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(57) ABSTRACT

A high electron mobility transistor includes a III-V com-
pound layer, a nitride layer, a source electrode, a drain
electrode, a gate electrode, a surface plasma treatment
region, and at least one moat. The nitride layer is disposed
on the III-V compound layer. The source and the drain
electrodes are disposed above the I1I-V compound layer. The
gate electrode is disposed above the nitride layer. The moat
is at least partially disposed in the nitride layer and between
the source and the drain electrodes. The surface plasma
treatment region is at least partially disposed in the nitride
layer. The surface plasma treatment region is at least par-
tially disposed at a top surface of the nitride layer between
the moat and the drain electrode, a top surface of the nitride
layer between the moat and the source electrode, and/or a
top surface of the nitride layer under the moat.
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HIGH ELECTRON MOBILITY TRANSISTOR
BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a high electron
mobility transistor (HEMT), and more particularly, to an
HEMT including a moat and a surface plasma treatment
region.

2. Description of the Prior Art

[0002] Because of the semiconductor characteristics, I1I-V
semiconductor compounds may be applied in many kinds of
integrated circuit devices, such as high power field effect
transistors, high frequency transistors, or high electron
mobility transistors (HEMTs). In the high electron mobility
transistor, two semiconductor materials with different band-
gaps are combined and heterojunction is formed at the
junction between the semiconductor materials as a channel
for carriers. In recent years, gallium nitride (GaN) based
materials have been applied in the high power and high
frequency products because of the properties of wider band-
gap and high saturation velocity. Two-dimensional electron
gas (2DEG) may be generated by the piezoelectricity prop-
erty of the GaN-based materials, and the switching velocity
may be enhanced because of the higher electron velocity and
the higher electron density of the 2DEG. However, the
electrical performance of the HEMT will be influenced by
the condition of the interface between the GaN based
material layers and the defect conduction between the gate
dielectric layer and the GaN based material layer. For
example, reliability problems such as stability of threshold
voltage (Vth) and hysteresis of the threshold voltage may be
generated, and the required enhancement mode (E-mode)
operation will be hindered by the condition of depletion
mode (D-mode) channel formed at the surface. Therefore, it
is an important issue for the related field to solve the
above-mentioned problems and improve the electrical per-
formance and the reliability by modifying the structural
design and/or the process design.

SUMMARY OF THE INVENTION

[0003] It is one of the objectives of the present invention
to provide a high electron mobility transistor (HEMT). A
surface plasma treatment region is formed at a top surface of
a nitride layer for mitigating the condition of forming
surface channel on the top surface of the nitride layer.
Reliability problems such as stability of threshold voltage
and hysteresis of the threshold voltage maybe improved, and
the electrical performance and the reliability of the HEMT
may be enhanced accordingly.

[0004] Ahigh electron mobility transistor is provided in an
embodiment of the present invention. The high electron
mobility transistor includes a I[1I-V compound layer, a nitride
layer, a source electrode, a drain electrode, a gate electrode,
a surface plasma treatment region, and at least one moat. The
nitride layer is disposed on the III-V compound layer. The
source electrode and the drain electrode are disposed above
the III-V compound layer. The gate electrode is disposed
over the nitride layer located between the source electrode
and the drain electrode. The moat is at least partially
disposed in the nitride layer and at least partially disposed
between the source electrode and the drain electrode. The
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surface plasma treatment region is at least partially disposed
in the nitride layer. The surface plasma treatment region is
at least partially disposed at a top surface of the nitride layer
disposed between the at least one moat and the drain
electrode, at a top surface of the nitride layer disposed
between the at least one moat and the source electrode,
and/or at a top surface of the nitride layer under the at least
one moat.

[0005] These and other objectives of the present invention
will no doubt become obvious to those of ordinary skill in
the art after reading the following detailed description of the
preferred embodiment that is illustrated in the various fig-
ures and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a schematic drawing illustrating a high
electron mobility transistor (HEMT) according to a first
embodiment of the present invention.

[0007] FIG. 2 is a top view schematic drawing illustrating
an example of the HEMT according to the first embodiment
of the present invention.

[0008] FIG. 3 is a top view schematic drawing illustrating
another example of the HEMT according to the first embodi-
ment of the present invention.

[0009] FIG. 4 is a schematic drawing illustrating an
HEMT according to a second embodiment of the present
invention.

[0010] FIG. 5 is a top view schematic drawing illustrating
an example of the HEMT according to the second embodi-
ment of the present invention.

[0011] FIG. 6 is a top view schematic drawing illustrating
another example of the HEMT according to the second
embodiment of the present invention.

