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Abstract—We report the first observation of ferroelectric gat-
ing in AlScN barrier wide-bandgap nitride transistors. These
FerroHEMT devices realized by direct epitaxial growth rep-
resent a new class of ferroelectric transistors in which the
semiconductor is itself polar, and the crystalline ferroelectric
barrier is lattice-matched to the substrate. The FerroHEMTSs
reported here use the thinnest nitride high-K and ferroelectric
barriers to date to deliver the highest on-currents at 4 A/mm,
and highest speed AIScN transistors with fyax > 150 GHz
observed in any ferroelectric transistor. The FerroHEMTs ex-
hibit hysteretic |4 Vys loops with subthreshold slopes below
the Boltzmann limit. A control AIN barrier HEMT exhibits
neither hysteretic, nor sub-Boltzmann behavior. While these
results introduce the first epitaxial high-K and ferroelectric
barrier technology to RF and mm-wave electronics, they are
also of interest as a new material platform for combining
memory and logic functionalities in digital electronics.

|. INTRODUCTION

The report of ferroelectric sputtered AIScN in 2019 [1]
indicated the tantalizing possibility of introducing ferroelectric
barriers into GaN RF and mm-wave transistors. One can
pursue this either by integrating sputtered layers on epitaxial
channels, or by direct epitaxy of AIScN on GaN transistors
[2]. Direct epitaxial AIScN on GaN revealed high piezoelectric
coefficients [3]. When the leakage was reduced with increased
Sc source purity [4], epitaxial hi-K dielectric constants up to
20 were discovered [5]. These epitaxial AIScN layers exhibited
a low coercive field of 1 MV/cm [6] compared to those of
non-epitaxial sputtered layers reported in [1]. Other reports
by epitaxy showed higher coercive fields [7], and memory
functionality [8]. The RF and mm-wave properties of AIScN
barrier HEMTs have been studied [9]-[11], but ferroelectric
transistor behavior has not been reported.

Here we report ferroelectric gating behavior of epitaxial
AlScN barrier HEMTs and contrast its ultra high-current, high-
speed, and sub-Boltzmann performance to a control HEMT
with a non-ferroelectric AIN barrier. The measured Ferro-
HEMT behavior is consistent with a low coercive field of
epitaxial AIScN. All measurements presented in this work
were performed at room temperature.
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II. EPITAXIAL GROWTH

Fig. 1(a) shows a test layer structure comprising of a
200 nm unintentionally doped (UID) GaN layer grown by
MBE followed by a 100 nm AIScN layer with 18% Sc.
A polarization-induced 2D electron gas (2DEG) of density
1:8 10%/cm? and mobility of 377 cm?/V s was observed
in this heterostructure by Hall-effect measurement at room
temperature. Using a deposited top electrode and the 2DEG
as a bottom electrode, and applying positive-up-negative-
down (PUND) voltage pulses and tracking the currents, the
polarization-electric field (P-E) loops extracted are shown in
Fig. 1(b) which indicate the epitaxial AIScN layer on UID
GaN is ferroelectric with a coercive field Ec  0:9 MV/cm.

A control AIN/GaN HEMT and a 14% targeted Sc com-
position AIScN/AIN/GaN FerroHEMT structure were grown
by MBE directly on semi-insulating 6H-SiC substrates with a
300 nm AIN nucleation layer and a 1 m GaN buffer layer
using methods reported in [5] to study ferroelectric gating
behavior. Figs. 2(a) and (c) show the corresponding energy
band diagrams from the top surface, calculated using self-
consistent Schrodinger-Poisson solutions. 2DEG channels are
expected at the heterojunctions as shown as 2 at respective
depths. To form Ohmic contacts to these 2DEGs, lithographi-
cally defined etching and regrowth of heavily doped n+ GaN
(Ng  10%°/cm® Si) was performed by MBE. Figs. 2(b) and
(d) show the measured 2DEG densities, mobilities, and sheet
resistances over various dies of the wafer measured by room-
temperature Hall effect. The 2DEG densities are consistent
with the expected values from the calculation.

II1 . DEVICE DESIGN AND FABRICATION

Figs. 3(a) and (b) show the resistances of metal-regrown
n* GaN (low) and n* GaN-2DEG (moderate, not exceptionally
low). Figs. 4(a) and (b) show the control AIN barrier HEMT
and the AlIScN barrier FerroHEMT cross sections respectively.
Figs. 4(c) shows the representative device process flow of
HEMTs with regrown contacts. A SiO»/Cr hard mask defined
the source/drain regions. Ti/Au source/drain was deposited on
the n* GaN, and Ni/Au gate was deposited. Electron beam
lithography (EBL) process was performed to fabricate T-gate
devices for RF and mm-wave performance. Figs. 4(d) and the
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inset show SEM images of the final transistor structures. Gate
lengths ranged from 90 nm to 18 m.

IV. RESULTS AND DISCUSSION

Figs. 5(a) and (b) show the measured |4 Vys output
characteristics and |y  Vgs transfer characteristics of the
control AIN/GaN HEMT sample respectively. An on current
of 1.5 A/mm with an on resistance of Rgn = 1:34 mm,
an on/off ratio of 10° limited by gate leakage, with a threshold
voltage of 3:5 V were observed. Fig. 5(c) shows a peak
transconductance of ~ 0:5 S/mm with a barrier thickness of 2
nm GaN + 2 nm AIN. The subthreshold slope shown in Fig.
5(d) indicates very good normal transistor behavior, grazing
the ideal Boltzmann limit of =~ 60 mV/decade. The control
HEMT thus exhibits excellent performance, as borne out by
its RF performance discussed subsequently.

