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High-frequency InAIN/GaN HFET with an f; of 350 GHz
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Abstract: Scaled InAIN/GaN heterostructure field-effect transistors (HFETs) with high unity current gain cut-off
frequency (f;) were realized by employing nonalloyed regrown n*-GaN Ohmic contacts, in which the source-to-
drain distance (L) was scaled to 600 nm. By processing optimization of dry etching and n*-GaN regrowth, a
low total Ohmic resistance of 0. 16 {)-mm is obtained, which is a recorded value regrown by metal organic chemi-
cal vapor deposition (MOCVD). A 34 nm rectangular gate was fabricated by self-aligned-gate technology. The e-
lectrical characteristics of the devices, especially for the RF characteristics, were improved greatly after the reduc-
tion of ohmic resistance and gate length. The fabricated InAIN/GaN HFETs show a low on resistance (R, ) of
0.41 Q-mm and a high drain saturation current density of 2. 14 A/mm at V,, =1 V. Most of all, the device shows
a high f; of 350 GHz, which is a recorded result reported for GaN-based HFETSs in domestic.
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material , i. e. , unique high electron velocity and break-

Introduction down electric field, AlGaN/GaN heterostructure field-

effect transistors ( HFETs) have shown great advantages

Attributed to the excellent characteristics of nitride in high-power and high-voltage applications'''. Since the
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AlGaN barrier layer is necessary to be thick enough to
generate two-dimensional electron gas (2DEG) at the in-
terface of AlGaN/GaN, the transistor will suffer serious
short channel effects (SCEs) as device scaling. Moreo-
ver, the gate modulation efficiency may also degenerate
induced by the interface defects and traps. Nowadays,
the recorded maximum oscillation frequency (f,, ) and
unity current gain cut-off frequency (f;) of AlGaN/GaN

HFETs are just 300 GHz and 225 GHz'>*) | respectively,
limiting the applications in power amplifiers above W-
band.

Due to the strong spontaneous polarization, ultrathin
In( Al) N/GaN heterostructures have high 2DEG density
with only several-nanometer thin barrier layer, which can
overcome above challenges and achieve higher frequen-

cym.

The recorded values of f; and f,  are realized

based on ultrathin AIN/GaN heterostructure by scaling
device”. However, the reliability of AIN/GaN HFETs
has not been investigated, in which strong piezoelectric
polarization exists. The lattice-matched InAIN/GaN het-
erostructures have no piezoelectric polarization, which
can reduce defects resulted from the lattice mismatch and
offer better reliability. Our recent research shows that the
median time to failure (MTTF) of InAIN/GaN HFETs is
estimated to be 8.9 x 10° hours at junction temperature of
150°C'*" | indicating that InAIN/GaN HFETs can be
used in future practical applications.

Outstanding advance in the frequency characteristics
of InAIN/GaN HFETs has been obtained due to the im-
provements of device processing in recent years. A 10-
nm InAIN barrier was used by Sun, et al. , and a com-

bined f,/f,.. of 205/191 GHz InAIN/GaN HFET was

fabricated with 55-nm gate length'”'. Using the treatment
of oxygen plasma to reduce the RF transconductance
(g,,) dissociation, Lee, et al. reported a 30-nm-gate In-

AIN/GaN HFET with high £, of 245 GHz'®. InGaN back

barrier was introduced to suppress the SCEs, the same

group achieved high f, of 300 GHz with 30-nm gate

length®’. Yue, et al. reported an ultrascaled InAIN/
GaN HFET having a record f; of 400 GHz, in which the
drain-to-source distance was reduced to 270 nm and gate
length was 30 nm'"’. Our group have also done some
work on the high-frequency InAIN/GaN HFETs. A 70-
nm T-shaped InAIN/GaN HFET was fabricated with f7./

foae of 170/210 GHz using nonalloyed regrown n*-GaN
Ohmic contacts'"’. Besides, InAIN/GaN HFET with f,

