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Abstract: Scaled AIGaN/GaN heterostructure field-effect transistors (HFETs) with a high unity current gain cut-

off frequency (f;) and maximum oscillation frequency (f,

max

) were fabricated and characterised on an SiC sub-

strate. In the device, the source-to-drain distance (L) was scaled to 600 nm using regrown n* -GaN Ohmic con-

tacts. In addition, a 60-nm T-shaped gate was fabricated by self-aligned-gate technology. A recorded drain satura-

tion current density (/,,) of 2.0 A/mm at V,, =2 V and a peak extrinsic transconductance (g, ) of 608 mS/mm

were obtained in the scaled AlIGaN/GaN HFETs. Moreover, in the devices with a 60-nm T-shaped gate, the maxi-

mum values of f; and f,  reached 152 and 219 GHz, respectively.
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Introduction

Attributed to the unique high breakdown electric
field (3.3 MV/cm) combined with a high electron ve-
locity (v, =2.5 x 107 ¢m/s) , GaN-based heterostruc-
ture field-effect transistors ( HFETs) have attracted sig-
nificant research attention because of their excellent po-
tential application in high-voltage, and high-power oper-
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ations in the millimetre-wave frequency range''”'. As
typical devices, the AlGaN/GaN HFETs, having a high
electron mobility and sheet density, have been extensive-
ly studied for over twenty years. Nowadays, the perform-
ance of AlGaN/GaN HFETs has been greatly improved
due to the developments in material growth and device
technology'**'.  AlGaN/GaN HFETs are widely used in
solid-state high-power power amplifiers ( PA), which
have already covered that part of the frequency spectrum
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ranging from the L-band to the W-band. Compared with
GaAs-based devices, the adoption of AlGaN/GaN HFETs
leads to PAs with a higher output power density, greater
linearity, and a wider operational bandwidth; these will
improve the next generation of high-data-rate phased ar-
ray[ gadars, communication systems, and active imag-
5

ers .

In recent years, outstanding progress in the frequen-
cy performance of AlGaN/GaN HFETs has been a-
chieved. Palacios, et al. reported 100nm T-shaped Al-
GaN/GaN HFETs with a unity current gain cut-off fre-
quency (f;) of 124 GHz and a maximum oscillation fre-

quency (f,..) of 230 GHz'®). To suppress short-channel
effects, a 6-nm-thick AlGaN barrier layer was used by
Higashiwaki, et al., and a 55-nm-gate AlGaN/GaN
HFET was fabricated'”) with a high f; of 190 GHz and a
o Of 241 GHz at different biases. A 55-nm-gate Al-
GaN/GaN HFET with a recorded f; of 225 GHz was re-
ported by Chung, et al. , but their device has a low f,

of 120 GHz'®'. The same group used recessed source/
drain Ohmic contacts and gate-recess technology to re-
duce parasitic resistances and suppress short-channel
effects (SCEs) ; their AlIGaN/GaN HFETs, with a 60nm
gate length, realised a recorded £, of 300 GHz "',
Several complications affect the performance of Al-
GaN/GaN HFET devices, such as parasitic resistances
and capacitances, the nano-T-shaped gate, and SCEs. A
combination thereof is needed in high-performance Al-
GaN/GaN HFETs. Among most of the reported AlGaN/
GaN HFETs, conventional Ti/Al-based Ohmic stacks
were used, which are considered to run counter to the
principles of device scaling. Regrown n*-GaN Ohmic
contacts , which have been widely used in high-frequency
(In) AIN/GaN HFETSs, can realise not only a low Ohmic
resistance, but also a nano-level scale. In this work, re-
egrown n' -GaN Ohmic contacts were adopted to scale
down the source-to-drain distance (L, ). A high-per-
formance, 60nm, T-shaped, AlGaN/GaN HFET was
fabricated: when tested it had a recorded direct current
(DC) drain current density of 2. 0 A/mm at Ve=2V
and a peak extrinsic transconductance (g, ) of 608 mS/
mm. In addition, the maximum values of f; and f, _ for
the fabricated device reached 152 GHz and 219 GHz at

