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This paper provides a brief overview on recent advances made in authors’ laboratory in epitaxial growth and optical studies of
hexagonal boron nitride (h-BN) epilayers and heterostructures. Photoluminescence spectroscopy has been employed to probe the
optical properties of h-BN. It was observed that the near band edge emission of h-BN is unusually high and is more than two
orders of magnitude higher than that of high quality AlN epilayers. It was shown that the unique quasi-2D nature induced by the
layered structure of h-BN results in high optical absorption and emission. The impurity related and near band-edge transitions
in h-BN epilayers were probed for materials synthesized under varying ammonia flow rates. Our results have identified that the
most dominant impurities and deep level defects in h-BN epilayers are related to nitrogen vacancies. By growing h-BN under high
ammonia flow rates, nitrogen vacancy related defects can be eliminated and epilayers exhibiting pure free exciton emission have
been obtained. Deep UV and thermal neutron detectors based on h-BN epilayers were shown to possess unique features. It is our
belief that h-BN will lead to many potential applications from deep UV emitters and detectors, radiation detectors, to novel 2D
photonic and electronic devices.
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As a member of the III-nitride wide bandgap semiconductor fam-
ily, boron nitride (BN) has received much less attention in comparison
with other nitride semiconductors. Due to its extraordinary physical
properties,1–11 such as high chemical stability, thermal conductivity,
melting temperature, electrical resistivity, bandgap (Eg ∼ 6.5 eV), op-
tical absorption near the band edge (∼7.5 × 105/cm), negative electron
affinity, and thermal neutron capture cross-section, BN appears to be
the material of choice for emerging applications, including deep UV
(DUV) optoelectronics, electron emitters and neutron detectors. Al-
though, BN exists in various crystalline forms, the hexagonal form is
isostructural to graphite and is the stable phase of BN synthesized at
any temperature and under normal pressure.1–9 Due to its close lattice
match to graphite and its chemical inertness and resistance to oxida-
tion, hexagonal boron nitride (h-BN) is considered an ideal template
and barrier material for the construction of two-dimensional (2D) het-
erostructures and quantum wells.12–17 Similar to graphene, h-BN is
expected to possess rich new physics due to its layered structure with
the exception that it is also complementary to graphene because of its
wide bandgap.

BN has been well known both as an excellent electrical insula-
tor and thermal conductor. In recent years, lasing action in the DUV
region (∼225 nm) by electron beam excitation was demonstrated in
small h-BN bulk crystals synthesized by a high pressure/temperature
technique,18 raising its promise as a semiconductor for realizing chip-
scale DUV light sources/sensors. So far, h-BN bulk crystals with sizes
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 device structures and is
most suitable for producing substrates if a relative large size can be
realized. Until now, research on layer structured materials is mostly
based on manually exfoliating individual layers from layer-structured
crystals and manually stacking them to form 2D heterostructures.
This has been useful for the study of new physics, but prohibits the
realization of wafer-scale processing, QW design, and doping pro-
cesses, which are prerequisites for practical device implementation.
The ability for synthesizing wafer-scale semiconducting h-BN epi-
taxial layers with high crystalline quality and electrical conductivity
control is highly desirable for fundamental understanding as well as
for the exploration of emerging applications of this interesting material
system.

zE-mail: hx.jiang@ttu.edu; jingyu.lin@ttu.edu

By leveraging advances and prior knowledge in AlN epi-growth,
we have demonstrated the growth of wafer scale h-BN epilayers on
sapphire, AlN/sapphire template, and SiC substrates by metal organic
chemical vapor deposition (MOCVD). MOCVD is a proven technique
with the ability to precisely and reproducibly deposit very thin layers
(single atomic layers) to thick epilayers (tens of μm in thickness).
This paper summarizes recent progress made primarily in authors’
laboratory on synthesizing h-BN epilayers by MOCVD and studies
of their structural and optoelectronic properties. Detailed comparison
studies with high quality and well characterized AlN epilayers have
been carried out to reveal the unique two-dimensional (2D) nature of
h-BN. Deep UV emitters and detectors and thermal neutron radiation
detectors based h-BN have been fabricated and the results represent a
major step toward the realization of h-BN based practical devices.

