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Epitaxial growth and demonstration of hexagonal BN/AIGaN p-n junctions

for deep ultraviolet photonics

S. Majety, J. Li, X. K. Cao, R. Dahal, B. N. Pantha, J. Y. Lin, and H. X. Jiang®
Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA
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Recent advances in epitaxial growth and demonstration of p-type conductivity in hexagonal boron
nitride (hBN) epilayers represent an exceptional opportunity to revolutionize p-layer approach and
overcome the intrinsic problem of low p-type conductivity in Al-rich AlGaN for deep ultraviolet
(DUV) device applications. Nevertheless, the ability of epitaxial growth of hBN on AlGaN is a
prerequisite for the incorporation of p-type hBN in AlGaN DUV device structures. We report on
the epi-growth of hBN on Al-rich AlIGaN/AIN/AL,O3 templates using metal organic chemical
vapor deposition. X-ray diffraction measurement revealed a 26 peak at 26.5° which indicates that
the BN epilayers are hexagonal and consist of a single phase. Mg doped hBN epilayers were also
grown on highly insulating AIN and n-type AlGaN templates with an attempt to demonstrate
hBN/AIGaN p-n junctions. Mg doped hBN epilayers grown on insulating templates were p-type
with an in-plane resistivity of ~2.3 Q cm. Diode behavior in the p-n structures of p-hBN/
n-Al;Ga; 4N (x ~ 0.62) has been demonstrated. The results here reveal the feasibility of using
highly conductive p-type hBN as an electron blocking and p-contact layers for AlGaN deep UV

emitters. © 2012 American Institute of Physics. [d0i:10.1063/1.3682523]

Hexagonal boron nitride (hBN) has attracted a lot of in-
terest recently owing to its excellent physical properties such
as high thermal conductivity, chemical stability, negative elec-
tron affinity and a large energy band gap (E, ~ 6 eV)."” The
hexagonal structure and similar lattice constants to graphene
make it highly suitable for use as a template in graphene elec-
tronics and also as a gate dielectric layer.®™ Moreover, lasing
action in deep ultraviolet (DUV) region (~225nm) by elec-
tron beam excitation was demonstrated in small hBN bulk
crystals synthesized by a high pressure/temperature tech-
nique,” raising its promise as a DUV photonic material. Previ-
ous reports on the growth of hBN thin films were confined to
sapphire, Ni (111) and silicon substrates.”'°

On the other hand, AlGaN materials system has been the
prime choice to realize solid-state DUV light sources. Due to
the intrinsic problem of low p—type conductivity in AlGaN,
an Al-rich AlGaN epilayer is generally used as an electron
blocking layer in nearly all DUV emitters. However, the use
of such a highly resistive layer in the device structure
strongly affects the hole injection efficiency in the active
layer."""'? We have previously reported a considerable reduc-
tion in p-type resistivity of Mg doped hBN (hBN:Mg) com-
pared to AIN:Mg (p ~ 12 Q.cm for hBN:Mg vs p > 10*
Q-cm for AIN:Mg)."® The results suggested that it is possible
to come up with a radically different DUV emitter structure
which would employ p-hBN as an electron blocking layer or
even p-contact layer. Highly conductive p-type hBN with its
wide bandgap would effectively block the electrons and
enhance the hole injection and hence the electron and hole
recombination efficiency in the active region. The focus of
the present work is to demonstrate the feasibility of growing
hBN epilayers on AIN/Al,O5; and n-Al,Ga;_N/AIN/AL,O;
templates which would ultimately pave the way toward the
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realization of high efficiency nitride DUV optoelectronic
devices using this unconventional p-layer approach.

The hBN epilayers were grown using low pressure metal
organic chemical vapor deposition (MOCVD). The precur-
sors for boron and nitrogen are triethyl boron (TEB) and am-
monia (NH3), respectively. The hBN epilayers were grown
on AIN and n-AlyGa; _(N(x ~ 0.62) templates. The 1 um
thick Si doped n-AlGaN epilayer templates were grown by
MOCVD on 2-in. (0001) sapphire substrates and generally
exhibit an n-type conductivity of about 0.01 Q cm. Prior to
the n-AlGaN epilayer growth, a 0.5 um undoped AIN epi-
layer was first deposited on sapphire substrate to serve as a
template and dislocation filter.'"'* Figure 1 shows the sche-
matics of the layer structures used in this study. For the
growth of Mg doped hBN, biscyclopentadienyl-magnesium
was transported into the reactor during hBN epilayer growth.
X-ray diffraction (XRD) was used to measure the crystalline
structure, quality and lattice constant of the hBN layers. Pho-
toluminescence (PL) studies were conducted on these sam-
ples using our DUV laser spectroscopy system. '

