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ABSTRACT In this study, to compare the performance of planar, fin-submicron, and fin-nanochannel array-
structured AlGaN/GaN metal-oxide-semiconductor high-electron-mobility transistors (MOSHEMTsS), the
scaling effect of fin-channels was investigated by decreasing the nanochannel width to 50 nm using an
electron-beam lithography system. The photoelectrochemical oxide method was used to directly oxidize the
AlGaN layer into a gate oxide layer and to passivate the fin-nanochannel array. Consequently, the low-noise
performance and Hooge’s coefficient were improved in AlGaN/GaN fin-nanochannel MOSHEMTs with
narrower fin-channels. The improvement was attributed to the effective passivation and the screening effect
of trapping probability. Moreover, owing to the improvement in gate control capability caused by the fin
structure and the improvement in heat dissipation caused by the lateral heat flow, the direct current and high-
frequency performances were improved by using a narrower fin-channel in AlGaN/GaN fin-nanochannel
array MOSHEMTs.

INDEX TERMS  AlGaN/GaN metal-oxide-semiconductor high-electron-mobility transistors, fin-
nanochannel array, low-noise and high-frequency performances, photoelectrochemical oxide method, scal-

ing effect.

I. INTRODUCTION

In recent decades, owing to the significant progress
of epitaxial growth and fabrication techniques, gal-
lium nitride (GaN)-based high-electron-mobility transis-
tors (HEMTs) have become prime candidates for high-speed
and high-power applications. Among them, AlGaN/GaN
HEMTs have received widespread attention due to the
high-density and high-mobility two-dimensional electron
gas (2-DEG) induced in the polarized AlIGaN/GaN hetero-
junction. Despite the successful demonstration of Schottky-
structured metal-semiconductor HEMTs (MESHEMTsS)
[1]-[3], metal-oxide-semiconductor HEMTs (MOSHEMTs)
were reported to have improved high-power-handling capa-
bility, high-temperature operation, and high operation volt-
age [4]-[6]. Several insulators, such as Al,O3, ZnO,
HfO,, and SiO,, were inserted between the GaN-based
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semiconductor and gate metal as a gate insulator in
GaN-based MOSHEMTsS [7], [8]. For these materials, the
photoelectrochemical (PEC) oxide method is a promis-
ing technique for reducing the interface state density
by directly growing the gate oxide layer on GaN-based
semiconductors [9], [10]. Efforts by industrial and aca-
demic communities to further improve the performance
of GaN-based MOSHEMTs are ongoing and accelerat-
ing. Recently, based on the promising fin structure in
Si-based devices and integrated circuits [11], the perfor-
mance of fin-structured GaN-based MOSHEMTs has also
been achieved by enhancing the gate control capability [12],
[13]. To further improve the performance, GaN-based fin-
nanochannel array (NCA) MOSHEMTs were designed
and fabricated recently [14], [15]. The nanochannel array
was also named the multi-mesa-channel (MMC) [16], the
tri-gated fin-channel [17], etc. Because the 2-DEG in
the parallel fin-channel facilitated the modulation later-
ally from the two side walls and vertically through the
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top side, the NCA-structured MOSHEMTS revealed better
gate control capability, better current stability, and lower
off-state stress-induced current collapse [16], [18], [19].
Recently, it was reported that the threshold voltage of
NCA-structured fin-MOSHEMTs was effectively modu-
lated by scaling of the fin-channel width due to the early
pinch-off effect [14], [17], [20]. Moreover, the performance
was further improved by reducing the channel width of the
NCA-structured AlIGaN/GaN MOSHEMTsS [14], [18]. In this
work, based on the experimental results of fin-submicron
channel arrays and fin-nanochannel arrays [14], [18],
to study the scaling effect of NCA-structured AlGaN/GaN
MOSHEMTSs, the width of multiple fin-nanochannel arrays
was decreased to 50 nm using an electron-beam lithography
system. Unfortunately, when the plasma etching method was
used to form a fin-nanochannel array, a larger subthresh-
old swing was induced by plasma etching damage, and a
higher gate leakage current was caused by the resulting
trap-assisted tunneling effect [21]. To prevent this problem,
a PEC etching method was utilized to fabricate a parallel
nanochannel array. Furthermore, the gate oxide layer and
gate-recessed structure simultaneously resulted from directly
oxidizing AlGaN into a gate oxide layer using a PEC oxide
method. The directly PEC-grown oxide layer could reduce
the interface charge density and interface state density [9].
The reduction of interface charge density and interface state
density could stabilize threshold voltage and avoid the degra-
dation of electron mobility under the gate [22], [23]. It was
found that residual strain in the underlying GaN layer was
reduced after AlGaN barrier layer recessing [24]. Besides, the
threshold voltage of AlGaN/GaN HEMTs could be controlled
by the recess depth of the recessed gate structure [25]. The
resulting gate-recessed AIGaN/GaN fin-nanochannel array
MOSHEMTSs with multiple-50-nm-wide nanochannels were
fabricated and analyzed in this study.