MOCVD Growth and Structural Properties

Hexagonal BN epitaxial layers were synthesized by MOCVD us-
ing triethylboron (TEB) source and ammonia (NH3) as B and N pre-
cursors, respectively.19,20 Prior to epilayer growth, a 20 nm BN buffer
layer was first deposited on sapphire substrate at 800◦C. The typical
h-BN epilayer growth temperature was about 1300◦C using hydrogen
as a carrier gas. For h-BN epilayer growth, the parasitic reaction be-
tween triethylborane (TEB) and NH3 in the gas phase is a problem
which resembles the reaction between NH3 and TMAl during AlN
epilayer growth.19–24 The surface migration of boron atoms is poor
because the B-N bond is strong and parasitic reaction between TEB
and NH3 is severe. The by-products of the pre-reaction deposited on
the wafer cause a rough surface and high crystalline defect density.
Modulation pulsed growth with alternating supplies of group III (TEB)
and group V (NH3) precursors can significantly suppress the parasitic
reactions in the gas phase.21–23 In the modulation pulsed growth pro-
cess, there are 4 basic parameters that need to be optimized: “on” time
for NH3 flow (ton

NH3), “on” time for TEB flow (ton
TEB), TEB flow rate

(RTEB), and NH3 flow rate (RNH3). These parameters can be varied
independently to produce materials with improved crystalline quality.
The pulse sequence can also be varied to achieve different growth
rates.

X-ray diffraction (XRD) θ-2θ scan of h-BN shown in Fig. 1a
revealed a c-lattice constant ∼6.67 Å, which closely matches to the
bulk c-lattice constant of h-BN (c = 6.66 Å),1–4 affirming that our
MOCVD grown BN films are of single hexagonal phase. Secondary
ion mass spectrometry (SIMS) results shown in Fig. 1b indicated
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Figure 1. (a) XRD θ-2θ scan of a 1 μm thick h-BN epilayer
deposited on sapphire; (b) SIMS data obtained for a 0.5 μm
thick h-BN epilayer. The insets show an AFM image of h-BN
epilayer over a 2 × 2 μm2 area scan and an optical image of
a 2-inch wafer of h-BN epilayer (after Refs. 19 & 20).

that h-BN epilayers have excellent stoichiometry. As shown in the
inset of Fig. 1b, thin h-BN epilayers (<1 μm) exhibit good surface
morphologies and RMS values around 1 nm can be obtained. However,
the surface morphology of h-BN epilayers becomes poorer with an
increase in the h-BN layer thickness and requires further improvement.

Figure 2 compares XRD characterization results for AlN and
h-BN. It can be seen that the XRD intensity of the (0002) peak of
h-BN is about 30 times lower than that of AlN epilayer with the
same thickness.25 As shown in Fig. 2b, the XRD rocking curve of the
(0002) diffraction peak has a full width at half maximum (FWHM)
of ∼380 arcsec for the h-BN,which is comparable to those of typical
high quality GaN epilayers deposited on sapphire.26 This is a dramatic
improvement over previously reported values for h-BN films (1.5◦–
0.7◦),27 but is much broader than the typical FWHM of high quality
AlN epilayers of <60 arcsec.25 These results signify that it is feasible
to obtain h-BN epilayers with high crystalline quality by MOCVD
and that the epitaxial layers of h-BN is still in its early stage of
development.

Optical Properties

Origin of high emission efficiency.—Though optical properties of
the band edge transitions in h-BN have been studied and reported in
the last 10 years, mostly from h-BN bulk crystals, many fundamental
properties remain unknown. What we know today about the optical
properties of h-BN can be summarized below:

(a) Ultra-high bandgap - Both theoretical and experimental results
indicate that the bandgap of h-BN is around 6.5 eV.28-30

(b) High optical emission and absorption - The previously measured
optical absorption is as high as 7.5 × 105/cm.7

(c) Very large exciton energy – The exciton binding energies
is about 0.7 eV in h-BN bulk crystals and 2.1 eV in h-BN
monolayers).28–31

As shown in Figs. 3a and 3b, the photoluminescence (PL) emission
intensity of the band edge transition in h-BN is more than 2 orders of
magnitude higher than that of AlN when the two samples are measured
side by side for a direct comparison. Notice that the 10 K spectrum of
h-BN is multiplied by a factor of 1/500, while the 300 K spectrum is
multiplied by a factor of 1/100.31,32 The results imply that h-BN based
DUV devices potentially could be even more efficient than AlN.