[0012] FIG. 7 is a schematic drawing illustrating an
HEMT according to a third embodiment of the present
invention.

[0013] FIG. 8 is a schematic drawing illustrating an
HEMT according to a fourth embodiment of the present
invention.

[0014] FIG. 9 is a schematic drawing illustrating an
HEMT according to a fifth embodiment of the present
invention.

[0015] FIG. 10 is a schematic drawing illustrating an
HEMT according to a sixth embodiment of the present
invention.

[0016] FIG. 11 is a schematic drawing illustrating an
HEMT according to a seventh embodiment of the present
invention.

[0017] FIG. 12 is a schematic drawing illustrating an
HEMT according to an eighth embodiment of the present
invention.

[0018] FIG. 13 is a schematic drawing illustrating an
HEMT according to a ninth embodiment of the present
invention.

[0019] FIG. 14 is a schematic drawing illustrating an
HEMT according to a tenth embodiment of the present
invention.

[0020] FIG. 15 is a schematic drawing illustrating an
HEMT according to an eleventh embodiment of the present
invention.

[0021] FIG. 16 is a schematic drawing illustrating an
HEMT according to a twelfth embodiment of the present
invention.
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[0022] FIG. 17 is a schematic drawing illustrating an
HEMT according to a thirteenth embodiment of the present
invention.

[0023] FIG. 18 is a schematic drawing illustrating an
HEMT according to a fourteenth embodiment of the present
invention.

[0024] FIG. 19 is a schematic drawing illustrating an
HEMT according to a fifteenth embodiment of the present
invention.

[0025] FIG. 20 is a schematic drawing illustrating an
HEMT according to a sixteenth embodiment of the present
invention.

[0026] FIG. 21 is a schematic drawing illustrating an
HEMT according to a seventeenth embodiment of the pres-
ent invention.

[0027] FIG. 22 is a schematic drawing illustrating an
HEMT according to an eighteenth embodiment of the pres-
ent invention.

[0028] FIG. 23 is a schematic drawing illustrating an
HEMT according to a nineteenth embodiment of the present
invention.

[0029] FIG. 24 is a top view schematic drawing illustrat-
ing the HEMT according to the nineteenth embodiment of
the present invention.

[0030] FIG. 25 is a schematic drawing illustrating an
HEMT according to a twentieth embodiment of the present
invention.

[0031] FIG. 26 is a top view schematic drawing illustrat-
ing the HEMT according to the twentieth embodiment of the
present invention.

DETAILED DESCRIPTION

[0032] Please refer to FIG. 1. FIG. 1 is a schematic
drawing illustrating a high electron mobility transistor
(HEMT) according to a first embodiment of the present
invention. As shown in FIG. 1, an HEMT 101 is provided in
this embodiment. The HEMT 100 includes a III-V com-
pound layer 30, a nitride layer 40, a source electrode 51, a
drain electrode 52, a gate electrode 90, a surface plasma
treatment region 60, and at least one moat M. The nitride
layer 40 is disposed on the III-V compound layer 30. In
some embodiments, the III-V compound layer 30 may be
used as a channel layer in the HEMT 101 and may be formed
by materials such as gallium nitride (GaN) and/or indium
gallium nitride (InGaN), but not limited thereto. Addition-
ally, in some embodiments, the nitride layer 40 may be used
as a barrier layer or a capping layer in the HEMT 101, the
nitride layer 40 may be formed by materials such as alumi-
num gallium nitride (AlGaN), aluminum indium nitride
(AllnN), and/or aluminum nitride (AIN) when the nitride
layer 40 is used as a barrier layer, and the nitride layer 40
may be formed by materials such as aluminum gallium
nitride, aluminum nitride, gallium nitride, and/or silicon
nitride when the nitride layer 40 is used as a capping layer,
but not limited thereto. In other words, the composition of
the II-V compound layer 30 may be different from the
composition of the nitride layer 40 when the nitride layer 40
is used as a barrier layer, and the composition of the 1II-V
compound layer 30 may be the same as or different from the
composition of the nitride layer 40 when the nitride layer 40
is used as a capping layer.

