such emission centers

because of the two following reasons. First, previous many-

body perturbation-theory calculations34 have shown that

among other possible emission centers in h-BN, the best

agreement is obtained for the boron vacancy where the main

absorption peak of the lower energy regime is at 4.2 eV.

Second, it has been theoretically predicted42 that boron

vacancies in the h-BN lattice have several metastable config-

urations; they can be mobile at temperatures between �600

and �1000 �C, leading to vacancy migration and stabiliza-

tion. We consider that this thermally induced stabilization of

boron vacancies can account for the observed enhancement

of the deep-level emission shown in Fig. 2(a). That is, non-

luminescent centers, which are left in metastable positions,

will be converted to luminescent centers by thermal activa-

tion. Note, however, that since the resulting PL intensity

tends to increase when the post-annealing is carried out

under oxidative conditions, such as O2 and air environments

[see Fig. 2(a)], it might also be the case that an oxidative

reaction assists, directly or indirectly, the expected thermally

induced activation of emission centers.

One also notices from Fig. 2(a) that the post-annealing

treatment induces an additional structured PL band in the

NUV region below �3.5 eV. In the following, we will

mainly show the results of the sample obtained by post-

annealing in air. It should be stressed that this air-annealed

sample shows the highest PL intensity among the samples

shown in Fig. 2(a), even leading to the maximum internal

quantum efficiency of �50% for the entire emission spec-

trum. Previously, several researchers10,21,22,43 also reported

the structured emission spectra in the NUV region below

�3.5 eV under excitation with photons of �4 eV energy (or

higher). In these previous works,10,21 the structured NUV

bands were simply interpreted in terms of the higher order

phonon replicas of the 4.1-eV ZPL. The PL and PLE spectra

of sample A3 in the NUV region [see Fig. 2(b)], however,

revealed that the previous interpretation is not valid, as far as

the present post-annealed sample is concerned; rather, the

PL line at 3.22 eV is attributed to a ZPL since both the PL

and PLE spectra yield a common sharp peak at 3.22 eV. In

what follows, we refer to the 3.22-eV PL band as ZPL2 to

differentiate it from the 4.1-eV ZPL, which will then be

called ZPL1. We also notice from Fig. 2(b) that there exist

additional sharp peaks, which might result from phonon

replicas of ZPL2 or from an unknown ZPL. To clarify this

further, we measured the PL spectra of sample A3 at 3 K by

changing the excitation energy from �3 to �4 eV. Such low-

temperature PL measurements are useful to suppress electron-

phonon coupling, and hence identify ZPLs and their phonon

replicas. The results are given in Fig. 3(a) in the form of a two-

dimensional (2-D) PL contour map, and the principal PL and

PLE spectra are also shown in Figs. 3(b) and 3(c). The spectral

features characteristic to ZPL2 and their phonon replicas are

clearly seen, as expected from the results of room-temperature

PL measurements. We also notice from Fig. 3 that there exists

one more ZPL at 3.44 eV. We will refer to the 3.44-eV ZPL as

ZPL3. Since these ZPLs in the NUV region have not been rec-

ognized to exist in h-BN previously, we will investigate the

NUV emission properties, especially for ZPL2, in more detail.

First, we analyze the PL recombination dynamics of

ZPL2 and its photon replicas. Figure 4(a) shows the PL

decay profiles of sample A3 in the 2.7–3.2 eV energy range

measured at 3 and 300 K under excitation with the second

harmonic (Eex¼ 3.51 eV) of a mode locked Ti:Sapphire laser

(pulse width: �180 fs, repetition rate: 8 MHz). It is evident

from Fig. 4(a) that the decay profile is temperature insensi-

tive and is characterized by a double exponential function

I tð Þ ¼ I1exp � t

s1

� �
þ I2exp � t

s2

� �
; (1)

where I(t) is the PL intensity at time t, and Ii and si represent,

respectively, the relative initial intensity and the decay time

constant of the i-th component. Typical fitted values of si

and Ii are as follows: s1¼ 1.7 ns, s2¼ 3.5 ns, I1¼ 0.8 and I2

¼ 0.2. The observed two decay time constants suggest the

presence of trapping and detrapping processes of the photo-

excited electrons via certain trap states during radiative

recombination, as has often been observed in trap-related

emissions in semiconductors44 and insulators.38,45 The tem-

perature independent nature of the decay profile indicates

that the excited electronic states are highly localized due to

FIG. 2. (a) Room temperature PL and

PLE spectra of sample A2 along with

those prepared after post-annealing of

sample A2 at 900 �C for 3 h under dif-

ferent environmental conditions. (b)