The results shown in Fig. 3 also inferred a very large oscillator
strength and high density of states near the band edge. Our recent
work has shown that the strong optical transitions in h-BN partly
originates from the unusually strong p → p-like transitions due to its
quasi-2D nature, giving rise to very high density of states near the band
edge.31 It is interesting to note that h-BN is the only quasi-2D inorganic
semiconductor with such a large energy bandgap. In addition, the layer
structured h-BN 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.28–32 Another factor that accounts for this
efficient band-edge emission in h-BN is the high band-edge optical
absorption coefficient.7,24

The previously measured band-edge optical absorption coefficient
(α) of h-BN is unusually high (∼7.5 × 105 cm−1)7 and is more
than 3 times higher than that of AlN (∼2 × 105 cm−1).33 This high
optical absorption property can be understood by writing the optical
absorption (I) as,24

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 features of graphene is that its absorption is πe2/h̄c
= πα = 2.3%, where α = e2/h̄c is the fine structure constant, which
describes the coupling between light and relativistic electrons.34 If we

Figure 2. Comparison XRD results of h-BN and AlN epilayers: (a) θ-2θ scans and (b) rocking curves of the (0002) diffraction peaks.
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Figure 3. Comparison DUV PL spectra of h-BN and AlN
epilayers measured at (a) 10 K and (b) 300 K (after Refs. 31
and 32).

assume the same holds for the above bandgap optical absorption in
h-BN, we then have the optical absorption of h-BN = 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 × 10−3/Å ≈ 7 × 105/cm.

This estimated value of 7 × 105/cm for the band-edge optical
absorption coefficient based on the optical absorption concept of
graphene agrees exceptionally well with the previously measured
value of about 7.5 × 105/cm.7 This means that only a very thin layer
of h-BN with approximately 70 nm (∼5λ) in thickness will absorb
all incoming above bandgap photons. This together with its inher-
ent nature of layered structure makes h-BN an exceptionally efficient
emitter.

Moreover, electron–hole pairs in h-BN form very tightly bound
excitons with a huge exciton binding energy (Ex ∼ 0.74 eV) or small
Bohr radius (aB ∼ 8 Å) due to its low dielectric constant and layered
structure.28–31 Ex is at least one order of magnitude larger than those in
any other inorganic semiconductors (the reported Ex for AlN ranges
from 60 – 80 meV35–37). The consequences of this large Ex value on
the optical transitions in h-BN are not yet fully explored; the oscillator
strength of small Bohr radius exciton can be very huge (on the order

of unity) due to the strong overlapping between electron and hole
wavefunctions, supporting high emission efficiency of h-BN.

TE emission.—Figure 4a compares the polarization-resolved
band-edge PL emission spectra of h-BN and AlN epilayers mea-
sured at 10 K.31 The PL emission spectral line shape for h-BN shown
in Fig. 4a 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, the emission intensity is about 1.7
times stronger in (Eemi⊥c) configuration, which is in sharp contrast
to the polarization-resolved PL spectra of AlN shown in Fig. 4b.38

However, the emission polarization of h-BN is similar to GaN.38,39

As shown in Fig. 4b, the band-edge emission in AlxGa1-xN evolves
from Eemi⊥c in GaN to Eemi//c in AlN. 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).39 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.38 Thus, incorporating methods such as pho-
tonic crystals for enhancing the light extraction is critical in AlGaN
UV LEDs.40 Furthermore, in contrast to all conventional semiconduc-
tor laser diodes with lasing output polarized in the transverse-electric

Figure 4. (a) Comparison of polarization-resolved low temperature (10 K) band-edge PL spectra of h-BN and 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) [after Ref. 31]. (b)
Polarization-resolved low temperature (10 K) band-edge PL spectra of AlxGa1-xN showing that the polarization switches from Eemi⊥c in GaN to Eemi//c to AlN
(after Ref. 39).
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Figure 5. Comparison of PL spectra between an (a) h-BN bulk crystal and (b) epilayer (after Refs. 30 & 32).

field (TE) mode, it was predicated38 and experimentally verified41 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 h-BN is an advan-
tageous feature over AlN for UV light emitting device applications.

Nature of deep-level impurities in h-BN.—As indicated by the
comparison XRD results between h-BN and AlN shown in Figs. 2a
and 2b, much improvements in crystalline quality of h-BN epilayer
are still needed. On the other hand, the basic properties of h-BN
epilayers can also be calibrated against those of h-BN bulk crystals,
despite the fact that h-BN bulk crystals are still small in size and
contain multi-domains. Consequently, XRD rocking curves cannot
be measured for h-BN bulk crystals. However, individual h-BN bulk
crystallites possess excellent optical properties. In Fig. 5, we present
the comparison of low temperature (10 K) band-edge PL emission
spectrum of an h-BN bulk crystal with that of an h-BN epilayer. It can
be seen that the fine features in the spectral region from 5.70 to 5.95 eV
in the h-BN bulk crystal are clearly resolved, but absent in the h-BN
epilayer. The four main emission peaks located at 5.771, 5.799, 5.868,
and 5.898 eV can be attributed to four excitonic transitions.28,30,42 The
main PL emission peak around 5.5 eV observed in h-BN epilayer are
related to impurity bound exciton transitions.

