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Abstract—We report 30-nm-gate-length InAIN/AIN/GaN/SiC
high-electron-mobility transistors (HEMTSs) with a record current
gain cutoff frequency (fr) of 370 GHz. The HEMT without
back barrier exhibits an extrinsic transconductance (gm.ext) of
650 mS/mm and an on/off current ratio of 10° owing to the
incorporation of dielectric-free passivation and regrown ohmic
contacts with a contact resistance of 0.16 €2 - mm. Delay analysis
suggests that the high fr is a result of low gate—drain parasitics
associated with the rectangular gate. Although it appears possible
to reach 500-GHz fr by further reducing the gate length, it is
imperative to investigate alternative structures that offer higher
mobility/velocity while keeping the best possible electrostatic con-
trol in ultrascaled geometry.

Index Terms—AIN, cutoff frequency, fr, GaN, high-electron-
mobility transistor (HEMT), InAIN, molecular beam epitaxy
(MBE), regrown ohmic contacts, transistor.

I. INTRODUCTION

LTHOUGH the electron saturation velocity in GaN has

been predicted to be higher than 2 x 107 cm/s, the cur-
rent gain cutoff frequency fr of the state-of-the-art GaN
high-electron-mobility transistors (HEMTs) is still low, i.e.,
< 350 GHz [1], [2], much lower than what has been demon-
strated in InAs-based HEMTs, i.e., > 650 GHz [3]. Lattice-
matched Ing 17Alp s3sN/AIN/GaN heterostructures offer higher
charge density for thin barrier thicknesses (< 10 nm) due
to stronger polarization discontinuity than the conventional
AlGaN/GaN heterostructure [4]-[13], making them suitable
for ultrascaled HEMTs. Recently, several groups have reported
fr > 200 GHz using InAIN/GaN heterostructures with alloyed
ohmic contacts [8]-[13]. For example, Wang et al. demon-
strated fr of 210 GHz on a 66-nm-gate-length (L,) HEMT

Manuscript received April 3, 2012; revised April 17, 2012; accepted
April 20, 2012. Date of publication June 8, 2012; date of current version
June 22, 2012. This work was supported in part by the Defense Advanced
Research Projects Agency (John Albrecht, the NEXT program HROOI11-
10-C-0015) and in part by the Air Force Office of Scientific Research
(Kitt Reinhardt and James Hwang). The review of this letter was arranged by
Editor G. Meneghesso.

Y. Yue, Z. Hu, J. Guo, B. Sensale-Rodriguez, G. Li, R. Wang, F. Faria,
T. Fang, B. Song, T. Kosel, G. Snider, P. Fay, D. Jena, and H. Xing are with
the Department of Electrical Engineering, University of Notre Dame, Notre
Dame, IN 46556 USA (e-mail: yyue@nd.edu; zhul @nd.edu; jguo@nd.edu;
bsensale@nd.edu; glil @nd.edu; rwang@nd.edu; ffaria@nd.edu; tfang@
nd.edu; bsong@nd.edu; kosel@nd.edu; gsnider@nd.edu; pfay@nd.edu;
djena@nd.edu; hxing@nd.edu).

X. Gao and S. Guo are with IQE RF LLC, Somerset, NJ 08873 USA (e-mail:
xgao@igep.com; sguo@igep.com).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2012.2196751

Oxide 4.5 nm

InAIN 2.5 nm
AIN 1.5 nm
GaN 200 nm

Oxide 4.5 nm

InAIN 2.5 nm

— GaN 1600 nm

SiC

(a)

Fig. 1. (a) Schematic of the InAIN/AIN/GaN HEMT cross section and
(b) high-resolution TEM and (inset) scanning TEM images confirming the
HEMT layer structures and the 30-nm gate length after device fabrication.

with dielectric-free passivation (DFP) [10], Lee et al. demon-
strated fr of 300 GHz on a 30-nm-gate-length HEMT with
InGaN back barrier and oxygen plasma treatment [13], and
Tirelli et al. reported impressive and balanced fr/fuax of
205/220 GHz using a T-gate with a footprint of 30 nm [2].
However, all these devices suffered from high contact resistance
(R.) of > 0.3 Q - mm and high on-resistance (Roy) of > 1 -
mm due to the alloyed ohmic contacts and large source—drain
distance (Lgq). To reduce R., several groups have success-
fully demonstrated low contact resistances using molecular
beam epitaxy (MBE) regrown contacts in GaN-based HEMTs
[14]-[17]. Shinohara et al. reported deeply scaled self-aligned
gate AIN/GaN HEMTs with both fr and fyax higher than
300 GHz by incorporating regrown ohmic contacts, AlGaN
back barrier, Ly ~ 20 nm, and Lgq ~ 100 nm [1].

