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Abstract—We report the first observation of ferroelectric gat-
ing in ultrawide bandgap, high-K, crystalline AIBN barrier
GaN high electron mobility transistors (FerroHEMTSs) using
the thinnest ferroelectric nitride barrier to date. We observe
a strong effect of gate length scaling from L, = 1.5 um to
44 nm on the ferroelectric gating performance of AIBN/GaN
FerroHEMTs. While the short L, = 44 nm gate length devices
exhibit ferroelectric gating with large repeatable hysteretic I -
Vs loops and 40 mV/decade sub-Boltzmann characteristic, the
devices with longer L, = 800 nm to 1.5 pm exhibit little to no
hysteresis. We report the first RF performance of AIBN/GaN
HEMTs with fy/fmax = 76/139 GHz, introducing first
epitaxial ultrawide bandgap, high-K, and ferroelectric AIBN
barrier technology to RF and mm-wave electronics.

I. INTRODUCTION

Today’s state-of-the-art GaN HEMT RF power amplifiers
are nearing their performance limits due to the modest di-
electric constant and bandgap of conventional AlGaN and
AlInN heterostructure barriers. [1] The recent discovery of
ferroelectricity [2] and high-K [3] in epitaxial AlScN barriers
has introduced a promising new path forward similar to the
case of HfO5 for Silicon FETs. A new class of FerroHEMT
devices using 90 nm T-gate technology was realized. [4] The
decrease in bandgap and increase in susceptibility to chemical
oxidation as the Sc content is increased in AIScN places
limitations on this barrier material. Furthermore, the effect of
gate length scaling on FerroHEMTSs remains unexplored.

Fig. 1(a) shows that compared to AlGaN, AlInN, and AIScN
barriers, an AIBN barrier maintains an ultrawide bandgap
(UWBG) energy near 6.0 eV for high breakdown voltage.
Fig. 1(b) shows that in addition, AIBN exhibits a higher
dielectric constant than AlScN of corresponding bandgap [1],
[5]. Fig. 1(c) shows how scaling is enabled by boosting the
polarization-induced 2D electron gas (2DEG) charge density
using an AIBN barrier on GaN compared to state-of-the-art
AlGaN, AlInN, and AIScN barrier layers. A 7% B-containing
epitaxial AIBN layer increases the strain-limited critical thick-
ness of AIN by 50% with hi-K barrier properties on GaN [1].

While epitaxial AIBN offers a compelling new UWBG
epitaxial hi-K barrier opportunity for GaN RF and mm-wave
transistors [1], and ferroelectic switching of metal-AIBN-metal

(MFM) has been observed in epitaxial AIBN thin films, the
AIBN barrier FerroHEMTs have not been realized yet.

We report the first observation of ferroelectric gating in
ultrathin epitaxial AIBN barrier GaN FerroHEMTs. We ob-
serve that ferroelectric gating is strongly dependent on L,:
shortest L, devices exhibit strong ferroelectric gating, while
ferroelectricity does not manifest for long L, devices. The
short Ls; FerroHEMTs exhibit sub-Boltzman characteristics
and small signal speeds of fr/fyiax =76/139 GHz.

II. EPITAXIAL GROWTH

Fig. 2(a) shows a MFM capacitor structure comprising 50
nm [-NboN bottom electrode layer and 150-250 nm AIBN
layers with 0-18% B epitaxially grown by MBE, followed by
evaporated Ni/Au top electrode. Fig. 2(b) shows the relative
dielectric permittivity, €,, extracted from C-V measurements
at 0 V, 300 K. While the control AIN exhibits a relative
permittivity el{“N = 8.8, the AIBN films with 5%, 18% B
exhibit high BN = 156, 17 at 400 kHz. Frequency de-
pendence indicates small space-charge polarization effects for
AIN, Alg.95Bg.05N films. Thus, AIBN films exhibit a higher ¢,
than Al(Sc/In/Ga)N alternatives as indicated in Fig. 2(c) and
Fig. 1(b). The polarization-electric field (P-E) loops extracted
from the positive-up-negative-down (PUND) measurement in
Fig. 2(d) indicate ferroelectricity in the epitaxial AIBN films.