A comprehensive study on the impurity properties of h-BN for
materials produced under controlled growth conditions is needed
to provide input for approaches toward the improvement of mate-
rial quality and elimination of undesired defects. We have investi-
gated h-BN epilayers grown by MOCVD under different NH3 flow
rates to allow the studies via PL of the roles of nitrogen vacancy
(VN) in h-BN. Figure 6a shows the room temperature PL spectra of
h-BN epilayers grown under varying NH3 flow rates ranging from
0.2 to 1.5 SLM,43 whereas Fig. 6b shows the low temperature (T =
10 K) PL spectra of h-BN epilayers grown under varying NH3 flow
rates ranging from 0.3 to 20 SLM with all other growth conditions
being identical.44 The samples were placed side-by-side during the
PL spectra measurements for spectral feature and emission intensity
comparison. The results shown in Fig. 6a reveal three impurity peaks
below 5 eV which are related to a donor-acceptor pair (DAP) transi-
tion (zero-phonon emission line at 4.12 eV and its phonon replicas at
3.92 and 3.72 eV).45–47 As shown in Fig. 6b, in the samples grown
under low NH3 flow rates (between 0.3 up to 1.0 SLM), two other
emission lines around 5.3 eV and 5.5 eV are also clearly resolvable,

corresponding to the q-DAP transition and bound exciton transition,
respectively.32,42,48–51

It is clear that the emission intensities of impurity related transition
lines (DAP, q-DAP, and bound exciton transitions) all decrease con-
tinuously with an increase of the NH3 flow rate. The most remarkable
feature revealed in Fig. 6b is that the impurity related emission lines
disappear altogether and a sharp free exciton emission line emerges
at 5.735 eV when the NH3 flow rate is increased to above 16 SLM.
The complete elimination of the impurity emission line in h-BN epi-
layers grown under high NH3 rates clearly speaks for the fact that
these emission lines are related to VN or impurities related to VN. The
results demonstrate that it is possible to completely eliminate VN and
its associated defects in h-BN epilayers by employing nitrogen-rich
growth conditions. The free exciton emission line has been observed
for the first time in h-BN epilayers. During the growth of h-BN epi-
layers, NH3 serves as the source of the nitrogen atoms. The calculated
formation energy of VN in h-BN is quite low.52 VN and carbon impuri-
ties occupying the nitrogen sites (CN) are known to be two of the most
common impurities in h-BN.53–59 The energy peak position of the ex-
citon transition in h-BN epilayers shown in Fig. 6b is lower than those
in h-BN bulk crystals shown in Fig. 5a, possibly attributed to different
symmetry breaking mechanisms, strains, and material imperfections
in epilayers versus in bulk crystals.

As shown in Fig. 7a, temperature-dependent emission intensity of
the 4.1 eV line was measured from 10 K to 800 K, which provided
an activation energy of ∼0.1 eV for the shallow impurity involved
in the DAP transition. Using a bandgap value of 6.5 eV,28–31,60,61 we
deduced the energy level of the deep impurity level involved in the
DAP transition to be Eg - Eshallow - hνemi = 6.5 eV- 0.1 eV – 4.1 eV =
2.3 eV by neglecting the coulomb interaction between ionized donors
and acceptors. The measured energy levels together with previous
theoretical insights on the formation energies of the impurities and
defects in h-BN suggest that VN and carbon impurities occupying the
nitrogen sites (CN), respectively, are the most probable shallow donor
and deep acceptor impurities involved in the DAP transition at 4.1 eV.

Moreover, the results shown in Fig. 7b infer that the q-DAP emis-
sion line near 5.3 eV also involves VN shallow donor. The energy
level of the involved deep impurity can also be deduced from Eg -
Eshallow - hνemi = 6.5 eV- 0.1 eV – 5.3 eV = 1.1 eV. In obtaining
this energy level, Eg = 6.5 eV is used and the coulomb interaction
between ionized donors and acceptors has been neglected. With the
known presence of a deep level impurity with an activation energy of
about 1.1 eV, it should be possible to observe a band-to-impurity type
transition by measuring the PL emission spectra in the near infrared
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Figure 6. (a) 300 K PL spectra of impurity related transitions in h-BN epilayers grown at 1350◦C under different NH3 flow rates (RN H3 ). (b) 10 K PL spectra
of near band-edge transitions in h-BN epilayers grown under different NH3 flow rates. The spectra are vertically shifted to provide a clearer presentation (after
Refs. 43 and 44).

