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ABSTRACT To increase the radio-frequency (RF) performance of Al1GaN/GaN-based fin-type high electron
mobility transistors (HEMTs), a novel T-gate process was developed and applied to fabricate a device with
high RF performance. In a single lithography process, the applied T-gate process shows a technique for
forming a T-gate using the reactivity difference of several photoresists. The fabricated device has a steep fin
width (W) of 130 nm, a fin height (Hg,) of 250 nm, and a gate length (Lg) of 190 nm. The device exhibits
a low leakage current (Iofr) of 6.6 x 10710 A/mm and a high Ion/Iofr current ratio of 4.7 x 10? Moreover,
the fabricated device achieved a high cut-off frequency (fT) of 9.7 GHz and a very high maximum oscillation
frequency (fiax) of 27.8 GHz. The f,ax value of the proposed device is 138% higher than that of GaN-based
fin-type HEMTs without T-gate.

INDEX TERMS FinFET, Gallium compounds, nanofabrication, nanolithography, high electron mobility

transistor, T-gate, E-beam lithography, maximum oscillation frequency.

I. INTRODUCTION

With a high resistance and wide band gap, GaN is considered
to be the most suitable material for developing power devices
and radio-frequency (RF) devices [1]-[4]. AIGaN/GaN high
electron mobility transistors (HEMTSs) in particular have been
extensively used for high-power and RF devices because
of the high-density two-dimensional electron gas (2-DEG)
obtainable from the AlGaN/GaN heterojunction [5]-[8].
Generally, HEMTs based on the AlGaN/GaN heterojunc-
tion are manufactured with a planar structure. However,
because of its structural characteristics, the planar HEMT
has low gate controllability, demonstrating a high leakage
current and subthreshold swing (S). To address this issue,
many researchers are currently focusing on developing the

The associate editor coordinating the review of this manuscript and

approving it for publication was Sanket Goel

139156

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

fabrication of a fin structure to improve the leakage current
characteristics and S characteristics. Over the past few years,
AlGaN/GaN-based fin-type devices have been developed to
achieve improved electrical performances in terms of, for
example, better on-state current (Io,) and high-power char-
acteristics [9]-[12]. For example, J. H. Seo et al. studied a
Al(In)N/GaN heterojunction-based fin-type HEMT [13] with
a focus on the I, characteristics; however, the RF character-
istics of GaN-based fin-type HEMTs demonstrate very low
RF performances with high parasitic capacitance and gate
resistance. For determining the RF performance of a device,
there are two typical criteria: cut-off frequency (fr) and
maximum oscillation frequency (fax). For fabricating high-
speed devices, the gate length must be short, which causes
the gate electrode resistance to become very large and leads
to a decrease in fiax [14]. Therefore, it is necessary to apply
T-gate to ensure high speed operation and RF performance
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of the device at the same time. The previously announced
T-gate process is formed through several lithography pro-
cesses. However, there is a disadvantage that the process is
complicated and costs are increased [15]-[17].

Therefore, in this study, we developed a novel process
technique to form a T-gate with single lithography process
that can be applied to FinFET structure. The fabricated device
has very high fpa.x due to the low gate-resistance (Rg) of
T-gate.

Il. DEVICE FABRICATION

Using metal organic chemical vapor deposition (MOCVD),
AlGaN/GaN heterostructures were grown on a sapphire
(0001) substrate. The grown epitaxial layer consists of a2 um
thick high-resistance GaN (HR-GaN) buffer layer, a 50 nm
thick GaN channel layer, a 25 nm thick Alg25Gag 75N layer,
and a 2 nm thick undoped GaN cap layer. The grown
AlGaN/GaN epi has a 2-DEG density of 8 x 10'2 cm™2,
an electron mobility of 1700 cmz/V~s, and a sheet resistance
of 450 2/sq. Firstly, 300 nm MESA etching was performed
for device-to-device isolation, which was performed using a
TCP-RIE. Then, a 100 nm of a SiO, hard mask layer was
deposited, and a fin width (Wg,) of 130 nm and a fin length
(Lgin) of 2 um were patterned using electron beam (e-beam)
lithography. Subsequently, SiO, etching through the BOE
solution was performed to lift out the portion to be etched, and
after removing e-beam photo resist using acetone, and then
etched to a depth of 200 nm using TCP-RIE. After fins are
formed, treatment is performed at 90 °C for 3 minutes using 5
% concentration tetramethylammonium hydroxide (TMAH)
solution on the sidewalls of the fins.

Depending on the cross-sectional direction, because GaN
has a different TMAH etching rate, an anisotropic etching
process using this property was used to produce a fin with
steep sidewalls [13]. After that, remove the remaining SiO»,
a Ti/Al/Ni/Au stack was deposited and a source/drain ohmic
contact was formed using rapid thermal annealing.

