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NITRIDE-BASED SEMICONDUCTOR
DEVICE AND METHOD FOR
MANUFACTURING THE SAME

FIELD OF THE DISCLOSURE

[0001] The present disclosure generally relates to a
nitride-based semiconductor device. More specifically, the
present disclosure relates to a nitride-based semiconductor
device having a field plate in collaboration with an air gap,
thereby reducing manufacturing costs and improving elec-
trical properties and reliability thereof.

BACKGROUND

[0002] In recent years, intense research on high-electron-
mobility transistors (HEMTs) has been prevalent, particu-
larly for high power switching and high frequency applica-
tions. Ill-nitride-based HEMTs utilize a heterojunction
interface between two materials with different bandgaps to
form a quantum well-like structure, which accommodates a
two-dimensional electron gas (2DEG) region, satistying
demands of high power/frequency devices. In addition to
HEMTs, examples of devices having heterostructures fur-
ther include heterojunction bipolar transistors (HBT), het-
erojunction field effect transistor (HFET), and modulation-
doped FETs (MODFET).

[0003] In order to avoid the breakdown phenomenon
induced by strong peak electric field near the gate edge
which limits the device performance, one approach to lower
the peak of the electric field is to utilize multiple field plates
to split the electric field into more peaks so as to achieve a
more uniform electric field distribution. However, such a
configuration would encounter lower yield rates and reli-
ability issues due to the complexity of the manufacturing
process thereof. Moreover, excessive numbers of field plates
may induce unwanted parasitic/stray capacitances affecting
the operating frequency of the device.

SUMMARY

[0004] In accordance with one aspect of the present dis-
closure, a semiconductor device is provided. The semicon-
ductor device includes a first nitride-based semiconductor
layer, a second nitride-based semiconductor layer, a source
electrode and a drain electrode, a gate structure, a passiva-
tion layer, and a field plate. The second nitride-based semi-
conductor layer is disposed on the first nitride-based semi-
conductor layer and has a bandgap greater than a bandgap of
the first nitride-based semiconductor layer. The source elec-
trode and the drain electrode are disposed above the second
nitride-based semiconductor layer. The gate structure is
disposed above the second nitride-based semiconductor
layer and between the source and drain electrodes. The
passivation layer is disposed above the second nitride-based
semiconductor layer and covers the gate structure and has an
enclosed air gap between the gate structure and the drain
electrode. The field plate is disposed above the passivation
layer and has a first portion directly over the gate structure
and a second portion directly over the air gap. The second
portion is separated from the air gap by at least one dielectric
of the passivation layer.

[0005] In accordance with one aspect of the present dis-
closure, a method for manufacturing a semiconductor device
is provided. The method includes steps as follows. A first
nitride-based semiconductor layer is formed. A second
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nitride-based semiconductor layer is formed on the first
nitride-based semiconductor layer. A gate structure is
formed above the second nitride-based semiconductor layer.
A first passivation layer is formed above the second nitride-
based semiconductor layer to cover the gate structure. An
oxide strip is formed on the first passivation layer. A second
passivation layer is formed above the first passivation layer
to cover the oxide strip. The oxide strip is removed to form
a tunnel between the first and second passivation layers. A
field plate is formed above the second passivation layer and
vertically overlaps with the tunnel.

[0006] In accordance with one aspect of the present dis-
closure, a semiconductor device is provided. The semicon-
ductor device includes a first nitride-based semiconductor
layer, a second nitride-based semiconductor layer, a source
electrode and a drain electrode, a gate structure, a passiva-
tion layer, and a field plate. The second nitride-based semi-
conductor layer is disposed on the first nitride-based semi-
conductor layer and has a bandgap greater than a bandgap of
the first nitride-based semiconductor layer. The source elec-
trode and the drain electrode are disposed above the second
nitride-based semiconductor layer. The gate structure is
disposed above the second nitride-based semiconductor
layer and between the source and drain electrodes. The
passivation layer is disposed above the second nitride-based
semiconductor layer and covers the gate structure and has an
enclosed tunnel between the gate structure and the drain
electrode. The tunnel extends laterally to a first position
which is spaced apart from the drain electrode by a first
vertical distance. The field plate is disposed above the
passivation layer and has a first portion directly over the gate
structure and a second portion directly over the air gap. The
second portion extends laterally to a second position which
is spaced apart from the drain electrode by a second vertical
distance. The first vertical distance is less than the second
vertical distance.

[0007] In accordance with one aspect of the present dis-
closure, a semiconductor device is provided. The semicon-
ductor device includes a first nitride-based semiconductor
layer, a second nitride-based semiconductor layer, a source
electrode and a drain electrode, a gate structure, a first
passivation layer, a second passivation layer and a field
plate. The second nitride-based semiconductor layer is dis-
posed on the first nitride-based semiconductor layer and has
a bandgap greater than a bandgap of the first nitride-based
semiconductor layer. The source electrode and the drain
electrode are disposed above the second nitride-based semi-
conductor layer. The gate structure is disposed above the
second nitride-based semiconductor layer and between the
source and drain electrodes. The first passivation layer is
disposed above the second nitride-based semiconductor
layer and covers the gate structure. The second passivation
layer is disposed above the first passivation layer and in a
region between the source and drain electrodes. The field
plate is disposed above the second passivation layer and in
the region between the source electrode and drain electrode,
in which the field plate contacts at least one enclosed air gap
above the first passivation layer.

[0008] In accordance with one aspect of the present dis-
closure, a method for manufacturing a semiconductor device
is provided. The method includes steps as follows. A first
nitride-based semiconductor layer is formed. A second
nitride-based semiconductor layer is formed on the first
nitride-based semiconductor layer. A gate structure is
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formed above the second nitride-based semiconductor layer.
A first passivation layer is formed above the second nitride-
based semiconductor layer to cover the gate structure. A
second passivation layer is formed above the first passiva-
tion layer. A blanket conductive layer is formed on the
second passivation layer. The blanket conductive layer is
patterned into a field plate. A plurality of portions of the
second passivation layer are removed such that the second
passivation layer becomes narrower than the field plate. A
third passivation layer is formed to cover the first passiva-
tion layer and the field plate to form at least one enclosed air
gap adjacent with the second passivation layer.

[0009] In accordance with one aspect of the present dis-
closure, a semiconductor device is provided. The semicon-
ductor device includes a first nitride-based semiconductor
layer, a second nitride-based semiconductor layer, a source
electrode and a drain electrode, a gate structure, a first
passivation layer, a second passivation layer, a third passi-
vation layers and a field plate. The second nitride-based
semiconductor layer is disposed on the first nitride-based
semiconductor layer and has a bandgap greater than a
bandgap of the first nitride-based semiconductor layer. The
source electrode and the drain electrode are disposed above
the second nitride-based semiconductor layer. The gate
structure is disposed above the second nitride-based semi-
conductor layer and between the source and drain electrodes.
The first passivation layer is disposed above the second
nitride-based semiconductor layer and covers the gate struc-
ture. The second passivation layer is disposed above the first
passivation layer and in a region between the source and
drain electrodes. The field plate is disposed above the second
passivation layer and in the region between the source and
drain electrodes. The third passivation layer is disposed
above the first passivation layer and covers the field plate
which contacts at least one enclosed air gap embedded
between the second and third passivation layers.

