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Ultrawide Bandgap Channel Polarization-Doped Junction

Field-Effect Transistor

Madhav Ramesh,* Shivali Agrawal, Huili Grace Xing, and Debdeep Jena

An ultrawide bandgap (UWBG) AlGaN channel polarization-doped junction field-
effect transistor (POLJFET) grown by molecular beam epitaxy on a bulk AIN
substrate is presented. The POLJFET leverages distributed polarization doping for
the p-side gate, owing to the challenges associated with reliable acceptor impurity
doping in UWBG AlGaN. Successful gate control of the transistor channel by pn
junction field effect, with a threshold voltage of ~—30V, is demonstrated.
The transistor shows a significantly low OFF current (<10 nA mm ') while the
ON current is 0.03 mA mm ', primarily limited by the high contact resistivity of
the n-type AlGaN channel. This is expected due to the low doping of n-AlGaN
by design and can be mitigated by contact optimization techniques (either by

regrowth or ion implantation) in future iterations.

1. Introduction

Semiconductor devices using ultrawide bandgap (UWBG) Al(Ga)
N have the potential to go beyond the current power electronics
limitations posed by the properties of GaN and SiC. The large
critical electric field (up to 15.4 MV cm™" in AIN)—and therefore
a high Baliga’s Figure of Merit—makes it an excellent contender
for power electronic switching device applications.™ Junction
field-effect transistors (JFETs) allow high breakdown voltage
operation and low gate leakage!” by utilizing the entire energy
bandgap of pn diodes compared to a part of the bandgap of
Schottky barriers. There exists the possibility of enhancement-
mode (E-mode) operation provided the layer thicknesses, compo-
sitions, and doping are selected carefully to account for trade-offs
between ON current, breakdown voltage, and threshold voltage.
Fin and dual-gated geometries also enable this possibility.”>* In
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addition, the mechanism of JFETSs, unlike
metal-semiconductor field-effect transis-
tors (MESFETs), does not rely on the
metal-semiconductor interface which is
known to degrade at high temperatures,
thereby resulting in superior thermal sta-
bility.®! A significant challenge in realizing
UWBG AlGaN p-type layers is the acceptor
doping. Magnesium, the common
acceptor for GaN has an activation
energy E, ~200meV for GaN,® but
E, ~ 630meV for AIN,”! precluding its
room temperature usage in high-Al-con-
tent AIGaN, making an UWBG pn junction
gate of a desired JFET impractical by accep-
tor doping.

The large tunable bandgap of AlGaN
combined with its spontaneous and piezoelectric polarization
enables distributed polarization doping (DPD) by grading the
AlGaN layer to form a 3D hole gas, eliminating the need for
acceptor doping.®! Recently, this technique was used to realize
pn diode structures.*'% This opens the possibility of realizing
polarization-doped junction field-effect transistors (POLJFETS)
first proposed in ref. [11], where a DPD pn junction gate replaces
the Schottky gate of the POLFETs.'”™' In addition, epitaxial
growth on a single-crystal AIN substrate ensures high quality
of the device structure.'>) Here, we report the first realization
of a UWBG Al gGag,N POLJFET grown on a bulk AIN substrate,
with a DPD p-gate layer.

2. Experimental Section

The POLJFET semiconductor layer structure shown in Figure 1a
was grown by plasma assisted molecular beam epitaxy (MBE) on
an Al polar single-crystal bulk AIN substrate. A 150 nm Alyg
Gag,N channel with Ny ~ 10'® cm~3 silicon doping was grown
on a ~500 nm undoped AIN buffer layer. A t, =75 nm compo-
sitionally graded AlGaN layer was then grown by varying the Al
mole fraction from x; ~ 80% — x, ~ 15% along the growth direc-
tion, followed by a 10 nm heavily magnesium-doped p-GaN gap
layer to form the p-ohmic gate contact. Figure 1c shows hexago-
nal cracks due to relaxation. X-Ray diffraction spectra shown
in Figure 1d confirmed the compositional grading of the DPD
layer. POLJFETSs, as shown in Figure la, were fabricated by
inductively coupled plasma reactive ion etching (ICP-RIE) etch-
ing down ~90 nm to access the n-AlGaN channel layer. A sub-
sequent ~260 nm deep ICP-RIE etch was performed down to the
AIN buffer layer for device isolation. The etched features are
evident in the scanning electron microscope (SEM) image in
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Figure 1. a) Cross-sectional view of the POLJFET. b) SEM image indicating gate, source, and drain terminals of the transistor. c) Atomic force microscopic
image of the sample surface prior to processing. Strain relaxation of the structure is observed through long crack lines forming on the surface that cross
each other at 60 or 120°. d) Measured and simulated w-20 X-Ray diffraction scan across the (002) peak.

