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ABSTRACT

Wide and ultrawide-bandgap semiconductors lie at the heart of next-generation high-power, high-frequency electronics. Here, we report the
growth of ultrawide-bandgap boron nitride (BN) thin films on wide-bandgap gallium nitride (GaN) by pulsed laser deposition.
Comprehensive spectroscopic (core level and valence band x-ray photoelectron spectroscopy, Fourier-transform infrared spectroscopy, and
Raman) and microscopic (atomic force microscopy and scanning transmission electron microscopy) characterizations confirm the growth of
BN thin films on GaN. Optically, we observed that the BN/GaN heterostructure is second-harmonic generation active. Moreover, we fabri-
cated the BN/GaN heterostructure-based Schottky diode that demonstrates rectifying characteristics, lower turn-on voltage, and an improved
breakdown capability (�234V) as compared to GaN (�168V), owing to the higher breakdown electrical field of BN. Our approach is an
early step toward bridging the gap between wide and ultrawide-bandgap materials for potential optoelectronics as well as next-generation
high-power electronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092356

Wide and ultrawide-bandgap (WBG and UWBG) semiconduc-
tors including GaN, SiC, Al(Ga)N, diamond, Ga2O3, and boron nitride
(BN) are expected to revolutionize next-generation electronic device
platforms because of their capabilities of realizing lower power loss,
smaller system volume, higher operating voltage and temperature, and
superior radiation hardness as compared to conventional semiconduc-
tors such as Si and GaAs.1–5 Moreover, heterojunctions between these
materials are of great significance for electronic devices as they can
modify and/or further improve the device performance by utilizing
the unique advantages of the high break down electric fields, increased
thermal conductivity, enhanced carrier mobility, and reduction in the
interface trap state density, thereby providing improvements in reli-
ability at extreme conditions.1,2

Among the aforementioned class of materials, BN is a unique
UWBG semiconductor having various structural polymorphs, thus
showing diverse properties and potential applications.6 Specifically,

BN is promising for high-power and high-temperature electronics due
to its relatively large dielectric constant, UWBG, high breakdown elec-
tric fields, high chemical stability, and excellent thermal conductivity.1

Its most stable polymorph comprises hexagonally stacked layers
(h-BN) with a bandgap of �5.9 eV.6 The growth of high-quality large-
area single-crystalline epitaxial BN thin films remains challenging due
to the formation of a vertically disordered h-BN structure, known as
turbostratic BN (t-BN).7–9 There have been several attempts to grow
crystalline BN thin films, especially by using metal–organic chemical
vapor deposition (MOCVD) on various substrates (e.g., Al2O3, Si, and
metals) showing useful properties and potential applications.10–13

However, to date, only a few reports exist for BN film growth on III-
nitrides [e.g., BN/AlGaN/GaN heterostructures (where BN films were
grown via magnetron sputtering)] demonstrating device performances
showing low reverse leakage current.14–17 As BN and GaN are both
III-nitrides, the heterojunctions made of BN/GaN can modify and/or
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improve the GaN-based device performances and could play an
important role in high-power electronics and radio frequency (RF)
applications, up to subterahertz regimes.5,18 Therefore, UWBG/
WBG heterostructure-based devices consisting of BN and GaN may
open up possibilities for unique high-performance electronics.
Moreover, owing to its UWBG nature, BN has a large breakdown
electrical field that can improve the breakdown performance of GaN
Schottky diode devices. Therefore, in this Letter, we investigate the
properties and device performance of the BN/GaN heterostructures
by growing BN thin films on GaN, using a pulsed laser deposition
(PLD) technique.

