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60 nm T-shaped-gate InAIN/GaN HFETs with f, & f,._ of 170 & 210 GHz
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Abstract; Scaled InAIN/GaN heterostructure field-effect transistors (HFETs) on sapphire substrate with high unity
current gain cut-off frequency (f;) and maximum oscillation frequency (f,, ) were fabricated and characterized.
In the device, scaled source-to-drain distance (L) of 600 nm was realized by employing nonalloyed regrown n " -
GaN Ohmic contacts. Moreover, a 60-nm T-shaped gate was fabricated by self-aligned-gate technology. A high
drain saturation current density (/) of 1.89 A/mm @ V, = 1 V and a peak extrinsic transconductance (g, ) of
462 mS/mm were obtained in the scaled InAIN/GaN HFETs. In addition, from the small-signal RF measure-
for the device with 60-nm gate were extrapolated to be 170 GHz and 210 GHz at the
for the domestic InAIN/GaN HFETs.

ments, the values of f; and f,

max

same bias. To our knowledge, they are the highest values of f; and f,
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Introduction

Lattice-matched InAIN/GaN heterostructure field-
effect transistors ( HFETs) have attracted great attention
in the past several years because of their high two-dimen-
sional electron gas (2DEG) density with an ultra-thin
barrier, and potential reliability advantages''?'. Com-
pared with AlIGaN/GaN heterostructure, the strong spon-
taneous polarization in InAIN/GaN heterostructure not
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only leads to a high drain current, but also effectively
suppresses the short channel effects (SCEs) due to the
ultra-thin InAIN gate layer. The InAIN/GaN heterostruc-
ture has been proposed as an ideal alternative for device
scaling to improve the RF characteristics. Moreover,
since without piezoelectric polarization in the lattice-
matched InAIN/GaN heterostructure, the defects can be
reduced, offering a solution to strain-related device relia-
bility.

In recent years, outstanding improvements in the
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frequency performance of InAIN/GaN HFETs have been
achieved. Lee et al employed oxygen plasma treatments
to reduce RF transconductance (g, ) collapse, and fabri-
cated a 30 nm gate-length InAIN/GaN HFET with unity
current gain cut-off frequency (f;) of 245 GHz". They

then introduced InGaN back barrier to suppress the
SCEs, and improved the value of f; to be 300 GHz'*'.
Using regrown Ohmic contacts, Yue et al reduced the
source-to-drain distance (L) to 270 nm, and reported a

high f; of 400 GHz in an ultrascaled InAIN/GaN HFET

with a gate length of 30 nm"’.

maximum oscillation frequency (f,

max

However, the values of
) in the above de-
vices were very low due to the large gate resistance (R,)
induced by the rectangular gate, limiting its use in prac-
tical high-power amplifier applications.

Song et al employed a 30 nm T-shaped gate to re-
duce the gate resistance (R, ) , and fabricated an InAIN/

GaN HFET with f,/f, . of 194/220 GHz'*'. Tirelli et al.
obtained an InAIN/GaN HFET with f,./f, . of 205/220

GHz using 30 nm Y-shaped gate'”'. Using regrown Ohm-
ic contacts, the source-to-drain distance ( L) was
scaled to 140 nm by Schuette et al, and the values of
source resistance (R_), drain resistance (R,) and chan-
nel resistance (R;) were reduced greatly. A recorded f,/

S of 302/301 GHz was obtained in a D-mode InAIN/

GaN HFET with a gate length of 27 nm'®’. Our group
fabricated a 70 nm T-shaped InAIN/GaN HFET with
162-GHz f; and 176 GHz f,

tacts'’). The great improvements in the frequency per-
formance allow the InAIN/GaN HFETs in power-ampli-
fier applications above W-band.