After forming the source/drain ohmic contacts to form the
T-gate the three kinds of photoresists (PRs) were coated in the
order of PMMA, co-polymer, ZEP, and E-spacer, as shown in
Fig. 1(b). Depending on the material, the PR was stacked to
take advantage of the difference in responsiveness to e-beam.
As shown in Figs. 1(c) and 1(d), following the PR coating, the
line (foot patterning) and the area (head patterning) dose were
simultaneously applied to form a T-gate via a single lithogra-
phy process. During the process, the intensity of the line dose
determines the T-gate foot length (gate length) and the area
dose determines the head depth. Finally, as shown in Fig. 2(c),
a Ni/Al stack of the gate with a foot length (Lryo¢) of 190 nm
and a head length (Lyeaq) of 470 nm was formed. Nickel in the
foot region forms a Schottky junction with AlGaN due to its
high workfunction (5.04 ~ 5.35 eV), preventing gate leakage
and increasing the threshold voltage. Aluminum was selected
as the head material for fast deposition speed, cost reduction
and reduced gate resistance due to low resistivity. Fig. 2(a)
presents a schematic of the fabricated Al1GaN/GaN fin-type
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FIGURE 1. Schematic of the process flow for the T-gate on the fin
structure. (a) AIGaN/GaN epitaxial layer grown via MOCVD and 3D fin
structure formation. (b) Three-step e-beam resist layers coat. (c)-(e)
one-step e-beam patterning and metal deposition process. (f) Lift-off and
T-gate with fin structure formation.
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FIGURE 2. Device structure (a) 3D schematic illustration of the fabricated
devices. (b) A bird’s-eye SEM image of a fabricated fin with a T-gate
structure. (c) Cross-sectional SEM image for T-gate with a foot of 190 nm
and a head of 470 nm.

HEMT structures with the T-gate, while Fig. 2(b) presents a
scanning electron microscope (SEM) image of a fabricated
device.

1ll. DEVICE CHARACTERISTICS AND DISCUSSION

Fig. 3 shows the Ips-Vgs transfer characteristics of the pro-
posed AlGaN/GaN fin-type HEMT with an Lg of 190 nm.
The Lg is the same Lgyo as above. The fabricated device had
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FIGURE 3. Ipg-Vgs transfer characteristics of the fabricated AIGaN/GaN
fin-type HEMT with a T-gate under Vpg = 7 V. The inset shows the Ipg-Vgg
transfer curves and gate leakage current on a logarithmic scale.

a gate to source length (Lgs) of 6 wm, and a gate to drain
length (Lgp) of 11.9 pum, while the T-gate head had a length
of 470 nm.

Furthermore, the fabricated device had a Wy, of 130 nm,
a fin height (Hgip) of 250 nm, a fin to fin distance of 400 nm,
a Ly of 2 um, and a fin number of 166. Both I, and
transconductance (gp,) were normalized by the effective gate
width (Wegg = 130 nmx 166 = 21.58 um). The measured
results for the I, and gp, are 310 mA/mm and 108 mS/mm,
respectively.

The fabricated AlGaN/GaN fin-type HEMT demon-
strated performances with the subthreshold swing (S)
of 97.8 mV/dec at maximum slope, the off-state current (Iofr)
of 6.6 x 10719 A/mm, and the I,n/Ios current ratio of 4.7 x
103 as shown in the inset of fig. 3. This excellent off-state
performance demonstrated that the channel was completely
blocked by the electric field of the gate covering the fin
structure and that the HR-GaN layer had fewer defects.

Furthermore, the TMAH solution was used to reduce the
plasma etch damage on the fin sidewalls. It has been reported
that, to create a clean surface, the TMAH solution process
considerably reduces surface leakage currents by eliminating
the defects on the GaN surface [7], [18]. As aresult, the fabri-
cated device showed low gate leakage current characteristics
as can be seen in the inset of figure 3.

Fig. 4 shows the extracted gate-to-source capacitance
(Cgs), gate-to-drain capacitance (Cgp) and Rg by using pre-
viously published RF models [14]. The extracted parameter
values of the device with T-gate are as follows: Cgs =
41.4 fF; Cgp = 10.35 {F; gy = 2.85 mS and Rg = 21.8 Q.
The fabricated device with T-gate show a significantly lower
Rg compared to 64 €2 of the device without T-gate. The fr
and fax were calculated using the extracted parameters. The
calculated fT and fi,,x were 8.8 GHz and 32 GHz, respec-
tively. The results show similar values to the measurement
results shown in fig. 5. The formula used for the calculation
is follows:

8m

Jr= 2w (Cgs + Cop)

ey
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FIGURE 5. Measured f; and fmax characteristics of fabricated devices
with and without T-gate.

Jr

= 2
Jax VARG (gps + 27fr Cop) @)
where gps means the source-drain conductance. Fig. 5 shows
the measured current gain (JH»;|) and the unilateral power
gain (Ugaipn) of the with and without the fabricated device.
Depending on whether T-gate is applied or not, ft is 9.7 GHz
and 7.77 GHz, respectively, and there is no significant

difference.

However, fyax showed a large difference between
27.8 GHz and 11.7 GHz, respectively. The fax value of the
fabricated device was 138% higher than that of GaN-based
fin-type HEMTs without T-gate, because of the low Rg due
to T-gate.

IV. CONCLUSION

The AlGaN/GaN fin-type HEMT was fabricated using a
novel T-gate process technique. To apply the T-gate process
to fin-type HEMT, the e-beam lithography has been adapted
in the stacked multiple PRs (PMMA, co-polymer and ZEP).
The T-gate was formed via a single lithography process by
applying the optimized PR thickness and the line/area dose
of the e-beam. The formed T-gate had a Lgyo; of 190 nm (=
Lg) and a Lygeaq of 470 nm. The fabricated device has I =
6.6 x 10710 A/mm, indicating very low Ios characteristics.
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In terms of RF characteristics, both f1 and f,,,x were 9.7 GHz
and 27.8 GHz, respectively. The fip,x was 138 % higher than
GaN-based fin-type HEMTs without T-gate.
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