Hitherto, PLD has been used to grow BN films (on c-Al2O3 and
Si) that formed poly, nano-crystalline, and amorphous films.19–24 For
thin film growth, PLD offers some distinct advantages over the
MOCVD or sputtering methods.25 Specifically, the accurate stoichiom-
etry transfer and uniform growth of films from a dense poly- or single-
crystalline target leading to epitaxy (depending on the substrate–film
lattice mismatch) is due to enhanced adsorbate surface mobility
endowed by high energy radicals (both ionized and neutral; Bþ, Nþ,
N*, N2, N2

þ, and BN) that are accelerated from the target in the form
of laser-ablated plasma. In addition, relatively low-temperatures (with
respect to MOCVD) are required for the epitaxial film growth.25

FIG. 1. XPS of the BN film at (a) B 1s core and (b) N 1s core. (c) and (d) FTIR and Raman spectroscopy show the formation of BN. (e) XPS valence-band spectrum of the BN
film. The inset shows the VBS of the GaN film. (f) AFM surface topography of the grown GaN by MOCVD and the BN film on GaN by PLD.
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Considering all these advantages, here, we attempt to grow UWBG BN
thin films directly on WBG GaN by PLD and demonstrate its various
properties and Schottky diode device performance.

BN thin films (�7nm) were grown by PLD (operating with a
UV-KrF excimer laser having a wavelength of 248nm and a pulse
width of 25 nS). The films were grown by using the following deposi-
tion conditions: growth temperature�800 �C, laser fluency�2.2 J/cm2,
target-to-substrate distance �50mm, repetition rate of 5Hz, and using
high-purity nitrogen gas partial pressure (PN2)�100 mTorr. We used a
commercially available h-BN target (American Element, 99.9%) for the
ablation. For depositions, we used unintentionally doped (0001) GaN
(UID-GaN) as a substrate which was grown on a hexagonal sapphire
c-Al2O3 (0001) substrate by MOCVD.26 Before the growth, GaN sub-
strates were pre-annealed at the same growth temperature (�800 �C)
for �30min to remove the surface contaminants. For the deposition,
500 laser shots were supplied (thickness of �7nm). After the growth,
the films were cooled down at�20 �C/min.

To confirm the presence of B and N, we performed x-ray photo-
electron spectroscopy (XPS). X-ray photoelectron spectroscopy (XPS)
was done using a PHI Quantera SXM scanning x-ray microprobe with
a monochromatic Al Ka x-ray source (�1486.6 eV). The C 1s cor-
rected XPS spectra show the presence of dominant B–N peaks, in both

the B 1s (�190.7 eV) and N 1s (�398.1 eV) core-level elemental scans
[Figs. 1(a) and 1(b)], which are typical characteristics of BN. We also
observed small residues of B–O (�192.2 eV) and N–C (�399.5 eV),
possibly due to an environmental oxidation effect upon exposure to
ambient air and minor-carbonaceous surface contamination.19,27,28

Interestingly, we also observed the B–B (�188 eV) peak in the XPS,
which might be attributed with the replacing B-atoms in the N-site or
the formation of boron clusters or via bonding of boron in a hexagonal
site to boron in an interstitial site in defecive h-BN.29,30 Importantly,
the elemental ratio of B:N was found to be close to �1:1 (33.9:36.0 to
be precise), showing the stoichiometric BN growth on GaN.

We characterized the films by Fourier-transform infrared spec-
troscopy (FTIR) spectroscopy. Fourier-transform infrared (FTIR)
spectroscopy was measured by using the Nicolet 380 FTIR spectrome-
ter equipped with a single-crystal diamond window. FTIR spectros-
copy of BN provides crucial insight into the morphology and bonding
nature. For stacked h-BN sheets, in-plane transverse optical (TO) pho-
non modes resonate near �1360 cm�1.31 As shown in FTIR absorp-
tion spectra [Fig. 1(c)], a strong but broad peak appears in-between
1300 and 1600 cm�1 that is due to the TO vibrations for in-plane B–N
bond stretching in sp2 bonded h-BN (ideally at �1360 cm�1). The
slight shift in the h-BN-related peak centered toward higher

FIG. 2. Cross-sectional atomically resolved
STEM imaging and EELS of the BN film on
GaN. (a) HAADF-STEM image of the GaN
substrate. (b) Cross-sectional bright field
(BF)-TEM image of BN film, with GaN sub-
strate on bottom and Au cap on top. (c)–(f)
EELS analysis of the BN film. (c) BF-TEM
reference of the BN–GaN interface (top),
which is then masked as GaN (blue) and
BN (red) layers (bottom) and the total EELS
from these regions are integrated to show
the representative spectra of BN and GaN.
(d)–(f) EELS showing the presence of the
BN film from the masked region (red) in (c),
with the presence of B and N in the layer in
�1:1 ratio (B:N—48.3:51.7).
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wavenumbers is possibly caused by the defects induced by the high lat-
tice mismatch.32 We also observed a small peak at�1200 cm�1, attrib-
uted to the B–O (�1195 cm�1),32 indicating the presence of
adsorbate-related defects on the film surface, in agreement with obser-
vation in XPS.

