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Depletion-mode high-electron-mobility transistors (HEMTs) with an 11 nm quaternary Ing.13Alo.s3Gao 04N barrier and a 5 nm Ing g5sGag gsN channel
on SiC substrates have been fabricated. The as-processed HEMT structure features a channel electron density of 2.08 x 10'® cm~=2 and a mobility
of 1140cm?V~"1s~1. A device with a 50-nm-long T-shaped gate shows a maximum output current density of 2.0 A/mm, a peak extrinsic DC
transconductance of 690 mS/mm, and cut-off frequencies fr/fax of 260/220 GHz at the same bias, representing a record high /7 - fmax Of
239 GHz for InGaN channel HEMTs. © 2013 The Japan Society of Applied Physics

allium—nitride-based high-electron-mobility transis-
G tors (HEMTs) have been intensively studied for

radio frequency and power applications. Recently,
a current gain cut-off frequency fr greater than 300 GHz,'™>
as well as high-performance monolithically-integrated
circuits,*> has been demonstrated using both AIN/GaN
and InAIN/AIN/GaN heterostructures. To further improve
the high-frequency performance, an In(Ga)N channel has
been proposed to replace the conventional GaN channel,
similar to the established examples of In(Ga)As channel
pseudomorphic HEMTs,® since InN is predicted to have the
highest steady-state peak drift velocity in the GaN material
family as a result of its low electron effective mass.”®
Though the electron mobility in InGaN is typically lower
than that in GaN due to strong alloy scattering, a higher
transistor speed may still be expected in ultrascaled HEMTs
where mobility plays a less critical role than the electron
effective mass. Moreover, the GaN buffer layer naturally
acts as a back barrier below the In(Ga)N channel,” resulting
in improved electron confinement and mitigating short
channel effects without compromising the high thermal
conductivity offered by the binary II-nitrides. Growth of
InGaN channel structures with high mobilities has been
challenging due to InGaN instability at high substrate tem-
peratures, as well as strong interface and alloy scatter-
ing.!>!Y Recently, we have achieved InGaN channels
with a record high mobility p of 1290cm? V~=!s~! and a
two-dimensional electron gas (2DEG) density ng as high as
2.0 x 10" cm~2 by optimizing the InGaN channel thickness,
growth temperature, and growth rate in InAlGaN/InGaN/
GaN double heterostructures.'? In terms of device perfor-
mance, few results have been reported to date: fr/fmax of
65/94 GHz with a 0.18 pum gate length'? and mitigation of
current collapse'? were reported in Ing0GagooN channel
HEMTs. In this work, we present device performance
of 50-nm-gate-length InGaN channel HEMTS; fr/fmax of
260/220 GHz was obtained in depletion-mode (D-mode)
quaternary barrier Ing3Alp83GagosN HEMTs with a 5nm
Ing 9sGag.9sN channel and regrown ohmic contacts.

The InGaN channel HEMT structure (Fig. 1) consists
of an 11 nm Ing3Alg3Gag 4N barrier, a 1 nm AIN spacer
(total barrier thickness fy,, = 12nm), a Snm IngysGaggsN
channel, and a GaN buffer on SiC substrate, grown by metal
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organic chemical vapor deposition. Also shown in Fig. 1 is a
cross-sectional scanning transmission electron microscopy
(STEM) image confirming the existence of the InGaN
channel and AIN spacer. A quaternary barrier was employed
instead of a ternary Ing ;7Alg g3N barrier since higher channel
mobilities have been consistently observed in the quaternary
barrier GaN-channel HEMTs.!>"'® More details on the
growth can be found in Ref. 12. Device fabrication started
with a molecular beam epitaxy regrowth of a 100nm n*
GaN in the ohmic contact region,'*" followed by mesa
isolation, ohmic metallization (Ti/Au of 20/120 nm), T-gate
electrodes defined by electron-beam lithography, metal
deposition (Ni/Au of 40/140 nm), and finally a lift-off proc-
ess. On the as-processed sample, transmission line method
measurements revealed a contact resistance R. of 0.20 2 mm
for the non-alloyed ohmics; room-temperature Hall effect
measurements resulted in a sheet resistance Ry, of 264 Q/sq
with ng =2.08 x 1083 cm™2 and i = 1140cm? V~!'s~!. The
device has a source/drain (S/D) distance Ly of 1.6 um, a
gate width of 2 x 25um, a gate footprint length of 50 nm,
and a mushroom head width of 150 nm. The devices reported
here were not passivated.

The band diagrams and charge distributions at equilibrium
for several InAlGaN/AIN/(In)GaN heterostructures have
been simulated using a self-consistent Shrodinger—Poisson
solver’® and are presented in Fig. 2(a). With the In molar
fraction xp, in the channel increasing from 0 to 0.10, the back
barrier height (i.e., the conduction band offset AE.) in-
creases and the channel quantum well becomes deeper. The
presence of the InGaN channel has been confirmed by room-
temperature photoluminescence (PL) measurements. The PL
peak position was observed to exhibit a gradual redshift
from 363 nm (3.41¢eV) in the GaN channel HEMT to 421 nm
(2.95eV) in the Ing10GaggoN channel HEMT. With an in-
creasing back barrier height, the channel electron confine-
ment is improved, resulting in reduced charge spreading
into the GaN buffer. On the other hand, the centroid of
the channel charge shifts closer to the AIN interface with
increasing In composition, potentially exacerbating the
effects of interface scattering in addition to stronger alloy
scattering. These effects become more significant in thinner
InGaN channels and at higher In compositions. This trend
correlates well with our experimental observations shown in
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Fig. 1.