of 220 GHz was also reported with 50 nm rectangular
[12]
gate” .
In this letter, nonalloyed regrown n*-GaN ohmic
contacts are used in the fabrication of InAIN/GaN
HFETs, in which the virtual source-to-drain distance is
reduced to 600 nm. By improving the processing of dry
etching and regrowth of n* GaN, the resistance of nonal-
loyed Ohmic contact is reduced greatly. Moreover, using
self-aligned e-beam lithography, a 34 nm rectangular
gate is formed in the center of the drain-to-source space.
Due to the improvement of Ohmic resistance and device
scaling, the fabricated InAIN/GaN HFETs show a low on
resistance (R, ) of 0.41 Q+mm, and the high drain sat-

uration current density reaches to 2. 14 A/mm at V=1

V. Most of all, the device with 34-nm rectangular gate
shows a high f; of 350 GHz, which is a recorded result
reported for GaN-based HFETs in domestic.

Fig.1 Schematic cross section of the fabricated InAIN/
GaN HFET
K1 InAIN/GaN HFET #3465 38% s =2 7

1 Experiments

Figure 1 shows the schematic cross section of the
fabricated InAIN/GaN HFET. The InAIN/GaN hetero-
structure used in study was the same as the one in Ref.
[12], which consists of a 5 nm lattice-matched In,
Al, ;N barrier, a 1 nm AIN spacer, and a semi-insula-
ting GaN buffer. The electron density and electron mobil-
ity of the as-grown material were measured to be 1.9 x
10" em ™ and 1300 ¢m®/V s, respectively, by emplo-
ying van der Pauw structures at room temperature. The
device processing was also same to Ref. [12], and fur-
ther details on processing can refer to Ref. [12]. The
drain-to-source distance between regrown regions (i. e. ,
L -regrown) was defined to be 600 nm, while the dis-
tance between source and drain electrodes was 4 pm.
Based on our former experimental results, the source/
drain-region dry etch and regrowth of Si-doped GaN were
optimized to reduce the ohmic resistance. The Si doping

sd

Fig.2 Scanning Electron Microscope (SEM) cross-section
image of the fabricated InAIN/GaN HFET

K12 InAIN/GaN HFET g& i #0143 v 7 W3 B
(SEM) i J1
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concentration of the regrown n* GaN was increased to 7
x10"” em ™. A rectangular Ni/Au gate defined as 30
nm was in the center of the drain-to-source space by self-
aligned e-beam lithography and lifted off technology. Fi-
nally, SiN passivation layer was deposited on the device
surface by plasma enhanced chemic vapor deposition
(PECVD).

The fabricated InAIN/GaN HFET was by cut per-
pendicularly to the gate by Focused lon Beam (FIB),
and the cross-section image gotten by Scanning Electron
Microscope (SEM) was exhibited in Fig. 2. The drain-
to-source distance between regrown regions (i.e., L. d-
regrown) and gate length were confirmed to be 600 nm
and 34 nm, respectively, while the gate located in the
center of the source-to-drain space.
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Fig.3  Analysis of Ohmic resistances from TLM measure-
ments
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2 Results and discussions

As shown in the insertion of Fig. 3, the total resist-
ance (R,,) of the regrown n* GaN contact includes three
parts: the interface resistance (R,,) between n*-GaN
and 2DEG, the n"-GaN access resistance (R, . ) be-
tween the regrown edge and ohmic metal, and the metal/
n*-GaN contact resistance (R,). 100 um x 100 pm
quadrate patterns with different distance were fabricated
on InAIN/GaN channel and regrown n*-GaN channel,

respectively. The transmission line method ( TLM )
measurements on the two different channels were taken
and summarized in Fig. 3. In the analysis, all the di-
mensions of the patterns in TLM were confirmed by
SEM. The total contact resistance (R,,) of 0.16 Q-mm
and a sheet resistance of 251 ()/sq were obtained from
the TLM results on InAIN/GaN channel. The metal/n " -
GaN contact resistance (R_,) and n*-GaN sheet resist-
ance were extracted to be 0.05 ()-mm and 50 )/sq, re-
spectively, from the TLM results on n*-GaN channel.
Using the extracted n*-GaN sheet resistance, the value
of R, . . is counted to be about 0.02 ) *mm. Finally,