different biases, respectively.
1 Experimental work

In this work,, AlGaN/GaN heterostuctures were epi-
taxially grown on a SiC substrate by metal organic chemi-
cal vapour deposition (MOCVD). Epilayers consisted of
a 15 nm undoped Al ,;Ga, ,,N barrier layer, a 1 nm AIN
layer, and a 2 pm undoped GaN buffer layer. Hall effect
measurements showed an electron sheet concentration of
1.12 x10" e¢m™ and an electron mobility of 1 990 ¢cm®/
(V +s), resulting in a sheet resistance of 249 Q/[] at
room temperature.

A schematic cross-section of the fabricated AlGaN/
GaN HFET is shown in Fig. 1. A 100nm high mesa isola-
tion was firstly etched by a Cl,/BCl; plasma-based dry
etching process. Subsequently, the AlGaN/GaN hetero-

~60 nm

SiN Passivation

—_—
L regrown ™~ 600 nm

n*GaN n*GaN

GaN

SiC

Fig.1 Schematic cross section of the fabricated AlGaN/
GaN HFETs
K1 AlGaN/GaN HFETs ##/F# i 7< i &1

structure was deposited with an SiO, mask for n*-GaN
ohmic regrowth by plasma enhanced chemical vapour
deposition ( PECVD ). Using reactive ion etching
(RIE), the source and drain regions were patterned. A
regrowth well-to-well distance (i.e. , L of 600
nm was defined to reduce the parasitic resistance. Si
doped n* GaN was regrown by MOCVD, and the doping
level was ¢. 3 x10" em™. The n* GaN formed on top of
the SiO, was lifted off by HF after regrowth. A Ti/Au
metal stack was deposited as an Ohmic contact. Using
transmission line method ( TLM ) measurements, the total
Ohmic resistance (R,,) was found to be 0.35 € - mm.
In the analysis, all of the dimensions of the patterns in
TLM were confirmed by scanning electron micrograph
(SEM). Due to the low Si-doping level, and the damage

induced by plasma dry etching, the value of R, was

higher than that reported elsewhere''”’. Using a trilayer

photoresist, electron-beam lithography was used to define
a 60 nm T-shaped gate which was self-aligned to the n ™ -
GaN ohmic contacts. The Schottky gate was positioned so
as to be in the middle of the source and drain. Finally, a
SiN passivation layer was deposited by PECVD and pat-
terned for contact pads using RIE.
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2 Results and Discussion

Using a semiconductor characterisation system, the
DC properties of the AlGaN/GaN HFETs with their gate
width of 40 pm were measured (Fig.2). In the output
measurements, the drain-source voltage was increased
from 0 V to 15 V, in 0.1 V increments, while the gate
bias ranged from 2 V to -6 V, in -1 V increments. Tes-
ting of the device revealed a recorded maximum drain

current density (/,) of 2.0 A/mm at V, =2 V in DC

mode. The value of on-resistance (R, ) for the fabrica-
ted device was found to be just 0.94  + mm at V, =
1 V. The transfer characteristics of the fabricated Al-
GaN/GaN HFET at V, =6 V are shown in Fig. 2(b). A
peak extrinsic transconductance (g, ) of 608 mS/mm
was found. To the best of our knowledge, the I, of 2.0
A/mm is a recorded value (to date) for AlGaN/GaN
HFETs in DC mode. The high value of /, is mainly due
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Fig.2 DC output (a) and transfer characteristics (b) of the fab-
ricated AIGaN/GaN HFETs
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to the effective device scaling, resulting in a low R, .
Moreover, the SiN passivation can compensate the sur-
face states and increase the 2DEG density in the chan-
nel, which further enhanced the drain current density. In
addition, as seen from Fig. 2 (a), the AlGaN/GaN
HFET showed good pinch-off characteristics. No thermal
effect was observed due the high thermal conductivity of
the SiC substrate. However, obvious SCEs were seen, as
evinced by the increased output conductance. This was
mainly due to the low aspect ratio (L,/d, where d is the
barrier thickness ). Moreover, the increase in 2DEG
density in the access region after SiN passivation also en-
hanced the SCEs.

