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Band-edge transitions in hexagonal boron nitride epilayers
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Hexagonal boron nitride (hBN) epilayers have been synthesized on sapphire substrates by

metal-organic chemical vapor deposition (MOCVD). These MOCVD grown epilayers exhibit

highly efficient band-edge photoluminescence (PL) emission lines centered at around 5.5 eV.

The results represent a remarkable improvement over the optical qualities of hBN films

synthesized by different methods in the past. It was observed that the emission of hBN at 10 K

is about 500 times stronger than that of high quality AlN epilayers. Polarization-resolved PL

spectroscopy revealed that hBN epilayers are predominantly a surface emission material, in

which the band-edge emission with electric field perpendicular to the c-axis (E
*

emi?c
*

) is about

1.7 times stronger than the component along the c-axis (E
*

emi k c
*

). This is in contrast to AlN,

in which the band-edge emission is known to be polarized along the c-axis, (E
*

emi k c
*

).

Time-resolved PL measurements revealed a decay lifetime of around 4.3 ns at 10 K for the

dominant band-edge transition line. The present result together with the ability of p-type doping

of hBN represents a major step towards the realization of hBN based practical devices. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4742194]

Hexagonal boron nitride (hBN) has attracted much inter-

est, largely because of its potential as a deep-ultraviolet

(DUV) photonic material1–5 and as a substrate and dielectric

layer for graphene electronics/optoelectronics.6–10 Band-

edge photoluminescence (PL) properties have been investi-

gated and reported in bulk hBN crystals1–5 and powders.11

So far, hBN bulk crystals with size up to millimeters can be

grown.1–5 Other than small size, bulk crystal growth has dis-

advantages of difficulty to control the growth conditions

such as intentional doping and formation of device structures

and is most suitable for producing substrates if crystal size

can be increased. The synthesis of wafer-scale semiconduct-

ing hBN epitaxial layers with high crystalline and optical

qualities and electrical conductivity control is highly desira-

ble for the fundamental understanding and the exploration of

emerging applications of this interesting material. However,

no band-edge photoluminescence emissions have been

observed in hBN thin films synthesized previously by vari-

ous methods.6,12–15 As with other semiconductor materials in

their development stages, realizing the band-edge photolumi-

nescence emission at room temperature is a prerequisite in

research and development towards practical applications of

hBN. Metal organic chemical vapor deposition (MOCVD) is

a proven technique with the ability to precisely and reprodu-

cibly deposit very thin layers (single atomic layers) to thick

epilayers (tens of lm in thickness). Most recently, we have

demonstrated the synthesis of wafer-scale semiconducting

hBN epitaxial layers with high crystalline quality and p-type

conductivity control by in situ Mg doping,16,17 thereby pro-

viding an exceptional opportunity to overcome the intrinsic

problem of p-type doping in Al-rich AlGaN alloys and

enhance to the quantum efficiency of DUV devices. We

present here the results of detailed studies of the band-edge

transitions in hBN epilayers probed by polarization- and

time-resolved PL emission spectroscopy.

Epitaxial layers of hBN employed in this study were

produced by MOCVD growth method using triethylboron

(TEB) and ammonia (NH3) as B and N source, respectively.

Samples were grown at 1300 �C using hydrogen as a carrier

gas with a growth rate of 0.5 lm/h. The growth rate was

observed to be proportional to TEB flow rate. X-ray diffrac-

tion (XRD) measurements revealed that the sample

employed in this work (1 lm thick hBN on c-plane sapphire)

has a full width at half maximum (FWHM) of �400 arcsec

for the hBN (0002) rocking curve,16 which is a dramatic

improvement over previously reported values for hBN films

(1.5�–0.7�),14 but is comparable to those of GaN epilayers

with a comparable thickness.18 The PL spectroscopy system

consists of a frequency quadrupled 100 fs Ti: sapphire laser

with excitation photon energy set around 6.28 eV and a

monochromator (1.3 m). A single photon counting detection

system together with a micro-channel-plate photo-multiplier

tube (with 20 ps time resolution) or a streak camera (2 ps

time resolution) was used to record time-resolved PL spec-

tra.19–21 A high quality and well characterized AlN epilayer

(1 lm thick) grown on c-plane sapphire by MOCVD (Refs.

19–21) was used as a reference for comparison PL studies

since wurtzite AlN has a similar band gap as hBN.

