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ABSTRACT

AlGaN/GaN metal-insulator-semiconductor high electron mobility transistors (MISHEMTs) were fabricated on Si substrates with a 10nm
boron nitride (BN) layer as a gate dielectric deposited by electron cyclotron resonance microwave plasma chemical vapor deposition. The
material characterization of the BN/GaN interface was investigated by X-ray photoelectric spectroscopy (XPS) and UV photoelectron
spectroscopy. The BN bandgap from the Bls XPS energy loss is ~5 eV consistent with sp* bonding. The MISHEMTs exhibit a low off-state
current of 1 X 10" *mA/mm, a high on/off current ratio of 10°, a threshold voltage of —2.76 V, a maximum transconductance of 32 mS/mm
at a gate voltage of —2.1V and a drain voltage of 1V, a subthreshold swing of 69.1 mV/dec, and an on-resistance of 12.75 Q-mm. The
interface state density (Dy) is estimated to be less than 8.49 x 10'' cm “eV ', Gate leakage current mechanisms were investigated
by temperature-dependent current-voltage measurements from 300K to 500 K. The maximum breakdown electric field is no less than
8.4 MV/cm. Poole-Frenkel emission and Fowler-Nordheim tunneling are indicated as the dominant mechanisms of the gate leakage through

the BN gate dielectric at low and high electric fields, respectively.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027885

III-Nitride-based semiconductors have recently attracted consid-
erable interest due to their superior high-power and high-frequency
performances compared with Si, GaAs, or other compound semicon-
ductors.”” AlGaN/GaN high electron mobility transistors (HEMTs)
are considered as next-generation power switching devices due to the
existence of a polarization-induced two-dimensional electron gas
(2DEG) at the AlGaN/GaN interface.” ° Nevertheless, the perfor-
mance of conventional Schottky-gate HEMTs has been limited by the
high leakage current and low forward bias.” As a result, metal-insula-
tor-semiconductor high electron mobility transistors (MISHEMTSs)
with gate dielectrics serve an effective solution to overcome the leakage
current and surface issues of conventional Schottky-gate HEMTs.””
Various dielectric materials have been investigated for the AlGaN/
GaN MISHEMTS, including SiO,,'" SisNy,'"'* ALOs,” and some
other high-k dielectrics.'™'* However, the performance of the

AlGaN/GaN MISHEMTs is still far from its theoretical limitation
because of strong coulomb scattering at the dielectric/AlGaN interface.
Moreover, interface states and border traps result in reliability issues
such as hysteresis effects in device performance.”” It is of critical
importance to seek better gate dielectric materials for AlGaN/GaN
MISHEMTs.

Compared to oxide-based gate dielectric materials, nitride-based
materials have significant advantages due to the lack of Ga-O-related
interface traps. Previous reports studied silicon nitride-based gate
dielectric MISHEMTs,'"'*"® where gate leakage, gate swing, and
interface trap density are still remaining issues to be addressed.
Recently, ultra-wide bandgap (UWBG) semiconductor boron nitride
(BN) has garnered considerable research interest for high power and
high temperature applications'’ *' due to its ultra-wide bandgap of
~5.2eV,” projected high breakdown electrical field of 12 MV/cm,
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relatively large dielectric constant of 3.76,” and high thermal conduc-
tivity of 1300 W/K m. In addition, BN exists in various crystalline
forms including a-BN (amorphous), h-BN (hexagonal), c-BN (cubic),
and w-BN (wurtzite). Among all these forms, hexagonal boron nitride
is the most stable one. Since gallium nitride is also a hexagonal struc-
ture, if we are looking for a perfect dielectric layer for gallium nitride,
then h-BN should be a more promising candidate over other nitride-
based dielectric materials.

BN exists in the sp>-bonded cubic phase analogous to diamond
and the sp>-bonded hexagonal phase analogous to graphite or
graphene. BN has also been formed in disordered films that include
mixtures of sp> and sp® bonding.”* Recently, some researchers demon-
strated BN as a gate dielectric in diamond-based or gallium
oxide-based field effect transistors,”” >’ where the BN thin film was
transferred via mechanical exfoliation. However, there are a few
reports on BN as a gate dielectric for AlGaN/GaN MISHEMTs.”***
In this work, we have demonstrated AIGaN/GaN MISHEMTs with
electron cyclotron resonance microwave plasma chemical vapor
deposition (ECR-MPCVD) deposited BN as a gate dielectric. The
ECR-MPCVD process used here is carbon free. In situ X-ray photo-
electric spectroscopy (XPS) and UV photoelectron spectroscopy
(UPS) are used to characterize the BN thin film structure and the
BN/GaN cap interface band offset. The transfer and output charac-
teristics of AlIGaN/GaN MISHEMT's indicate excellent switching per-
formance with a high on/off ratio of 10° and a subthreshold swing of
69.1 mV/dec. Gate leakage mechanisms under low and high electric
fields are also investigated.