In this work, we report fully passivated InAIN/GaN
HFETs with f,/f,.. of 170/210 GHz. This high RF per-
formance is enabled by a gate lithography process to fab-
ricate 60-nm T-shaped electrodes while maintaining a
closing-300-nm-wide head in order to minimize gate re-
sistance (R,). In addition, regrown n*-GaN Ohmic
contacts were adopted to scale the source-to-drain dis-
tance (L) to 600 nm, which reduced the parasitical re-
sistances. The fabricated InAIN/GaN HFETs also show
good DC characteristics. The maximum drain saturation
current density (/) reaches a value of 1.89 A/mm at
V. =1V and a peak extrinsic transconductance (g,,) of

gs

462 mS/mm is obtained.

using alloyed Ohmic con-

1 Experiments

As shown in Fig. 1, the InAIN/GaN heterostructure
for this study was grown on (0001 ) sapphire substrate by
metal-organic chemical vapor deposition ( MOCVD ).
Epilayers consist of a 5 nm lattice-matched In, ; Al o N
barrier layer, a 1 nm AIN spacer, and a semi-insulating
GaN buffer. As measured using van der Pauw structures
at room temperature, the as-grown material produced a
2DEG with a total charge density of 1.9 x 10" em™ and
an electron mobility of 1 300 ¢cm’/V - s, resulting in a
sheet resistance of 253 Q/[].

Device processing started with mesa isolation, which
was performed using a Cl,/BCl, plasma-based dry etch-

~60 nm
SiN Passivation
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GaN

n'GaN n'GaN
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Fig.1 Schematic cross section of the InAIN/GaN HFETs
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ing. Subsequently, the InAIN/GaN heterostructure was
deposited with SiO, mask for n*-GaN ohmic regrowth by
plasma enhanced chemic vapor deposition (PECVD) and
patterned using reactive ion etching (RIE). A regrowth
well-to-well distance (i.e. , L of 600 nm was de-
fined to reduce the parasitic resistance and capacitance.
The n* GaN was regrown by MOCVD with a Si doping
level of ~3 x10" ¢cm™. The n* GaN on top of SiO, was
lifted off by HF after regrowth. Ti/Au metal stack was
deposited as Ohmic contacts. Using the transmission line
method ( TLM ) measurements, the total Ohmic resist-
ance (R, ) was measured to be 0.38 ) + mm, including

sd-regrown )

tot
metal/n " -GaN contact resistance (R,), n"-GaN access
resistance between the regrown edge and ohmic metal
(R,, ), and the resistance (R;,) at interface of n" -
GaN/2DEG. In the analysis, all the dimensions of the
patterns in TLM were confirmed by SEM. The higher val-
ue of R, than other reported results is mainly because of
a low Si doping level. Moreover, the sidewall obliquity
near the regrown interface induced by the plasma dry
etching also affects the value of R,,, which further in-

it

creases the total Ohmic resistance''”). Using a trilayer
photoresist, electron-beam lithography was employed to
define a 60nm T-shaped gate which is self-aligned to the
n " -GaN nonalloyed ohmic contacts. The Schottky gate is
in the center of the source-to-drain space. Finally, SiN
passivation layer was deposited by PECVD and patterned
for contact pads using RIE. Figure 2 (a) shows the
cross-sectional scanning electron micrograph (SEM) im-
age of the T-shaped gate for the fabricated InAIN/GaN
HFETs. The footprint is conformed to be 60 nm, while
maintaining a 300-nm wide head in order to minimize
gate resistance. Moreover, as shown in Fig. 2 (b), the
distance between the regrown n* GaN contacts is con-
formed to be 600 nm, while the Schottky gate is in the
center between the source and drain contacts.

2 Results and discussion

Using a semiconductor characterization system, the
DC output characteristics of the fabricated InAIN/GaN
HFET were measured and shown in Fig. 3. In the meas-
urements, the drain-source voltage ranges from 0 V to 7
V, with a step of 0. 05 V, while the gate bias ranges
from 1 Vto -6 V, with a step of -1 V. A maximum drain
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Fig.2  Cross-sectional SEM image of the 60-nm T-
shaped gate (a),and planform of the fabricated In-
AIN/GaN HFET (b)
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saturation current density (/,) of 1.89 A/mm was ob-
tained at V. =1 V. The value of on-resistance (R,,) for
the fabricated device was extracted to be 1.35 ) + mm at
V. =1 V. This R, value is higher than the total sum of
the channel resistance and source/drain resistances (R,
+ Ri+ R, =1.21 Q - mm) calculated based on the
TLM results. The origin of the additional 0. 14 ) + mm
may be due to the effect of gate metal or electric field on
the channel electron density, which induces the increase
of channel resistance. The high value of drain saturation
current density and low value of R, are mainly due to the
effective scaling of source-to-drain distance. As seen
from Fig. 3, the device shows good pinch-off behavior.
However, although the ratio of gate length to InAIN bar-
rier layer is larger than 9, some evidence of short-chan-
nel effects was observed as can be seen from an increased
output conductance at Vy > 4 V and V<2 V. This
may be a result of the increase of 2DEG electron density
under the access region after SiN passivation.