Furthermore, we also obtained Raman spectra by using a
Renishaw inVia confocal microscope, operating with a 532nm laser
excitation source that confirms the presence of h-BN related E2g
Raman mode with peak center at �1366 cm�1 [Fig. 1(d)], with a wide
full-width at half-maxima (FWHM) of �246 cm�1. We also observed
another peak at �1600 cm�1 that we attributed to the longitudinal
optical (LO) E1u infrared active mode caused by the disorder-induced
breaking of surface symmetry (related to grain boundaries, edges, dis-
order, or vacancies) in the BN film.33–35 Fundamentally, the E2g peak
is related to the sp2-bonded modes (long-range B–N ordered) in
h-BN.6 However, our Raman spectra matches quite well with the
reported literature for disordered h-BN.35 Thus, although the BN film
is most likely the disordered/amorphous nature (without any long-
range atomic ordering, as shown later by HRTEM), it may not be
“completely” disordered/amorphous. In this case, sp2-bonded regions
may exist within the film that gives rise to the observed E2g mode,
along with the E1u one.35 Moreover, we obtained the XPS valence
band spectra (VBS) [Fig. 1(e)] exhibiting distinct maxima at �12 eV
(B–N p þ r-band) and �20 eV (B–N s-band) with an additional peak

around �26 eV (O-2s), which is consistent with the literature
reports.36,37 Furthermore, GaN VBS [inset of Fig. 1(e)] also confirms
the unintentional n-type doping nature.38 The atomic force micros-
copy (AFM) surface topography obtained by a Park NX20 AFM oper-
ating in the tapping mode shows the flat surface of GaN and
triangular-shaped morphology of the BN film [Fig. 1(f)] and exhibits
surface roughness of�0.183 and�0.267 nm, respectively.

To confirm the crystallinity of the constituent layers and the resul-
tant heterostructure, we performed cross-sectional atomically resolved
high-resolution scanning transmission electron microscopy (STEM) of
the film. The TEM specimens were prepared via a focused ion beam
(FIB) milling process employing a Helios NanoLab 660 FIB unit. High-
angle annular dark-field (HAADF)-STEM images were recorded on a
Nion UltraSTEM 100 operating at 100 kV, with a convergence angle of
�32 mrad. The HAADF detector possessed an inner collection angle of
�80 mrad and an outer collection angle of �200 mrad. The unit was
also equipped with a Gatan Enfina electron energy-loss (EEL) spectrom-
eter and the electron-energy-loss spectroscopy (EELS) experiments were
performed to identify the elemental composition and chemical homoge-
neity of the sample with an EELS collection semi-angle of �48 mrad.
As can be seen, the in-house grown GaN by MOCVD shows single-
crystalline nature with atomic ordering [Fig. 2(a)]. For the grown BN
film, we can clearly see the formation of a �7nm dense layer (between
Au and GaN); however, it is without any long-range atomic ordering

FIG. 3. (a) Schematic of the second-harmonic generation (SHG) excitation and collection from BN surface. (b) Spatial SHG intensity mapping of the BN surface. (c) Probability
vs photon intensity counts showing the SHG signal.
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[Fig. 2(b)]. The clear presence of BN in the dense layer can be seen with
EELS [Fig. 2(c)]. It also shows a reference of the GaN vs the dense layer,
which are then masked and have the total spectra from these regions
integrated to show the representative spectra in the EEL spectra [Fig.
2(d)]. The K-edges of both B and N differentiate the GaN and BN
regions. We can clearly see that there is no presence of B in the GaN
layer, but it is dominant in the dense layer. In addition, the relative con-
centrations of B and N are quantified from the EELS mapping of the
masked BN layer and found to be in �1:1 ratio (B:N—48.3:51.7) [Figs.
2(e) and 2(f)].