To elucidate the details of electron transport in the device
and thus gain insight into the fundamental limits of scaled GaN
HEMTs, InAIN/AIN/GaN HEMTs with DFP, rectangular gates,
and regrown ohmic contacts have been fabricated to achieve
high current gain cutoff frequency fr by minimizing parasitic
effects. An fr of 370 GHz was achieved in 30-nm-gate-length
HEMTSs without a back barrier, which is, to the best of our
knowledge, the highest reported fr in GaN-based transistors.

II. EXPERIMENTS

The lattice-matched Ing 17Alg.s3N/AIN/GaN HEMT struc-
ture was grown by metal-organic chemical vapor deposition
on a SiC substrate, consisting of, nominally, a 7.5-nm InAIN
barrier, a 1.5-nm AIN spacer, a 200-nm UID GaN channel,
and a 1.6-ym Fe-doped GaN buffer. The HEMT cross-sectional
schematic is shown in Fig. 1 along with transmission electron
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Fig. 2. (a) DC common source family of /-V"’s and (b) pulsed /-V measure-

ments with 300-ns pulsewidth of the 30-nm 2 x 25 um? gate InAIN/AIN/GaN
HEMT with a source—drain spacing Lgq of 865 nm.

microscopy (TEM) images confirming the layer thicknesses
and the gate length after device fabrication.

The device fabrication process started with patterning of
SiO, mask for n* GaN ohmic regrowth by MBE. A regrowth
well-to-well distance (i.e., Lgq) of 865 nm was defined by
stepper lithography for the reduction of parasitic resistance
and capacitance. The preregrowth etch depth into the HEMT
structure was 40 nm, and regrown n™ GaN was 80 nm with a Si
doping level of ~1 x 10%° cm~3. The poly-GaN on top of SiOy
was lifted off by BHF after regrowth. Nonalloyed ohmic contact
of Ti/Au was deposited by electron-beam (e-beam) evaporation,
followed by mesa isolation using chlorine-based plasma dry
etching. Subsequently, the sample was blanket treated with
DFP—an Os-containing plasma process [10]—which results
in an oxidized InAIN of about 4.5-nm thickness. Finally,
30-nm 2 x 25 um? rectangular Ni gates were defined by
e-beam lithography and liftoff. Further details on processing
and regrowth can be found in [16] and [17]. The 2-D electron
gas (2DEG) concentration and electron mobility are 1.92 x
10'% cm™2 and 1240 cm?/V -s, respectively, leading to a
sheet resistance of ~262 )/sq, determined by the Hall effect
measurement after the HEMTs were fabricated.

III. RESULTS AND DISCUSSION

The contact resistance components were analyzed based on
the transmission line method (TLM) measurements after the
HEMTSs were fabricated; in the analysis, all TLM dimensions
were confirmed by scanning electron microscopy. From the
TLM patterns with HEMT channel and regrown contacts, a
total contact resistance of 0.16 {2 - mm and a sheet resistance of
274 Q/sq were extracted. From the TLM patterns with re-
grown n™ GaN channel and contacts, a contact resistance of
0.06 Q - mm and a sheet resistance of 67 €)/sq were obtained.
The contact resistance between the regrown n™ GaN and the
2DEG channel is thus calculated to be 0.08 €2 - mm, which is
higher than our previous reported value [17] likely due to the
use of a plasma treatment before the regrowth.

Fig. 2(a) shows the dc common source family of I-1"’s of the
30-nm 2 x 25 um? gate InAIN/AIN/GaN HEMT. A maximum
drain current density I; of 1.5 A/mm is obtained at Vgg =0V
and Vgs =5 V. The device R, extracted at Vys =0 V and
Vs in the range between 0 and 0.5 V is 0.78 ) - mm, a result
of adopting regrown contacts and reduced Lgq from our prior
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Fig. 3 Transfer characteristics of the InAIN/AIN/GaN HEMT at Vgs =3 V
and 0.1 V: (a) Linear scale and (b) semilog scale.

work. This R,,, value is higher than the sum of the source and
drain resistances (Rs; + Rqg = 0.54 Q- mm) calculated based
on the four-probe TLM result; the origin of the additional
0.24 - mm is yet unclear. Pulsed /-V measurements were
used to investigate the surface passivation effectiveness of the
DFP O, plasma treatment, as shown in Fig. 2(b) using 300-ns
pulsewidth and 0.03-ms period. The cold pulsed drain current
density at Vg = 0V is slightly higher than that at dc owing to
suppression of self-heating. No current collapse is observed in
the gate lag measurement, a noteworthy improvement over pre-
vious reports in which only the access regions were subjected
to DFP treatment [10]. A drain lag of 6% is observed, which
merits further investigation.