The AlGaN/GaN MISHEMT epitaxial layers were grown by met-
alorganic chemical deposition (MOCVD) on 6-in. Si substrates. The
Al, Ga, and N sources are trimethylaluminum (TMAI), trimethylgal-
lium (TMGa), and ammonia (NH;), respectively. SiH, was used as an
n-type dopant and H, was the carrier gas. The structure consists of a
3 nm GaN cap layer, followed by a 28 nm AlGaN barrier layer, a 1 nm
AIN interlayer, a 0.23 um n-GaN layer, and a 3.6 yum unintentionally
doped GaN buffer layer. A 10 nm BN thin film layer was deposited as
a gate dielectric on AlGaN/GaN MISHEMTs by electron cyclotron
resonance microwave plasma chemical vapor deposition (ECR-
MPCVD) with a base pressure of 3 x 10~° Torr. Before deposition, the
AlGaN/GaN MISHEMT wafer was first cleaned in the deposition
chamber by flowing 35 sccm of N, and 20 sccm of H, at a pressure of
2 x 10 Torr at 875°C for 60 min with N, flow while heating and
cooling. The sample surface was then characterized by in situ UPS and
XPS shown in Figs. 1(c) and 1(a), respectively. BN was then deposited
on the cleaned sample surface for 20 min with He of 36 sccm, Ar of
2.5sccm, H, of 1scem, N, of 12.5sccm, and BF; of 1sccm. The
sample was biased at —60 V. The deposition temperature was 850 °C,
the microwave power was 1.4kW, and the chamber pressure was
1 x 10~ *Torr with N, flow while heating and cooling. The sample
cleaning and BN deposition parameters in ECR-MPCVD are summa-
rized in Table I.

In situ XPS and UPS were used to analyze the sample surface
before and after BN deposition. The x-ray source in XPS is monochro-
matic Al-Ka x rays with an energy of 1486 * 0.2eV. The UV source
for UPS is a helium discharge lamp, where the He II emission line
(40.8€V) is used to measure the valence band maximum (VBM) of
the clean AlGaN/GaN surface and the deposited BN layer. The cham-
ber base pressure is 5 x 10~ '*Torr monitored by a hot filament ion

scitation.org/journal/apl

gauge. An Omicron Scientia R3000 spectrometer with a four-element
electrostatic lens was used in a sweep mode to scan the full energy
range of photoelectrons. The hemispherical analyzer has a slit size of
0.4 mm and a pass energy of 100 eV for XPS (2 eV for UPS), leading to
an energy resolution of 150 meV for XPS (3 meV for UPS). It is worth
noting that transition lifetime of core holes and thermal motion can
cause peak broadening beyond the energy resolution. The spectrome-
ter is calibrated using the gold 4f energy (for XPS) and the Fermi
energy (for both XPS and UPS). The XPS spectra were fit with
Gaussian functions. Peak centers correspond to the binding energy of
element core level electrons. Peak areas are used to calculate relative
concentrations of elements,”” the thickness of the deposited layer,31
and the ratio of sp’sp’ hybridization” (i.e., the ratio of hexagonal to
cubic BN). The bandgap of BN is measured using the boron electron
energy loss peak.”””” UPS spectra were fit with a linear extrapolation
to determine the VBM.