Regarding the epitaxy, structurally, to form a perfect layered
h-BN stacking, the best epitaxy relationship would be �4:3 commen-
surate lattice matching [4ah-BN (0001) � 3aGaN (0001)], between the h-
BN (a¼ 2.50 Å, c¼ 6.66 Å) and GaN (a¼ 3.18 Å, c¼ 5.18 Å).
However, to maintain this epitaxy relationship, a high �4.6% com-
pressive strain must be imposed onto the BN. This amount of strain,
and, thus high interfacial lattice energy makes the epitaxial growth
energetically unfavorable, at least for the growth conditions used.
Hence, it possibly favors the formation of a disordered BN structure to
release the interfacial energy and prefers to grow in Volmer–Weber
(three-dimensional island/grain growth) mode without any long-
range atomic ordering, as evident through STEM. The growth of the
disordered, amorphous-like BN film is also important since it was
recently found to be applicable for ultraviolet (UV) photo-detection
and high-performance electronics.39,40

We performed the optical second-harmonic generation (SHG)
on the BN film. We imaged the SHG of the BN film with a focused
pulsed laser with a center wavelength at 800 nm. The film surface
was scanned and the SHG signal with the wavelength around
400 nm was filtered and collected by a single-photon counting

module. In general, SHG is important because it allows quantifying
the quadratic nonlinear-optical susceptibility [v(2)] and one of the
biggest advantages of BN is its transparent nature throughout
the whole visible wavelength spectrum range, potentially opening
the doors for visible-range nonlinear optoelectronics. It has been
shown that for single-crystalline h-BN, the SHG signal is very strong
for the odd number of layers (belongs to the non-centrosymmetric
D3h space group), while it goes to zero for an even number of
layers.41,42 In polycrystalline films, the surface roughness (due to
random thickness variation) and crystalline orientation at the sub-
wavelength scale may result in a statistically finite SHG throughout
the sample. Moreover, point and stacking defects in h-BN were
reported to enhance the SHG.43

Figure 3(a) shows a schematic for the reflective SHG excitation
and collection from the BN surface. Fundamentally, both (0001) GaN
and thick crystalline h-BN are not SHG active for any polarizations
according to the crystalline symmetry, although weak remnant SHG
was observable from bulk GaN and h-BN, likely due to the imperfect
crystalline orientation.42–44 However, interestingly, our BN/GaN het-
erostructure showed a uniform SHG signal [Fig. 3(b)] that is �2.2
times of the remnant SHG of GaN. The probability vs photon intensity
count was normalized and shown as a histogram [Fig. 3(c)]. From the
plot, we obtained the weighted arithmetic mean of BN peak and then
calculated the normalized second-order nonlinear optical susceptibility
[v(2)]. The calculated net v(2) from the BN film was �0.12 pm/V,
which is in close agreement with the previously reported value for the
thick ploycrystalline-like h-BN flake.42 For polycrystalline BN, the

effects of domain statistics will give an effect v(2)¼ vð2Þcrys/sqrt(N), where

vð2Þcrys is the second nonlinear susceptibility of single crystalline mono-
layer BN per volume and N is the number of odd-layer BN domains

FIG. 4. Schematic of (a) the GaN and (b) the BN/GaN Schottky diodes. Comparison of J–V curves of the two kinds of devices in (c) linear scale and (d) semi-log scale. (e)
Comparison of the two kinds of devices after removing the parallel resistance in the BN/GaN diode. (f) Turn-on voltages of the two kinds of devices by linear extrapolation.
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within the SHG emission area. In comparison with the reported
v(2)crys, our measured v(2) is two order of magnitudes smaller.41 This
gives us an estimate that there are�104 domains inside the SHG emis-
sion area (�3lm in radius), indicating that the domain size is less
than 100nm, which is also seen in the BN AFM image, shown earlier.
We also observed stronger SHG at the sample’s edge owing to the
symmetry breaking from GaN side surfaces and/or BN’s edges.44,45

The observation of SHG in BN/GaN heterostructure demonstrates a
possible way to engineer the tensor components of nonlinear suscepti-
bility forbidden by bulk crystalline symmetry.