Figure 1b, which also indicates the gate, source, and drain
regions of the fabricated device. V/Al/Ni/Au (15/80/40/100 nm)
stack contacts were deposited by E-beam evaporation and
annealed in N, ambient at 800 °C for 30 s for source/drain met-
allization. Lg = 4pm and L = 5 pm gate regions and source-to-
drain distances Lpg =6pm and Lpg=7pm, respectively,
were defined by optical photolithography. And, 15/20 nm Ni/Au
p-gate Ohmics were formed by 450 °C annealing in O, ambient
for 60s.

Figure 2a shows the calculated energy band diagram and car-
rier density under the gate of the POLJFET at equilibrium.
A high hole concentration in the DPD layer, combined with
the lower n-type doping, indicated a one-sided p*/n junction,
with most of the depletion region in the n-doped side. The
mobile hole density in the DPD layer was estimated to be

_dP _P(x1) — P(x,) 18 .3
pﬂ—ENT~3x10 cm (1)

where P(x;) and P(x,) are the polarization values at Al compo-
sitions x; and x, respectively, and t, is the thickness of the
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graded AlGaN layer. The n-AlGaN layer with 10¥¥cm=3 Si
donor doping was estimated to have a mobile electron concen-
tration ~4.5 x 10 cm~ assuming a donor ionization energy
of 50 meV."® This resulted in the formation of a p'/n
junction diode. It should be noted that the concentration of
holes could be controlled by varying the thickness of the
DPD layer along with appropriate compositional and strain
engineering.

Temperature-dependent current-voltage (I-V) characteristics
of the diode were measured using a Keysight B1505A Power
Device Analyzer with a thermal chuck (ATT systems GmbH).
The transistor characteristics were measured using a Keithley
4200 A semiconductor parameter analyzer. Figure 2b shows
the measured two-terminal gate-source currents of a 5 ym gate
length POLJFET for temperatures between 25 and 300 °C.
The forward current was limited by Schottky-like source/drain
contacts due to the relatively low doping and high Al content
of the channel layer; this can be improved in the future. The
gate-source pn diode current increased with temperature, flow-
ing 10 A cm™? at 300 °C, with a turn on near 3-5V, and very low
reverse leakage current.
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Figure 2. Characteristics of the pn junction gate. a) Energy band diagram and carrier density from solving 1D Poisson. b) Temperature-dependent |-V
characteristics between the gate and the source of a transistor with Lg = 5 pm. The forward bias current increases with temperature, as expected from

diode theory.
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Figure 3. Transistor electrical characteristics for Lg = 4 um at room temperature. a) Transfer curves indicating drain current modulation via the gate over
three orders of magnitude. b) Output characteristics at various gate voltages. Inset: optical image of the POLJFET measured in (a) and (b).

The POLJFET works by modulating the conductive layer
thickness of the n-channel by depletion from the reverse-biased
DPD p*/n junction. By design, the doping of the n-AlGaN layer
(Ng =~ 10" cm™ resulting in ~4.5 x 10'” cm ™ mobile electrons)
was chosen to be much lower than that of the p-DPD layer hole
concentration (p, &~ 3 x 10'® cm™3). This was due to the fact that
the n-channel was required to be depleted by the gate with mini-
mal depletion of the p-DPD layer. Figure 3a shows the measured
transfer characteristics of a POLJFET of dimensions shown in the
figure for various drain bias voltages. The decrease of channel
current for larger reverse bias of the gate DPD p*/n junction con-
firmed that the current was modulated by junction field effect
with a threshold voltage of ~—30V. This indicated the first suc-
cessful operation of a POLJFET with a UWBG AlGaN channel
with a DPD p*/n junction gate. But the ON current of the tran-
sistor was only ~0.03 mA mm ™" at 40 V drain bias. The gate leak-
age current was significantly low (<10 nA mm ) throughout the
measurement, which is characteristic of the UWBG reverse-
biased pn junction. Figure 3b shows the output characteristics
of the POLJFET, with a microscope image of the device shown
in the inset. Gate control of the POLJFET was observed, but
the poor n-channel contacts were evident in the Schottky like turn
on, which limited the current drive to several orders lower than
what was possible in a future iteration with better contacts.

3. Conclusion

In conclusion, we have demonstrated a UWBG channel
POLJFET grown by MBE on a bulk AIN substrate. Successful
gate control of the n-type AlGaN channel by junction field effect
is observed. Temperature-dependent measurements of the
pn junction gate suggests carrier ionization with increasing
temperature. The OFF state of the transistor shows very low
current (<10nA mm '), and the ON state current can further
be improved through source—drain contact optimization in the
future: either by regrowth or ion implantation. Demonstration
of the POLJFET operation opens a new design pathway for
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power electronics devices based on aluminum nitride, making
it possible to leverage its desirable electronic properties.
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the author.
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