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ABSTRACT 
 

This paper summarizes recent progress primarily achieved in authors’ laboratory on synthesizing 
hexagonal boron nitride (hBN) epilayers by metal organic chemical vapor deposition (MCVD) and studies of 
their structural and optoelectronic properties. The structural and optical properties of hBN epilayers have 
been characterized by x-ray diffraction (XRD) and photoluminescence (PL) studies and compared to the 
better understood wurtzite AlN epilayers with a comparable energy bandgap. These MOCVD grown hBN 
epilayers exhibit highly efficient band-edge PL emission lines centered at around 5.5 eV at room temperature. 
The band-edge emission of hBN is two orders of magnitude higher 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 (Eemi⊥c) is about 1.7 
times stronger than the component along the c-axis (Eemi//c). This is in contrast to AlN, in which the band-
edge emission is known to be polarized along the c-axis, (Eemi//c).  Based on the graphene optical absorption 
concept, the estimated band-edge absorption coefficient of hBN is about 7x105 cm-1, which is more than 3 
times higher than the value for AlN (∼2x105 cm-1).  The hBN epilayer based photodetectors exhibit a sharp 
cut-off wavelength around 230 nm, which coincides with the band-edge PL emission peak and virtually no 
responses in the long wavelengths. The dielectric strength of hBN epilayers exceeds that of AlN and is 
greater than 4.5 MV/cm based on the measured result for an hBN epilayer released from the host sapphire 
substrate.   
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1. INTRODUCTION 

Hexagonal boron nitride (hBN) possesses amazing physical properties including high temperature 
stability and corrosion resistance, large optical absorption and neutron capture cross section, and relative 
large negative electron affinit.1-4 Among the members of the III-nitride material system, boron nitride having 
a band gap comparable to AlN (Eg ~ 6 eV), is the least studied and understood. Due to its layered structure 
and similar lattice constants to graphene, hBN is also considered as the ideal template and gate dielectric 
layer in graphene electronics and optoelectronics.5-9   

Due to its high bandgap and in-plane thermal conductivity, hBN has been considered both as an 
excellent electrical insulator and thermal conductor.  However, lasing action in deep ultraviolet (DUV) 
region (~225 nm) by electron beam excitation was demonstrated in small hBN bulk crystals synthesized by a 
high pressure/temperature technique,10  raising its promise as a semiconducting material for realizing chip-
scale DUV light sources/sensors.  So far, hBN bulk crystals with size up to millimeters can be grown.  Other 
than small size, bulk crystal growth has disadvantages of difficulty to control growth conditions such as 
intentional doping and formation of quantum well based device structures and is more suitable for 
synthesizing bulk crystals as substrates if single crystal growth techniques can be scaled to produce large 
wafers. The synthesis of wafer-scale semiconducting hBN epitaxial layers with high crystalline quality and 
electrical conductivity control is highly desirable for the fundamental understanding and the exploration of 
emerging applications of this interesting material. This paper summarizes recent progress primarily achieved 
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in authors’ laboratory on synthesizing hBN epilayers by MOCVD and studies of their structural and 
optoelectronic properties.4,11-14 Detailed comparison studies with high quality and well characterized AlN 
epilayers have been carried out.15-19    
  
 

2. EXPERIMENT 
 
Hexagonal BN epitaxial layers were synthesized by metal organic chemical vapor deposition 

(MOCVD) using triethylboron (TEB) source and ammonia (NH3) as B and N precursors, respectively.  Prior 
to epilayer growth, a 20 nm BN buffer layer was first deposited on sapphire substrate at 800 oC.  The typical 
hBN epilayer growth temperature was about 1300 oC using hydrogen as a carrier gas with a growth rate of 
0.5 μm/hr. AlN epilayers were grown by MOCVD on sapphire substrates. The sources of Al and N are 
Trimethylaluminium (TMAl) and blue ammonia, respectively.  X-ray diffraction (XRD) was employed to 
determine the lattice constant and crystalline quality of the epilayers.  The PL spectroscopy system consists 
of a frequency quadrupled 100 femtosecond 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 was used to record PL spectra. The fabrication procedures for hBN and AlN DUV 
metal-semiconductor-metal (MSM) photodetectors consisted of the following steps.14,18,19 First, 
photolithography was employed to define the micro-scale strips (5 µm/5 µm width/spacing). A bilayer of 5 
nm/5 nm (Ni/Au) was deposited using e-beam evaporation to form the Schottky contacts for hBN and a Pt 
(10 nm) layer was deposited using e-beam evaporation to form the Schottky contacts on AlN.  Bonding pads 
were then formed by depositing an Au (200 nm) layer.  Finally, the sapphire substrates were polished and 
thinned to about 100 µm and diced to discrete devices, which were bonded onto device holders for 
characterization. The system for the spectral responses and I-V characteristics measurements consists of a 
deuterium light source, monochromator, source-meter, and electrometer. The light source was dispersed by 
the monochromator to obtain excitation photons with different wavelengths.   