[0010] By the above configuration, in the embodiments of
the present disclosure, the semiconductor device adopts a
design of a single field plate in collaboration with an air gap.
The introduction of the air gap can assist the field plate to
collectively make the electric field distribution in the semi-
conductor device uniform, thereby significantly reducing the
complexity of the manufacturing process thereof and the
times of using the etching process. Therefore, unexpected
surface/sidewall damage can be avoided since the number of
the etching process is decreased. Accordingly, the manufac-
turing cost of the semiconductor device can be reduced and
the reliability thereof can be improved. Moreover, the con-
figuration of the air gap can lead a reduction in the parasitic
capacitances and the resistance of a zone of the 2DEG region
directly thereunder, and thus the electrical properties of the
semiconductor device can be enhanced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Aspects of the present disclosure are readily under-
stood from the following detailed description when read
with the accompanying figures. It should be noted that
various features may not be drawn to scale. That is, the
dimensions of the various features may be arbitrarily
increased or reduced for clarity of discussion. Embodiments
of the present disclosure are described in more detail here-
inafter with reference to the drawings, in which:

[0012] FIG. 1A is a top view of a semiconductor device
according to some embodiments of the present disclosure;
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[0013] FIG. 1B is a vertical cross-sectional view of the
semiconductor device;

[0014] FIG. 2A, FIG. 2B, FIG. 2C, FIG. 2D, FIG. 2E and
FIG. 2F show different stages of a method for manufacturing
a nitride-based semiconductor device according to some
embodiments of the present disclosure;

[0015] FIG. 3 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure;

[0016] FIG. 4 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure;

[0017] FIG. 5 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure;

[0018] FIG. 6A, FIG. 6B and FIG. 6C show different
stages of a method for manufacturing a nitride-based semi-
conductor device according to some embodiments of the
present disclosure;

[0019] FIG. 7 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure;

[0020] FIG. 8 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure; and

[0021] FIG. 9 is a vertical cross-sectional view of a
semiconductor device according to some embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0022] Common reference numerals are used throughout
the drawings and the detailed description to indicate the
same or similar components. Embodiments of the present
disclosure will be readily understood from the following
detailed description taken in conjunction with the accom-
panying drawings.

[0023] Spatial descriptions, such as “on,” “above,”
“below,” “up,” “left,” “right,” “down,” “top,” “bottom,”
“vertical,” “horizontal,” “side,” “higher,” “lower,” “upper,”
“over,” “under,” and so forth, are specified with respect to a
certain component or group of components, or a certain
plane of a component or group of components, for the
orientation of the component(s) as shown in the associated
figure. It should be understood that the spatial descriptions
used herein are for purposes of illustration only, and that
practical implementations of the structures described herein
can be spatially arranged in any orientation or manner,
provided that the merits of embodiments of this disclosure
are not deviated from by such arrangement.

[0024] Further, it is noted that the actual shapes of the
various structures depicted as approximately rectangular
may, in actual device, be curved, have rounded edges, have
somewhat uneven thicknesses, etc. due to device fabrication
conditions. The straight lines and right angles are used solely
for convenience of representation of layers and features.
[0025] In the following description, semiconductor
devices/dies/packages, methods for manufacturing the same,
and the likes are set forth as preferred examples. It will be
apparent to those skilled in the art that modifications,
including additions and/or substitutions may be made with-
out departing from the scope and spirit of the present
disclosure. Specific details may be omitted so as not to
obscure the present disclosure; however, the disclosure is
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written to enable one skilled in the art to practice the
teachings herein without undue experimentation.

[0026] FIG. 1A is a top view of a semiconductor device
100A according to some embodiments of the present dis-
closure. FIG. 1B is a vertical cross-sectional view of the
semiconductor device 100A. In order to make the descrip-
tion clear, directions D1 and D2 are labeled in FIG. 1A,
which are different than each other. The direction D1 is
perpendicular to the direction D2. The semiconductor device
100A includes a substrate 102, a buffer layer 103, nitride-
based semiconductor layers 104 and 106, a gate structure
110, a passivation layer 120, electrodes 126 and 128, a field
plate 130 and a passivation layer 140.

[0027] The substrate 102 may be a semiconductor sub-
strate. The exemplary materials of the substrate 102 can
include, for example but are not limited to, Si, SiGe, SiC,
gallium arsenide, p-doped Si, n-doped Si, sapphire, semi-
conductor on insulator, such as silicon on insulator (SOI), or
other suitable substrate materials. In some embodiments, the
substrate 102 can include, for example, but is not limited to,
group III elements, group IV elements, group V elements, or
combinations thereof (e.g., III-V compounds). In other
embodiments, the substrate 102 can include, for example but
is not limited to, one or more other features, such as a doped
region, a buried layer, an epitaxial (epi) layer, or combina-
tions thereof

[0028] The buffer layer 103 can be disposed on/over/
above the substrate 102. The buffer layer 103 can be
configured to reduce lattice and thermal mismatches
between the substrate 102 and the nitride-based semicon-
ductor layer 104, thereby curing defects due to the mis-
matches/difference. The buffer layer 103 may include a I1I-V
compound. The III-V compound can include, for example
but are not limited to, aluminum, gallium, indium, nitrogen,
or combinations thereof. Accordingly, the exemplary mate-
rials of the buffer layer 103 can further include, for example
but are not limited to, GaN, ALN, AlGaN, InAlGaN, or
combinations thereof. In some embodiments, the semicon-
ductor device 100A may further include a nucleation layer
(not shown). The nucleation layer may be formed between
the substrate 102 and the buffer layer 103. The nucleation
layer can be configured to provide a transition to accom-
modate a mismatch/difference between the substrate 102 and
a [[I-nitride layer of the buffer layer. The exemplary material
of the nucleation layer can include, for example but is not
limited to AIN or any of its alloys. In some embodiments,
the buffer layer 103 can be omitted, the disclosure is not
limited thereto.

[0029] The nitride-based semiconductor layer 104 is dis-
posed on/over/above the buffer layer 103 (or the substrate
102). The nitride-based semiconductor layer 106 is disposed
on the nitride-based semiconductor layer 104. The exem-
plary materials of the nitride-based semiconductor layer 104
can include, for example but are not limited to, nitrides or
group III-V compounds, such as GaN, AIN, InN, In Al Ga
(-xp»N where x+y=<1, Al Ga,,_,N where y=<1. The exem-
plary materials of the nitride-based semiconductor layer 106
can include, for example but are not limited to, nitrides or
group III-V compounds, such as GaN, AIN, InN, In, Al Ga
(-n_pyN Where x+ys<l, Al Ga, N where y=<1.