Fig. 3(a) shows an AIBN/GaN HEMT layer structure with
7% B measured by X-ray photoelectron spectroscopy (XPS),
which was epitaxially grown by MBE directly on semi-
insulating 6H-SiC substrates with a 120 nm AIN nucleation
layer and a 600 nm unintentionally doped (UID) GaN buffer
layer. The corresponding energy band diagram calculated
using self-consistent Schrodinger Poisson solution in Fig. 3(b)
indicates a 2DEG channel at the AIBN/GaN heterojunction
shown by |W¥;|%. Fig. 3(c) shows an AFM micrograph, and
Fig. 3(d) shows a streaky RHEED pattern showing 0.56 nm
rms roughness of the wurtzite AIBN/GaN surface. Scanning
transmission electron microscopy (STEM) images in Fig. 3(e)
confirm an as-grown metal-polar, crystalline, ultrathin 4 nm
AIBN barrier with 1 nm GaN cap on UID GaN buffer.

III. DEVICE DESIGN AND FABRICATION

Figs. 4(a,b) shows the process flow with regrown n™GaN
ohmic contacts and a schematic cross-section for realizing
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AIBN/GaN HEMTs using 2DEG at the AIBN/GaN heterojunc-
tion as the conducting channel. We used a SiOo/Cr hard mask
to define the source/drain regions. To form ohmic contacts
to 2DEGs, lithographically defined ICP etching and regrowth
of heavily Si-doped n*GaN (Vg ~10%°/cm?®) was performed
by MBE. Ti/Au source/drain was deposited on the n*GaN,
and Ni/Au was deposited as gate metal. We combined optical
and electron beam lithography (EBL) processes to realize
44 nm < L, < 1500 nm. Fig. 4(c) shows a SEM top-view
image of the final AIBN/GaN HEMT with source, drain, and
gate metal pads. The SEM inset shows a scaled T-gate device
with Ly ~ 44 nm. Fig. 4(d) shows the contact resistances
between metal-regrown ntGaN (low, R, = 0.05 Q-mm) and
2DEG-ntGaN (moderate, R, = 0.2 Q-mm) extracted from
transfer length method (TLM) structures in Fig. 4(e).

IV. RESULTS AND DISCUSSION

Fig. 5(a) compares the effect of device fabrication on the
300 K Hall effect transport properties of the 2DEG channel.
The as-grown sample exhibited 2DEG sheet carrier density
N, ~ 1.04x10'3/cm?, electron mobility p ~ 461 cm?/V.s, and
sheet resistance Rg, = 1297 (/sq. After HEMT processing,
the Hall effect data of processed Van der Pauw patterns
with regrown nTGaN contacts are seen to degrade the sheet
resistance due to lowering of the 2DEG density, and similar
or lower mobilities than the as-grown values.

Fig. 5(b) shows the structure used for capacitance-voltage
(C-V) measurements on metal-insulator-semiconductor (MIS)
capacitors with 2DEG channel accessed using regrown n*GaN
as bottom electrode and 20 pm diameter circular Ni/Au top
electrode. Fig. 5(c) shows the measured C-V data (dots) fitted
to a Schrodinger-Poisson C-V simulation (solid line). This
figure indicates a near doubling of the dielectric constant of
eMBN = 16.2 for the Al g3Bg.o7N barrier compared to €N
= 8.8 for AIN.

Fig. 6(a) shows the output characteristics of a L, ~ 44 nm,
Lgq = 600 nm and W, = 50 um AIBN/GaN HEMT, and Fig.
6(b) and (c) show the transfer curves of this device in log and
linear scales respectively. An on-current of 580 mA/mm with
an on-resistance of R, =3.41 mm at Vg =2 V and Ry, =
9.5 Q-mm at Vs = 0 V was observed. An on/off ratio of 107
limited by gate leakage, with a threshold voltage of ~ -0.8
V to -0.12 V with on—off and off +on sweeps was observed.
Fig. 6(d) shows a peak transconductance of g,, ~272 mS/mm.