Figure 1(a) shows the full XPS energy range before and after BN
deposition. No oxygen signal (~532 eV) was observed after the clean-
ing process of the AlGaN/GaN MISHEMT wafer, indicating a clean
AlGaN/GaN surface. The presence of the Al 2p peak is consistent with
a GaN cap thickness of 3 nm over the AlGaN layer as the escape depth
of the photoelectrons in GaN is about 10 nm. After the 20-min BN
deposition, the Ga peaks were no longer visible. A small amount of
fluorine is typically observed due to the residue from the boron pre-
cursor (BF;). Figure 1(b) demonstrates the XPS spectrum of the boron
1s core level. The fraction of sp>sp” bonding was estimated using the
n-plasmon:B 1s intensity ratio (green line:blue line). A reference film
containing h-BN without any evidence of ¢-BN in Fourier transform
inferred spectroscopy measurements was reported to have a 7-
plasmon:B 1s intensity ratio of 0.122 = 0.018. The measured ratio of
the deposited BN is 0.087 * 0.020, indicating that the BN layer is
mostly (71% = 17%) in the hexagonal phase. Figure 1(c) presents the
valence band spectrum using the He II photon source, and the VBM
values for clean GaN and BN surfaces are 3.0 £0.03eV and
3.4 £0.05 eV, respectively. Figure 1(d) presents the energy band align-
ment of BN deposited on the GaN cap surface. The bandgap of h-BN
was found to be 5.0 = 0.1 eV using the onset of the core level energy
loss peak.

After the BN thin film deposition by ECR-MPCVD, conventional
photolithography ~was utilized to fabricate the AlGaN/GaN
MISHEMTs. Figure 2(a) shows a schematic of the AlGaN/GaN on the
Si sample layer structure before BN deposition, and Figs. 2(b)-2(g)
present the device fabrication process flow. The samples were first
cleaned using acetone and isopropyl alcohol in an ultrasonic bath and
then rinsed with de-ionized water. Then, the mesa was defined and
etched by chlorine-based inductively coupled plasma-reactive ion
etching (ICP-RIE). Next, the dielectric via hole for source and drain
contacts was etched by SFs-based ICP-RIE, which selectively etches
the h-BN at a rate of 48 nm/min without reacting with the GaN under-
neath. It is important to use proper etching methods since over-
etching of the BN thin film through the GaN cap layer is unwanted.”
After mesa etching, photolithography and lift-off processes were used
to define the source and drain contacts. A 30s oxygen plasma treat-
ment was applied to remove residual photoresist, followed by a 30s
soaking in diluted hydrochloric acid (HCI) to remove potential surface
oxidization layers. The Ti/Al/Ni/Au (20/120/30/100 nm) metal stacks
were deposited by electron beam evaporation for source and drain
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FIG. 1. (a) Full XPS energy range before and after deposition of boron nitride. No significant signal from oxygen or carbon on the clean GaN. (b) XPS boron 1s core level
(191.5eV). The = peak (green line) to core level ratio indicates that the BN layer is mostly (70%-80%) in the hexagonal sp? structure. The onset of the 7 peak indicates a
bandgap of 5.0 = 0.1eV. The boron to nitrogen ratio is B:N =0.9. (c) Valence band spectrum using the He Il photon source. The valence band maximum for clean GaN and
BN surfaces is 3.0 = 0.03eV and 3.4 == 0.05 eV relative to the Fermi level, respectively. (d) Energy band alignment of BN deposited on GaN using the measure values of the
VBM and bandgap of the BN layer.

metal contacts, followed by a rapid thermal annealing (RTA) at 850 °C
under an ambient nitrogen atmosphere. Finally, after defining the gate
metal pattern by photolithography, the Ni/Au gate metal stacks were
deposited on the BN gate dielectric by electron beam evaporation. The
gate width (W), gate length (L), gate source distance (Lgs), and gate
drain distance (Lgp) are 500 pum, 4 yum, 4 um, and 4 um, respectively.

TABLE I. The cleaning and deposition conditions for the BN/AIGaN/GaN HEMTs.

Cleaning Deposition

Substrate temperature 875 + 25°C 825 + 25°C The corresponding metal-insulator-semiconductor (MIS) diodes
Chamber pressure 2 % 10~ *Torr 2 % 10~ *Torr were also fabricated for J,—V, characterization.
. : The basic DC characteristics of the BN/AIGaN/GaN MISHEMT's
AP plied bias N/A —60W were first investigated. Figure 3(a) demonstrates the transfer characteris-
Microwave power N/A 1400 W tics of the devices. The maximum drain current is about 62.6 mA/mm
Time 60 min 20 min at Vps=1V and Vgs=0V, and the threshold voltage is about
—2.76 V. The maximum transconductance (g, may) is about 32 mS/mm
Gas flow (sccm) when Vpg =1V and Vgg= —2.1 V. The devices exhibit a small sub-
He 0 35 threshold swing of 69.1 mV/dec and a high L,,/I.¢ ratio on the order
Ar 0 2.5 of 10°. The effective interface state density Dy, can be estimated by
N, 35 12.5 the subthreshold swing equation:*
BF, 0 1
Ho . 1 SS:k—Tln(10)<1 +M>7
q 0x
Appl. Phys. Lett. 118, 072102 (2021); doi: 10.1063/5.0027885 118, 072102-3
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(a) Sample layer structure (b) BN deposition