[0030] The exemplary materials of the nitride-based semi-
conductor layers 104 and 106 are selected such that the
nitride-based semiconductor layer 106 has a bandgap (i.e.,
forbidden band width) greater than a bandgap of the nitride-
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based semiconductor layer 104, which causes electron
affinities thereof different from each other and forms a
heterojunction therebetween. For example, when the nitride-
based semiconductor layer 104 is an undoped GaN layer
having a bandgap of approximately 3.4 eV, the nitride-based
semiconductor layer 106 can be selected as an AlGaN layer
having bandgap of approximately 4.0 eV. As such, the
nitride-based semiconductor layers 104 and 106 can serve as
a channel layer and a barrier layer, respectively. A triangular
well potential is generated at a bonded interface between the
channel and barrier layers, so that electrons accumulate in
the triangular well, thereby generating a two-dimensional
electron gas (2DEG) region adjacent to the heterojunction.
Accordingly, the semiconductor device 100A is available to
include at least one GaN-based high-electron-mobility tran-
sistor (HEMT).

[0031] The gate structure 110 is disposed on/over/above
the nitride-based semiconductor layer 106. The gate struc-
ture 110 includes a doped I1I-V semiconductor layer 112 and
a gate electrode 114. The doped III-V semiconductor layer
112 is disposed on and in contact with the nitride-based
semiconductor layer 106. The doped I1I-V semiconductor
layer 112 is disposed/sandwiched between the nitride-based
semiconductor layer 106 and the gate electrode 114. The
gate electrode 114 is disposed on and in contact with the
doped II-V semiconductor layer 112. In the exemplary
illustration of FIG. 1A, a width of the doped 1II-V semi-
conductor layer 112 is substantially the same as that of the
gate electrode 114. In some embodiments, a width of the
doped I1I-V semiconductor layer 112 is greater than that of
the gate electrode 114. The profiles of the doped III-V
semiconductor layer 112 and the gate electrode 114 are the
same. For example, both of the doped III-V semiconductor
layer 112 and the gate electrode 114 have rectangular
profiles. In other embodiments, the profiles of the doped
1I1-V semiconductor layer 112 and the gate electrode 114 can
be different from each other. For example, the profile of the
doped III-V semiconductor layer 112 can be a trapezoid
profile, and the profile of the gate electrode 114 can be a
rectangular profile.

[0032] In the exemplary illustration of FIG. 1B, the semi-
conductor device 100A is an enhancement mode device,
which is in a normally-off state when the gate electrode 114
is at approximately zero bias. Specifically, the doped semi-
conductor layer 112 may create at least one p-n junction with
the nitride-based semiconductor layer 106 to deplete the
2DEG region, such that at least one zone of the 2DEG region
corresponding to a position below the corresponding the
gate electrode 114 has different characteristics (e.g., differ-
ent electron concentrations) than the rest of the 2DEG region
and thus is blocked. Due to such mechanism, the semicon-
ductor device 100A has a normally-off characteristic. In
other words, when no voltage is applied to the gate electrode
114 or a voltage applied to the gate electrode 114 is less than
a threshold voltage (i.e., a minimum voltage required to
form an inversion layer below the gate electrode 114), the
zone of the 2DEG region below the gate electrode 114 is
kept blocked, and thus no current flows therethrough.

[0033] In some embodiments, the doped III-V semicon-
ductor layer 112 can be omitted, such that the semiconductor
device 100A is a depletion-mode device, which means the
semiconductor device 100A in a normally-on state at zero
gate-source voltage.
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[0034] The doped III-V semiconductor layer 112 can be a
p-type doped III-V semiconductor layer. The exemplary
materials of the doped III-V semiconductor layer 112 can
include, for example but are not limited to, p-doped group
III-V nitride semiconductor materials, such as p-type GaN,
p-type AlGaN, p-type InN, p-type AllnN, p-type InGaN,
p-type AllnGaN, or combinations thereof. In some embodi-
ments, the p-doped materials are achieved by using a p-type
impurity, such as Be, Zn, Cd, and Mg. In some embodi-
ments, the nitride-based semiconductor layer 104 includes
undoped GaN and the nitride-based semiconductor layer 106
includes AlGaN, and the doped III-V semiconductor layer
112 is a p-type GaN layer which can bend the underlying
band structure upwards and to deplete the corresponding
zone of the 2DEG region, so as to place the semiconductor
device 100A into an off-state condition.

[0035] The exemplary materials of the gate electrode 114
may include metals or metal compounds. The gate electrode
114 may be formed as a single layer, or plural layers of the
same or different compositions. The exemplary materials of
the metals or metal compounds can include, for example but
are not limited to, W, Au, Pd, Ti, Ta, Co, Ni, Pt, Mo, TiN,
TaN, metal alloys or compounds thereof, or other metallic
compounds.

[0036] The passivation layer 120 can be disposed on/over/
above the nitride-based semiconductor layer 106 and the
gate structure 110. The passivation layer 120 includes a
plurality of contact holes CH. The passivation layer 120 can
cover the gate structure 110. The passivation layer 120 can
be conformal with the gate structure 110. Furthermore, the
passivation layer 120 has an enclosed air gap 122 (e.g., a
vacuum gap or a void). The passivation layer 120 can
include at least one dielectric material. Once a dielectric
material is applied to the formation of the passivation layer
120, the air gap 122 becomes embedded in the dielectric.
[0037] To be more specific, the passivation layer 120
includes portions 120A, 120B and 120C. The portion 120C
is located between the portions 120A and 120B (i.e., the
portion 120A is opposite to the portion 120B). The portion
120C connects the portions 120A and 120B. The portion
120C extends laterally between the portions 120A and 120B.
The portion 120A of the passivation layer 120 is confor-
mally disposed with and directly over the gate structure 110.
The portions 120A and 120B can protrude out the portion
120C. Specifically, the portion 120A is in a position higher
than the portion 120B, and the portion 120B is in a position
higher than the portion 120C. Since the portions 120A and
120B at higher positions can be referred to as the protruding
portions, the portion 120C at a lower position can be referred
to as a recess portion.

[0038] The portion 120B of the passivation layer 120 has
the air gap 122. The portion 120B of the passivation layer
120 has an inner sidewall SW (i.e., inner boundary/border)
to define a tunnel 124 in which the enclosed air gap 122 is
located. Herein, the “tunnel” includes a passage that extends
in a linear manner. For example, the gate electrode 114 and
the doped II1-V semiconductor layer 112 are formed as strips
extending along the first direction D1 in the top view (e.g.,
FIG. 1A), and the tunnel 124 extends along the first direction
D1 and thus is parallel with the strips. The tunnel 124 is
filled with the air gap 122. Since the inner sidewall SW is
inside the portion 120B, the tunnel 124 has a width less than
that of the portion 120B of the passivation layer 120. The
inner sidewall SW is spaced apart from the surfaces of the
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passivation layer 120 by the dielectric material of the
passivation layer 120. In some embodiments, the air gap 122
is fully surrounded and thus is embedded in the single
dielectric material. Accordingly, the air gap 122 is separated
from the other element layers (e.g., the gate structure 110,
the electrodes 126 and 128, and the nitride-based semicon-
ductor layer 106) by the dielectric of the passivation layer
120.

