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ABSTRACT

In this letter, low-temperature (400 °C) chemical vapor deposition (CVD)-grown boron nitride
(BN) was investigated as the gate dielectric for AlGaN/GaN metal-insulator-semiconductor high
electron mobility transistors (MIS-HEMTs) on Si substrate. Comprehensive characterizations
using X-ray photoelectron spectroscopy (XPS), reflection electron energy loss spectroscopy
(REELS), atomic force microscope (AFM), high-resolution transmission electron microscopy
(HRTEM), and time-of-flight secondary ion mass spectrometry (ToF-SIMS) were conducted to
analyze the deposited BN dielectric. Compared with conventional Schottky-gate HEMTs, the
MISHEMTs exhibited significantly enhanced performance with three orders of magnitude lower
reverse gate leakage current, a lower off-state current of 1x10~7 mA/mm, a higher on/off current
ratio of 10, and lower on-resistance of 5.40 Q-mm. The frequency-dependent conductance
measurement was performed to analyze the BN/HEMT interface, unveiling a low interface trap
state density (Dit) on the order of 5x10''-6 x10!'' cm~2-eV~!. This work shows the effectiveness of
low-temperature BN dielectrics and their potential for advancing GaN MISHEMTs toward high-
performance power and RF electronics applications.



AlGaN/GaN high electron mobility transistors (HEMTs) are considered next-generation
devices for high-power and high-frequency applications due to the large bandgap and high critical
electric field of GaN and high-mobility two-dimensional electron gas (2DEG) at the AlIGaN/GaN
interface.! Nevertheless, the performance of conventional Schottky-gate AlGaN/GaN HEMTs
has been limited by high gate leakage currents. Metal-insulator—semiconductor AlGaN/GaN
HEMTs (MISHEMTs) with gate dielectrics have been proposed as an effective solution to suppress
the leakage current of conventional Schottky-gate HEMTs and improve device performance.!-!415
Trap states at the dielectric/IlI-nitride interface and inside the dielectric play a critical role in GaN
HEMTs, and the dynamic charging/discharging processes of these traps could lead to threshold
voltage instability.!*!> Therefore, selecting a suitable dielectric and improving the interface quality
between the dielectric and GaN is of great importance.

Boron nitride (BN) possesses an ultrawide bandgap of ~6 eV, excellent chemical inertness,
high thermal conductivity, and robust mechanical strength, which emerges as a promising
dielectric material for power electronic devices.*®’ Particularly, for GaN-based devices, BN
eliminates Ga-O-related interface traps present in oxide-based dielectrics. Various synthesis
methods for BN have been demonstrated, such as chemical vapor deposition (CVD), physical
vapor deposition (PVD), mechanical exfoliation, and liquid exfoliation.®!"!>!® Among these
methods, CVD techniques have the advantage of scalable growth of BN films. The direct growth
of BN on GaN avoids the additional transfer process, reducing the time and potential
contaminations during the transfer. However, the CVD synthesis temperature of BN typically
exceeds 1000 °C.'%!! Such a high temperature could lead to the degradation of GaN surface and
increase the surface defects. While the commonly used gate dielectric SiNx, SiO2 and Al2O3
deposited by PECVD or atomic layer deposition (ALD) at relatively low temperature (e.g.,
300 °C—400 °C) helps maintain GaN surface morphology, these growth methods also lead to high
defects density in the dielectrics, causing the reliability issue of the device.!” In this study, we
successfully grew high-quality BN gate dielectric on AlGaN/GaN MISHEMT using low-
temperature (400 °C) CVD with microwave plasma. The BN/AIGaN/GaN MISHEMT exhibited
improved output current density (Iamax) and three orders of magnitude lower reverse gate leakage
current in comparison to conventional Schottky-gate HEMTs. This work opens new possibilities
for enhancing the performance and reliability of GaN-based electronic devices through innovative
dielectric materials and low-temperature deposition techniques.