region near 1.1 eV. This is indeed the case. As shown in Fig. 7b, a
rather broad weak emission line with its peak energy around 1.2 eV
was observed in the h-BN epilayer grown under an NH3 flow rate
of 1.5 SLM. This emission peak is most likely corresponding to a
band-to-impurity transition between the deep acceptor involved in the
q-DAP transition and the valence band. Previous theoretical studies
have indicated that a substitutional carbon impurity on a nitrogen site
could induce two deep defect levels localized on the carbon atom.53,59

The complete elimination of the 5.5 eV emission line in materials
grown under high NH3 rates points to the fact that the 5.5 eV emission
line is related to the recombination of an exciton bound to VN or
to an impurity occupying the nitrogen site. Based on the energy peak
position of the free exciton emission line observed in h-BN epilayers at
5.735 eV, the binding energy of the bound exciton (EBX) related to the
5.5 eV emission line can be estimated to be around 0.24 eV. According
to Haynes’ rule, the binding energy of a bound exciton is about 10%
of the impurity binding energy, neglecting the central cell correction.
This infers that the energy level of the impurity involved in the bound
exciton transition at 5.5 eV is around 2.4 eV, which is very close to
the value of 2.3 eV for the energy level deduced for CN involved in the

DAP transition near 4.1 eV. Therefore, it is highly plausible that the
5.5 eV emission line is due to the recombination of excitons bound
to CN deep acceptors (A0,X), or I1 type transition. We speculate that
carbon impurities originate from the boron precursor (TEB source).
An interesting point that is worth mentioning is that the I1 transition
(excitons bound to acceptors) is more readily observable than the I2

type transition (excitons bound to donors) in h-BN epilayers, whereas
in all other III-nitride semiconductors (AlN, GaN, InN) the I2 type
transition is more probable. This is due to the fact that the Fermi level
in undoped h-BN lies below the middle of the energy gap and undoped
h-BN materials tend to be slightly p-type, while undoped AlN, GaN,
and InN tend to be n-type. In this sense, h-BN is more like diamond
than other III-nitride semiconductors.

Based on the understanding presented above, the emission lines
related to VN at 4.1, 5.3 and 5.5 eV can be minimized or completely
eliminated by employing high NH3 flow rates during the h-BN epilayer
growth. With the determination of the energy levels involved, we have
constructed the energy diagrams illustrating the optical processes of
the observed impurity transition lines in h-BN epilayers, as depicted in
Fig. 8a and bound exciton transition in Fig. 8b. These results provide
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Figure 7. (a) Arrhenius plot of integrated PL emission intensity of the DAP transition near 4.1 eV on an h-BN epilayer grown under 1.5 SLM NH3 flow rate. (b)
PL spectrum of an h-BN epilayer grown at an NH3 flow rate of 1.5 SLM measured in the near infrared spectral region exhibiting an emission line at 1.2 eV (after
Refs. 43 and 44).
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Figure 8. (a) Energy diagram illustrating the optical processes of the widely
observed impurity emission lines near 4.1 eV and 5.3 eV in h-BN. (b) Energy
diagram illustrating the optical process of the widely observed bound exciton
emission line near 5.5 eV in h-BN.

an improved understanding of VN related impurities/defects as well as
their effects on the optical and doping properties of h-BN epilayers.
Our results also demonstrate that by monitoring the impurity related
PL emission peaks in h-BN while varying the growth conditions, it is
possible to obtained epilayers with reduced defect densities.

P- and n-type Doping in h-BN

In sharp contrast to other members of the III-nitride family, p-type
h-BN seems more readily obtained than n-type, similar to the case
in diamond. We have shown that it is possible to convert h-BN to
p-type by Mg doping.19,20,62 Mg doped h-BN epilayers exhibited a
p-type conductivity that is several orders of magnitude higher than
that of Mg doped AlN. The p-type conductivity type of Mg doped
h-BN was verified by Hall effect and Seebeck coefficient (or “hot
probe”) measurements.19