[0039] Insome embodiments, the air gap 122 may contain
oxygen. In this regard, since the air gap 122 is isolated by the
dielectric of the passivation layer 120, the oxygen therein
would not oxidize other element layers. Accordingly, the
selection for the gas contained in the air gap 122 is flexible.
[0040] In some embodiments, the tunnel 124 can be
formed by a selective etching process. Prior to the selective
etching process, a filler is embedded into the passivation
layer 120, such as an oxide filler. During the selective
etching process, the filler is removed and the passivation
layer 120 is free from the removal. According to different
process conditions, there may be at least one residue of the
filler accommodated in the tunnel 124 and adhered to the
inner sidewall SW. In some embodiments, the residue can be
detected as having an oxygen element.

[0041] The material of the passivation layer 120 can
include, for example but are not limited to, dielectric mate-
rials. For example, the passivation layer 120 can include, for
example but are not limited to, silicon nitride, such as SiN,,
Si;N,, SiON, SiBN, SiCBN or combinations thereof. In
embodiments involving the residue adhering to the inner
sidewall SW, the materials of the passivation layer 120 and
the residue may have different etching rate with respect to
the same etchant.

[0042] In some embodiments, the electrode 126 can serve
as a source electrode. In some embodiments, the electrode
126 can serve as a drain electrode. In some embodiments,
the electrode 128 can serve as a source electrode. In some
embodiments, the electrode 128 can serve as a drain elec-
trode. In some embodiments, each of the electrodes 126 and
128 can be called a source/drain (S/D) electrode, which
means they can serve as a source electrode or a drain
electrode, depending on the device design.

[0043] The electrodes 126 and 128 are disposed on/over/
above and in contact with the nitride-based semiconductor
layer 106. The electrodes 126 and 128 can extend along the
direction D1 and thus are parallel to the tunnel 124. The gate
electrode 114 and the electrodes 126 and 128 can be
arranged along the direction D2. The electrodes 126 and 128
can extend through the contact holes CH of the passivation
layer 120 to make contact with the nitride-based semicon-
ductor layer 106. In other words, the electrodes 126 and 128
can penetrate the passivation layer 120. The “S/D” electrode
means each of the electrodes 126 and 128 can serve as a
source electrode or a drain electrode, depending on the
device design.

[0044] The doped III-V semiconductor layer 112 and the
gate electrode 114 are located between the electrodes 126
and 128. That is, the electrodes 126 and 128 can be located
at two opposite sides of the gate electrode 114, respectively.
In some embodiments, other configurations may be used,
particularly when plural source, drain, or gate electrodes are
employed in the device. In the exemplary illustration of FIG.
1B, the electrodes 126 and 128 are asymmetrical about the
gate electrode 114. For example, the electrode 126 can be
closer to the gate electrode 114 than the electrodes 128. In
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other embodiments, the electrodes 126 and 128 are sym-
metrical about the gate electrode 114.

[0045] In some embodiments, the electrodes 126 and 128
can include, for example but are not limited to, metals,
alloys, doped semiconductor materials (such as doped crys-
talline silicon), compounds such as silicides and nitrides,
other conductor materials, or combinations thereof. The
exemplary materials of the electrodes 126 and 128 can
include, for example but are not limited to, Ti, AlSi, TiN, or
combinations thereof. The electrodes 126 and 128 may be a
single layer, or plural layers of the same or different com-
position. In some embodiments, the electrodes 126 and 128
form ohmic contacts with the nitride-based semiconductor
layer 106. The ohmic contacts can be achieved by applying
Ti, Al, or other suitable materials to the electrodes 126 and
128. In some embodiments, each of the electrodes 126 and
128 is formed by at least one conformal layer and a
conductive filling. The conformal layer can wrap the con-
ductive filling. The exemplary materials of the conformal
layer, for example but are not limited to, Ti, Ta, TiN, Al, Au,
AlSi, Ni, Pt, or combinations thereof. The exemplary mate-
rials of the conductive filling can include, for example but
are not limited to, AlSi, AlCu, or combinations thereof.
[0046] The field plate 130 is conformally disposed
on/over/above the passivation layer 120. The field plate 130
can include portions 130A, 130B and 130C. The portion
130C is located between the portions 130A and 130B (i.e.,
the portion 130A is opposite to the portion 130B). The
portion 130C connects the portions 130A and 130B. The
portion 130C extends laterally between the portions 130A
and 130B. The portion 130A of the field plate 130 is directly
over the gate structure 110 and the portion 120A of the
passivation layer 120. The portion 120A of the passivation
layer 120 is located/sandwiched between the portion 130A
of the field plate 130 and the gate structure 110. The portion
130B of the field plate 130 is directly over the air gap 122
and the portion 120B of the passivation layer 120. The
portion 120B of the passivation layer 120 is located/sand-
wiched between the portion 130B of the field plate 130 and
the air gap 122. The portion 130B of the field plate 130 is
separated from the air gap 122/tunnel 124 by the at least one
dielectric of the passivation layer 120.

[0047] The portions 130A, 130B and 130C of the field
plate 130 are correspondingly disposed with the portions
120A, 120B and 120C of the passivation layer 120, respec-
tively. Due to the height relationship among the portions
120A, 120B and 120C, the portion 130A is in a position
higher than the portion 130B, and the portion 130B is in a
position higher than the portion 130C. In the exemplary
illustration of FIG. 1B, the portions 130A and 130B are in
positions higher than that of the gate structure 110 and the
air gap 122, and the portion 130C is in a position between
the gate structure 110 and the air gap 122. From the far left
to the far right, the field plate 130 extends laterally/horizon-
tally, downward, laterally/horizontally, upward and laterally/
horizontally in sequence. The portion 130C extends laterally
along a path lower than the portions 130A and 130B. The
portion 130C extends between the portions 120A and 120B
of the passivation layer 120.

[0048] The portion 130B of the field plate 130 and the
tunnel 124 can extend laterally along the same direction
(e.g., the direction D1), as shown in FIG. 1A. The tunnel 124
and the portion 130B of the field plate 130 have an over-
lapping area/region. The inner sidewall SW has a horizontal
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distance [.1 to the electrode 128. The portion 130B of the
field plate 130 25 has a horizontal distance 1.2 to the
electrode 128. The horizontal distance L1 is less than the
horizontal distance [.2. From another point of view, the
tunnel 124 extends laterally to a position P1 which is spaced
apart from the electrode 128 by a vertical distance, which is
defined as the shortest distance between the tunnel 124 and
the electrode 128. The field plate 130 extends laterally to a
position P2 which is spaced apart from the electrode 128 by
a vertical distance, which is defined as the shortest between
the field plate 130 and the electrode 128. Therefore, the air
gap 122 is arranged as being closer to the electrode 128 than
the field plate 130.