The BN film deposition was performed by microwave-plasma-assisted chemical vapor
deposition using ammonia borane as the precursor. A continuous flow of 20 sccm Hz and 120 sccm
N2 gases was maintained throughout the growth to keep the pressure at around 1 Torr. When the
AlGaN/GaN HEMT sample was heated to 400 °C, the microwave plasma was ignited and kept an
output power at 1 kW. After 20 min growth, the microwave was switched off while the sample
cooled down naturally. Following the BN deposition, surface analysis using X-ray photoelectron
spectroscopy (XPS) was conducted to obtain chemical information. The XPS measurements were
carried out using PHI Quantera SXM scanning X-ray microprobe with 1486.6 eV monochromatic
Al Ko X-rays. Survey and high-resolution scans were recorded at 140 eV and 26 eV pass energy,
respectively. The survey scan depicted in Figure 1(a) detected both B and N along with Al and Ga
peaks originating from the HEMT sample. In the high-resolution XPS spectra presented in Figure



1(b) and 1(c), the binding energies of the B 1s and N 1s peaks were determined to be 190.7 eV and
398.2 eV, respectively, indicating the presence of sp2-bonded B and N in the films. Additionally,
the B/N atomic ratio was determined to be 1.1:1. Reflection Electron Energy Loss Spectroscopy
(REELS) spectra were collected by Nexsa G2 Surface Analysis System with an electron beam
energy of 1 keV. REELS is a useful technique to measure band gaps of semiconductors and
insulators, and the details of the technique can be found elsewhere.* It revealed a band gap of
5.79 eV for BN film (Figure 1(d)), which is consistent with previous reports.!>!* Park Systems
NX20 Atomic Force Microscope (AFM) was employed for surface topography imaging. The AFM
measurements in Figure 1(d) and 1(e) disclosed a smooth surface for the BN film with a surface
roughness of 1.3 nm. The results confirm the successful deposition of high-quality BN film on
AlGaN/GaN HEMTs. The low surface roughness observed is beneficial for high-quality BN
growth and minimizes etching on the AlGaN/GaN substrate, particularly at low deposition
temperatures.
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Figure 1. (a) XPS survey scan of BN on AIGaN/GaN. High-resolution elemental scans of (b) B 1s
and (c) N 1s. (d) REELS spectra revealing the bandgap of BN film is 5.79 eV. (¢) AFM 2D image
and (f) 3D image of BN surface showing its exceptional smoothness

An optical image of a BN/AlGaN/GaN MISHEMT is presented in Figure 2(a). The drain, source,
and gate electrodes are denoted as D, S, and G, respectively. Elemental depth profile analysis was
conducted within the yellow dashed square using Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS). ToF-SIMS measurements were performed using a TOF-SIMS NCS
instrument, which combines a TOF.SIMSS5 instrument (ION-TOF GmbH, Miinster, Germany) and
an in-situ Scanning Probe Microscope (NanoScan, Switzerland) at Shared Equipment Authority



from Rice University. The analysis field of view was 90 x 90 um? (Bis™ @ 30keV, 0.2pA) with a
raster of 256 by 256 along the 3D depth profile. A charge compensation with an electron flood gun
has been applied during the analysis. An adjustment of the charge effects has been operated using
a surface potential. The cycle times was fixed to 90 pus (corresponding to m/z =0— 911 a.m.u mass
range). The sputtering raster was 450 x 450 um? (Cs” @ 1keV, 85nA). The beams were operated
in non-interlaced mode, alternating 1 analysis cycle and 1 frame of sputtering (corresponding to
1.64s) followed by a pause of 5s for the charge compensation.

Elemental mappings of B+, Ga+, and CsTi+ are depicted in Figure 2(b), 2(c), and 2(d),
respectively. It is evident that B+ is concentrated at the center of the image, indicating the presence
of the BN film. Ga+ is dispersed throughout the entire area, originating from the underlying
AlGaN/GaN substrate. The slight non-uniformity observed near the edge of the gate electrodes
may result from annealing during the fabrication process. CsTi+ is predominantly present in the
left and right regions as only the drain and source electrodes contain Ti, not the gate electrode. All
these element distributions align well with the device structure, affirming the success of the
fabrication process. The cross-sectional specimen was prepared by using FEI Helios 660 FIB/SEM
and imaged by FEI Titan Themis S/TEM. Cross-sectional transmission electron microscopy (TEM)
images in Figure 2(e) illustrate the interface between BN and AlGaN/GaN, revealing a BN film
thickness of approximately 11 nm. Furthermore, the BN film exhibits an amorphous nature without
discernible long-range order, consistent with previous findings.!”!8 Figure 2(f) presents the high-
angle annular dark-field (HAADF) image obtained at the interface between GaN and BN and the
corresponding energy-dispersive X-ray (EDX) mappings of B and N. The HAADF image clearly
demonstrates the atomic resolution of GaN lattice. According to the EDX mappings, B can be
found only in the BN layer, while N disperses in the entire image, as both BN and GaN contain N.
These results agree well with the interface structures. The electron energy loss spectroscopy (EELS)
spectra (Figure 2(g)) extracted from the BN film distinctly demonstrated characteristic B and N
K-shell peaks, along with a minor presence of amorphous carbon and oxygen.
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Figure 2. (a) Optical image of BN/AIGaN/GaN MISHEMT. G, D, and S are standard for gate,
drain, and source electrodes. Elemental mapping of (b) B+, (c) Ga+, and (d) CsTi+ collected by
ToF-SIMS. (e) Cross-sectional TEM image of BN on AlGaN/GaN. (f) HAADF image and
corresponding EDX mapping of B and N. (g) EELS spectra of BN film.