Il. DEVICE STRUCTURE AND FABRICATION

The epitaxial layers and schematic configuration of gate-
recessed AlGaN/GaN fin-nanochannel array MOSHEMTs
are illustrated in Fig. 1. The epitaxial layers were grown
on a (0001) sapphire substrate using an ammonia molecular
beam epitaxial system. The thickness of the Aly.15GaggsN
layer (hereafter referred to as the AlGaN layer) was 35 nm.
Using Hall measurement, the typical values of electron
concentration and electron mobility of the 2-DEG were
1.1 x 1013 cm™2 and 1700 c¢cm?/V-s at room temperature,
respectively. Its sheet resistance was 368 /0.

The fabrication process started with the spread of a
GL-2000 positive photoresist on the cleaned sample. Par-
allelly periodic nanostrips were then patterned using an
ELS-7500 electron-beam lithography system. The width of
the photoresist strips was 50 nm, and the spacing between
the photoresist strips was 885 nm. Using a PEC etching
method, the space regions among photoresist strips were
etched through the AlGaN layer down to the i-GaN layer
using an illuminated He-Cd laser (wavelength = 325 nm,
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FIGURE 1. Epitaxial layers and schematic illustration of AIGaN/GaN
fin-nanochannel array MOSHEMTs.

power = 50 mW and spot diameter = 1.6 mm) in a H3PO4
chemical solution at a pH value of 1.0. After the window of
the mesa regions (310 um x 320 um) was patterned using a
standard photolithography method, a 500-nm-thick Ni metal
was deposited using an electron-beam evaporator. By means
of the lift-off process, a Ni metal mask was obtained on the
AlGaN layer. Using the Ni metal mask, isolated mesa regions
were formed and etched down to a carbon-doped i-GaN buffer
layer using a BCI3 etchant in a reactive-ion etching system.
After completely removing native oxide resided in the AlGaN
surface using an (NH4),Sx surface treatment, the window
patterns of the source and drain regions were opened by a
standard photolithography method. Prior to the lift-off pro-
cess, the source electrode and drain electrode of Ti/Al/Pt/Au
(25/100/50/150 nm) metals were deposited on the sample
using an electron-beam evaporator. The spacing between
the source and drain electrodes was approximately 6 pm.
To form ohmic contact, the sample was annealed in a Np
atmosphere at 850 °C for 2 min. Using a 500-nm-thick SiO;
mask, the windows of the two-finger gate regions (gate width
=50 um and gate length = 1 um) were opened on the AlGaN
layer using a standard photolithography method. After the
27-nm-thick oxide layer was directly grown on the two-finger
gate regions using the PEC oxide method, the gate oxide
layer and the gate-recessed structure were formed simultane-
ously. By growing a 27-nm-thick oxide layer, the consumed
thickness of AlGaN was approximately 17 nm [26]. Conse-
quently, a 17-nm-deep gate-recessed structure was obtained.
The dielectric constant of the PEC-grown oxide layer was
11.01 [9]. Gate metals of Ni/Au (20/500 nm) were deposited
using an electron-beam evaporator and then using a lift-off
process. The transmission electron microscopy images of
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FIGURE 2. Transmission electron microscope images of (a)
cross-sectional view and (b) extended cross-sectional view.

£ 1400

E R =1.62Q-mm Vs

EIZOO L 5V

hud 4V

£ 1000}

2

S 800t 3v

S

g 600 2V

5 400

w? 1V

= 200} 0V

<

St —

£ gl e e 03V
0 2 4 6 8 10 12

Drain-Source Voltage (V)

FIGURE 3. Typical drain-source current-drain-source voltage
characteristics of AlGaN/GaN fin-nanochannel array MOSHEMTs.

the cross-sectional view and the extended cross-sectional
view are shown in Fig. 2 (a) and (b), respectively. The
height of the fin nanochannel was approximately 50 nm.
Because the period of the fin-nanochannel array was 935 nm,
there were 53 periodic nanochannels within the 50-pm-wide
gate region. Therefore, the total actual channel width in the
devices was approximately 2.65 um.

lll. EXPERIMENTAL RESULTS AND DISCUSSION
Fig. 3 presents the typical drain-source current-drain-
source voltage (Ips-Vps) characteristics of the gate-recessed
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FIGURE 4. Drain-source current and extrinsic transconductance as a

function of gate-source voltage of AlGaN/GaN fin-nanochannel array
MOSHEMTSs under drain-source voltage of 3 V.