3 nm GaN cap layer 10 nm BN thin film

28 nm AlGaN barrier layer
1 nm AIN interlayer

0.23 um GaN layer

3.6 um GaN buffer layer

750 pm Si substrate

(e) SI/D metal deposition
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(c) Mesa isolation (d) Via hole etching

Annealing (g) Gate metal deposition

FIG. 2. The fabrication process of the BN/AIGaN/GaN HEMTs. (a) AlGaN/GaN on the Si sample layer structure. (B) 10 nm boron nitride thin film deposition by ECR-MPCVD
as the gate dielectric. (c) Mesa isolation through chlorine-based ICP etching. (d) Gate dielectric via hole for drain and source contacts through SF6-based ICP etching. (e)
Source and drain metal contact deposition by e-beam evaporation. The lift-off method is applied. (f) Rapid thermal annealing for the Ohmic contact formation. (g) Gate metal

contact deposition by e-beam evaporation.

where C,, Cy, and C, are the semiconductor capacitance, interface
state-induced capacitance, and dielectric capacitance, respectively.
While the semiconductor capacitance C, varies nontrivially with the
applied gate, it is still possible to estimate the maximum D; by the

equation below:"’
qSS )
—1].
0)

kTIn(1

Since the relative dielectric constant of BN i 1s ~3.76,” the maximum
D, can thus be calculated to be ~8.49 x 10" cm ™2 eV~ Figure 3(b)

Gi
Dy = = < Cox(
q
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demonstrates output characteristics of the devices under forward
sweeping and backward sweeping. The Vg is swept from 0V to 5V
(black line) and 5V to 0V (red dashed line) with Vg stepped between
—2V and 1V with steps of 0.5V. No obvious differences were
observed in the two output curves, indicating a very low hysteresis
effect. The on-resistance is about 12.75 Q-mm.

In order to investigate the gate dielectric properties, the gate
leakage—gate voltage (Ig-Vg) curve was measured as shown in
Fig. 4(a), where the drain voltage and source voltage are set as 0V.
A very low gate leakage current of 10 *mA/mm was observed,

(b)

300
sl | Vo OV--SV Roy = 12.75 (-mm)
-~ -Vp5V -0V
200 |
£ Vg =-2V~1V |
€150} Step=0.5V g
<
E
0100
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FIG. 3. (a) (Black) Transfer curve of the BN/AIGaN/GaN MISHEMTs at Vpg = 1V on a semi-log scale at room temperature. (Red) Transconductance of the device on a linear
scale at room temperature. The maximum Gy, is about 32 mS/mm at Vg = —2.1 V. The subthreshold swing is about 69.1 mV/dec. (b) Output characteristics of the BN/AIGaN/
GaN MISHEMTs, where Vs swept from —2V to 1V with a step of 0.5V on a linear scale. The on-resistance is about 12.75 Q-mm by linear extraction.
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FIG. 4. (a) I~V curve of the ECR-MPCVD-BN/AIGaN/GaN MISHEMTs. The gate leakage current is of 10~ mA/mm range or less under both reverse and low forward gate
voltages. (b) Jg—Ve curves of devices at various temperatures from 300K to 500 K with a step of 40K. (c) FN plots at various temperatures. At a relatively low electric field,
PF emission dominates the leakage current, which results in an obvious temperature dispersion. At a high electric field, FN tunneling dominates the leakage current, and the
curves merged again since they are no longer temperature dependent. (d) Schematic energy band diagrams of PF emission and FN tunneling.

suggesting good insulating properties of the BN gate dielectric. Due to
the gate current compliance setting, the MISHEMT' were not able to
be stressed to forward hard breakdown, but the corresponding
electric-field maximum can still be estimated from Fig. 4(a) to
be >8.4MV/cm,'" which is not far from the theoretical breakdown
electric field of BN (12 MV/cm). Conventional Schottky gate HEMT's
with the same device structure were also fabricated as reference devi-
ces. Table 1T shows the comparison of device performances for BN
MISHEMTSs, conventional Schottky gate HEMTs, and other reported
MISHEMTs with different dielectrics.”'"'* Our fabricated devices
(BN MISHEMTS and conventional Schottky gate HEMTs) showed
similar on-resistance and maximum transconductance. However, the
off-state gate leakage current of BN MISHEMTSs was three orders
lower than that of conventional Schottky gate HEMTs. Compared
with reported MISHEMTS from Refs. 9,11, and 12, the on-resistance
of our device is slightly higher, which results in a lower transconduc-
tance, possibly due to the unoptimized Ohmic contact process.
Although the breakdown electric field of BN is lower than that of SiNy
and SiO,, the BN brings a lower gate leakage at a thinner thickness.