[0033] The source electrode 51 and the drain electrode 52
are disposed above the I1I-V compound layer 30. The gate
electrode 90 is disposed over the nitride layer 40 located
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between the source electrode 51 and the drain electrode 52.
In some embodiments, the source electrode 51 and the drain
electrode 52 maybe disposed above the nitride layer 40, but
not limited thereto. In some embodiments, the source elec-
trode 51 and the drain electrode 52 may also be disposed
above the III-V compound layer 30 without being disposed
above the nitride layer 40 according to other considerations.
In addition, the source electrode 51 and the drain electrode
52 may be disposed at two opposite sides of the gate
electrode 90 in a first direction D1 respectively, but not
limited thereto. The source electrode 51, the drain electrode
52, and the gate electrode 90 may include conductive metal
materials or other suitable conductive materials respectively.
The conductive metal materials mentioned above may
include gold (Au), tungsten (W), cobalt (Co), nickel (Ni),
titanium (T1),molybdenum (Mo), copper (Cu), aluminum
(Al), tantalum (Ta), palladium (Pd), platinum (Pt), a com-
pound of the above-mentioned materials, a stack layer of the
above-mentioned materials, or an alloy of the above-men-
tioned materials, but not limited thereto. In some embodi-
ments, the HEMT 101 may further include a gate dielectric
layer 80 disposed on the nitride layer 40, a part of the gate
dielectric layer 80 may be disposed between the nitride layer
40 and the gate electrode 90 in a vertical direction D3, and
the gate dielectric layer 80 may extend to cover the source
electrode 51, the drain electrode 51, a side surface of the
II-V compound layer 30, and a side surface of the nitride
layer 40, but not limited thereto. In some embodiments, the
gate dielectric layer 80 may be a single layer structure or a
structure of stacked multiple material layers. For example,
the gate dielectric layer 80 may include a first dielectric layer
81 and a second dielectric layer 82, but not limited thereto.
The material of the gate dielectric layer 80 may include
aluminum nitride, silicon nitride (such as Si;N,), silicon
oxide (such as Si0O,), aluminum oxide (such as Al,O;),
hafnium oxide (such as HfO,), lanthanum oxide (such as
La,0,), lutetium oxide (such as Lu,0,), lanthanum lutetium
oxide (such as LalLuO;), or other appropriate dielectric
materials.

[0034] The moat M is at least partially disposed in the
nitride layer 40 and at least partially disposed between the
source electrode 51 and the drain electrode 52. The surface
plasma treatment region 60 is at least partially disposed in
the nitride layer 40. The surface plasma treatment region 60
is at least partially disposed at a top surface 40S of the nitride
layer 40 disposed between the at least one moat M and the
drain electrode 52, at a top surface of the nitride layer 40
disposed between the at least one moat M and the source
electrode 51, and/or at a top surface of the nitride layer 40
under the at least one moat M. For example, in some
embodiments, the moat M may include a first moat M1 and
a second moat M2, and the nitride layer 40 may include a
first region R1, a second region R2, and a third region R3.
The first region R1 is disposed under the gate electrode 90,
the second region R2 is disposed under the source electrode
51, and the third region R3 is disposed under the drain
electrode 52. The first moat M1 and the second moat M2 are
at least partially disposed in the nitride layer 40. The first
moat M1 may be at least partially disposed between the first
region R1 of the nitride layer 40 and the source electrode 51
in the first direction D1, and the second moat M2 maybe at
least partially disposed between the first region R1 of the
nitride layer 40 and the drain electrode 52 in the first
direction D1. The first moat M1 may be at least partially
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disposed between the first region R1 of the nitride layer 40
and the second region R2 of the nitride layer 40 in the first
direction D1, and the second moat M2 may be at least
partially disposed between the first region R1 of the nitride
layer 40 and the third region R3 of the nitride layer 40 in the
first direction D1 when the source electrode 51 and the drain
electrode 52 are disposed above the nitride layer 40. In other
words, the first moat M1 is located at a side adjacent to the
source electrode 51, the second moat is located at a side
adjacent to the drain electrode 52, and the first region R1
under the gate electrode 90 may be located between the first
moat M1 and the second moat M2 in the first direction D1.
The first moat M1 and the second moat M2 may be used to
control and/or alter the two-dimensional electron gas
(2DEG) and the electric field distribution formed in the
HEMT 101, and the electrical performance of the HEMT
101 and/or the reliability of the HEMT 101 may be
improved accordingly. For example, the stability of the
threshold voltage (Vth) and the hysteresis of the threshold
voltage may be improved accordingly, but not limited
thereto. Additionally, in some embodiments, the depths of
the first moat M1 and the second moat M2 may be controlled
for some considerations. For instance, the first moat M1 and
the second moat M2 may penetrate the nitride layer 40
respectively (not shown in FIG. 1). In some embodiments,
the first moat M1 and the second moat M2 may not penetrate
the nitride layer 40 for avoiding generating damage to the
channel region by the etching process of forming the first
moat M1 and the second moat M2 and reducing the charge
trapping effect in the area under the gate electrode, and the
reliability of the HEMT 101 may be further improved
accordingly.