AlGaN/GaN fin-nanochannel array MOSHEMTs with
50-nm-wide nanochannels under various gate-source voltages
(Vgs) measured using an Agilent 4156C semiconductor
parameter analyzer. The saturation drain-source current
(Ipss) of the devices operating at Vps = 3 V and Vgs =
5 V was 1217 mA/mm. By defining the on-resistance
(Ron) as the inverse slope of the Ipg-Vps characteristics at
Vps = 0V and Vgs = 5V, as shown in Fig. 3, the
on-resistance was 1.62 Q-mm. Fig. 4 presents the depen-
dences of the drain-source current and extrinsic transconduc-
tance on gate-source voltage at a drain-source voltage of 3 V.
A threshold voltage (V) of —0.28 V was obtained. The maxi-
mum extrinsic transconductance (g,,) was 282 mS/mm. Fig. 5
shows the typical gate-source current-gate-source voltage
(Igs-Vs) characteristics of the AlIGaN/GaN fin-nanochannel
array MOSHEMTs. The reverse breakdown voltage and for-
ward breakdown voltage were —560 V and 18 V, respectively.
At a Vgs of —100 V, the associated gate leakage current was
0.61 nA. The inset in Fig. 5 illustrates the Ipg-Vs character-
istics of the devices at a Vpg of 0.1 V. The subthreshold swing
defined as dVgs/d(log Ips) had a value of 92 mV/decade.
Using an Agilent 8150C network analyzer, high-frequency
performances were measured, and the values are shown in
Fig. 6. The unit gain cutoff frequency (fr) and the maximum
oscillation frequency (f;.x) were 8.4 GHz and 16.9 GHz,
respectively.

The low-frequency noise of the devices was an effec-
tive performance for analyzing electron trapping and detrap-
ping behaviors induced by defects, traps, and interface
states [27]. To study the low-noise performance, AlGaN/GaN
fin-nanochannel array MOSHEMTSs were measured at room
temperature using an HP 35670A dynamic signal analyzer,
Agilent 4156C semiconductor parameter analyzer, and BTA
9812B noise analyzer. By varying the Vg at a fixed Vpg
of 1V, the normalized noise power spectra (Sips /I LZ)S) as a
function of frequency f were obtained, as shown in Fig. 7.
From the experimental results, a Hooge’s coefficient of
1.14 x 107° was calculated by using the mobility fluctuation
model [28]. Moreover, by varying the Vpg at a fixed Vg
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FIGURE 5. Typical gate-source current-gate-source voltage characteristics
of AlGaN/GaN fin-nanochannel array MOSHEMTs. Inset shows its
drain-source current-gate-source voltage characteristics.
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FIGURE 6. Short-circuit gain and maximum available power gain as a
function of frequency of AlGaN/GaN fin-nanochannel array MOSHEMTs.

of =3V, the Sips(f )/Igs spectra of the AlGaN/GaN pla-
nar MOSHEMTs and the 50-nm-wide fin-nanochannel array
MOSHEMTs were obtained, as shown in Fig. 8 (a) and (b),
respectively. From the experimental results, Sipg /1[2,5 values
of 3.65 x 10~ and 1.11 x 10~ #Hz~! were obtained for the
AlGaN/GaN planar MOSHEMTs and the 50-nm-wide fin-
nanochannel array MOSHEMTs, respectively, operating at
Vps =2V, Vgs = —1Vand f = 100 Hz. It was also found
that the Syps(f)/I I%S of the AlGaN/GaN planar MOSHEMTSs
was larger than that of the AlGaN/GaN fin-nanochannel array
MOSHEMTs. Moreover, as shown in Fig. 8 (a), a bulge
was revealed in the normalized noise power spectrum of
the AlIGaN/GaN planar MOSHEMTs operating at a high
Vps of 10 V. The bulge indicated the possible existence
of trapping/detrapping centers between the 2-DEG channel
and traps in the GaN buffer layer and/or the generation-
recombination process [29], [30]. Because of the absence
of a bulge in the normalized noise power spectra of the
AlGaN/GaN fin-nanochannel array MOSHEMTS, it was ver-
ified that the electron trapping from the 2-DEG channel to the
GaN buffer layer was negligible. Moreover, as shown in Fig. 7
and Fig. 8, because the normalized noise power spectra were
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FIGURE 7. Normalized noise power spectra as a function of frequency of
AlGaN/GaN fin-nanochannel array MOSHEMTs at a fixed drain-source
voltage of 1 V.
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FIGURE 8. Normalized noise power spectra of AlGaN/GaN (a) planar
channel and (b) fin-nanochannel array MOSHEMTs under various
drain-source voltage at a fixed gate-source voltage of —3 V.