the interface resistance ( R, ) between n'-GaN and

2DEG is counted to be 0.09 ()-mm. Table 1 summarizes
the reported ohmic resistance of regrown n*-GaN con-
tacts. The total resistance (R,,) of our sample is rela-
tively low compared to other results, and gets a recorded
low value among the ones regrown by MOCVD. It’s also
noteworthy that the value of R, (0.05 )-mm) is compa-
rable with other reported values by MBE, and is the low-
est in the reported values by MOCVD. The low value of
R_ is due to the high doping concentration of n* GaN,
which is about 7 x 10" ¢m ™. The value of R, (0.09 Q

nt

-mm) is relatively high compared to other results, espe-
cially with the ones by MBE. The processes n* GaN ma-
terial regrowth can be further improved, especially for
the interface quality between n* -GaN and 2DEG. More-
over, the crystalline damage cause by the etch process
and the unintentional impurity induced by regrowth
process would also be responsible for the interface resist-
ance.

Based on the semiconductor characterization system,
the output and transfer characteristics of the fabricated
InAIN/GaN HFET were measured and shown in Fig. 4
(a) and (b), respectively. In the measurement of out-
put characteristics, the gate voltage ranges from 1 V to -
5V, stepped by -1V. As shown in the DC output curve,
the fabricated device shows good pinch-off behavior. A
maximum drain saturation current density (/, ) reaches
to2.14 A/mm at V, =1 V, and the value of on-resist-
ance (R, ) is extracted to be just 0.41 Q) +mm. Com-

pared to our former results''? | the R, decreases obvi-
ously due to the improved ohmic contact. Moreover, the
device shows obvious short-channel effects, as seen from
an increased output conductance at V, > 2 V and V, <

Table 1 Comparison of reported Ohmic resistances of regrown n* GaN contact by MBE and MOCVD
%1 XA MBE 1 MOCVD 7535 5ME n* GaN St I i B 4+ fi B BE B X b 3

Authors Regrowth method Material R Re R
(Ohm+mm) (Ohm+mm) (Ohm*mm)

Yue YZ, et al MBE InAIN/GaN 0.16 0.06 0.08 [10]
Guo J, et al MBE InAIN/GaN 0.26 0.16 0.05 [13]
Schuette M L, et al MBE InAIN/GaN 0.1 NA NA [14]
Shinohara K, et al MBE AIN/GaN 0.085 0.026 0.026 [5]
Brown D F, et al MBE AlGaN/GaN 0.2 NA NA [15]
WuYF,eta MOCVD AlGaN/GaN 0.44 NA NA [16]
Guo HY, et al MOCVD AlGaN/GaN 0.45 0.15 0.21 [17]
Huang T D, et al MOCVD AIN/GaN 0.27 0.153 0.056 [18]

This work MOCVD InAIN/GaN 0.16 0.05 0.09
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w 1Vto-5V I 2.14 A/mm@V,=1V

step:-1V

R.,,=0.41 ohm.mm

2,769 mS/mm

Fig.4 DC output (a) and transfer (b) characteristics of
the scaled InAIN/GaN HFET
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—2 V. This is mainly due to reduction of the gate
length. Moreover, increase of 2DEG electron density un-
der the access region after SiN passivation may also en-
hance the SCEs. In the measurement of transfer curve,
the drain bias is set as 3V, and the gate voltage ranges
from 1V to —=5.5 V, stepped by —=0.1 V. The thresh-
old voltage (V,,) obtained from the transfer characteris-
tics is —=3.2 V. A peak extrinsic transconductance (g,,)
of 769 mS/mm is gotten.