We have previously determined the acceptor energy levels of Mg
(∼0.5 eV) and Zn (∼0.6 eV) in AlN.63-68 The Mg acceptor level (EA) in
AlxGa1-xN increases with x, from about 170 meV in GaN (x = 0 with
Eg ∼3.4 eV) to 510 meV in AlN (x = 1 with Eg ∼ 6.1 eV),19,20,63–66

as illustrated in Fig. 9. The free hole concentration (p) decreases with
the acceptor activation energy following p ∼ exp(-EA/kT). As a result,
the free hole concentration decreases exponentially with a decrease in
emission wavelength (or increase in bandgap). An EA value around
500 meV in AlN translates to only 1 free hole for roughly every 2
billion (2 × 109)incorporated Mg impurities at room temperature.
This leads to extremely resistive AlN “p-layers”. For instance, an
optimized Mg doped AlN epilayer has a typical “p-type resistivity”
of >107 �·cm at 300 K.63,64 This causes an extremely low free hole
injection efficiency into the AlGaN quantum well active region and
is a major obstacle for the realization of AlGaN-based DUV light
emitting devices with high quantum efficiency. It should be noted that

Figure 9. Mg acceptor level (EA) in AlGaN and h-BN. The arrow indicates
the measured EA value in Mg doped hBN epilayers grown by MOCVD (after
Ref. 19).

the deepening of the Mg acceptor level in AlxGa1-xN with increasing
x is a fundamental physics problem.

One of the most significant differences between these two mate-
rials is the lower acceptor energy level in h-BN than in w-AlN. The
measured Mg activation energy value in MOCVD grown h-BN epi-
layers appears to be around 31 meV in h-BN19 and is marked in Fig.
9. With optimization in post-growth annealing processes, we were
able to obtain a p-type resistivity around 2 �·cm at 300 K,62 which
is 6 orders of magnitude reduction compared to those of Mg doped
AlN. These preliminary results indicate that h-BN has the potential to
extend p-type III-nitride materials all the way up to 6 eV. If the wide
bandgap and highly conductive h-BN p-type layer can be success-
fully implemented in nitride DUV LEDs, p-type conductivity of the
electron blocking and p-contact layers will be dramatically increased.
This will significantly improve the free hole injection and quantum
efficiency and DUV transparency, reduce the operating voltage and
heat generation, and increase the device operating lifetime

To realize devices which require both p-type and n-type h-BN
materials, n-type conductivity control in h-BN is equally important.
However, studies on n-type conductivity control have been limited
for h-BN either in bulk or epilayer form. It seems that Si would be a
natural choice as an n-type dopants, which has been established for
GaN and AlN. We have investigated the suitability of Si as an n-type
dopant in h-BN.69 However, we have shown that in-situ doping of
h-BN with Si provides n-type conductivity only at high temperatures
(above 700 K). As illustrated in Fig. 10, Hall effect measurements

Figure 10. (a) I-V characteristics of an h-BN:Si sample grown by MOCVD with silane flow rate of 150 sccm, thermally annealed at a temperature of Ta = 1100◦C
after growth, measured at different temperatures. (b) Mobility data obtained by Hall effect measurements carried out at 850 K for the same h-BN:Si sample. In our
experimental setup, +μ means electron conduction and -μ means hole conduction (after Ref. 69).
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Figure 11. I-V characteristics and schematic illustration of a p-BN:Mg/n-
Al0.62Ga0.38N/AlN p-n structure in which the buffer layer was doped with Mg
and p-contacts were annealed at 1020◦C exhibiting a diode behavior (after
Ref. 62).

were carried out at 850 K for the sample annealed at Ta = 1100◦C
and yielded an average resistivity ρ ∼ 12 � · cm with a free electron
density n ∼ 1 × 1016 cm−3 and mobility μ ∼ 48 (±24) cm2/V · s.
The mobility data unambiguously confirmed that h-BN:Si exhibits
n-type conductivity. A more recent study carried out for Si doped
h-BN thin films via ion implantation has shown that it is possible to
achieve n-type conduction with a resistivity as low as 0.5 �·cm at
room temperature and Si doping induces two shallow donor levels in
the h-BN.70 Further works are required to understand the mechanisms
of conductivity control as well as the choice of dopant species and
optimized conditions of post-growth processes of materials, type of
metal contacts, and contact annealing conditions.