Figure 2(a) shows the XRD 0-20 scan of hBN/AIN/AL,O;
with the hBN (002) and AIN (002) peaks placing at 26.5° and
36.0°, respectively. The (002) peak of hBN epilayer yields a
corresponding lattice constant of ¢c=6.70A which is very
close to the hexagonal phase lattice constant of 6.66 A
(Ref. 16) and the c-lattice constant (6.67 A) of hBN epilayers
grown on sapphire substrate.'® No other XRD diffraction peak
is observed indicating that these BN epilayers grown on AIN
templates are indeed single hexagonal phase. The rocking
curve of this (002) reflection, shown in Fig. 2(b), has a full
width at half maximum (FWHM) of 662 arc sec which is
larger than those grown on sapphire (385 arc sec) indicating
that the growth conditions can be further improved."?

The growth is carried out under nitrogen rich condition
and the variation of NH; exposure time did not change the

© 2012 American Institute of Physics
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FIG. 1. (Color online) Schematic layer structures of (a) hBN/AIN/Al,O4
and (b) hBN:Mg/n-AlGaN/AIN/AL,Os.

quality of the films, as the growth rate is independent of the
NH; flow rate. Increase in TEB flow rate increases the
growth rate and may also reduce the number of boron vacan-
cies. Due to the large lattice mismatch between BN and AIN
(in-plane lattice constants 2.5A and 3.1A, respectively), a
low temperature BN buffer layer grown at 800 °C is incorpo-
rated before the growth of hBN epilayer. It has been
observed that without this buffer layer, the adhesivity of
hBN layers on top of the templates is compromised and the
epilayer tends to peel or gets cracked very easily. We have
studied the impact of this buffer layer thickness on the qual-
ity of the epilayers and have arrived at the optimum buffer
layer thickness required to grow better quality hBN epi-
layers. The thickness of this BN buffer layer was decreased
from 140 to 20 nm. An increase in XRD intensity and also a
reduction in the FWHM (from 0.78° to 0.66°) of the hBN
epilayers was observed as the buffer layer thickness was
decreased. Table I summarizes the variation of the FWHM
of the hBN (002) rocking curve with decreasing buffer
thickness.

Room temperature (300K) and low temperature (10 K)
PL spectra for hBN grown on AIN/AlL,O; templates are
shown in Fig. 3. PL spectra measured at 10 K shows a domi-
nant emission at ~5.33eV. Two impurity related transitions
at 3.37 and 3.66¢eV are also evident. The 5.33 eV transition
line has been observed by several groups from hBN powder
samples and pyrolytic hBN deposited by chemical vapor
deposition method and thought to be related with the donor-
acceptor-pair (DAP) transition. The exact natures of donor
and acceptor impurities involved are however not yet
clear."’
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FIG. 2. (Color online) (a) XRD 0-20 scan of hBN/AIN/AI,O3 showing hBN
(002) and AIN (002) peaks and (b) rocking curve of the (002) peak of hBN.

Similar to the AlGaN materials system, post-growth ther-
mal annealing process is generally necessary to activate Mg
acceptors in Mg doped hBN epilayers. The as-grown samples
were annealed at a temperature of 1150 °C for 45 min under
nitrogen ambient atmosphere in order to activate the Mg
acceptors. This process renders a p-type resistivity of ~2.3 Q cm
for Mg doped hBN epilayers grown on insulating tem-
plates, which has been improved by a factor of about 5
compared to our previous results for hBN:Mg/sapphire.'?
For p-type hBN on n-Alj ¢ Gag 33 N/AIN/AL,O3 p-n struc-
ture, the sample was etched down to the n-AljGagzgN
layer using inductively coupled plasma (ICP) dry etching
processing and n-contacts consisting of 30-nm-thick Ti,

TABLE 1. Dependence of FWHM of (002) XRD rocking curve and c-lattice
constant (c) on the thickness of the BN low temperature buffer layer (Ly,).