 
3. RESULTS AND DISCUSSION 

 
  

 
 
 
 
 

 

 

 

 

 

 
Figure 1 compares XRD characterization results for AlN and hBN.  θ-2θ scan for an hBN epilayer 

of 1 µm in thickness shown in Fig. 1(a) revealed a c-lattice constant ~6.67 Å, which closely matches to the 
bulk c-lattice constant of hBN (c=6.66 Å),1,20 affirming that BN films are of single hexagonal phase.  
However, the XRD intensity of the (0002) peak of hBN is about 30 times lower than that of AlN epilayer 
with the same thickness.14 As shown in Fig. 1(b), the XRD rocking curve of the (0002) diffraction peak has a 

Fig. 1 Comparison XRD results of hBN and AlN epilayers: (a) θ-2θ scan14 and (b) rocking curve 
of the (0002) reflection peaks. 
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full width at half maximum (FWHM) of ~380 arcsec for the hBN,11 which is a dramatic improvement over 
previously reported values for hBN films (1.50-0.70),21 but is much broader than the typical FWHM of high 
quality AlN epilayers of <100 arcsec.17  The results are an indicative of the fact that the development of 
epitaxial layers of hBN is in its early stage.  
 

 

 

 

 

 

 

 

 

Fig. 2 Comparison DUV PL spectra of hBN and AlN epilayers measured at (a) 10 K and (b) 300 K.13 

As with other semiconductor materials in their early development stages, realizing the band-edge PL 
emission at room temperature is a prerequisite in research and development towards practical applications of 
hBN.  Figure 2 shows the comparison of PL spectra of our hBN and AlN epilayers measured side-by-side at 
(a) 10 K and (b) 300 K.13 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, following the bandgap variation with temperature of AlN.15 For hBN, we are 
unable to detect the variation of the spectral peak position with temperature.  Furthermore, the band-edge PL 
emissions from hBN at low and room temperatures are 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. One of the major reasons for the high band-edge emission efficiency in hBN is 
thought to be due to its layered structure.22 Recent theoretical studies have also 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  Another factor that 
may account for this efficient band-edge emission in hBN is the high band-edge optical absorption 
coefficient.3  

The previously measured band-edge optical absorption coefficient (α) of hBN is unusually high (∼ 
7.5 x 105 cm-1) and is more than 3 times higher than that of AlN (∼ 2x105 cm-1).3, 26, 27 To understand this 
unique property, we write the optical absorption (I) as14   

 
I=I0 (1-e-t/λ);               (1) 
 

where λ is the optical absorption length.  On the other hand, we can rewrite Eq. (1) as follows, 
 

I/I0 ≈ (t/λ), for (t/λ) <<1;                   (2) 
 

One important and interesting features of graphene is that its absorption is determined by fundamental 
constants following πe2/ħc=πα=2.3% where α=e2/ħc is the fine structure constant, which describes the 
coupling between light and relativistic electrons.28 If we assume the same holds for hBN, we then have the 
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optical absorption of hBN = 2.3% per layer (3.33 Å). This means that I/I0  = (t/λ) = 0.023 with t=3.33 Å. This 
gives,  
 

λ = t/0.023 = 3.33 Å/0.023 = 144.8 Å          
α = 1/λ = 1/144.8 Å = 6.9 x 10-3/Å ≈ 7 x 105/cm.   
        