[0049] The materials of the field plate 130 can include, for
example but are not limited to, conductive materials, such as
Ti, Ta, TiN, TaN, or combinations thereof. In some embodi-
ments, other conductive materials such as Al, Cu doped Si,
and alloys including these materials may also be used.
[0050] The field plate 130 can change an electric field
distribution of the drain region and affect breakdown voltage
of the semiconductor device 100A. The field plate 130
suppresses the electric field distribution in the desired region
and reduces its peak value. In this regard, the introduction of
the air gap 122 can assist the field plate 130 to collectively
make the electric field distribution in the semiconductor
device 100A uniform.

[0051] The enclosed air gap 122 in the tunnel 124 can
create a low-k region in the passivation layer 120. The air
gap 122 alters the distribution of the dielectric constant
inside the semiconductor device 100A which reduces the
intensity of the electric field at the edge of the field plate 130
(i.e., the gate-drain side), so as to achieve a higher break-
down electric field. The configuration of the single field
plate 130 and the air gap 122 can jointly ameliorate the
phenomenon of non-uniform electric field distribution.
[0052] Therefore, the single field plate configuration is
one possible configuration. Such a configuration would not
weaken the effect of reshaping the electric field distribution.
The manufacturing cost can be reduced. Also, it can avoid
performing extra etching steps which may destroy the sur-
faces/sidewalls of the element layers. Moreover, reduction
of the number of field plates can reduce the probability of
generating inter-electrode and electrode-semiconductor
parasitic capacitances. Thus, the maximum operating fre-
quency of the semiconductor device 100A can be allowed to
get higher.

[0053] Inorder to make the air gap 122 capable of altering
the distribution of the dielectric constant for the purpose of
reshaping electric field distribution, the air gap 122 is
arranged to be closer to the electrode 128 than the field plate
130. Once a semiconductor device has a field plate closer to
a drain electrode than an air gap, there will be no air gap
beneath the end of the field plate, such that no low-k region
is created there. As such, the contribution of the air gap will
be lowered.

[0054] At least for the purpose of achieving a better match
between the electric field distribution and the dielectric
constant distribution, the profile/shape of the air gap 122/
tunnel 124 can be designed as being in coordination with the
morphology of the portion 130B of the field plate 130. In the
exemplary illustration of FIG. 1B, the profile of the air gap
122/tunnel 124 can be designed as being a rectangular
profile to comply with the morphology of the portion 130B
of the field plate 130. In other embodiments, once the
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portion 130B of the field plate 130 to be formed over the air
gap 122/tunnel 124 is designed as being curved, the profile
of'the air gap 122/tunnel 124 can be designed to have a curve
boundary in advance.

[0055] Furthermore, the air gap 122, which can include a
low-k region, can be disposed between the gate structure 110
and the electrode 128. The air gap 122 can be disposed
between the nitride-based semiconductor layer 106 and the
field plate 130. Since the capacitance value is positively
related to the dielectric constant, the reduction in equivalent
dielectric constant of the medium sandwiched between the
electrodes (e.g., the gate electrode 114 and the electrode
128) can reduce parasitic capacitance therebetween. There-
fore, the operating frequency of the semiconductor device
100A can be allowed to get higher, so as to improve the
performance of semiconductor device 100A. In some
embodiments, the air gap 122 can be disposed between the
gate structure 110 and the electrode 126.

[0056] When the semiconductor device 100A works in a
relatively high voltage environment, relatively great electric
field intensity happens, which may tend to trap channel
electrons in the 2DEG region. Such phenomenon is easily
observed in the position close to or at the gate edge near the
drain side (where impulse or relatively great electric field
intensity can occur), which can lead to resistance change of
the 2DEG region. The air gap 122 can provide a low-k
region to lessen the electric field intensity (inter alia those
being close to the gate edge at the drain side), which can
further reduce the resistance thereof (also known as sheet
resistance, surface resistance or surface resistivity).

[0057] The passivation layer 140 is disposed on/over/
above the passivation layer 120. The passivation layer 140
covers the passivation layer 120, the electrodes 126 and 128
and the field plate 130. The exemplary material of the
passivation layer 140 can be identical with or similar with
that of the passivation layer 120. In some embodiments, the
passivation layer 140 can serve as a planarization layer
which has a level top surface to support other layers/
elements. In some embodiments, the passivation layer 140
can be formed as a thicker layer, and a planarization process,
such as chemical mechanical polish (CMP) process, is
performed on the passivation layer 140 to remove the excess
portions, thereby forming a level top surface.

[0058] Different stages of a method for manufacturing the
semiconductor device 100A are shown in FIG. 2A, FIG. 2B,
FIG. 2C, FIG. 2D, FIG. 2E and FIG. 2F as described below.
For clarity, manufacturing stages of some element layers
such as the electrodes 126 and 128 and the passivation layer
140 is omitted.

[0059] In the following, deposition techniques can
include, for example but are not limited to, atomic layer
deposition (ALD), physical vapor deposition (PVD), chemi-
cal vapor deposition (CVD), metal organic CVD (MOCVD),
plasma enhanced CVD (PECVD), low-pressure CVD
(LPCVD), plasma-assisted vapor deposition, epitaxial
growth, or other suitable processes.

[0060] Referring to FIG. 2A, a substrate 102 is provided.
A buffer layer 103, a nitride-based semiconductor layer 104,
a nitride-based semiconductor layer 106, a doped nitride-
based semiconductor 112, a gate electrode 114 and a passi-
vation layer 150 can be formed over the substrate 102 in
sequence by using deposition techniques.

[0061] To be more specific, the buffer layer 103 is formed
on the substrate 102. The nitride-based semiconductor layer
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104 is formed on the buffer layer 103. The nitride-based
semiconductor layer 106 is formed on the nitride-based
semiconductor layer 104. The doped I1I-V semiconductor
layer 112 is formed on the nitride-based semiconductor layer
106. The gate electrode 114 is formed on the doped I1I-V
semiconductor layer 112. The passivation layer 150 is
formed on the nitride-based semiconductor layer 106 to
cover the doped III-V semiconductor layer 112, the gate
electrode 114 and the nitride-based semiconductor layer
106.

[0062] The formation of the doped III-V semiconductor
layer 112 and the gate electrode 114 further includes and a
patterning process. In some embodiments, the deposition
techniques can be performed for forming a blanket layer, and
the patterning process can be performed for removing excess
portions thereof. In some embodiments, the patterning pro-
cess can include photolithography, exposure and develop-
ment, etching, other suitable processes, or combinations
thereof.

[0063] Referring to FIG. 2B, a blanket oxide layer 160 is
formed to cover on the passivation layer 150. The material
of the blanket oxide layer 160 can include, for example,
silicon dioxide (Si0,).