[0035] As shown in FIG. 1, the HEMT 101 may further
include a buffer layer 20 disposed under the I1I-V compound
layer 30, and the HEMT 101 may be disposed on a substrate
10, but not limited thereto. In some embodiments, the buffer
layer 20 may include gallium nitride, aluminum gallium
nitride, or other suitable buffer materials. The substrate 10
may include silicon substrate, silicon carbide substrate,
gallium nitride substrate, sapphire substrate, or substrate
formed by other appropriate materials. Additionally, the
electric field distribution may be modified by controlling the
dimension of the gate electrode 90, the distance between the
gate electrode 90 and the source electrode 51, the distance
between the gate electrode 90 and the drain electrode 52,
and/or the dimensions of the first moat M1 and the second
moat M2 for enhancing the breakdown voltage of the HEMT
101. For example, a length of the first moat M1 in the first
direction D1 (such as a first length W1 shown in FIG. 1) may
be shorter than a length of the second moat M2 in the first
direction D1 (such as a second length W2 shown in FIG. 1),
but not limited thereto. In some embodiments of the present
invention, the first length W1 of the first moat M1 may also
be longer than or equal to the second length W2 of the
second moat M2 according to other considerations. Addi-
tionally, in some embodiments, the gate electrode 90 may
extend for being partially disposed in the first moat M1
and/or the second moat M2. The gate electrode 90 may
extend towards the source electrode 51 and overlap a part of
the nitride layer 40 disposed between the first moat M1 and
the source electrode 51 in the vertical direction D3. The gate
electrode 90 may also extend towards the drain electrode 52
and overlap a part of the nitride layer 40 disposed between
the second moat M2 and the drain electrode 52 in the vertical
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direction D3. In some embodiments, the first moat M1
and/or the second moat M2 may be filled with the gate
dielectric layer 80 and the gate electrode 90, but not limited
thereto.

[0036] In some embodiments, at least a part of the surface
plasma treatment region 60 may be disposed in the nitride
layer 40 located between the first moat M1 and the source
electrode 51, and at least a part of the surface plasma
treatment region 60 may be disposed in the nitride layer 40
located between the second moat M2 and the drain electrode
52. In other words, the surface plasma treatment region 60
may be at least partially disposed at the top surface 40S of
the nitride layer 40 disposed between the first moat M1 and
the source electrode 51 and/or at least partially disposed at
the top surface 40S of the nitride layer 40 disposed between
the second moat M2 and the drain electrode 52. The surface
plasma treatment region 60 may be formed on at least a part
of the top surface 40S of the nitride layer 40, ions in the
surface plasma treatment region 60, such as negative fluo-
rine ions (F7), may be used to alter the energy band at the
surface of the nitride layer 40 for suppressing the condition
of charge trapping in the area adjacent to the top surface 40S
of the nitride layer 40 and the formation of surface channel.
The current collapse issue which might occur in the HEMT
101 may be improved accordingly, the reliability problems
such as stability of threshold voltage and hysteresis of the
threshold voltage may be improved also, and the electrical
performance and the reliability of the HEMT 101 may be
enhanced. Additionally, the ions in the surface plasma
treatment region 60 is not limited to the fluorine ions
described above, and other appropriate components (such as
chlorine ions or other kinds of negative ions) may also be
used to form the surface plasma treatment region 60. In
some embodiments, the surface plasma treatment region 60
may extend to be partially disposed in the gate dielectric
layer 80 above the nitride layer 40, but not limited thereto.

[0037] Please refer to FIGS. 1-3. FIG. 2 is a top view
schematic drawing illustrating an example of the HEMT 101
in this embodiment, and FIG. 3 is a top view schematic
drawing illustrating another example of the HEMT 101 in
this embodiment. As shown in FIG. 1 and FIG. 2, in some
examples, the first moat M1 and the second moat M2 maybe
separated from each other. For instance, the first moat M1
and the second moat M2 may respectively be a stripe moat
extending in a second direction D2 perpendicular to the first
direction D1, but not limited thereto. In addition, the surface
plasma treatment region 60 may be partially disposed at two
ends of the nitride layer 40 in the second direction D2, and
the surface plasma treatment region 60 may be a ring shaped
region surrounding the first moat M1 and the second moat
M2, but not limited thereto. As shown in FIG. 1 and FIG. 3,
in some examples, the first moat M1 and the second moat
M2 may be connected to each other and form a moat
structure MS. The moat structure MS may be a closed moat
surrounding a part of the nitride layer 40. In other words, the
moat structure MS includes the first moat M1 and the second
moat M2 described above, and the moat structure MS
surrounds the first region R1 of the nitride layer 40 in the
first direction D1 and the second direction D2. Additionally,
the surface plasma treatment region 60 may be a ring shaped
region surrounding the moat structure MS, but not limited
thereto. The 2DEG and the electric field distribution may be
further controlled and/or altered by the moat structure MS
surrounding the part of the nitride layer 40 under the gate
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electrode 90, and that will benefit the electrical performance
and the reliability of the HEMT 101. Additionally, it is worth
noting that the allocation of the first moat M1 and the second
moat M2 separated from each other as shown in FIG. 2 and
the allocation of the first moat M1 and the second moat M2
connected to each other to be the moat structure MS as
shown in FIG. 3 may also be applied to other embodiments
of the present inventions.

