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ABSTRACT In this paper, high performance quadruple gate-embedded T structured GaN-based metal–
oxide–semiconductor high-electron mobility transistors (MOSHEMTs) were fabricated using laser
interference photolithography method and photoelectrochemical oxidation method, in which polymethyl-
methacrylate was used as sacrificial layer. The associated drain-source saturation current was improved
to 175 mA/mm and the gate leakage current at the gate-source voltage of −80 V was improved to
0.81 µA compared with the 125 mA/mm and 7.6 µA of the conventional single gate GaN-based
MOSHEMTs, respectively. Moreover, the associated maximum extrinsic transconductance of the quadruple
gate-embedded T structured GaN-based MOSHEMTs was enhanced from 97.3 mS/mm to 118.4 mS/mm.
Besides, the associated unit gain cutoff frequency and the associated maximum oscillation frequency
were improved from 7.6 GHz to 10.8 GHz and from 11.4 GHz to 27.4 GHz, respectively. The improved
performances of the quadruple gate-embedded T structure GaN-based MOSHEMTs were attributed to the
function of the gate length reduction and the gate resistance decrease.

INDEX TERMS GaN-based metal-oxide-semiconductor high-electron mobility transistors, laser
interference photolithography method, photoelectrochemical oxidation method, polymethylmethacrylate
sacrificial layer, quadruple gate-embedded T structure.

I. INTRODUCTION
Recently, in view of the progress of epitaxial growth
and fabrication techniques, gallium nitride (GaN)-based
materials have been widely utilized in various elec-
tronic devices, optoelectronic devices and sensors [1]–[3].
Among the GaN-based electronic devices, the high-electron
mobility transistors (HEMTs) were intensively developed
for applying in high-power systems and high-frequency
systems owing to the high electron mobility of the two-
dimensional electron gas (2-DEG) induced in the interface
between the AlGaN layer and the GaN layer [4], [5].
In order to improve the performances of the GaN-based
HEMTs, the scaled down gate length, the reduced dis-
tance between the gate and the channel, and the minimized
parasitic resistance and parasitic capacitance were widely
utilized [6], [7]. It is well understood that the unit gain

cutoff frequency (fT) and the maximum oscillation frequency
(fmax) of the field-effect transistors (FETs) can be improved
by reducing the gate resistance, the gate-drain capaci-
tance, and the gate length. However, the gate resistance
increased with a reduction of the gate length [8]. To
reduce the gate resistance, the T-gate structured and the
mushroom-gate structured metal-oxide-semiconductor high-
electron mobility transistors (MOSHEMTs) were proposed,
previously [9], [10]. However, the unit gain cutoff frequency
would be decreased by an increase of the parasitic capac-
itance of the top gate metal in the T-gate structure [11].
To reduce the parasitic capacitance, the low-k support
layer of the T-gate structure was reported, previously [12].
Instead of the conventional single-gate structure, the
double-gate structure and the triple-gate structure were
reported, previously [13], [14]. In this work, quadruple
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FIGURE 1. Schematic configuration of (a) quadruple gate-embedded T
structured GaN-based MOSHEMTs and (b) conventional single gate
GaN-based MOSHEMTs.

gate-embedded T structured GaN-based MOSHEMTs were
fabricated using laser interference photolithography method,
photoelectrochemical (PEC) oxidation method, and poly-
methylmethacrylate (PMMA) sacrificial layer. In view of
high volatility of the PMMA at a high temperature, the
PMMA was used as sacrificial layer. When the PMMA sac-
rificial layer was removed, the gate parasitic capacitance
could be reduced by the low k of air formed in the quadru-
ple gate-embedded T structured GaN-based MOSHEMTs.
In this work, the direct current (DC) and the high
frequency performances of the quadruple gate-embedded
T structured GaN-based MOSHEMTs were measured and
analyzed.

II. EXPERIMENTAL PROCEDURE
Figure 1 (a) and (b) shows the schematic diagram of
the quadruple gate-embedded T structured GaN-based
MOSHEMTs and the conventional single gate GaN-based
MOSHEMTs. In this work, an ammonia molecular beam epi-
taxial system was used to sequentially grow a 20-nm-thick
AlN nucleation layer, a 2.0-μm-thick carbon-doped i-GaN
buffer layer, a 0.5-μm-thick undoped i-GaN layer, and a 35-
nm-thick undoped Al0.15Ga0.85N layer on c-plane sapphire
substrates. Using a Hall measurement system at room tem-
perature, the sheet electron density and the electron mobility
of the 2-DEG were 1.12×1013cm−2 and 1700 cm2/Vs,
respectively. To fabricate mesa regions of the conventional
single gate GaN-based MOSHEMTs and the quadruple
gate-embedded T structured GaN-based MOSHEMTs, the
BCl3 etchant in a reactive ion etching system was utilized
to etch and make mesa regions, in which the mesa iso-
lation area was 310 μm × 310 μm. Furthermore, to
completely remove the undesired native oxide resided on
the surface of the undoped AlGaN layer, the samples
were then dipped into an (NH4)2Sx(S=6%) solution at 60
◦C for 30 minutes [15], [16]. After the surface treatment
process, a standard photolithography method was used to
pattern the source regions and the drain regions of the

FIGURE 2. Schematic configuration of the stripped ZnO block layer on the
devices.