To further investigate the gate leakage mechanism, Fig. 4(b)
presents temperature-dependent gate current density vs gate voltage

(Jg-Vg) curves of the MIS diode from 300 K to 500 K. The MIS diode
has a diameter of 200 um and an area of 3.14 x 10~* cm?® When Vg
<3.8V, the gate leakage current is very small and below the setup
lower limit (Agilent 4330). When 3.8V < V5 < 7V, the curves exhibit
an obvious temperature-related dispersion, which indicates that a cer-
tain thermal emission mechanism plays an important role here. When
Vs >7V, the curves at different temperatures began to merge again.
There are some widely accepted mechanisms for the gate leakage
through the dielectric, such as Poole-Frenkel (PF) emission, trap-
assisted tunneling, Fowler-Nordheim (FN) tunneling, and space
charge limited current.”” A more in-depth leakage mechanism analysis
can be studied from the Fowler-Nordheim plot [FN plot, In(J¢/E,,) vs
E,."]. The electric field across the BN dielectric (E,,) can be calcu-
lated from the below equations:

V.
Eox = 0X7

tOX

1
Vox - VG + a (AECI - AEC2)7

AE, = PNi — Loxs
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TABLE II. The device performance comparison of BN MISHEMTs, conventional Schottky gate HEMTs, and other reported MISHEMTS using different dielectrics.”'" '

Gate dielectric Thickness (nm) R, (Q-mm) G, (mS/mm) Reverse I, (mA/mm) Epr (MV/cm)

Schottky gate N/A 13.76 36 ~107° 1 This paper
BN 10 12.75 32 ~107% >8.4 This paper
SizNy 20 6.7 N/A ~1077 14 Ref. 11
SisN, 20 2.88 75 ~1078 133 Ref. 12
ALO; 16 5.4 100 ~1077 5 Ref. 9

where Vi, ton @i fox and AE,; are the voltage across the dielectric,
dielectric thickness (10 nm), Ni work function (5.15¢€V),”° dielectric
electron affinity (4.5eV), and band offset between the BN/GaN inter-
face, respectively. An iterative calculation method was conducted to
extract the value of AE.,. Further details can be found in Ref. 11.
Figure 4(c) shows the FN plot of the devices from 300K to 500 K.
When the electric field is low (0.15 < 1/E,, < 0.3), the curves were
strongly dependent on temperature, suggesting that the PF emission is
the dominant leakage mechanism. At a high electric field (1/E.y
<0.15), the curves are independent of temperature, indicating that FN
tunneling dominates the gate leakage. Figure 4(d) illustrates the sche-
matic energy band diagram of these two dominant leakage current
mechanisms. At low electric fields, when the temperature increased,
the thermal excitation of electrons may emit from traps into the con-
duction band of the dielectric, hence the leakage current increased. At
high electric fields, when the dielectric barrier is thin enough, the elec-
tron wave function may penetrate through the triangular potential
barrier tunneling directly from the AlGaN to the metal.

In summary, we have demonstrated an AlIGaN/GaN MISHEMT
structure with ECR-MPCVD-grown BN as a gate dielectric. In situ
XPS and UPS were used for comprehensive surface characterization.
The in situ high temperature cleaning and deposition processes lead to
a high quality BN dielectric film. The devices exhibit a low off-state
current of 10~®mA/mm, a high on/off current ratio of 10°, a stable
threshold voltage of —2.76 V, a high maximum transconductance of
32 mS/mm, a nearly ideal subthreshold swing of 69.1 mV/dec, and an
on-resistance of 12.75 Q-mm. The interface state density (Dy) is esti-
mated to be less than 8.49 x 10" cm™? eV ™", The maximum break-
down electric field is no less than 8.4 MV/cm. The leakage current
mechanisms were also studied by temperature-dependent measure-
ments. Poole-Frenkel emission and Fowler-Nordheim tunneling are
two dominant mechanisms for the leakage current under low and
high electric fields, respectively. These results can serve as important
references for future studies on BN-based gate dielectrics for GaN
power devices.
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