The transfer characteristics of the fabricated InAIN/
GaN HFETs are shown in Fig. 4. In the measurements,
the drain bias is set as 6 V, and the gate voltage ranges
from 1 V to -6 V, with a step of -0.05 V. A peak exirin-
sic transconductance (g, ) of 462 mS/mm was obtained
at V= -2.75 V. The threshold voltage (V) extracted
from the transfer characteristics is 4.1 V. Although the

with regrown n*-GaN contacts
FI3  RJUFAK n' -GaN iU fil ) InAIN/GaN
HFETs 751 HHRF 1 26

scaled device shows high drain saturation current densi-
ty, the peak transconductance are relatively low at drain
bias of 6 V. This is mainly because of the serious short-
channel effects induced by the increase of 2DEG electron
density under the access region after SiN passivation.
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Fig.4 Transfer characteristics of InAIN/GaN HFETs
with regrown n*-GaN contacts
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Figure 5 shows the three-terminal breakdown char-
acteristics of the fabricated InAIN/GaN HFETs. During
the measurement, the gate bias is set as -6 V while in-
creasing the drain bias. As can be seen from Fig. 5, the
off-state breakdown voltage (V,,) is 12.9 V, indicating
the gate - drain breakdown voltage to be 18.9 V. These
values correspond to the gate-drain breakdown field of ~
0.73 MV/cm, which is much lower than the GaN critical
field of ~3.4 MV/cm, also lower than the reported one
( ~3.3 MV/cm) in InAIN/GaN HFETs'®'. The leakage
current of mesa isolation was 7 x 10° A/mm at bias of 15
V, while the leakage current increased to 7.8 x 10° A/
mm after SiN passivation. This demonstrates that the SiN
dielectric shows good insulation. The low breakdown
characteristics may be mainly because of the traps at the
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interface of SiIN/InAIN, which adds leakage channel. In
addition, the traps in the GaN buffer will also affect the
breakdown characteristic due to the large lattice mis-
match between GaN and sapphire substrate.
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Fig.5 The curve of three-terminal breakdown for the
InAIN/GaN HFETs
&5 InAIN/GaN HFETs $34 = il 52 i £

The small-signal RF measurements of the InAIN/
GaN HFETs were carried from 100 MHz to 50 GHz with
a 0. 05 GHz step using a vector network analyzer. The
system was calibrated with an off-wafer line reflect match
calibration standard. The measured S-parameters were
de-embed using on-wafer open/short calibration struc-
tures. ", F igure 6 (a) characterizes the current gain
|H,, |* and the maximum available gain (MAG) derived
from measured S-parameters plotted against frequency at
Vof 2.75 V and V, of 6 V. Extrapolation of | H,, |?
and MAG -20 dB/dec roll-off yields f; of 170 GHz and
Soax 0f 210 GHz. To our knowledge, this is a recorded
St/ foex 0f 1707210 GHz for InAIN/GaN HFETSs in domes-
tic. The high RF performance is mainly due to the scal-
ing of source-to-drain distance, which effectively reduces
the values of source resistance (R, ), drain resistance
(R,) and channel resistance (R;). Moreover, the intro-
duced 60-nm T-shaped gate not only increases the value
of fr, but also reduces the value of R,, improving the

maximum oscillation frequency.