L, (nm) CA) FWHM (°)
140 6.77 0.78
120 6.76 119
100 6.76 1.00
80 6.71 0.76
60 6.76 0.78
40 6.74 0.72
30 6.74 0.81
20 6.72 0.66




061121-3 Majety et al.
hBN/AIN/AL O,
20rT=10K
15l 337eV
b 3666V
10 l
PR (x 1/10)
5: 0 T T T T T
= T=300K
% 20/ |
i—io
15+ i
10} ]

0 " 1 " 1 . L . " 1
25 30 35 40 45 50 55 60
E (eV)

FIG. 3. (Color online) Photoluminescence spectra of hBN grown on AIN/
Al,O5 templates measured at (a) T = 10K and (b) T = 300K.

100-nm-thick-Al, 30-nm-thick-Ni and 100-nm-thick-Au
metal layers were deposited. The n-contacts were then
subjected to thermal treatment (1050 °C for 5s in nitrogen
ambient) in order to decrease the contact resistance and
enhance the ohmic behavior of these contacts.

P-contacts were formed by depositing 30-nm-thick Ni
and 120-nm-thick-Au layers on the top Mg doped p-type
BN. The current-voltage (I-V) characteristics of p-type hBN
on n-Al,Ga;_N/AIN/AL, O3 p-n structure were measured at
room temperature to investigate the effect of different
annealing conditions on the properties of the vertical trans-
port and ohmic contacts to p-hBN grown on
n-Alg 6,Gag 35 N/AIN/AL,O5 templates. The I-V characteris-
tics with different annealing conditions are shown in Fig. 4,
which shows that thermal annealing of the contacts is critical
and annealing under N, ambient above 920 °C for 2 min pro-
vides good ohmic contacts. We have noticed that at a tem-
perature greater than 1000°C the Ni/Au contacts fuse
together to form an alloy and tend to get detached from the
Mg doped p-type BN layer. However with just the 30 nm Ni
layer without Au, annealing at 1020 °C for 1 min makes the
contact ohmic and the contact resistance is drastically
reduced.

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 proper-
ties. Figure 5 shows the I-V characteristics and schematic
illustration of a p-n structure in which the buffer layer was
doped with Mg and p-contacts were annealed at 1020 °C. As
can be seen from Fig. 5, we were able to demonstrate a
decent diode behavior in hBN:Mg/n-AlGaN. The leakage
current under reverse bias can be controlled to be quite low
(~3 uA at —10V). This approach has the potential to solve
the problem of low quantum efficiency of DUV devices

Appl. Phys. Lett. 100, 061121 (2012)

20—
as deposited
——800 °C Ni/Au-2min.
200 920 °C-Ni/Au-2 min.
——1020 "C-Ni-1 min.
%_: 150}
100}
50}
0 . ﬁ
20 0 20 40 60 80 100
V (V)

FIG. 4. (Color online) I-V characteristics of the Mg doped p-type hBN epi-
layers deposited on Si-doped n-AlGaN with Ni/Au and Ni contacts annealed
at different times and temperatures.

using Al-rich AlGaN alloys due to their extremely low
p-type conductivity.

In summary, we have demonstrated epitaxial growth of
hBN on II-nitride templates. Diode structures consisting of
p-hBN on n-Al,Ga,;_,N were fabricated and their I-V char-
acteristics were measured. Thermal annealing of the
p-contacts was performed to study the effects of different
annealing conditions. The p-hBN/n-AlGaN heterostructures
revealed a diode behavior with a current of ~7.5 mA at a

8 ) v ) v ) 4 L) v I
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g4r T
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FIG. 5. (Color online) I-V characteristics of a p-BN:Mg/n-Alj,Gag 35 N/
AIN structure with p-contacts annealed at 1020 °C exhibiting a diode behav-
ior. The inset shows the schematic diagram of the p-n structure, in which
BN buffer layer is doped with Mg.
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bias voltage of 20 V. Further improvements in material qual-
ity, p-type conductivity, the type of ohmic contacts, and
post-growth processes would enhance the properties of these
p-n structures which could ultimately pave the way toward
the realization of high efficiency nitride DUV optoelectronic
devices.
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