The transfer curves in Fig. 6(b) exhibit large counterclock-
wise (CCW) hysteresis loops translating to the linear scale
hysteretic drain current seen in Fig. 6(c). At Vgs = 1V, a
steep sub-Boltzmann slope of 40.5 mV/decade is observed
for the off +on voltage sweep, and a subthreshold swing
(SS) of 73.2 mV/decade is observed for the on—off voltage
sweep. The hysteresis window of gate voltage AVghyS is 3.1
to 3.9 V. Large repeatable counterclockwise hysteresis with
sub-Boltzmann characteristics indicates ferroelectric gating
[4] in AIBN FerroHEMTs. Based on the ¢t = 4 nm AIBN
barrier thickness, the hysteresis window of 2|E.|t ~ 3.5 V is
consistent with |E.| ~4.375 MV/cm.

Fig. 7(a-c) shows how the transfer curves of AIBN/GaN
HEMTs evolve for L, = 44 — 800 — 1500 nm, with
corresponding scaled Lgq for W, = 50 pm. Several devices
measured for the shortest Ly ~ 44 nm repeatably show
counterclockwise hysteresis in the transfer curves with sub-
Boltzman SS. While this FerroHEMT behavior is seen for
L, ~ 44 nm devices, those with larger L, do not exhibit
hysteretic characteristics, as seen in Fig. 7(b) and (c). Figs.
7(d) and (e) show the hysteresis window plotted as a function
of Lg and Lgq, indicating that device scaling has a strong
effect on ferroelectric gating potentially indicating a measure
of ferroelectric domain sizes.

Fig. 8(a) shows the small-signal RF characteristics of the
L, =44 nm AIBN/GaN HEMT. A -20 dB/dec extrapolation
yields cutoff frequencies of fr/fyax = 76/139 GHz. This is
the first report of RF characteristics of AIBN barrier HEMTs.
Fig. 8(b) shows the equivalent small signal circuit model
obtained using a standard extraction procedure [6] and the
extracted circuit elements of the HEMT. The extracted RF
parameters are ¢°** = 120 mS/mm (smaller than DC), Ry, =
1020 Q and Cgq = 1 fF. The simulated fr/fumax of 76/138
GHz closely matches the measured values of 76/139 GHz of
the AIBN barrier HEMTs.

V. CONCLUSIONS AND FUTURE WORK

This work shows the high potential of AIBN barrier GaN
HEMTSs compared to existing AlGaN, AIScN barriers bench-
marked in Fig. 8(d). Short L, AIBN/GaN FerroHEMTs re-
ported here with large hysteresis and sub-Boltzman character-
istic have the thinnest epitaxial ferroelectric nitride barriers
reported to date. Gate length scaling enables single chip
integration of FerroHEMT devices with large hysteresis and
HEMT devices with negligible hysteresis. While we introduce
the first epitaxial ultrawide bandgap AIBN barrier technology
to RF and mm-wave electronics, achievable 3x improvement
in 2DEG mobility, low-resistance regrown contacts, and device
passivation will improve the performance dramatically. The
UWBG, high-K properties of AIBN will increase the break-
down voltage in FerroHEMTs by reducing the gate leakage,
while the high thermal, chemical, and radiation tolerance of
AIBN will enable GaN HEMTs for use in harsh environments.
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Fig. 1. AIBN is a promising barrier for GaN HEMTs because of (a) its ultrawide bandgap with (b) high dielectric constant and (c) high polarization-induced
2DEG density at AIBN/GaN heterojunctions compared to AIGaN/GaN, AlInN/GaN and AlScN/GaN heterojunctions. [7]
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Fig. 2. (a) Heterostructure of MFM capacitors with epitaxial AIBN films used for C-V and PUND measurements. (b) Extracted relative dielectric permittivity,
€r, at multiple measurement frequencies, indicating high-K of AIBN film compared to AIN with small space charge polarization. (c) Relative permittivity, €,
of Al(B/Sc/In/Ga)N films, showing high ¢, of AIBN films. (d) Measured ferroelectric P-E loops observed for Au/Ni/AIBN/3-NbaN heterostructure.
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Fig. 3. (a) AIBN/GaN HEMT heterostructure, and (b) Energy band diagram indicating 2DEG at AIBN/GaN heterojunction, (c) AFM micrograph, and (d)
RHEED pattern showing as-grown surface morphology of the wurtzite AIBN/GaN structure grown by MBE. (e) High-angle annular dark field (HAADF) and
(f) Integrated differential phase contrast (iDPC) scanning transmission electron microscopy (STEM) images of ultrathin AIBN/GaN heterostructure.
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a