GaN-based MOSHEMTs. Multilayer metals of Ti/Al/Pt/Au
(25/100/50/150 nm) were deposited as the source electrode
and the drain electrode using an electron-beam evaporator.
Moreover, to form ohmic contact, the samples were then
thermally annealed in a N2 ambient rapid thermal anneal
system at 850 ◦C for 3 minutes. To minimize the interface
states, the PEC oxidation method was used to directly oxi-
dize the gate region. During the PEC oxidation process, the
light source of He-Cd laser (wavelength=325 nm and power
density=10.0 mW/cm2) illuminated on the sample which
was dipped into the electrolytic solution of H3PO4 solution
(pH=3.5). When the oxidized layer was thermally annealed
in an O2 ambient furnace at 700 ◦C for 2 hours, a 30-nm-
thick high quality mixed β-Ga2O3 and α-Al2O3 gate insulator
with ultralow interface state density was obtained [17]. After
using a standard photolithography method to open the gate
region, a 50-nm-thick ZnO block layer was deposited by
a radio frequency (RF) magnetron sputter system. Using
two intersected He–Cd laser beams in the laser interference
photolithography system, an interference fringe pattern (strip
width = 200 nm and strip spacing = 350 nm) was exposed
and formed. After developing processes, a diluted H3PO4
solution (H3PO4:Deionized water = 1:200) was utilized to
etch the ZnO block layer. The resulting configuration is
shown in Fig. 2. A 20/100-nm-thick Ni/Au metals were
deposited using an electron-beam evaporator system. The
deposited Ni/Au metals would fill into the space among the
ZnO strips. After using lift-off process of the ZnO film,
a set of quadruple Ni/Au gate strip (strip width = 200 nm
and strip spacing = 350 nm) was fabricated on the PEC oxi-
dized gate insulator region. Moreover, to prevent the ungated
regions covered by the consecutively spun PMMA sacrifi-
cial layer, an AZ6112 photoresist (PR) layer was first spread
and then the window of the gate regions was opened using
a self-aligned technique. When the PMMA sacrificial layer
was spun, the spaces among the Ni/Au strips were filled by
the PMMA as a support layer. After the PMMA sacrificial
layer on the top area of the Ni/Au strips was removed using
an oxygen plasma, a 500-nm-thick Au metal was deposited
using the electron-beam evaporator system. After lift-off the
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FIGURE 3. The SEM images of (a) top view and (b) cross section of
quadruple gate-embedded T structured GaN-based MOSHEMTs.

PMMA sacrificial layer resided on the ungated region, the
PMMA remained within among the Ni/Au metal strips was
then completely removed in an air ambient furnace at 250◦C
for 1 hour. Finally, the GaN-based MOSHEMTs with two
finger gates, in which each finger gate was constructed by the
quadruple gate-embedded T structure, as shown in Fig. 1 (a)
were fabricated. The scanning electron microscope (SEM)
images of the top view and the cross section of the quadruple
gate-embedded T structure are shown in Fig. 3 (a) and (b),
respectively. For fabricating the conventional single gate
GaN-based MOSHEMTs with two finger gates, in which
each finger gate was constructed by one single gate, the
gate metals of Ni/Au (20 nm/ 600 nm) were deposited and
patterned using the standard fabrication process, as shown
in Fig. 1 (b). The gate length and the gate width of the sin-
gle gate GaN-based MOSHEMTs were 1 μm and 50 μm,
respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 4 (a) and (b) shows the dependence of the drain-
source current (IDS) on the drain-source voltage (VDS)
of the conventional single gate GaN-based MOHEMTs
and the quadruple gate-embedded T structured GaN-based
MOSHEMTs operated at various gate-source voltages (VGS),
respectively. The drain-source saturation current (IDSS) of the
former one and the latter one operated at a VGS of 0 V and
a VDS of 6 V was 125 mA/mm and 175 mA/mm, respec-
tively. In general, the relationship of the drain-source current

FIGURE 4. Drain-source current-drain-source voltage characteristics
of (a) conventional single gate GaN-based MOSHEMTs and (b) quadruple
gate-embedded T structured GaN-based MOSHEMTs.