Table 1 The main extracted equivalent circuit parameters,

and comparison of measured and calculated f../f,...
x1 REWENERBFESE, LR f1/ o MR EF T EE
B3 EE

Intrinsic Parameters Measured f. Calculated f;
g1 =590 mS/mm
C =465 fF/mm 170 GHz 176 GHz
Cyq =68 fF/mm
g4, =84 mS/mm Measured f, Calculated £,
R,=1.15Q + mm
Rg=0.302 * mm 210 GHz 208 GHz
R.=0.42 Q - mm

The main intrinsic parameters of equivalent circuit
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Fig. 6 Small signal RF performance (a) and the extracted ca-
pacitance-voltage characteristics (b) of the prepared InAIN/GaN
HFETs
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obtained from the measured S-parameters are shown in
Table 1. The expressions of f;, and f,, can be given as

following"* ;
o g"l
- om .1
% 2w(C, + Cy) (1)
_ S
f;nax - ’ (2)
2 /(R +R, +R)g, +2ufR,C,
where g . is the intrinsic transconductance, C, is the
gate-source capacitance, C,, is the gate-drain capaci-

gs

tance, R, R,, R , and g, represent the gate-charging,
gate, source, and output resistance, respectively. The
variations of the extracted values of C,, + C,, with gate
biases at V,, of 6 V are shown in Fig. 6(b). The value
of C, is comparable large due to the thin InAIN barrier
layer. Moreover, the thick SiN passivation will also in-
crease the value of €. As shown in Table 1, the calcu-

lated values of f; and f,, show good agreement with the

measured ones, respectively. This demonstrates the ac-
curacy of the equivalent circuit model of our device.
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Some reported results of f; vs f, . for the InAIN/GaN
HFETs from different groups are summarized in Fig.

7129251 Many InAIN/GaN HFETs with f, above 150
GHz, exhibit the values of f, . less than 60 GHz, resul-

max

ting in a poor values of ./f; « f.. around 100 GHz. The

rectangular-shaped gate used in these studies induces a
high gate resistance limiting the value of f, . The value

of /fy * fia for our InAIN/GaN HFETs is nearly 200

GHz. The reported values of ,/f; - f... larger than 200
GHz are obtained with gate length of 30 nm or sun-30

nm. The value of ,/f; - f,.. is the highest one reported
for InAIN/GaN HFETs with 60 nm gate length so far.
Moreover, the f../f,.. of 170/210 GHz is also very high
for InAIN/GaN HFET on sapphire substrate. Figure 8 al-
so shows the development for the InAIN/GaN HFETs of
our group. Using alloyed Ohmic contacts, InAIN/GaN
HFET with 100-nm T-shaped gate was fabricated, exhib-
iting f./f... of 81/138 GHz. Gate length was then re-
duced to 70 nm, the values of f,/f,, were improved to
162/176 GHz in an InAIN/GaN HFET with 2-pum
source-to-drain space. Regrown n*-GaN Ohmic contacts
were employed to scale the source-to-drain distance
(L) to 600 nm, which effectively reduced the parasit-
ical resistances. The InAIN/GaN HFET with 60-nm T-
shaped gate exhibited f./f, . of 170/210 GHz. To further

max
improve the RF characteristics, the gate length needs to
be reduced. In addition, the Ohmic resistance of the re-
grown n +-GaN Ohmic contacts is much larger than the
reported ones, and needs to optimize the regrowth of n”*
GaN to reduce the resistance.

3 Conclusions

In summary, we fabricated and characterized an In-

AIN/GaN HFET with high values of f, and f,, on sap-

phire substrate. In order to reduce the parasitical resist-

ance, including R;, R, and R,, the source-to-drain dis-
tance (L) was scaled down to 600 nm using n*-GaN
Ohmic contacts. In addition, a 60-nm T-shaped gate was
fabricated by self-aligned-gate technology in the middle
of the source and drain contacts. Due to the scaled
source-to-drain distance, the InAIN/GaN HFET showed
a high /, of 1.89 A/mm @ V, = 1V and a peak g, of
462 mS/mm. On-wafer small-signal RF measurements
indicates that the values of extrapolated f; and £, for the
device were 170 GHz and 210 GHz, respectively. To the
best of our knowledge, the values of f; and f, , are the
best domestic reported for InAIN/GaN HFETs.
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