)
1E+2

1E+1
1E+0
1E-1
1E-2
1E-3

[
m.m
[N

1E-6
1E-7

Drain, gate current (mA/mm)

1E-8

Fig. 7. (a) Measured transfer characteristics of AIBN HEMT with Lg

Lg= 44 nm, L,,;= 600 nm, Wg= 50 pm

fv,=05v

1E+1

1E+0

1E-1

Drain, gate current (mA/mm)

1E-2

-4 0
Gate voltage (V)

function of gate length Lg and (e) source-drain distance Lgq.

& so0

Gain (dB)

Ly=44nm
Lsy =600 nm
W, =50 pm

f; =76 GHz
fiax = 139 GHz

Vo=0V, Vg =10V

10 100
Frequency (GHz)

= Measured
== Simulated

(frequency: 1 GHz to 50 GHz)

(d)

L,= 800 nm, L= 6 um, W,=50 um [ 1E+2L 1500 nm, L,;= 10um, W,= 50um 10.00 _ 10.00

E 0 _

§1E+1 > = 8

H 3100 ¢ 3100 °

= § Eferrue{ectric §

O 1E+0 2 t gating o

gb 1;3.10 : &o 1;9.10 — o C?

St < £ %9 =] ° o

g [ No ferroelectric

gating
1E2 001 : o 0.01 it @i
-2 - 0 1 2 -2 - 0 1 10 100 1000 0.1 1 10 100
Gate voltage (V) Gate voltage (V) e (Nnm Ly (nm)

=44 nm (b) Lg = 800 nm and (c) Lg = 1500 nm. (d) Hysteresis window, Vgs as a

GaN HEMT Performance Benchmark with Different Barriers
Bandgap (eV)
8

Tax 500
(GHz)

1 Ferroelectricity

O 1, Ry R Coa Ry La
Gate Rys = Drain
? Im WRag TCas
Cos =
Rs
LS
Source
L, 11 pH Ry 70
L, 18 pH Ry 90
L, 12 pH Rs 6Q
Ry 270 Caa 11
R, 63 Q Cgs 11.5fF
Ry 1020 Q Cas 5fF
I 0.12 S/mm
Simulated 76 GHz Simulated 138 GHz
f funx

1/88
(dec/v) 50

1010

onflofr

3
Abundance
(atoms/10° Si)

| 4
1/Cost of alloying

5 element (g/US$)
g sat (W/mm)

Fig. 8. (a) Measured cutoff frequencies of AIBN FerroHEMT showing fr/fyiax = of 76/139 GHz. (b) Comparison between measured and simulated S
parameters. (c) Small signal equivalent circuit elements under Vg = 0V, Vgg = 10 V. (d) GaN HEMT performance benchmark with different barriers.

Authorized licensed use limited to: Cornell University Library. Downloaded on March 11,2026 at 15:01:18 UTC from IEEE Xplore. Restrictions apply.