[0038] The following description will detail the different
embodiments of the present invention. To simplify the
description, identical components in each of the following
embodiments are marked with identical symbols. For mak-
ing it easier to understand the differences between the
embodiments, the following description will detail the dis-
similarities among different embodiments and the identical
features will not be redundantly described.

[0039] Please refer to FIG. 4. FIG. 4 is a schematic
drawing illustrating an HEMT according to a second
embodiment of the present invention. As shown in FIG. 4,
the difference between an HEMT 102 in this embodiment
and the HEMT in the first embodiment mentioned above is
that the HEMT 102 may further include a fluorinated region
70 disposed in the nitride layer 40, and the fluorinated region
70 is at least partially disposed in the first region R1 of the
nitride layer 40, but not limited thereto. The fluorinated
region 70 may include fluorine ions therein, and the fluorine
ions may provide static and strong negative charge for
effective depleting electrons of the carrier channel. The
carrier concentration may become lowered or the channel
may be interrupt, the carrier channel may become normally-
off, and the HEMT 102 may be a normally-off transistor, but
not limited thereto. The dimension and the depth of the
fluorinated region 70 may be controlled by modifying the
process parameters of the process for forming the fluorinated
region 70, such as an ion implantation. For example, the
topmost surface of the fluorinated region 70 may be lower
than the topmost surface of the nitride layer 40, and the
bottommost surface of the fluorinated region 70 may be
higher than the bottommost surface of the nitride layer 40,
but not limited thereto. In some embodiments, the fluori-
nated region 70 may contact the topmost surface of the
nitride layer 40 and/or the bottommost surface of the nitride
layer 40.

[0040] In some embodiments, at least a part of the fluo-
rinated region 70 may be disposed between the first moat M1
and the second moat M2 in the first direction D1. The first
moat M1 and the second moat M2 may form a physical
restriction for reducing migrations of the fluorine ions in the
fluorinated region 70 with the driving force of generated
heat and/or electrical field especially under long time opera-
tion of the HEMT 102. The reliability of the HEMT 102 may
be effectively enhanced by the restriction of the migration,
and the electrical performance of the HEMT 102 may be
improved also because the first moat M1 and the second
moat M2 may also be used to control and/or alter the electric
field distribution.

[0041] Additionally, in some embodiments, the bottom
surfaces of the first moat M1 and the second moat M2 may
be substantially located at the same level with the bottom-
most surface of the fluorinated region 70, but not limited
thereto. In some embodiments of the present invention, the
bottom surfaces of the first moat M1 and the second moat
M2 may also be higher than or lower than the bottommost
surface of the fluorinated region 70 according to some
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considerations, and the bottom surfaces of the first moat M1
and the second moat M2 may be even higher than the
topmost surface of the fluorinated region 70. Apart from
forming the physical restriction to the migration of the
fluorinated region 70, the first moat M1 and the second moat
M2 may also be used to redistribute and/or reshape the
electric field, such as the strong electric field between the
gate electrode 90 and the drain electrode 52, for blocking the
migration of the fluorinated region 70. The process window
of forming the first moat M1 and the second moat M2 may
be more flexible because specific effects of suppressing the
migration of the fluorinated region 70 and/or controlling the
electric field may be formed no matter how deep the first
moat M1 and the second moat M2 are. In some embodi-
ments, the fluorinated region 70 may not contact the first
moat M1 and/or the second moat M2 directly, but not limited
thereto. In some embodiments, the length of the first moat
M1 in the first direction D1 (such as the first length W1
shown in FIG. 4) may be shorter than the length of the
second moat M2 in the first direction D1 (such as the second
length W2 shown in FIG. 4). The bigger second moat M2
may be used to mitigate the electric field distribution
between the gate electrode 90 and the drain electrode 52 for
keeping the negatively charged fluorine ions in the fluori-
nated region 60 from migrating outward by the stronger
electric field, but not limited thereto. In some embodiments,
the second length W2 of the second moat M2 in the first
direction D1 may be shorter than or equal to the first length
W1 of the first moat M1 in the first direction D1. Addition-
ally, it is worth noting that the ion concentration of the
surface plasma treatment region 60 may be relatively lower
as compared with the fluorinated region 70 for ensuring the
normally-off channel effect generated by the fluorinated
region 70. On the other hand, the ion concentration of the
fluorinated region 70 may be relatively higher for com-
pletely depleting the surface channel within the device
operation range and enhancing the device reliability. For
instance, when the surface plasma treatment region 60 is a
fluorine plasma region, a fluorine concentration of the sur-
face plasma treatment region 60 may be lower than or higher
than a fluorine concentration of the fluorinated region 70, but
not limited thereto.