[0064] Referring to FIG. 2C, the blanket oxide layer 160
is patterned to remove excess portions thereof, such that an
oxide strip 162 is formed on the passivation layer 150.
[0065] Referring to FIG. 2D, a passivation layer 152 is
formed on/over/above the passivation layer 150. In some
embodiments, the passivation layers 150 and 152 have the
same material. As such, the passivation layers 150 and 152
are merged with each other to form the passivation layer
120. The passivation layer 150 covers the oxide strip 162
and thus has a protruding portion directly over the oxide
strip 162.

[0066] Referring to FIG. 2E, an etching process is per-
formed to remove the oxide strip 162 to form a tunnel 124
between the passivation layers 150 and 152. The etching
process includes a selective etching process. For example, as
the material of the passivation layers 150 and 152 is selected
from silicon nitride, the etchant applied to the etching
process can have a higher etching rate with respect to the
oxide than that of the silicon nitride. As such, the tunnel 124
is formed with filled with an air gap 122. From the other
point of view, the air gap 122 is formed inside the passiva-
tion layer 120 or a region between the two stacked passi-
vation layers 150 and 152. In addition, in some embodi-
ments, a small amount of residual oxide which is not etched
by the etchant can remain on the inner sidewall SW of the
passivation layer 120.

[0067] Referring to FIG. 2F, an intermediate field plate
130" is formed on the passivation layer 152. Then, a pat-
terning process can be performed on the intermediate field
plate 130" for removing excess portions thereof, such that a
field plate 130 is formed above the passivation layer 152 and
vertically overlaps with the tunnel 124. Thereafter, a passi-
vation layer 140 can be formed, obtaining the configuration
of the semiconductor device 100A as shown in FIG. 1B.
[0068] FIG. 3 is a vertical cross-sectional view of a
semiconductor device 100B according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 3, the profiles of the portions 120A and 120B of the
passivation layer 120 are trapezoid profiles. Portions 130A
and 130B of'the field plate 130 can be disposed at an inclined
surfaces of the portions 120A and 120B of the passivation
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layer 120. As such, from the far left to the far right, the field
plate 130 can extend laterally, extend obliquely-and-down-
ward, extend laterally, extend obliquely-and-upward, and
extend laterally in sequence.

[0069] FIG. 4 is a vertical cross-sectional view of a
semiconductor device 100C according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 4, the overall field plate 130 is in a position higher
than that of the gate structure 110 and the air gap 122, which
means that the portions 130A, 130B and 130C are higher
than the gate structure 110 and the air gap 122.

[0070] By tuning the process parameters, the configuration
that the field plate in combination with the gap can be
formed as the structures of FIGS. 1B, 3, or 4, which means
such a technical solution is compatible with different semi-
conductor manufacturing process, reducing the complexity.
[0071] FIG. 5 is a vertical cross-sectional view of a
semiconductor device 200A according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 5, the semiconductor device 200A includes a sub-
strate 202, a buffer layer 203, nitride-based semiconductor
layers 204 and 206, a gate structure 210, electrodes 226 and
228, passivation layers 220 and 230, a field plate 240, and
a passivation layer 250.

[0072] It should be noted that the configuration of the
substrate 202, the buffer layer 203, the nitride-based semi-
conductor layers 204 and 206, the gate structure 210, and the
electrodes 226 and 228 is similar to that of the semiconduc-
tor device 100A.

[0073] In some embodiments, the electrode 226 can serve
as a source electrode. In some embodiments, the electrode
226 can serve as a drain electrode. In some embodiments,
the electrode 228 can serve as a source electrode. In some
embodiments, the electrode 228 can serve as a drain elec-
trode. In some embodiments, each of the electrodes 226 and
228 can be called a S/D electrode, which means they can
serve as a source electrode or a drain electrode, depending
on the device design.

[0074] The passivation layer 220 can be disposed on/over/
above and in contact with the nitride-based semiconductor
layer 206. The passivation layer 220 covers the gate struc-
ture 210 to form a protruding portion. In addition, the
passivation layer 220 has no air gaps therein. The passiva-
tion layer 220 can formed to be entirely solid.

[0075] The passivation layer 230 can be disposed on/over/
above the passivation layer 220. The passivation layer 230
can be disposed in a region between the electrodes 226 and
228. The passivation layer 230 extends over the protruding
portion of the passivation layer 220 and thus is in a position
higher than the gate structure 210. The passivation layer 230
can form a step profile. In some embodiments, the passiva-
tion layer 220 can include SiN,, SiO_, Si;N,, SiON; SiC,
SiBN, SiCBN, oxides, nitrides, black diamond (BD), or any
combination of the aforesaid materials. The passivation
layer 230 can include SiN,, SiO,, Si;N,, SiON, SiC, SiBN,
SiCBN, oxides, nitrides, black diamond (BD), or any com-
bination of the aforesaid materials that is different from the
passivation layer 220. Accordingly, the passivation layer 220
can have an etching rate different from the passivation layer
230.

[0076] The field plate 240 is disposed on/over/above the
passivation layer 230. The field plate 240 can be disposed in
a region between the electrodes 226 and 228. The field plate
240 is in contact with the passivation layer 230. The field
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plate 240 is conformal with the passivation layer 230. The
field plate 240 spans across the passivation layer 230, which
means that the passivation layer 230 is shorter/narrower than
the field plate 240.

[0077] The passivation layer 250 is disposed on/over/
above and covers the passivation layers 220, 230, the field
plate 240 and electrodes 226 and 228. Since the passivation
layer 230 is shorter/narrower than the field plate 240, air
gaps 262 and 264 are formed at opposite end portions 230A
and 230B of the passivation layer 230 and above the
passivation layer 220. The air gaps 262 and 264 are sepa-
rated from each other.

[0078] The passivation layers 220, 230, 250, and the field
plate 240 can collectively define the boundaries of the
enclosed air gaps 262 and 264. That is, the passivation layers
220, 230, 250 and the field plate 240 contact the enclosed air
gaps 262 and 264, and thus each of the air gaps 262 and 264
is embedded between the different element layers. For
example, the air gap 262 is between the gate structure 210
and the field plate 240. The air gap 264 is between the gate
structure 210 and the electrode 228. Furthermore, as the
passivation layers 220, 230, and 250 have different dielectric
materials, each of the air gaps 262 and 264 is surrounded by
different dielectric materials. As such, each of the air gaps
262 and 264 is defined by a combination of at least one
conductive material and different dielectric materials.

[0079] The passivation layer 230 can further include a
portion 230C between the opposite portions 230A and 230B.
The end portion 230A is close to the electrode 226 and is in
contact with the protruding portion of the passivation layer
220. The end portion 230A contacts the air gap 262. The end
portion 230B is close to the electrode 228. The end portion
230B contacts the air gap 264. Accordingly, the air gap 262
is on the protruding portion of the passivation layer 220 and
thus in a position higher than the air gap 264. The portion
230C connects to the portions 230A and 230B.

[0080] The end portion 230A of the passivation layer 230
is spaced apart from the passivation layer 250 to define a
width of the air gap 262. The end portion 230B of the
passivation layer 230 is spaced apart from the passivation
layer 250 to define a width of the air gap 264. The widths od
the air gaps 262 and 264 are adjustable.