The estimated value of the band-edge optical absorption coefficient (α) based on the optical 

absorption concept from graphene agrees exceptionally well with the previously measured value of about 7.5 
x 105/cm.3  This means that only a very thin layer of hBN with approximately 70 nm (∼5λ) in thickness will 
absorb all incoming above bandgap photons.  This together with its inherent nature of layered structure 
makes hBN an exceptionally efficient emitter.   

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 3 Low temperature (10 K) polarization-resolved band-edge PL spectra of (a) hBN and (b) AlN epilayer with 
emission polarization parallel (Eemi//c) and perpendicular (Eemi⊥c) to the c-axis. Excitation laser line is polarized in the 
direction perpendicular to the c-axis (Eemi//c).13, 16 

 
Figure 3 compares the polarization-resolved band-edge PL emission spectra of hBN and AlN 

epilayers measured at 10K.13,16 The PL emission spectral line shape for hBN shown in Fig. 3(a) for the 
configuration with emission polarization along the crystal c-axis (Eemi//c)  is observed to be very similar to 
that in the (Eemi⊥c) configuration.  However, we have noticed that the emission intensity is about 1.7 times 
stronger in (Eemi⊥c) configuration, which is similar to some of the well understood semiconductor materials 
including GaN;29 however, is in sharp contrast to the polarization-resolved PL spectra of AlN shown in Fig. 
3(b).16  It is now a well established fact that the band-edge emission in AlN is polarized along the c-axis, 
(Eemi//c), due to the nature of its band structure (the negative crystal-field splitting in AlN).16,30 This 
polarization property of AlN has a profound 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 (Eemi//c), which implies that UV photons can no longer be extracted easily from the 
surface.30 Thus, incorporating methods for enhancing the light extraction is critical in AlGaN UV LEDs.31  
Furthermore, in contrast to all conventional semiconductor laser diodes with lasing output polarized in the 
transverse-electric field (TE) mode, it was predicated30 and experimentally verified32 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 development of deep UV light emitting devices based on 
AlGaN. Thus, the observed predominant (Eemi⊥c) polarization of the band-edge emission in hBN is an 
advantageous feature over AlN for UV light emitting device applications.   

The relative spectral responses of hBN and AlN MSM photodetectors have been measured at 
different bias voltages and examples are shown in Fig. 4.14, 18 The hBN MSM photodetectors exhibit a peak 
responsity of 220 nm, a sharp cut-off wavelength around 230 nm, which corresponds well with the band-edge 
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PL emission peak at 5.48 eV (or 227 nm).14  The AlN MSM photodetectors exhibit a peak responsity of 200 
nm, an extremely sharp cut-off wavelength around 207 nm.18 An outstanding feature observed from hBN 
photodectors is that there are virtually no detectable responses in the long wavelengths measured up to 800 
nm.  Figure 5 compares the I-V characteristics of MSM photodetectors based on hBN and AlN epilayers.  
The dark current density in AlN photodetectors is around of ∼10-9 A/cm2 at a bias voltage of 100 V.  Similar 
to AlN devices, hBN devices exhibit rather low dark current density of ∼10-10 A/cm2 at a bias voltage of 100 
V, the observed DUV to visible rejection ratio in hBN MSM detectors is still 2-3 orders of magnitude lower 
than that of AlN based detectors.14,18,19 This corroborates the fact that the crystalline quality of hBN epilayers 
is not yet as good as those of high quality AlN epilayers, as confirmed by the XRD results shown in Fig. 1.  

 
 
 

 

 

 

 

 

 

Fig. 4 The relative spectral responses of (a) hBN and (b) AlN MSM photodetectors measured at a bias of 30 V.  The 
insets shows the material layer structures utilized for the fabrication of photodetectors. The hBN devices have a cross-
section area of 1.25 mm x 0.8 mm and AlN devices have a cross-section area of 80 µm x 80 µm.   

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 I-V characteristic of MSM photodetector based on (a) hBN and (b) AlN epilayers.   
 