[0042] As shownin FIG. 4, a manufacturing method of the
HEMT 102 in this embodiment may include but is not
limited to the following steps. Firstly, the buffer layer 20, the
III-V compound layer 30, and the nitride layer 40 are
sequentially formed on the substrate 10. A mask layer such
as a dielectric capping layer (not shown) may be formed on
the nitride layer 40, and an etching process is performed to
etch the buffer layer 20, the III-V compound layer 30, and
the nitride layer 40 with the dielectric capping layer as a
mask for forming a mesa structure. After removing the
dielectric capping layer mentioned above, the source elec-
trode 51 and the drain electrode 52 are formed on the nitride
layer 40 and the fluorinated region 70 is formed in the nitride
layer 40. Subsequently, the first moat M1 and the second
moat M2 are formed, and a plasma treatment such as a low
power plasma treatment is performed to form the surface
plasma treatment region 60. The gate dielectric layer 80 and
the gate electrode 90 may be formed after the plasma
treatment. It is worth noting that the formation sequence of
the moat M, the fluorinated region 70, and the surface
plasma treatment region 60 in the present invention is not
limited to the condition described above. For example, in
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some embodiments, the fluorinated region 70 may be
formed before the step of forming the first moat M1 and the
second moat M2, and the surface plasma treatment region 60
may be formed after the step of forming the first moat M1
and the second moat M2. However, in some embodiments,
the first moat M1 and the second moat M2 may be formed
before the step of forming the fluorinated region 70 and the
step of forming the surface plasma treatment region 60.

[0043] Please refer to FIGS. 4-6. FIG. 5 is a top view
schematic drawing illustrating an example of the HEMT 102
in this embodiment, and FIG. 6 is a top view schematic
drawing illustrating another example of the HEMT 102 in
this embodiment. As shown in FIG. 4 and FIG. 5, in some
examples, the first moat M1 and the second moat M2 maybe
separated from each other. For instance, the first moat M1
and the second moat M2 may respectively be a stripe moat
extending in the second direction D2, and at least a part of
the fluorinated region 70 may be disposed between the first
moat M1 and the second moat M2 in the first direction D1,
but not limited thereto. As shown in FIG. 4 and FIG. 6, in
some examples, the first moat M1 and the second moat M2
may be connected to each other and form the moat structure
MS. The moat structure MS may surround the first region R1
of the nitride layer 40 and at least a part of the fluorinated
region 70 in the first direction D1 and the second direction
D2. The effect of suppressing the migration of the fluori-
nated region 70 may be further improved because of the
formation of the moat structure MS surrounding at least a
part of the fluorinated region 70, and the reliability of the
HEMT 102 may be further enhanced accordingly.

[0044] Please refer to FIG. 7 and FIG. 8. FIG. 7 is a
schematic drawing illustrating an HEMT 103 according to a
third embodiment of the present invention, and FIG. 8 is a
schematic drawing illustrating an HEMT 104 according to a
fourth embodiment of the present invention. In the HEMT of
the present invention, the demanded effects of suppressing
the current collapse and improving the hysteresis of the
threshold voltage may be obtained by moditying the location
of the surface plasma treatment region 60. For example, as
shown in FIG. 7, in some embodiments, the surface plasma
treatment region 60 may be disposed only at a part of the top
surface 40S of the nitride layer 40 located between the
second moat M2 and the drain electrode 52. As shown in
FIG. 8, in some embodiments, the surface plasma treatment
region 60 may be disposed only at a part of the top surface
408 of the nitride layer 40 located between the first moat M1
and the source electrode 51. Additionally, in the embodi-
ments of FIG. 7 and FIG. 8 described above, the fluorinated
region 70 may not be included according to some consid-
erations.