We demonstrated the device performance of the BN film by fab-
ricating a BN/GaN based Schottky diode and compared its perfor-
mance with a reference, i.e., an unintentionally doped GaN based
Schottky diode. The structures and dimensions of the devices are
shown in Figs. 4(a) and 4(b). The two kinds of devices were fabricated
via the same conventional photolithography and liftoff processes.
Metal stacks of Ti (20 nm)/Al (100nm)/Ti (30 nm)/Au (50nm) for
Ohmic contacts were deposited by electron-beam evaporation in the
Nanofab Cleanroom facility at Rice University, followed by rapid ther-
mal annealing at �850 �C for 30 s under N2 ambient. Metal stacks of

FIG. 5. (a) Breakdown curves of both the devices at room temperature. Reverse J–V curves at different temperatures for (b) the GaN and (c) the BN/GaN Schottky diodes.
The VRH model for the (d) GaN reverse leakage before the breakdown and for the (e) BN/GaN reverse leakage before the breakdown.
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Ni (50 nm)/Au (50nm) for Schottky contacts were deposited also by
electron-beam evaporation. The current density–voltage (J–V) charac-
teristics were measured by a Keithley 2410 source meter. Figures 4(c)
and 4(d) show the J–V curves of the two devices in linear scale and
semi-log scale, respectively. It can be seen that the forward current of
the BN/GaN device is higher than the GaN device, which suggests that
the BN layer does not block the current compared with what an insu-
lating layer does in a conventional MIS diode. Meanwhile, we can see
a forward leakage current in the BN/GaN device at the beginning of
the curve [Fig. 4(d)]. The leakage current can be equivalent to a paral-
lel resistor (P-R). It is necessary to remove the parallel part before we
compare the J–V characteristics of the devices. As shown in Fig. 4(e), it
is clear that the forward current of the BN/GaN device is still higher
than the GaN device. So, the 7 nm thick BN insertion layer does not
reduce the forward current but increases it and it is more appropriate
to consider the BN/GaN device as a Schottky diode rather than an
MIS diode.46 The extracted Schottky barrier height and ideality factor
of the GaN diode is �1.3 eV and �1.04, respectively, while they are
�1.1 eV and�1.41 for the BN/GaN diode. The larger ideality factor of
the BN/GaN device is supposed to come from the inhomogeneous
Schottky barrier and/or interface states due to the defects in the BN
grown by PLD.47,48 The turn-on voltages for the GaN and BN/GaN
diodes are �1.4 and �1.2V, respectively, by linear extrapolation [Fig.
4(f)]. The relatively lowered Schottky height of the BN/GaN diode not
only leads to the increased forward current as compared with the GaN
diode but also causes the increased reverse leakage current [Fig. 5(a)].

The breakdown voltages of the GaN and BN/GaN diodes are
�168 and �234V, respectively [Fig. 5(a)]. To investigate the leakage
processes, the reverse J–V curves at different temperatures for the devi-
ces are shown [Figs. 5(b) and 5(c)]. According to the leakage processes
in the Schottky diode,46 the 3D variable range hopping (VRH) model
[J / exp (�Tc/T)1/4] has been applied to the leakage in the GaN and
BN/GaN devices [Figs. 5(d) and 5(e)]. The ln (J) shows a linear rela-
tionship vs T�1/4, and the characteristic temperatures Tc are calculated
to be 1.5� 108 K for the GaN device and 3.4� 105 K for the BN/GaN
device, respectively. These results suggest that the �7nm thick BN
layer can largely improve the breakdown voltage. This could be due to
the higher breakdown electric field of BN than GaN, when subjected
to a strong electric field at the edge of the electrode.23,49

In summary, we report the growth of UWBG BN thin films on
WBG GaN by PLD. Several structural, chemical, spectroscopic, and
microscopic characterizations confirm the growth of BN. Functionally,
the grown film is second-harmonic generation active, indicating the
polar nature. Importantly, the fabricated BN/GaN heterostructure
based Schottky diode shows clear rectifying characteristics, lower turn-
on voltage, and improved breakdown capability. Our work makes a
valuable contribution in the WBG material’s domain by exhibiting
interesting application potentials in optoelectronics and in high power
electronics, thus paving the way in bridging the gap between WBG
and UWBG semiconductors.
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