Hexagonal BN Heterostructures

In order to utilize p-type h-BN for AlGaN DUV device appli-
cations, the feasibility for producing h-BN/AlGaN heterostructures
must be investigated. The growth of p-h-BN on n-AlxGa1-xN (x ∼
0.62) heterostructures has been attempted.62 Prior to the n-AlGaN
epilayer growth, a 0.5 μm undoped AlN epilayer was first deposited
on sapphire substrate to serve as a template and dislocation filter. Si
doped n-AlGaN (x ∼ 0.62) epilayer of about 1 μm thickness exhibits
an n-type resistivity of about 0.01 � cm. A low temperature BN buffer
layer grown at 800◦C is incorporated before the growth of h-BN epi-
layer to enhance the adhesion of p-h-BN on top of n-AlxGa1-xN. In
addition to the need of thermal annealing treatment of the p-contacts,
we also found that doping the buffer layer with Mg significantly
improves the vertical transport properties. Figure 11 shows the I-V
characteristics and schematic illustration of a p-h-BN/n-AlxGa1-xN
(x ∼ 0.62) structure in which the buffer layer was doped with Mg and
p-contacts were annealed at 1020◦C.62 The p-h-BN/n-AlxGa1-xN (x ∼
0.62) structure exhibits a decent diode behavior. The leakage current
under reverse bias can be controlled to be quite low (∼3 μA at −10 V).
However, DUV light emission under current injection has not yet been
achieved. We believe that key parameters to be further optimized in-
clude the deposition and p-type doping conditions and thickness of
the low temperature buffer layer. More recent work conducted on BN
growth on SiC substrate indicated that the use of buffer layer may be
not necessary.71,72 Therefore, it may also be possible to eliminate the
buffer layer in the p-h-BN/n-AlxGa1-xN heterojunction.

The current-voltage (I-V) characteristics of the h-BN/6H-SiC het-
erostructure were measured and the results were utilized to determine
the band offsets of the h-BN/6H-SiC heterojunctions.71 The analysis
yielded the conduction and valence band offsets (�EC and �EV ) of
the h-BN/6H-SiC heterointerface of about 2.3 and 0.7 (±0.2) eV, re-
spectively, giving a �EC/�Eg value of around 76%. The measured
band offsets are in reasonable agreement with values deduced from
the band alignments between h-BN, AlN, and 6H-SiC obtained from
independent experimental data and theoretical calculations.

Device Demonstration

The isotope 10B has a very large capture cross section for thermal
neutrons of 3840 barns.73–75 This together with its wide bandgap prop-
erty makes 10B enriched h-BN (h-10BN) semiconductor an excellent
neutron detector material. The neutron and 10B nuclear reaction is
described by the following equations:

10B + 1
0n → 7Li (1.015 MeV) + α (1.777MeV) 6% [3a]

10B+1
0n → 7Li∗ (0.840 MeV)+α∗ (1.470 MeV) . 94% [3b]

The daughter particles (α particles and 7Li ions) produced by the nu-
clear reaction have a mean free path of ∼5 μm for α particles and
∼2 μm for 7Li ions and lose their energies by producing a cloud of
electron-hole pairs in h-BN semiconductor, which serve as the de-
tection signal for thermal neutrons. In h-BN neutron detectors, the
neutron capture, charge collection, and electrical signal generation
occur in the same h-BN layer, leading to exceptional detection capa-
bilities including high detection efficiency and energy resolution.

We have explored h-BN for solid-state thermal neutron detector
applications.76–80 Mobility-lifetime (μτ) products of electrons and
holes of h-BN epilayers were characterized and the results indicate
that these MOCVD grown h-BN epilayers are suitable for detec-
tor fabrication.76–80 Both lateral metal-semiconductor-metal (MSM)
detectors76–79 and simple vertical “photoconductive-type”80 of detec-
tors were fabricated. Figure 12a and the inset of Fig. 12b show that the
fabricated detectors exhibit very low leakage current density (as low
as 10−11 A/cm2) at a bias voltage of 10 V.24,76–79 As shown in Fig. 12b,
as deep UV photodetectors, these devices exhibit a peak responsivity
at 217 nm and a cutoff wavelength at around 230 nm with virtually
no responses for λ > 230 nm.24 The dielectric strength of h-BN epi-
layers exceeds that of AlN epilayers and is greater than 4.4 MV/cm
based on the measured result for an h-BN epilayer released from the
host sapphire substrate.24 Thus, h-BN is a material with a very low
dielectric constant, but having a very high dielectric strength. These
properties are important for detector applications.

The fabricated h-BN detectors were employed for thermal neutron
detection and the measured pulse-height spectra shown in Fig. 13 ex-
hibit distinguishable peaks due to the detection of the four product
energies expected from the 10B and neutron reaction described by
Eq. 3.77,78 Furthermore, h-BN detectors exhibit very high γ-photon
rejection.77 10B has a cross-section (σ) of 3840 barns (3.84 × 10−21