Fig. 6 shows the transistor characteristics when a 5 nm thick
epitaxial AIScN barrier layer is added between the AIN and the
GaN cap layer, as indicated in Figs. 4(a)-(b). From Fig. 6(a),
the maximum |4 still reaches 1.5 A/mm at the same gate
voltage, in spite of a more than double barrier thickness2
nm GaN + 5 nm AlScN + 2 nm AIN compared to the control
sample. This is a result of the high-K dielectric property of
AIScN as was reported in [5]. The Iy Vys curves indicate a
higher output conductance, but a far larger difference from the
control sample is observed in the transfer characteristics in Fig.
6(b). A counterclockwise (CCW) hysteresis loop develops in
the subthreshold characteristics. A sub-Boltzmann steep slope
of 23.6 mV/decade is observed for the on! off voltage sweep.
Such repeatable loops are observed in multiple devices. This
translates to a hysteretic transconductance curve as seen in Fig.
6(c) and drain current as seen in Fig. 6(d). Note that though
the peak transconductance is lower than the control HEMT, the
hi-K AIScN helps maintain a high value in spite of a more
than double barrier thickness.

The hysteresis window of the threshold voltage is between
1:0 2:0V as seen in Figs. 6(c) and (d). These observations are
strong signatures of both high-K dielectric, and ferroelectric
gating behavior. Based on the AIScN barrier thickness, a
voltage drop E¢  taisen 0:5 V across the AIScN layer
is consistent with a low E;  1:0 MV/cm. A large portion
of the gate voltage still drops across the GaN and AIN layers
between the gate metal and the 2DEG channel.

Fig. 7(a) shows the hysteresis loop measured on Die 7
of Fig. 2 (d). Several CCW hysteresis loops based on the
voltage step of the measurement are shown in Fig. 7(a), and
the corresponding substhreshold slopes are plotted in Figs.
7(b) and (c). While the majority of the sub-Boltzmann steep
slopes are observed in the leftgoing voltage sweeps, some also
appear in the rightgoing sweeps. It is well known that trapping
behavior could lead to false conclusions of ferroelectricity. The
CCW loops for n-channels is a strong evidence of ferroelectric
FETSs. Moreover, the absence of such behavior in the control
HEMT sample, and the symmetry, voltage width, and sub-
Boltzmann slopes of the FerroHEMT conclusively indicates
ferroelectric gating in the all-epitaxial AIScN/GaN devices.

Fig. 8(a) shows the high-frequency characteristics of the
AIN barrier control HEMT. It exhibits excellent cutoff fre-
quencies of fr=fyax = 126=304 GHz for a gate length
of Lg = 90 nm. The device dimensions and bias conditions
are indicated in the plot. Fig. 8(b) shows the measured
values for the FerroHEMT of similar dimensions but different
bias conditions due to the shifted threshold characteristics.
It exhibits lower cutoff frequencies of fr=fyax = 78=156
GHz. Even though the values of the AIScN FerroHEMT are
lower than the control AIN barrier HEMT, they are the highest
reported to date for AIScN barrier transistors, as indicated in
Fig. 8(c). Morever, they are the fastest ferroelectrictransistors
reported to date: a maximum FerroHEMT fyax =168 GHz
is measured. The higher speed of the control sample is due
to the (expected) higher maximum Qmext = 0:616 S/mm
of the control HEMT compared to Omext = 0:475 S/mm
for the FerroHEMT, indicating higher speed FerroHEMTs are
possible with further scaling. Fig. 8(d) shows the scaling of
the output current | ' in the AlScN FerroHEMTs when L4
is scaled from 18 m to 90 nm. An exceptionally high value of
2.5 A/mm is observed for an optical gate length of 1 m. The
deep submicron EBL gates reach record values of 4 A/mm at
90 nm gate length. These record high on-currents are enabled
by the high 2DEG density generated by the large difference
in polarization between GaN and the epitaxial AIScN layers.

V. CONCLUSIONS AND FUTURE WORK

The moderate FerroHEMT channel mobility in Fig. 2(d) can
be improved by 3  for better RF and mm-wave performance.
The high-K value of AIScN will increase the breakdown
voltage in FerroHEMTs by reducing the gate leakage [5].
A negative DIBL effect is predicted [12], but this will be
achievable with careful geometrical design of future epitaxial
FerroHEMTs. Thus FerroHEMTs with thinnest epitaxial fer-
roelectric barriers show steep subthreshold slopes, and deliver
the highest on-currents (4 A/mm), and highest speed (f yax >
150 GHz) in all ferroelectric transistors. They present a new
class of transistors with the potential to blur the boundaries
between memory, logic, and communication devices.
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Fig. 1. (a) Epitaxial AIScN/GaN heterostructure indicating a polarization-induced 2DEG at the heterojunction. (b) Measured P E loops on diodes with
top electrode and the 2DEG of (a) as the bottom electrode. Ferroelectric loops are observed for the heterostructure.
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Fig. 2. (a) Energy band diagram of control HEMT. (b) Hall-effect data of control HEMT. (c) Energy band diagram of FerroHEMT. (d) Hall-effect data of
FerroHEMT. Though there are some non-uniformities, the measured 2DEG densities are consistent with the calculations.

Fig. 3. (a) Contact resistances for the control HEMT between the metal and the regrown n* GaN regions and the n* GaN regions and 2DEGs. (b) Corresponding
contact resistances for the FerroHEMT structure.
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Fig. 4. (a) Control HEMT cross section schematic showing the regrown contacts, gate, and channel regions. (b) Corresponding schematic for the FerroHEMT
has an extra 5 nm AIScN layer in the barrier layer. (c) The representative device process flow of III-Nitride HEMTs with regrown contacts. (d) SEM image
of a processed HEMT, and inset shows Zoomed-in image of a T-gate.
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