Room temperature PL and PLE spectra

in the NUV region of sample A3,

which was obtained by post-annealing

sample A2 in air. In (b), the PL spec-

trum was recorded with excitation at

3.40 eV and the PLE spectra with

emission at 3.02 eV. The bottom curve

in (b) shows the room temperature

afterglow (AG) spectrum of sample A2

recorded 10 ms after excitation with

3.65-eV light.
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low electron-phonon coupling and will not compete with any

of the nonradiative processes. This is consistent with the

observation that the PL intensity in the NUV region

(�3.5 eV) is hardly dependent on temperature (Fig. S5, sup-

plementary material).

In addition to the fast (ns) decay process, we found that

sample A3 exhibits weak afterglow (AG) emission in the

NUV region especially at temperatures higher than �200 K.

That is, luminescence persists for �10 s after the removal of

excitation, as shown in the AG decay curve obtained at room

FIG. 3. Low-temperature (3K) PL

characteristics of sample A3, which

was obtained by post-annealing of

sample A2 in air. (a) Contour plot of

the PL intensity as a function of excita-

tion and emission energies. (b) 3K PL

spectra measured under different exci-

tation energies. (c) 3K PLE spectra

measured at different monitor

energies.

FIG. 4. (a) PL and (b) AG decay pro-

files of sample A3 in the 2.7–3.2 eV

energy region. PL and AG signals

were recorded with excitation at 3.5

and 3.6 eV, respectively. The solid line

in (a) is the result of fitting to Eq. (1).
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temperature [Fig. 4(b)]. This indicates the presence of deep-

level traps as the recovery time from deep-level traps could

be on the order of seconds or longer depending on the energy

level of the trap states. It is also interesting to note that the

AG spectrum, which is given in the bottom curve in Fig.

2(b), show structured spectral features, in a similar manner

as observed in the PL signals. The peak positions of the AG

spectrum coincide well with those of the corresponding PL

spectrum, implying that both the PL and AG recombination

processes result from the same emission center.

At present, the structural and chemical origins of the

deep traps along with those of the NUV emission centers are

unknown. However, it is probable that these centers are cre-

ated during the post-annealing process since the NUV and

AG emissions are observed exclusively from Sample A3. It

should be noted, however, that the NUV emissions as well as

the AG emissions can hardly be observed from sample K1

even after the post-annealing (see Fig. S2 in supplementary

material). Since the concentration of carbon in sample K1 is

an order smaller than that of sample A series, it is likely that

the carbon impurity has a direct or indirect influence on the

development of NUV and AG emissions.

In conclusion, we have shown from a systematic impu-

rity analysis of a variety of h-BN samples that there is no

correlation between the intensity of the deep-level emission

at �4 eV and the concentration of trace impurities (carbon

and oxygen). The intensity of the deep-level PL is increased

by high-temperature (�1900 �C) N2 treatment and then

shows a further increase after post-annealing at temperatures

of �900 �C. From the results of the present work and the pre-

vious theoretical investigations, we came to a conclusion

that boron vacancy is the most likely candidate as the origin

of the deep-level emission in h-BN. It has also been found

that the post-annealing process results in the well-structured

PL emission along with the afterglow emission in the NUV

region below �3.5 eV. There exists at least two ZPLs in the

NUV region; one located at 3.22 eV (ZPL2) and the other at

3.24 eV (ZPL3). The relevant emission and charge trapping

centers are most likely created during the thermally induced

migration of the defects created under N2-rich conditions,

although further work needs to be done to identify the origins

of these emission centers.

See supplementary material for more information on

experimental methods, XRD patterns and additional PL

spectra.
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