Shown in Fig. 3 are the device transfer characteristics on
the linear and semilog scales, with Vs swept from 0 to —5 V.
At Vys =3 V, the threshold voltage V};, extracted from the
linear extrapolation of I; is —3.5 V, and the peak extrinsic
transconductance gy, oxt 18 650 mS/mm at /5 ~ 535 mA/mm.
The drain-induced barrier lowering (DIBL) was measured to
be 220 mV/V at I; = 10 mA/mm, comparable to 174 mV/V
reported in 20-nm gate GaN/AIN/GaN (2.5/3.5/20-nm) HEMTs
with Alp pgGaN back barrier [1]. Although the high DIBL value
is indicative of significant short-channel effects, more than six
orders of magnitude in the current on/off ratio was observed.
This good pinchoff behavior of the HEMT is attributed to the
low gate leakage resulting from the blanket DFP treatment.
The three-terminal breakdown voltage at /; = 1 mA/mm and
Ves = —12Vis 30 V.

On-wafer device RF measurements were taken using an
Agilent N5250C vector network analyzer from 250 MHz to
110 GHz. The network analyzer was calibrated using an off-
wafer standard LRRM calibration, and on-wafer open and short
structures were used to deembed the pad parasitics from the
measured S-parameters. Fig. 4 shows the current gain |hoq|?
and unilateral gain U of the device as functions of frequency at
the peak fr bias condition, Vgs = 2.75 V, and Vs = =29 V.
The extrapolation of |y |* with a —20-dB/dec slope gives fr
of 370 GHz after deembedding, from the predeembeded values
of 160 GHz. The value of fr in our device was also verified
using Gummel’s method [18], shown in the inset of Fig. 4. The
low fymax of 30 GHz from the predeembeded values of 27 GHz
is due to the high gate resistance induced by the rectangular
gate. To the best of our knowledge, an f7 of 370 is the highest
reported in any GaN-based HEMT. An fr - L, product of
11.1 GHz- pm was achieved, with a gate-length-to-barrier-
thickness aspect ratio of 3.3.
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Fig. 4. Small-signal RF characteristics of the InAIN/AIN/GaN HEMT show-
ing fr of 370 GHz and the table of extracted equivalent circuit parameters.

Also shown in Fig. 4 are the extracted equivalent cir-
cuit model parameter values obtained from the measured
S-parameters; good agreement between the simulated and mea-
sured fr/fumax values is obtained. A transistor delay analysis
in the style of Moll et al. [19] results in an intrinsic delay 7y,
of 0.282 ps, a drain delay 7qrain Of 0.045 ps, and a channel
charging delay 7. of 0.103 ps. For HEMTs with relatively low
mobilities such as in GaN, a significant part of 7. actually
describes the time for carriers to accelerate to the saturation
velocity under the gate on the source side [20]. We thus recalcu-
lated the gate delay Tgate t0 be Ting + (Tee — gd(Rs +Ry)) =
0.361 ps. Since the parasitic Cys and Cgq are minimized in
our device owing to the rectangular gate, we can estimate
the effective electron velocity to be ~1 x 107 cm/s, assuming
an effective gate length of 40-50 nm by taking into account
charge depletion toward drain and source under the peak fr
bias condition. This velocity, as well as the positive bias-
dependent drain delay (0.02 ps/V in our device), is similar to the
observations in Shinohara’s unscaled devices (Lgq of 1000 nm)
[1]. Given that the gate delay dominates the total delay (~80%),
it appears possible to achieve fr of 500 GHz (~0.33-ps total
delay) by further reducing the gate length. To enhance fyiax,
however, aside from keeping the parasitics low, it is imperative
to improve the intrinsic g,, in ultrascaled devices with the best
possible electrostatic control, which can be potentially realized
in quantum-well AIN/GaN/AIN structures [21].

IV. CONCLUSION

We have reported a record current gain cutoff frequency of
370 GHz in InAIN/AIN/GaN HEMTs on a SiC substrate with-
out back barrier. The delay analysis shows that the high f ob-
tained can be attributed to the reduction of parasitic effects and
further improvement is possible by shrinking the gate length.
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