cm2) for thermal neutrons (25 meV energy). The density of boron
in h-BN is 5.5 × 1022 cm−3. Thermal neutrons therefore have an
absorption coefficient of α = Nσ = 5.5 × 1022 × 3.84 × 10−21 =
211.2 cm−1 in 100% 10B enriched h-BN films. Hence, the absorp-
tion length (λ) of thermal neutrons in h-10BN can be obtained as
λ = 1/α = 1/211.2cm = 4.73 × 10−3 cm = 47.3 μm. This means
that the attainment of thick layers of h-BN is necessary in order to
realize h-BN detectors with high detection efficiencies. Most recetly,
we have successfully realized freestanding 4-inch diameter 10B en-
riched h-BN wafers 43 μm in thickness from epitaxy growth and
subsequent mechanical separation from sapphire substrates. A simple
vertical “photoconductor-type” detector was fabricated by deposit-
ing ohmic contacts on the bottom and top surfaces. The pulse height
and efficiency measurements have demonstrated that 43 μm h-10BN
detectors deliver a detection efficiency of 51.4% for thermal neu-
trons and a charge collection efficiency of 86.1% at a bias voltage
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Figure 12. (a) Dark I-V characteristic (leak-
age current density vs. applied bias voltage)
of an h-BN MSM detector. The inset are a
schematic and an optical image of a fabri-
cated h-BN MSM detector (b) The relative
photo-spectral response of an h-BN MSM pho-
todetector measured at a bias voltage of 10 V.
The inset is the dark I-V characteristic in an
expanded scale for a clear presentation (after
Ref. 24).

of 400 V.80 This detection efficiency is the highest reported for any
semiconductor-based neutron detector. With further developments in
material growth and device design, h-BN semiconductor detectors
with neutron detection sensitivity greatly exceeding those of the cur-
rent state-of-the-art are anticipated. The ability of producing wafer
scale h-BN semiconductor materials by techniques such as MOCVD
and the applicability of semiconductor processing technologies also
open up the possibility to construct sophisticated neutron detectors
with high sensitivity at relatively low costs.

Summary

Significant progress in MOCVD growth of h-BN epilayers has
been made. These MOCVD grown epilayers exhibit highly efficient
band-edge photoluminescence (PL) emission lines centered at around
5.5 eV at room temperature. It was observed that the emission of
h-BN is more than two orders of magnitude higher than that of high
quality AlN epilayers. It was shown that the unique 2D structure of
h-BN induces high density of state (DOS) near the band-edge, which

Figure 13. (b) Nuclear reaction pulse height spectrum (counts versus channel
number) obtained by a detector incorporating natural h-BN of 4.5 μm in
thickness with a counting time of 20 minutes. The detector has a dimension of
36 mm2 (6 mm × 6 mm) and the widths of etched trenches and micro-strips
of 10 μm and 10 μm, respectively. The dark yellow and red column bars
are the total counts measured in the absence and in the presence of the 252Cf
source moderated by a high density polyethylene moderator, respectively. The
blue-green column bars represent the measured counts while the detector was
irradiated by a γ-photon source produced by 137Cs decay only. The inset is a
fabricated h-BN MSM detector.

results in high optical absorption (7 × 105/cm vs. ∼2 × 105 /cm for
w-AlN) and emission intensity. Polarization-resolved PL results have
revealed that h-BN is predominantly a surface emission material with
light output polarized in the TE mode.

Compared to AlN with a similar energy bandgap, h-BN epilayers
with p-type conductivity can be obtained. P-type h-BN may be used
to replace the highly insulating Mg doped AlN in AlGaN based deep
UV (DUV) emitters and detectors to enhance the p-type conductivity
and reduce the contact resistance. Mg doped h-BN epilayers grown on
insulating AlN templates exhibit p-type conduction with an in-plane
resistivity as low as 2 � cm have been obtained through post-growth
material and contact annealing processes. Diode behaviors in the p-n
structures consisting of p-h-BN/n-AlxGa1-xN (x ∼ 0.62) have been
demonstrated. Metal-semiconductors-metal detector structures based
on h-BN epilayers were fabricated. As deep UV photodetectors, these
devices exhibit a peak responsivity at 217 nm and a cutoff wavelength
at around 230 nm with virtually no responses for below bandgap
excitation. The fabricated h-BN detectors exhibit a detection efficiency
of 51.4% for thermal neutrons and charge collection efficiency of
∼86%. The dielectric strength of h-BN epilayers exceeds that of AlN
and is greater than 4.4 MV/cm based on the measured result for an
h-BN epilayer released from the host sapphire substrate. These results
represent a major step toward the realization of h-BN based practical
devices.

Currently, our understanding of h-BN epilayer growth and proper-
ties is still in the very early stage compared to the status of AlN epi-
layers. Much improvement is anticipated for h-BN, which ultimately
will lead to functional practical devices. However, our results clearly
indicate that it is feasible to obtain device quality h-BN epilayers by
MOCVD growth.
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