Figure 1 shows the comparison of PL spectra of our

hBN and AlN epilayers measured side-by-side at (a) 10 K

and (b) 300 (K). A strong band-edge PL emission centered at

about 5.48 eV at 10 K was observed in hBN. We notice that

the spectral peak position of the free exciton emission line in

AlN exhibits a red-shift with increasing temperature, follow-

ing the bandgap variation with temperature of AlN.19 For

hBN, we are unable to detect the variation of the spectral

peak position with temperature. Furthermore, the band-edge

PL emission from hBN is more than two orders of magnitude

higher than that of AlN, which is considered to be a highly

efficient emission material and is the current default choice

for DUV device implementation. Several factors may

account for this extraordinarily efficient band-edge emissiona)Email: hx.jiang@ttu.edu.
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in hBN: (1) the high optical absorption coefficient,22 (2)

dominant surface emission of hBN in contrast to dominant

edge emission of AlN,20,21 and (3) layered structure of hBN.

Recent theoretical studies have suggested that an efficient

band-edge emission is expected from hBN due to its graphite

like layered structure and small lattice constant in the

c-plane.23,24 The layer structured hBN provides a natural 2D

system, which can result in an increase in the exciton binding

energy and oscillator strength over the 3D systems such as

AlN.25

Figure 2 shows the polarization dependent band-edge

PL emission of an hBN epilayer measured at 10 K. The PL

emission spectrum line shape for the configuration with

emission polarization along the crystal c-axis (E
*

emi k c
*

) is

observed to be very similar to that in the E
*

emi? c
*

configura-

tion. However, we have noticed that the emission intensity is

about 1.7 times stronger in E
*

emi? c
*

configuration, which is

similar to some of the well understood semiconductor mate-

rials including GaN, however, is in sharp contrast to AlN. It

is now a well established fact that the band-edge emission in

AlN is polarized along the c-axis, (E
*

emi k c
*

), due to the na-

ture of its band structure (the negative crystal-field splitting

in AlN).20,21 This polarization property of AlN has a pro-

found impact on the device applications. For instance, for

UV light emitting diodes (LEDs) using c-plane Al-rich

AlxGa1�xN as active layers, the most dominant emission will

be polarized along the c-axis (E
*

emi k c
*

), which implies that

UV photons can no longer be extracted easily from the sur-

face.21 Thus, incorporating methods for enhancing the light

extraction is critical in AlGaN UV LEDs.26 Furthermore, in

contrast to all conventional semiconductor laser diodes with

lasing output polarized in the transverse-electric field (TE)

mode, it was predicted21 and experimentally verified27 that

lasing radiation from c-plane Al-rich AlxGa1�xN based laser

diodes is strongly polarized in the transverse-magnetic-field

(TM) mode. These are currently critical issues facing the de-

velopment of deep UV light emitting devices based on AlGaN.

Thus, the observed predominant E
*

emi? c
*

polarization of the

band-edge emission in hBN is an advantageous feature over

AlN for UV light emitting device applications. In addition, our

recent report on the ability of p-type doping of hBN has indi-

cated that a much lower room temperature p-type resistivity

(12 X-cm) can be achieved in Mg doped hBN compared to

that in Mg doped AlN (>107 X-cm).16,17 These results to-

gether clearly demonstrate that hBN can be a preferred choice

as the next generation deep UV photonic material.

In Fig. 3, we fitted the observed low temperature (10 K)

PL spectrum with multiple peaks using the Gaussian func-

tions. Six peak fitting reveals the experimentally observed

spectrum with the strongest intensity at 5.478 eV and the

highest emission spectral peak position at 5.741 eV. These

emission lines have been reported previously in bulk and

powder hBN and were believed to be due to the recombina-

tion of self-trapped excitons.1–5,11,23 We also observed a

peak at 5.350 eV, which was previously assigned to a quasi-

donor-accepter-pair (q-DAP) transition and its peak position

red (blue) shifted with a decrease (increase) in temperature

(excitation laser intensity).11,23 The PL emission spectral

line shape, including the main 5.478 eV band and minor

peak features at 5.509, 5.568, and 5.627 eV are very similar

to the diffuse (D) exciton bands reported for a bulk hBN

crystal “deformed” by pressure applied by fingers, which

possibly induces the BN sp2 layers gliding.2–5 The sharp (S)

exciton bands2–5 centered around 5.8 eV emitted from a

more perfect hBN crystalline structure are absent. Based on

this, we can speculate that the structure of layer stacking of

FIG. 1. (a) Low temperature (10 K) and (b) room temperature (300 K) PL

spectra of hBN and AlN epilayers grown on sapphire substrate by MOCVD.