[0081] The dielectric of the passivation layer 250 can
extend to a region between the air gap 262 and the electrode
226 as well as a region between the air gap 264 and the
electrode 228.

[0082] Since the enclosed air gaps 262 and 264 are buried/
embedded among the passivation layers 220, 230 and 250
and the field plate 240. The air gaps 262 and 264 can reduce
the electric field at the two opposite edges of the field plate
240, so as to achieve a higher breakdown electric field.
Furthermore, the air gaps 262 and 264 are located under the
two opposite end portions of the field plate 240, respectively,
balancing the electric fields at the end portions of the field
plate 240. As such, the semiconductor device 200A can
achieve an uniform electric field distribution with a smaller
number of field plates.

[0083] Additionally, the introduction of the air gap 262
between the field plate 240 and the gate electrode 212 may
lead to a reduction in the parasitic capacitance therebetween.
Similarly, the parasitic capacitance between the gate elec-
trode 214 and the electrode 228 can be eliminated due to
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introduction of the air gap 264. Thus, the maximum oper-
ating frequency of the semiconductor device 200A can be
allowed to get higher.

[0084] Moreover, considering the parasitic capacitance
generated between any two of the conductive layers, at least
one enclosed air gap can be introduced into the passivation
layer 220, as afore-mentioned (e.g., FIG. 1B), thereby
alleviating the negative effect of the parasitic capacitance.
[0085] Different stages of a method for manufacturing the
semiconductor device 200A are shown in FIG. 6A, FIG. 6B
and FIG. 6C as described below. For clarity, manufacturing
stages of some element layers are omitted, such as the
electrodes 226 and 228 and the passivation layer 250.
[0086] Referring to FIG. 6A, a substrate 202 is provided.
A buffer layer 203, a nitride-based semiconductor layer 204,
a nitride-based semiconductor layer 206, a doped nitride-
based semiconductor 212, a gate electrode 214, an interme-
diate passivation layer 230', and a blanket conductive layer
240' can be formed over the substrate 202 in sequence by
using deposition techniques.

[0087] To be more specific, the buffer layer 203 is formed
on the substrate 202. The nitride-based semiconductor layer
204 is formed on the buffer layer 203. The nitride-based
semiconductor layer 206 is formed on the nitride-based
semiconductor layer 204. The doped I1I-V semiconductor
layer 212 is formed on the nitride-based semiconductor layer
206. The gate electrode 214 is formed on the doped III-V
semiconductor layer 212. The intermediate passivation layer
230' is formed on the nitride-based semiconductor layer 206
to cover the doped 1II-V semiconductor layer 212, the gate
electrode 214, and the nitride-based semiconductor layer
206. The blanket conductive layer 240' is formed on the
intermediate passivation layer 230"

[0088] The formation of the doped III-V semiconductor
layer 212 and the gate electrode 214 further includes a
patterning process. In some embodiments, the deposition
techniques can form a blanket layer, and the patterning
process can be performed for removing excess portions
thereof. In some embodiments, the patterning process can
include photolithography, exposure and development, etch-
ing, other suitable processes, or combinations thereof.
[0089] Referring to FIG. 6B, the blanket conductive layer
240' is patterned to remove excess portions thereof, so as to
form a field plate 240. After patterning, a part of a top
surface of the intermediate passivation layer 230' is exposed.
[0090] Referring to FIG. 6C, an etching process is per-
formed on the intermediate passivation layer 230' to remove
the excess portions thereof so as to become narrower than
the field plate 240. Specifically, the etching process includes
a selective etching process. In some embodiments, the
materials of the passivation layers 220 and 230 are different.
During the etching process, when an etchant is applied to the
passivation layers 220 and 230, the etching rate of the
passivation layer 220 is different from that of the passivation
layer 230 with respect to the same etchant. As such, the
intermediate passivation layer 230' can become a passiva-
tion layer 230 narrower than the field plate 240, and the
passivation layer 220 substantially remains the same. The
formed passivation layer 230 has an end surface directly
above the gate structure 210. In the end of this stage, a part
of boundaries of air gaps 262 and 264 are preliminarily/
partially defined.

[0091] Thereafter, a passivation layer 250 can be formed
to cover the field plate 240 and the passivation layer 220.
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The two opposite end surfaces of the field plate 240 are
covered by the passivation layer 250. As such, all of the
boundaries of the air gaps 262 and 264 can be defined,
obtaining the configuration of the semiconductor device
200A as shown in FIG. 5.

[0092] FIG. 7 is a vertical cross-sectional view of a
semiconductor device 200B according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 7, the width of the air gap 262 is different from that
of'the air gap 264. For example, the width of the air gap 262
is less than that of the air gap 264. Such a configuration can
comply with the requirement that the gate electrode 214 be
closer to the electrode 226 than the electrode 228. For
example, the requirement may be compatible with that a
electrode will work at a high voltage.

[0093] FIG. 8 is a vertical cross-sectional view of a
semiconductor device 200C according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 8, the passivation layer 230 has opposite curved
sidewalls. As such, a boundary of the air gap 262 is defined
as being curved. A boundary of the air gap 264 is defined as
being curved.

[0094] FIG. 9 is a vertical cross-sectional view of a
semiconductor device 200D according to some embodi-
ments of the present disclosure. In the exemplary illustration
of FIG. 9, the passivation layer 250 has a pair of sidewalls
protruding toward the air gaps 262 and 264. As such, a
boundary of the air gap 262 is defined as being curved. A
boundary of the air gap 264 is defined as being curved.
[0095] By tuning the process parameters, the configuration
that the field plate in combination with the gap can be
formed as the structures of FIGS. 5, 7, 8, 9, which means
such a technical solution is compatible with different semi-
conductor manufacturing process, reducing the complexity.
[0096] By the above configuration, in the embodiments of
the present disclosure, the introduction of enclosed air gaps
assists the field plate to achieve a moderated electric field
distribution and allows the semiconductor device without
using excessive field plates, thereby making the manufac-
turing process thereof simple and reducing the manufactur-
ing costs thereof. Moreover, extra etching steps accompa-
nied with multi field plates design can be avoided. As such,
the semiconductor device can have a good reliability and
low manufacturing costs.

[0097] In addition, since the dielectric constant of the air
gaps is lower than any other element layers in the semicon-
ductor device, that is to say, the regions where the air gaps
located are low-k regions, the location of the air gap can be
designed to a region between the electrodes (i.e., the gate
electrode and the source(drain) electrode), or a region
between the electrode and the field plate (i.e., the gate/
source/drain electrode and the field plate), thereby suppress-
ing the parasitic capacitance therebetween. As such, the
operating frequency of the semiconductor device can be
enhanced (i.e., be allowed to get higher). The resistance of
one or more zones of the 2DEG region directly under the one
or more air gaps can be reduced. Accordingly, the semicon-
ductor device of the present disclosure can have good
electrical properties.