IDS and the gate length L in the saturation region can be
expressed as:

IDS = 1

2
µnCox

W

L
(VGS − Vt)

2 (1)

where W is the gate width, Cox is the capacitance per unit
area of the gate oxide, Vt is the threshold voltage, and
μn is the electron mobility. It would be deduced that the
enhanced drain-source saturation current of the quadruple
gate-embedded T structured GaN-based MOSHEMTs was
attributed to the reduction of the gate length. Furthermore,
the electrons propagated through the channel would be
rapidly accelerated and the short-channel effect would be
suppressed by the screening effect using the multiple gate
structure [18], [19]. Consequently, the higher electron drift
velocity and the screening effect could cause more enhance-
ment of the drain-source saturation current in the quadruple
gate-embedded T structured GaN-based MOSHEMTs. The
dependence of the drain-source current and the extrinsic
transconductance (gm) on VGS of the conventional single gate
GaN-based MOSHEMTs and the quadruple gate-embedded
T structured GaN-based MOSHEMTs operated at VDS = 6 V
is shown in Fig. 5 (a) and (b), respectively. The maximum
transconductance gm value of the former one and the lat-
ter one was 97.3 mS/mm and 118.4 mS/mm, respectively.
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FIGURE 5. Drain-source current-gate-source voltage characteristics and
extrinsic transconductance-gate-source voltage characteristics
of (a) conventional single gate GaN-based MOSHEMTs and (b) quadruple
gate-embedded T structured GaN-based MOSHEMTs.

FIGURE 6. Gate–source leakage current-gate-source voltage
characteristics of conventional single gate MOSHEMTs and quadruple
gate-embedded T structured GaN-based MOSHEMTs.

It was worth noting that the gm value of the quadruple gate-
embedded T structured GaN-based MOSHEMTs increased
due to the reduction of the gate length.
Figure 6 shows the gate-source leakage current as a func-

tion of the gate-source voltage. The gate-source leakage cur-
rent of the conventional single gate GaN-based MOSHEMTs
and the quadruple gate-embedded T structured GaN-based
MOSHEMTs operated at a VGS of −80 V was 7.6 μA

FIGURE 7. Short-circuit current gain-frequency characteristics and
maximum available power gain-frequency characteristics of conventional
single gate MOSHEMTs and quadruple gate-embedded T structured
GaN-based MOSHEMTs.

and 0.81 μA, respectively. The breakdown voltage of the
former one and the latter one was −81 V and −92 V,
respectively. Comparing with the conventional single gate
GaN-based MOSHEMTs, the leakage current of the quadru-
ple gate-embedded T structured GaN-based MOSHEMTs
was reduced about one order of magnitude due to the smaller
contact area between the gate electrode and the gate oxi-
dation layer. Compared with the conventional single gate
GaN-based MOSHEMTs, the results revealed that the gate
surface carrier density could be dispersed in the quadruple
gate-embedded T structured GaN-based MOSHEMTs [20].
Therefore, the electron injection opportunity from the gate
electrode to the channel could be effectively suppressed by
the quadruple gate-embedded T structure.
Figure 7 shows the short-circuit current gain and the max-

imum available power gain as a function of frequency of
the GaN-based MOSHEMTs derived from the S-parameters
measured at a VDS of 6 V using an Agilent 8510C network
analyzer. The unit gain cutoff frequency fT and the maxi-
mum oscillation frequency fmax of the conventional single
gate GaN-based MOSHEMTs were 7.6 GHz and 11.4 GHz,
respectively. However, the unit gain cutoff frequency fT and
the maximum oscillation frequency fmax of the quadruple
gate-embedded T structured GaN-based MOSHEMTs were
improved to 10.8 GHz and 27.4 GHz, respectively. The
enhanced fT and fmax of the quadruple gate-embedded T
structured GaN-based MOSHEMTs were attributed to the
improved maximum transconductance gm value, the reduced
gate resistance and the reduced gate capacitance.

IV. CONCLUSION
In this study, the quadruple gate-embedded T struc-
tured GaN-based MOSHEMTs were fabricated using laser
interference photolithography method, photoelectrochemical
oxidation method, and PMMA sacrificial layer. The DC per-
formances of the resulting devices were improved by the
novel gate structure. Compared the quadruple gate-embedded
T structured GaN-based MOSHEMTs with the conventional
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single gate GaN-based MOSHEMTs, the drain-source satura-
tion current was enhanced from 125 mA/mm to 175 mA/mm,
the breakdown voltage was improved from −81 V to −92 V,
the gate leakage current operated at a VGS of −80 V was
reduced from 7.6 μA to 0.81 μA, the maximum transcon-
ductance was enhanced from 97.3 mS/mm to 118.4 mS/mm,
the unit gain cutoff frequency was enhanced from 7.6 GHz
to 10.8 GHz, and the maximum oscillation frequency was
enhanced from 11.4 GHz to 27.4 GHz. According to the
experimental results, the novel quadruple gate-embedded
T structure can be expected as the promising structure
candidate in high performance semiconductor devices.
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