[0045] Please refer to FIG. 9. FIG. 9 is a schematic
drawing illustrating an HEMT according to a fifth embodi-
ment of the present invention. As shown in FIG. 9, the
difference between an HEMT 105 in this embodiment and
the HEMT in the first embodiment mentioned above is that
the HEMT 105 in this embodiment may further include a
barrier layer 35 disposed between the nitride layer 40 and the
III-V compound layer 30. The material of the barrier layer
35 may include aluminum gallium nitride, aluminum indium
nitride, aluminum nitride, or other suitable III-V com-
pounds. Additionally, in some embodiments, the first moat
M1 and the second moat M2 may penetrate the nitride layer
40 for being partially disposed in the barrier layer 35
respectively. The surface plasma treatment region 60 may be
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at least partially disposed at the bottom surface of the moat
M and/or the side surface of the moat M, and the surface
plasma treatment region 60 may be at least partially dis-
posed in the barrier layer 35, but not limited thereto. It is
worth noting that the nitride layer 40 may be regarded as a
capping layer when the barrier layer 35 is disposed between
the nitride layer 40 and the III-V compound layer 30, and
this stacked structure may also be applied to other embodi-
ments of the present invention. Additionally in the stacked
structure composed of the III-V compound layer 30, the
barrier layer 35, and the nitride layer 40, the band gap of the
nitride layer 40 may be narrower than the band gap of the
barrier layer 35. For instance, the nitride layer 40 may be
formed by gallium nitride or a material having aluminum
ratio lower than that in the barrier layer 35, such as alumi-
num gallium nitride or aluminum indium nitride, and the
barrier layer 35 may be formed by a higher-polarized
material, such as aluminum indium nitride and aluminum
nitride. When an N-polar gallium nitride based epitaxial
substrate is used, the surface channel may be generated at
the surface of the nitride layer 40 because of an energy band
potential dip formed by the positively polarized charge at the
surface. In addition, the surface channel may also be gen-
erated by the positively polarized charge at the surface of the
nitride layer 40 when a high compressive strained dielectric
capping layer and/or a high compressive strained passivation
layer is formed on a Ga-polar gallium nitride based epitaxial
substrate. Accordingly, the trap state at the surface of the
nitride layer 40 may be altered and the energy band distri-
bution may be modified by the formation of the surface
plasma treatment region 50 at the surface of the nitride layer
40, the surface channel on the nitride layer 40 may be
avoided accordingly, and the electrical performance and the
reliability of the HEMT may be improved.

[0046] Please refer to FIG. 10. FIG. 10 is a schematic
drawing illustrating an HEMT according to a sixth embodi-
ment of the present invention. As shown in FIG. 10, in an
HEMT 201 of this embodiment, the moat M may include a
gate moat M3, and the gate electrode 90 may be at least
partially disposed in the gate moat M3. In addition, a part of
the surface plasma treatment region 60 may be disposed in
the nitride layer 40 located between the gate moat M3 and
the source electrode 51, and another part of the surface
plasma treatment region 60 may be disposed in the nitride
layer 40 located between the gate moat M3 and the drain
electrode 52. In other words, the surface plasma treatment
region 60 may be disposed at the top surface 40S of the
nitride layer 40 located at two opposite sides of the gate
moat M3 in the first direction D1. Additionally, the fluori-
nated region 70 may be at least partially disposed corre-
sponding to the gate moat M3, and at least a part of the
fluorinated region 70 may be disposed under the gate moat
M3 in the vertical direction D3, but not limited thereto.

[0047] Please refer to FIGS. 11-13. FIG. 11 is a schematic
drawing illustrating an HEMT 202 according to a seventh
embodiment of the present invention, FIG. 12 is a schematic
drawing illustrating an HEMT 203 according to an eighth
embodiment of the present invention, and FIG. 13 is a
schematic drawing illustrating an HEMT 204 according to a
ninth embodiment of the present invention. In the HEMT of
the present invention, the demanded effects of suppressing
the current collapse and improving the hysteresis of the
threshold voltage may be obtained by modifying the location
of the surface plasma treatment region 60. For example, as
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shown in FIG. 11, in some embodiments, the surface plasma
treatment region 60 may be disposed only at a part of the top
surface 40S of the nitride layer 40 located between the gate
moat M3 and the drain electrode 52. As shown in FIG. 12,
in some embodiments, the surface plasma treatment region
60 may be disposed only at a part of the top surface 40S of
the nitride layer 40 located between the gate moat M3 and
the source electrode 51. Additionally, as shown in FIG. 13,
the fluorinated region 70 in the sixth embodiment described
above may not be included in some embodiments, and the
surface plasma treatment region 60 may be formed only at
a part of the top surface 40S of the nitride layer 40 located
at the two opposite sides of the gate moat M3. In the
embodiments of FIG. 11 and FIG. 12 described above, the
fluorinated region 70 may not be included according to some
considerations.