[0098] It should be noted that the above semiconductor
devices with different structures in order to meet different
electrical requirements.

[0099] The embodiments were chosen and described in
order to best explain the principles of the disclosure and its
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practical application, thereby enabling others skilled in the
art to understand the disclosure for various embodiments
and with various modifications that are suited to the par-
ticular use contemplated.

[0100] As used herein and not otherwise defined, the terms
“substantially,” “substantial,” “approximately” and “about”
are used to describe and account for small variations. When
used in conjunction with an event or circumstance, the terms
can encompass instances in which the event or circumstance
occurs precisely as well as instances in which the event or
circumstance occurs to a close approximation. For example,
when used in conjunction with a numerical value, the terms
can encompass a range of variation of less than or equal to
+10% of that numerical value, such as less than or equal to
+5%, less than or equal to 4%, less than or equal to £3%,
less than or equal to 2%, less than or equal to +1%, less
than or equal to £0.5%, less than or equal to +0.1%, or less
than or equal to £0.05%. The term “substantially coplanar”
can refer to two surfaces within micrometers of lying along
a same plane, such as within 40 um, within 30 pm, within 20
um, within 10 um, or within 1 pm of lying along the same
plane.

[0101] As used herein, the singular terms “a,” “an,” and
“the” may include plural referents unless the context clearly
dictates otherwise. In the description of some embodiments,
a component provided “on” or “over” another component
can encompass cases where the former component is
directly on (e.g., in physical contact with) the latter com-
ponent, as well as cases where one or more intervening
components are located between the former component and
the latter component.

[0102] While the present disclosure has been described
and illustrated with reference to specific embodiments
thereof, these descriptions and illustrations are not limiting.
It should be understood by those skilled in the art that
various changes may be made and equivalents may be
substituted without departing from the true spirit and scope
of the present disclosure as defined by the appended claims.
The illustrations may not necessarily be drawn to scale.
There may be distinctions between the artistic renditions in
the present disclosure and the actual apparatus due to
manufacturing processes and tolerances. Further, it is under-
stood that actual devices and layers may deviate from the
rectangular layer depictions of the FIGS. and may include
angles surfaces or edges, rounded corners, etc. due to
manufacturing processes such as conformal deposition,
etching, etc. There may be other embodiments of the present
disclosure which are not specifically illustrated. The speci-
fication and the drawings are to be regarded as illustrative
rather than restrictive. Modifications may be made to adapt
a particular situation, material, composition of matter,
method, or process to the objective, spirit and scope of the
present disclosure. All such modifications are intended to be
within the scope of the claims appended hereto. While the
methods disclosed herein have been described with refer-
ence to particular operations performed in a particular order,
it will be understood that these operations may be combined,
sub-divided, or re-ordered to form an equivalent method
without departing from the teachings of the present disclo-
sure. Accordingly, unless specifically indicated herein, the
order and grouping of the operations are not limitations.
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1. A nitride-based semiconductor device, comprising:

a first nitride-based semiconductor layer;

a second nitride-based semiconductor layer disposed on
the first nitride-based semiconductor layer and having
a bandgap greater than a bandgap of the first nitride-
based semiconductor layer;

a source electrode and a drain electrode disposed above
the second nitride-based semiconductor layer;

a gate structure disposed above the second nitride-based
semiconductor layer and between the source and drain
electrodes;

a passivation layer disposed above the second nitride-
based semiconductor layer and covering the gate struc-
ture and having an enclosed air gap between the gate
structure and the drain electrode; and

a field plate disposed above the passivation layer and
having a first portion directly over the gate structure
and a second portion directly over the air gap, wherein
the second portion is separated from the air gap by at
least one dielectric of the passivation layer.

2. The semiconductor device of claim 1, wherein the air
gap is separated from the second nitride-based semiconduc-
tor layer by the dielectric of the passivation layer.

3. The semiconductor device of claim 1, wherein the gate
structure and the air gap are separated from the each other
by the dielectric of the passivation layer.

4. The semiconductor device of claim 1, wherein the
passivation layer has an inner sidewall to define the air gap,
and the inner sidewall has a horizontal distance to the drain
electrode that is less than that of the field plate to the drain
electrode.

5. The semiconductor device of claim 1, wherein the
passivation layer has an inner sidewall to define a tunnel in
which the air gap is located.

6. The semiconductor device of claim 5, wherein the gate
electrode comprises a gate electrode and a doped III-V
semiconductor layer disposed between the second nitride-
based semiconductor layer and the gate electrode, and the
gate electrode and the doped III-V semiconductor layer are
formed as strips parallel with the tunnel.

7. The semiconductor device of claim 5, wherein the
tunnel and the second portion of the field plate extend
laterally along the same direction such that the tunnel and
the second portion of the field plate have an overlapping
area.

8. The semiconductor device of claim 1, wherein at least
one oxide accommodated in the tunnel and adhered to the
inner sidewall.

9. The semiconductor device of claim 1, wherein the
passivation layer has a first protruding portion located
between the gate structure and the first portion of the field
plate.

10. The semiconductor device of claim 9, wherein the
passivation layer has a second protruding portion located
between the air gap and the second portion of the field plate
and in a position lower than the first protruding portion.

11. The semiconductor device of claim 10, wherein the
field plate has a third portion between the first and second
portions thereof and extending laterally between the first and
second protruding portions.

12. The semiconductor device of claim 10, wherein the
passivation layer has an inner sidewall to define a tunnel in
which the air gap is located, and the tunnel has a width less
than that of the second protruding portion.
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13. The semiconductor device of claim 1, wherein the first
portion of the field plate is in a position higher than the
second portion of the field plate.

14. The semiconductor device of claim 1, wherein the
field plate has a third portion between the first and second
portions thereof and in a position lower than the first and
second portions thereof.

15. The semiconductor device of claim 1, wherein the
dielectric of the passivation layer comprises silicon nitride.

16. A method for manufacturing a semiconductor device,
comprising:

forming a first nitride-based semiconductor layer on a

substrate;

forming a second nitride-based semiconductor layer on

the first nitride-based semiconductor layer;

forming a gate structure above the second nitride-based

semiconductor layer;

forming a first passivation layer above the second nitride-

based semiconductor layer to cover the gate structure;
forming an oxide strip on the first passivation layer;
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forming a second passivation layer above the first passi-
vation layer to cover the oxide strip;
removing the oxide strip to form a tunnel between the first
and second passivation layers; and
forming a field plate above the second passivation layer
and vertically overlapping with the tunnel.
17. The method of claim 16, further comprising:
forming a blanket oxide layer to cover the first passivation
layer; and
patterning the blanket oxide layer to form the oxide strip.
18. The method of claim 16, wherein the second passi-
vation layer is formed to have a protruding portion directly
over the oxide strip.
19. The method of claim 16, wherein the first and second
passivation layers comprise silicon nitride.
20. The method of claim 16, wherein the tunnel is formed
to be filled with an air gap.
21-25. (canceled)