varied with a function of 1/f, it was concluded that flicker
noise was the dominant noise type.

IV. SUMMARY AND CONCLUSION

To summarize the scaling effect of the fin-channel width,
Table 1 lists the performance levels of the AIGaN/GaN
planar MOSHEMTSs and the AlGaN/GaN fin-nanochannel
array MOSHEMTs with various channel widths. It was
clearly found that the performance was improved by reducing
the channel width. The quantity of 2-DEG in the multi-
ple parallel fin-channel array was controlled by the deple-
tion region created by the electric field vertically on the
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TABLE 1. Performances of Various-structured AIGaN/GaN MOSHEMTs.

Channel structure Fin-channel array [channel width, (nm)]
Planar channel
(channel width Ref. [18] Ref. [14] This work
=50
Performance #m) 450 210 100 80 50
Saturation drain-source current 493 292 406 1027 1160 1217
(mA/mm)
Maximum extrinsic 9 128 | 197 253 269 282
transconductance (mS/mm)

Threshold voltage (V) -2.30 -0.70 —-0.40 -0.35 —-0.30 -0.28
Subthreshold swing (mV/decade) 372 189 116 109 95 92
Unit gain cutoff frequency (GHz) 5.8 6.0 6.4 7.1 8.2 8.4

Maximum oscillation frequency 109 12.0 12.9 143 15.8 16.9
(GHz)
Hooge’s coefficient 1.42 x 107 X 293x10° | 1.25%x10°° 1.14x10°°

top side and laterally on the two sides of the fin-channel.
When the depletion width was wider than the width of the
fin-channel, the channel was pinched off to turn-off the
AlGaN/GaN MOSHEMTs. Consequently, the threshold volt-
age was pushed toward a more positive value with a narrower
fin-channel width due to the early pinched-off effect. The
fin-channel structure provided better gate control capabil-
ity and complete separation between the 2-DEG channel
layer in the narrower fin region and the GaN buffer layer.
Consequently, the narrower fin-channel width could improve
the low-noise performance and Hooge’s coefficient of the
resulting devices due to the screening effect of trapping prob-
ability. Therefore, the Hooge’s coefficient was improved by
reducing the fin-channel width of AlGaN/GaN MOSHEMTs.
Furthermore, because of the better heat dissipation driven
by lateral heat flow with a narrower fin-channel width [31],
the efficient heat dissipation could improve the performances
of resulting devices [32]. Consequently, the saturation
drain-source current and maximum extrinsic transconduc-
tance were improved by decreasing the fin-channel width
of the AlGaN/GaN fin-nanochannel array MOSHEMTs.
In addition to the smaller total-gate area on the narrower
fin-channel array structure, the fin-nanochannel array was
also effectively passivated by the directly grown oxide layer
using a PEC oxide method. Therefore, its subthreshold swing
was reduced by decreasing the fin-channel width. In the
AlGaN/GaN MOSHEMTSs with narrower fin-channels, the
increase in access resistance with increasing current was
more suppressed due to the larger width of the source access
region with respect to the channel region [33]. In addi-
tion, because the total gate area was smaller in a narrower
channel, the resulting parasitic capacitance was smaller.
Based on the smaller product of on-resistance and parasitic
capacitance, the AIGaN/GaN MOSHEMTs with narrower
fin-channels exhibited an improved high-frequency perfor-
mance. Because of the better high-frequency performance,
low-frequency performance, and thermal management, the
AlGaN/GaN fin-nanochannel array MOSHEMTs with nar-
rower fin-channels are potential and promising candidates for
use in high-power and high-frequency applications.
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