The gate leakage current characteristics of the fabri-
cated AlGaN/GaN HFETs were measured, and the de-
vice revealed a low gate leakage current of 2.5 x 10° A/
mm even at V, =-10 V, as shown in Fig.3(a). The V,
versus V, breakdown characteristics with /, fixed at 0.2
mA/mm were also measured (Fig. 3(b)). Using the
constant drain current injection method, the off-state
breakdown voltage BV, was measured as being 44.5 V.
The shoulder at V, of -7 V in the breakdown curve corre-
sponded to the onset of flow of the gate leakage current.
From the V,, versus V, curve, the catastrophic gate-to-
drain breakdown voltage can be extracted: the plotting
revealed this to be 101 V. Corresponding to the above
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Fig.3 The -V, characteristics (a) and V-V, break-
down sweeps of the fabricated AlIGaN/GaN HFETs
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values, the gate-to-drain breakdown field was calculated
as 3.36 MV/cm, which approached the critical field val-
ue for GaN (3.4 MV/cm) , which indicated a good crys-
tal quality in this AlGaN/GaN heterostucture on its SiC
substrate. Of course, ignoring the n* GaN in the gate-to-
drain region may have added to the calculated value of
the gate-to-drain breakdown field.

Table 1 Main model parameters at different biases

F1 TRRERETEENRESY

V=28V V=6V V=28V, =14V
g,/ (mS/mm) 777 602
g4/ (mS/mm) 81 40.7
ng/(ﬁ‘/mm) 108 70

The small-signal RF measurements of the AlGaN/
GaN HFETs were carried out over the range of 100 MHz
to 50 GHz in increments of 0. 05 GHz using a vector net-
work analyser. With on-wafer open/short calibration
structures, the parasitic pad inductances and capaci-
tances were de-embedded from the measured S-parame-
ters'""". The values of f; and f, can be obtained by ex-
trapolating the current gain | H,, |” and the maximum a-
vailable gain (MAG) derived from measured S-parame-

max
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Fig.4 Small signal RF performance of the prepared AlGaN/
GaN HFETs corresponding to the peak f;(a) and f,, (b)
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ters by 20 dB/dec. Figures 4(a) and (b) characterize
the behavior of | H,, 1> and MAG when plotted against
frequency at different biases corresponding to the peak
values of f; and f, , respectively. A peak f; of 152 GHz
was obtained at a Vs of 2.8 V and a V, of 6 V, com-
bined with an f, _value of 192 GHz. In addition, a peak
Srnax of 219 GHz was obtained at a V, of 2.8 V and a V
of 14 'V, but the value of f; dropped to 121 GHz. Table 1
lists the main model parameters at V, of 6 V and 14 V,
respectively. The intrinsic transconductance (g, ) de-
creased significantly from 777 mS/mm to 602 mS/mm,
with increasing drain bias, resulting in a decrease in f;.
However, the output conductance (g, ) decreased from
81 to 40. 7 mS/mm, indicating that the SCE was weak-
ened. This can also be seen from the output characteris-
tics. As a result, the value of f,  increased with increas-
ing drain bias.

As shown in Fig. 5, several results from the testing

of AlGaN/GaN HFETs from different groups are summa-

press the SCEs.
3 Conclusions

In summary, AlGaN/GaN HFETs with high values
of f, and f,  were fabricated and characterized on a SiC
substrate. To reduce the parasitical resistance, including
R,, R,, and R, the source-to-drain distance (L) was
scaled to 600 nm using regrown n " -GaN Ohmic contacts
by MOCVD. In addition, a 60-nm T-shaped gate was
fabricated by self-aligned-gate technology and located in
the middle of the source and drain contacts. Due to the
scaled source-to-drain distance, the AlGaN/GaN HFET
showed a recorded high I, of 2.0 A/mm at V, =2 V and
a peak g, of 608 mS/mm. On-wafer small-signal RF
measurements indicated that the peak values of f; and f,
for the device were 152 GHz and 219 GHz, respectively.
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