The MISHEMT devices were fabricated on AIGaN/GaN epilayers grown by MOCVD on
a p-type Si (111) substrate. The Al, Ga, and N sources are trimethylaluminum (TMALI),
trimethylgallium (TMGa), and ammonia (NH3), respectively. SiH4 was used as an n-type dopant
and H2 was the carrier gas. The structure, from top to bottom, consisted of a 2.5 nm GaN cap layer,
followed by a 20 nm Alo.2sGao.7sN barrier layer, a I nm AIN interlayer, a 200 nm GaN layer, and a
4 um GaN buffer layer on a silicon substrate. The cross-sectional schematic of the device structure
is depicted in Figure 3(a), and Figure 3(b) shows a schematic of the fabrication process flow of the
AlGaN/GaN MISHEMT after BN deposition. The mesa isolation was defined and etched by
chlorine-based inductively coupled plasma-reactive ion etching (ICP-RIE). After mesa etching,
the dielectric via hole for source and drain contacts was etched by SFe-based ICP-RIE at low RF
power, which selectively etches the BN at a rate of 36 nm/min without etching the GaN underneath.
Afterward, Ti/Al/Ni/Au (25/100/15/50 nm) metal stack was deposited by electron beam
evaporation followed by rapid thermal annealing at 850 °C for 30 s in N2 ambient for ohmic contact
formation. Finally, the Ni/Au (50/50 nm) gate metal stacks were deposited on the BN gate
dielectric by electron beam evaporation. The MISHEMT devices had a gate width (Wg) of 100
um, gate length (Lg) of 5 um, gate-to-source distance (Lgs) of 4 um, and gate-to-drain distance
(Lep) of 4 um. The conventional Schottky-gate AlGaN/GaN HEMTs with the same geometry were
also fabricated at the same time for reference.
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Figure 3. (a) Schematic of the AlGaN/GaN HEMT epilayer on Si substrate. (b) The fabrication
process flow of the AIGaN/GaN MISHEMT after BN deposition.

Figure 4(a) shows the output characteristics of BN/AlGaN/GaN MISHEMTs and the
conventional Schottky-gate AlGaN/GaN HEMTs. The Vps was swept from 0 V to 10 V with Vas
between —3 V and 1 V with a step of 1 V. The BN MISHEMTs showed a higher maximum output
current of 543 mA/mm compared to that of 433 mA/mm in Schottky-gate HEMT at Vgs =1 V.
And the on-resistance of the two devices was calculated to be 5.40 Q-mm and 6.78 Q-mm,
respectively. The reduction of the on-resistance is likely related to reduced 2DEG resistance in the



MISHEMTs, which is possibly caused by the modification of the strain and piezoelectric
polarization of the AlGaN barrier by the deposited gate dielectric.!® Figure 4(b) shows the transfer
characteristics of BN/AlGaN/GaN MISHEMTs and the Schottky-gate HEMT when Vps =1 V.
The HEMTs had Vr of =3.2 V and gm, max of 62 mS/mm, while the MISHEMTs showed a threshold
voltage of —5.9 V with a maximum transconductance gm, max 0f 42 mS/mm due to the BN insulator
and the interface charge introduced. The MISHEMT devices exhibited a high Ion/Ioff ratio of more
than 10% compared with that of about 10° in Schottky gate HEMT, which is due to the effective
suppression of reverse leakage current. The gate leakage—gate voltage (Ic—Vg) curves for the
HEMT and MISHEMT are shown in Figure 4(c), where the drain voltage and source voltage were
set as 0 V. A very low gate leakage current of ~10~7 mA/mm at reverse bias was observed in the
MISHEMT, which is 3 orders of magnitude lower than the HEMT. This indicates the low-
temperature CVD-grown BN gate dielectric is highly effective in suppressing gate leakage. Figure