One other important parameter of a semiconductor for detector applications is the dielectric strength 

or the breakdown field (EB) in the c-direction.  A previous study has obtained EB=7.94 MV/cm for ultrathin 
hBN layers mechanically exfoliated from powder crystals.33 Since our hBN epilayers were grown on 
sapphire substrates, it was necessary to released epilayers from the host sapphire substrate in order to conduct 
EB measurements. We first deposited a bilayer of Ni/Au Schottky contact on a 1.8 µm thick hBN epilayer 
and then coated the Ni/Au Schottky contact with Ag past.  Next, we glued the structure to a second sapphire 
substrate and then released the epilayer from the host sapphire substrate by mechanical force.  Finally, 
another bilayer of Ni/Au Schottky contact was deposited on the back side of the released hBN epilayer. A 
schematic of the device structure for EB measurements is shown in the inset of Fig. 6.  Figure 6 shows the I-V 
characteristics of the released hBN epilayer in the c-direction (out-of-plane), which indicate that the 
breakdown occurs at around 810 V.  This translates to EB ∼ 4.5 MV/cm, which is lower than that obtained 
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from ultrathin hBN layers exfoliated from powder crystals having a cross section area in micron scale.33 Not 
only our released hBN epilayer used for EB measurement has a large cross section area of ∼4 mm2, but hBN 
epitaxial layers are grown on foreign substrate and are not dislocation free.  Moreover, the backside of the 
released hBN epilayer contains a 20 nm low temperature buffer layer of amorphous nature, which also 
reduced the measured value of EB of hBN.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The breakdown field of AlN epilayers in the c-direction (out-of-plane) has been previously 

measured via a vertical Schottky detector structure of AlN grown on n-type SiC (AlN/n-SiC),19 as illustrated 
schematically in the inset of Fig. 7.  The I-V characteristic of an AlN/n-SiC Schottky detector with a 30 µm 
in diameter is shown in Fig. 7, which shows that the AlN device exhibits a breakdown voltage of about 340 
V and a breakdown field of about 3.8 MV/cm.  It was further demonstrated that EB increases linearly with a 
decrease in the device area (A), since the number of dislocations decreases linearly with a decrease in A.19  
EB for dislocation-free AlN epilayers can be obtained by extrapolating A to zero (∼4.1 MV/cm).19 Our results 
shown in Fig. 6 and 7 clearly indicate that hBN epilayers have a higher EB than AlN epilayers. If we assume 
ultrathin hBN layers exfoliated from powder crystals are dislocation free,33 then the value of 7.94 MV/cm 
may represent the EB value of intrinsic hBN.  Our results thus suggest that the device performance can be 
improved by improving material quality, mainly reducing dislocation density, and optimizing the device size 
and geometry.  

 
 

4. SUMMARY 

Significant progress in MOCVD growth of hBN epilayers has been made.  The band edge emission 
in hBN is very efficient and is more than two orders of magnitude higher than that in AlN epilayers.  
Polarization-resolved PL results have revealed that hBN is predominantly a surface emission material with 

 
Fig. 6 Out-of-plane (vertical) I-V characteristics of a 
released hBN epilayer, which has a cross section area of 
about ∼4 mm2. Inset (a) is the schematic of an hBN epilayer 
released from the host sapphire substrate and (b) the 
microscope image of the device employed for breakdown 
field measurement.14 

 

Fig. 7 Reverse bias I-V characteristics of AlN 
Schottky detector with d = 30 μm in diameter. The 
measured breakdown voltage, VB, is around 340 V. 
Inset shows the schematic of the AlN/n-SiC Schottky 
detector layer structure employed for breakdown 
field measurement.19  
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light output polarized in the TE mode.  Based on the graphene optical absorption concept, the estimated 
band-edge absorption coefficient of hBN is about 7x105/cm, which is more than 3 times higher than the value 
for AlN (∼2x105 /cm).  The dielectric strength of hBN epilayers exceeds that of AlN epilayers and is greater 
than 4.4 MV/cm based on the measured result for an hBN epilayer released from the host sapphire substrate.  
Thus, hBN is a material with a very low dielectric constant, but having a very high dielectric strength. The 
hBN epilayer based DUV detectors have a sharp cut-off wavelength around 230 nm, which coincides with 
the band-edge PL emission peak and showed virtually no response in the long wavelengths measured up to 
800 nm.  Currently, our understanding of hBN epilayer growth and properties is still in the very early stage 
compared to the status of AlN epilayers.  Much improvement is anticipated for hBN, which ultimately will 
lead to functional practical devices.  However, our results indicate that device quality hBN epilayers can be 
produced by MOCVD technique. The present results together with the ability of p-type doping of hBN34 
represents a major step towards the realization of hBN based practical devices. 
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