The small-signal RF performance of the device was
carried on wafer from 100 MHz to 50 GHz with 0. 05 GHz
step using a vector network analyzer. A Line Reflect Re-
flect Match (LRRM) calibration was used in the analyzer
with off-wafer impedance standards. With on-wafer
open/short calibration structures, parasitic pad induct-
ances and capacitances were de-embed from the meas-
ured S-parameters'"”’. Figure 5 (a) shows the de-embed
current gain | H,, 1> and the maximum available gain
(MAG) plotted against frequency at the gate bias of
—-2.5V and drain bias of 3 V. By -20 dB/dec roll
off, the values of f; and f, . are extrapolated to be 350

max

GHz and 32 GHz, respectively.

Fig.5 Small signal RF performance (a) and model pa-
rameters (b) of the prepared InAIN/GaN HFET

K5 InAIN/GaN HFET ZF555/IME S K 2R (2) B
AL S % (D)

The expressions of current gain cut-off frequency

(fy) and maximum oscillation frequency (f,,. ) are given
as follows'*’ :
f _ l — Uaa(
"L +AL 2wl
2[R+ R+ ] T

sat

, (1)
Jr
2 /(R + R, + Rg>gd.- + (2WfT)Rgng
, (2)
where, L, represents the gate length, AL represents the
effective expanding gate length, v, represents the elec-
tron saturation velocity, C,, represents the gate-to-drain

.fmax

capacitance, 7 represents the channel charging time,

€45 is output conductance, R , R,, and R, is the
source, drain and gate resistance, while R, is the chan-
nel resistance. Compared to our former results (/. =220
GHz@ 50 nm) "' | the value of f; increases effectively
due to the decrease of gate length (34 nm). Moreover,
as seen from the expression of f;, the scaling of source-
drain distance and improved ohmic contacts are also pro-
pitious to improve the RF characteristics. To our knowl-
edge, the value f; of 350 GHz is the best reported for
GaN-based HFETs in domestic. From the cold-FET and

the measured S-parameters of the devices'"”’ | the equiv-
alent circuit model parameters were extracted and shown
in Fig. 5 (b). Attributed to the effective scaling of
source-to-drain distance and improved ohmic contacts,
the values of channel resistance (R,;), source resistance
(R,) and drain resistance (R,) are very small. Howev-
er, as seen from the expression of f,_ , the large value of
R, induced by the rectangular Schottky gate, results in a
poor value of £, .

Figure 6 summarizes the reported f; vs L, in InAIN/

GaN HFETs. The fabricated device shows a comparable
high value of f; with 34 nm gate length. The electron sat-

uration velocity (v, ) in the GaN-based HFET can be
calculated as: v, =2mL, X f;. The calculated values of
electron saturation velocity in the reported InAIN/GaN
HFETs are also plotted in Fig. 6. The value of v, in the

s
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Fig.6 Comparison of measured f; vs L, with other groups
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fabricated device is the same as our former results. "'

This is mainly because of the same material and device
processing. Moreover, the value of v, of our device is in
a comparable high level, which is just little lower than
the highest one (0.9 x 10" ¢cm/s). However, the calcu-
lated v, value is much lower than the theoretical one 3 x
107 em/s. " This is mainly because that the calculated
v_, value is extrinsic, which does not consider the influ-
ence of all the parasitical parameters. Moreover, the
crystal quality also affects the electron saturation veloci-
ty.

sat

3 Conclusions

In summary, scaled InAIN/GaN HFET with high f,
were fabricated using nonalloyed Ohmic contacts. In the
fabricated device, the drain-to-source distance (L) was
reduced to 600 nm, and rectangular gate length was re-
duced to 34 nm. Moreover, Ohmic resistance was im-
proved by processing optimization of dry etching and n ™ -
GaN regrowth. The electrical characteristics of the de-
vices were improved greatly after the reduction of ohmic
resistance and gate length. A high drain saturation cur-
rent density of 2. 14 A/mm at V,, =1 V was obtained,
and the peak extrinsic transconductance (g, ) of 769
mS/mm was gotten. On-wafer small-signal measurements
indicate that the device with 34-nm rectangular gate

shows a high f; of 350 GHz.
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