4(d) shows the temperature-dependent Ic—Vg curve for the BN/AIGaN/GaN MISHEMT from 25 °C

to 205 °C, where the temperature dispersion of the leakage current the gate leakage is caused by
thermal emission.>!
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AlGaN/GaN HEMT and BN/AlGaN/GaN MISHEMTs at room temperature. (d) Ic—Vg curves of
BN/AlGaN/GaN MISHEMT at the temperatures from 25 °C to 205 °C.
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Figure 5. (a) The C-V curves of the BN/HEMT MIS diode at the frequencies from 10 kHz to 2
MHz. (b) Gp/® versus ® of BN/HEMT MIS diodes at different gate biases. (c¢) Extracted Dit as a
function of energy obtained by frequency-dependent conductance methods conducted at room
temperature, and compared with the other results.

To gain more insights into the gate dielectric/HEMT interface quality, BN/HEMT MIS
diode was also fabricated and characterized using capacitance-voltage (C-V) measurement. Figure
5(a) shows the frequency dispersion of between 10 kHz to 2 MHz for C-V curves of BN/HEMT
MIS diodes. The frequency-dependent conductance measurement was performed at room
temperature to determine the interface state traps (Dit) of the BN/HEMT interface.*>*¢ Figure 5(b)
shows the parallel conductance versus frequency data obtained for a MIS diode at different forward
gate voltages, which corresponds to the barrier accumulation. While assuming a continuum of trap
levels, the equivalent parallel conductance Gyp as a function of frequency, can be expressed as>?

Gy _ qDy 2

; = mln (1 + (G)Tit) )
where Dit is the trap density, Tit is the trap state time constant, and o is the radial frequency. The
Dit and it can be extracted by fitting the Gp/m-® plot as shown in Figure 5(b). The Dit at the certain
trap energy level below the conduction band can be determined by using the time constant through
the Shockley—Read-Hall statistics*

ET = len(TTcht O-T)

where N.=4.3x10'“xT¥2 cm~ is the effective density of states in the conduction band in the
semiconductor, v,=2x107 cm-s~! is the average thermal velocity of electrons, and o7=1x10"1* cm?



is the capture cross-section of the trap states.*> The Dit as a function of their energy (Et) for the
MIS diodes is shown in Figure 5(c), and compared with the other works. Remarkably, a low
interface trap state density of 5.2x10!'' cm™2-eV~! to 6.1x10"" cm=2-eV~! at the trap energy from
0.34 eV to 0.32 eV was obtained, which is notably lower than typical CVD and ALD deposited
dielectrics.*>** These results signify the high quality of the BN/HEMT interface established in this
work. Table 1 shows the comparison of reported AlIGaN/GaN MISHEMTs with different CVD-
grown dielectrics. With the lowest CVD growth temperature, this work exhibits a very low
dielectric/nitride interface charge density, and a low reverse leakage current for Al1GaN/GaN
MISHEMTs. The leakage current and interface charge density could be further reduced if the
higher growth temperature is adopted.!

Table 1. The comparison of this work and other reported MISHEMTs with different dielectrics

Gate dielectric Growth temperature Reverse gate Int.erface charge
(°C) leakage (mA/mm) density (cm™2-eV~!)
BN (This work) 400 5%1077 5.2x10"-6.1x10"
BN [10] 825 108 < 8.49x10"
SiNx [36] 1125 2x107° ~3x10"?
SiNx [41] 780 10°® 1.4x10"-5.3x10"
SiNx [42] 650 2x1077 2.6x10"

In summary, high-quality low-temperature CVD-grown BN was used as gate dielectric for
AlGaN/GaN MISHEMT with significant performance improvements compared with conventional
Schottky-gate HEMT. Comprehensive material characterizations were performed on the BN film,
including XPS, REELS, AFM, ToF-SIMS, and HRTEM. The MISHEMT devices exhibited a high
on/off current ratio of 108, a threshold voltage of —5.9 V, a low reverse gate leakage current of
5x107 mA/mm, and a high maximum transconductance of 42 mS/mm. Notably, compared with
the conventional HEMTs, BN/AlGaN/GaN MISHEMTs showed a significant reduction of reverse
gate leakage by three orders of magnitude and a higher output current. A low Dit in the range of
5.2x10'" to 6.1x10'"! cm™2.eV~! obtained by frequency-dependent conductance methods suggests a
good interface quality between BN and HEMT surface. These results provide valuable insights for
the future development of high-performance GaN MISHEMT for power and RF electronics.
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