Schematic cross section of the InAlGaN/AIN/InGaN/GaN HEMT epitaxial layer structure with T-gates and nonalloyed MBE regrown ohmic

contacts, and cross-sectional STEM image confirming the InGaN channel thickness.
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Fig. 2. (a) Simulated band diagram and channel charge distribution in GaN and InGaN channel HEMT structures; (b) room-temperature PL and Hall effect
measurement results showing a deeper quantum well and mobility degradation with an increasing In molar fraction in the channel.
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Fig. 3. DC device performance of 50-nm-long Ing5GagosN channel HEMTs: (a) common source family of /-Vs showing R,, = 0.88 2 mm and
Iimax = 2.0 A/mm; (b) linear scale transfer characteristics at V4 = 0.1, 4, and 6 V, showing a gmex up to 690 mS/mm.

Fig. 2(b), which shows the room-temperature Hall mobility
as a function of xy, in the In,Ga;_,N channel HEMT struc-
tures.'” Considering that the devices presented here are not
deeply scaled in terms of the S/D distance, a moderate In
composition of 5% was chosen in the channel as a trade-off
to mitigate the impact of a low channel mobility that may
lead to a low source injection velocity.
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The device common-source family of /-Vs is shown in
Fig. 3(a), measured by sweeping Vg, from 0 to 10V and Vg
from 1 to —7 V. The maximum output current density /g max
of 20A/mm at Vg =1V is comparable to that in the
conventional quaternary barrier InAlGaN HEMTs with GaN
channels'>!'? since the channel charge density and mobility
are similar. The device has an on-resistance R,, of 0.88
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Fig. 4. Small signal current gain and power gain showing
J1/fmax = 260/220GHz at Vg = —3.9V and Vg =6 V.

2 mm extracted from the linear region at Vg, = 1V. A three-
terminal off-state breakdown voltage Vi, is measured to
be ~15V at Voo = —8V and Iy = 1 mA/mm. The device
transfer characteristics are shown in Fig. 3(b), with Vg
sweeping from 1 to —8V at V4 = 0.1, 4, and 6 V. A peak
extrinsic DC transconductance gpex is found to be 660—
690 mS/mm near the pinch-off bias condition Vg ~ —4.0V.
The threshold voltages Vi, of —4.0, —4.3, and —4.4V at
Vas = 0.1, 4, and 6V, respectively, are extracted from the
linear extrapolation of Ij. In comparison, the threshold
voltage values extracted for a GaN channel HEMT with
a nominally identical top barrier structure and device
geometry are —3.5, —3.9, and —4.0V at V4 = 0.1, 5.6,
and 6.6V, respectively.'® The more negative Vy, of the
InGaN channel HEMT is likely due to the slightly higher
charge in the channel besides the inevitable variations in
epitaxy and device fabrication. Meaningful evaluation of
short-channel effects requires a detailed, systematic study
since these effects are too subtle to base conclusions on
a crude comparison across devices. A comprehensive study
of the dependence of Vj, roll-off on In composition, gate
length, and bias is planned to address this.

Small signal RF measurements were taken with an
Agilent N5250C vector network analyser (VNA) from 100
MHz to 110 GHz. The VNA was calibrated using LRRM
off-wafer impedance standards. On-wafer open and short
pads were used to de-embed measured S-parameters by
subtracting parasitic pad capacitance and inductance.’
The RF performance of the InGaN channel HEMT near
the peak gn, bias conditions (Vgs = 6V and Vo = —3.9V) is
presented in Fig. 4. After de-embedding, the extrapolation
of the current gain |4, |> with a —20dB/dec slope yields
Jr =260GHz; the extrapolation of the unilateral power
gain U and maximum available power gain MAG gives a
similar f.x of 220 GHz. The values of fr/fm.x before de-
embedding were 140/186 GHz. This represents a record
value of \/fr - fmax = 239 GHz achieved in InGaN channel
HEMTs. A greater fia.x/fr ratio is expected by enlarging
the T-gate mushroom head size. Future work includes gate-
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length and S/D-distance dependent studies to extract the
effective electron velocity as well as detailed investigations
on short-channel effects in InGaN channel structures.

In conclusion, D-mode Ing3Alp83GagosN HEMTs with
an Ingo5GagosN channel were fabricated on SiC substrates
with nonalloyed MBE regrown ohmic contacts. T-gate de-
vices with 50-nm-long gate footprints showed a good DC
performance of Igmux = 2.0A/mm, gmexe = 690 mS/mm,
and a record high fr/finax of 260/220 GHz in InGaN channel
HEMTs.
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