FIG. 2. Low temperature (10 K) band-edge PL spectra of an hBN epilayer

with emission polarization parallel (E
*

emi k c
*

) and perpendicular (E
*

emi? c
*

)

to the c-axis. Excitation laser line is polarized in the direction perpendicular

to the c-axis (E
*

exc? c
*

).
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our MOCVD grown hBN epilayers may be similar to that of

the deformed bulk hBN crystals. The inherent deformation

of hBN epilayers could be due to (1) that the MOCVD

growth temperature 1300 �C is still not high enough to allow

hBN epilayers to fully crystallize into a more perfect crystal-

line structure and (2) the presence of strain induced by the

heteroepitaxial growth on sapphire substrates.

It was pointed out by a previous calculation that there

exists a substable structure of hBN,28 which corresponds to a

glide distance of B-N bond length (1.446 Å) of all B layers

of an ABAB… stacking aligning in a direction of in-plane

B-N bond, which is a configuration that is quite stable since

its total energy is only slightly above the ground state. Most

interestingly, though the ground state is indirect, the substa-

ble state forms a direct band with an energy gap of about

0.6 eV smaller than that of the ground state (indirect).

Although the exact structure of layer stacking of MOCVD

grown hBN epilayers is not yet fully understood, the high

emission efficiency results shown in Fig. 1 certainly support

that hBN epilayers are a direct band gap material.

Figure 4(a) shows the PL decay characteristics of the

transition line at 5.478 eV measured at 10 K. The decay

kinetics can be approximately described by a single expo-

nential function as illustrated by the solid curve in Fig. 4(a).

The measured decay lifetime for the q-DAP transition at

5.35 eV is larger than 20 ns. Long decay time is a characteris-

tic of DAP transition. The decay lifetime (sÞ of the 5.478 eV

emission line was obtained by fitting data using the follow-

ing equation:

IemiðtÞ ¼ A � exp½�t=s�; (1)

where Iemi(t) is the emission intensity at decay time t and A

is the peak intensity at which the decay time is define to be

zero, also known as the prefactor. The measured decay life-

time (sÞ from the single exponential fit is about �4.34 ns,

as depicted in Fig. 4(a). We have also measured the effec-

tive decay lifetime (seff), which is the time it takes for Iemi

to decay from A to A/e. The value of seff appears to be

pretty close to the s value obtained from the single expo-

nential fit.

Figure 4(b) presents the temperature dependence of the

decay lifetime (s and seff) of the 5.478 eV emission line

measured from 10 to 300 K. The peak position of the emis-

sion line changes with temperature. We have measured the

decay lifetime at the peak positions at different temperatures.

Measured s and seff are very consistent in the entire tempera-

ture range and comparable to the published results on a

deformed bulk crystal of hBN, which exhibited a peak emis-

sion at roughly the same energy position with a decay

lifetime of about 2.9 ns at 83 K.11,23 The temperature depend-

ence of s can be described by a thermal activation behavior

with an activation energy Ea of �15 meV as illustrated in

FIG. 3. Low temperature (10 K) band-edge PL spectrum of an hBN epilayer

in the energy range of 4.9–6.0 eV. The six fitted Gaussian peaks are plotted

in solid lines.

FIG. 4. (a) PL decay characteristics of the 5.478 eV emission line in an hBN

epilayer measured at 10 K. (b) Temperature dependent decay lifetime (s and

seff) of the 5.478 eV emission line in an hBN epilayer measured from 10 K

to 300 K. Open diamond represents a data point measured from bulk hBN

(Ref. 2). (c) The Arrhenius plot of the decay lifetime (s and seff) and the data

fitted using Eq. (2). The fitted values of activation energy (Ea) from s and

seff are also indicated in the figure.
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Fig. 4(c). The activation energy was calculated using the

equation

sðTÞ ¼ s0

1þ a expð�Ea=kBTÞ (2)

where sðTÞ is the decay lifetime at temperature T, s0 is the

decay lifetime at temperature 0 K, kB is the Boltzmann con-

stant, Ea is the activation energy, and a is a constant. We have

obtained Ea using both the s and seff values and found that the

Ea values are quite close in both cases (�15 meV) as shown

in Fig. 4(c). The physical origin of this activation behavior

associated with the decay lifetime is not clear at this stage.

In summary, we have synthesized via MOCVD hBN

epilayers with high crystalline and optical qualities. A very

efficient PL emission band centered at 5.478 eV with an in-

tensity that is more than two orders of magnitude higher than

the free exciton emission in AlN epilayers was observed,

which represents a significant improvement over the optical

qualities of hBN films synthesized by different methods in

the past. Polarization-resolved PL results have revealed that

hBN is predominantly a surface emission material with light

output polarized in the TE mode. Our results indicate that de-

vice quality hBN epilayers can be produced by MOCVD

technique. The present results together with the ability of

p-type doping of hBN represents a major step towards the

realization of hBN based practical devices.
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