[0048] Please refer to FIG. 14. FIG. 14 is a schematic
drawing illustrating an HEMT according to a tenth embodi-
ment of the present invention. As shown in FIG. 14, the
difference between an HEMT 301 in this embodiment and
the HEMT in the second embodiment mentioned above is
that the surface plasma treatment region 60 in the HEMT
301 may be partly disposed above the fluorinated region 70,
and the surface plasma treatment region 60 may be partly
disposed in the nitride layer 40 located between the first
moat M1 and the second moat M2. In other words, the
surface plasma treatment region 60 may be further disposed
at the top surface 408 of the nitride layer 40 located between
the first moat M1 and the second moat M2, and the surface
plasma treatment region 60 disposed above the fluorinated
region 70 may be separated from the fluorinated region 70,
but not limited thereto. In some embodiments, the surface
plasma treatment region 60 disposed above the fluorinated
region 70 may be directly connected with the fluorinated
region 70 according to some considerations.

[0049] Please refer to FIGS. 15-17. FIG. 15 is a schematic
drawing illustrating an HEMT 302 according to an eleventh
embodiment of the present invention, FIG. 16 is a schematic
drawing illustrating an HEMT 303 according to a twelfth
embodiment of the present invention, and FIG. 17 is a
schematic drawing illustrating an HEMT 304 according to a
thirteenth embodiment of the present invention. In the
HEMT of the present invention, the demanded effects of
suppressing the current collapse and improving the hyster-
esis of the threshold voltage may be obtained by modifying
the location of the surface plasma treatment region 60. For
example, as shown in FIG. 15, in some embodiments, the
surface plasma treatment region 60 may be disposed only at
the top surface 40S of the nitride layer 40 located between
the first moat M1 and the second moat M2. As shown in FIG.
16 and FIG. 17, the fluorinated region 70 in the tenth
embodiment described above may not be included in some
embodiments, and the surface plasma treatment region 60
may be disposed only at the top surface 40S of the nitride
layer 40 located between the first moat M1 and the second
moat M2. Additionally, in some embodiments, the surface
plasma treatment region 60 may be disposed only at the top
surface 40S of the nitride layer 40 located between the first
moat M1 and the second moat M2 and at the top surface 40S
of the nitride layer 40 located between the second moat M2
and the drain electrode 52, or the surface plasma treatment
region 60 may be disposed only at the top surface 40S of the
nitride layer 40 located between the first moat M1 and the
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second moat M2 and at the top surface 40S of the nitride
layer 40 located between the first moat M1 and the source
electrode 51.

[0050] Please refer to FIG. 18. FIG. 18 is a schematic
drawing illustrating an HEMT according to a fourteenth
embodiment of the present invention. As shown in FIG. 18,
the difference between an HEMT 401 in this embodiment
and the HEMT in the tenth embodiment mentioned above is
that the surface plasma treatment region 60 in the HEMT
401 may be partially disposed in the nitride layer 40 under
the first moat M1 and partially disposed in the nitride layer
40 under the second moat M2. In other words, the surface
plasma treatment region 60 maybe further disposed at the
top surface 40S of the nitride layer 40 located under the first
moat M1 and the top surface 40S of the nitride layer 40
located under the second moat M2, or a part of the surface
plasma treatment region 60 may be disposed at the bottom
surface of the first moat M1 and the bottom surface of the
second moat M2. Problems such as surface leakage current
and/or current collapse may be generated because of etching
damage formed by the etching process of forming the first
moat M1 and the second moat M2 at the bottom surface of
the first moat M1 and the bottom surface of the second moat
M2, and the surface plasma treatment region 60 formed at
the bottom surface of the first moat M1 and the bottom
surface of the second moat M2 may be used to passivate the
bottom surface of the first moat M1 and the bottom surface
of the second moat M2 for improving the etching damage
induced problems such as surface leakage current and/or
current collapse. Additionally, in some embodiments, the
surface plasma treatment region 60 may be not disposed at
the top surface 40S of the nitride layer 40 located between
the second moat M2 and the drain electrode 52 or at the top
surface 40S of the nitride layer 40 located between the first
moat M1 and the source electrode 51, but not limited thereto.

[0051] Please refer to FIGS. 19-22. FIG. 19 is a schematic
drawing illustrating an HEMT 402 according to a fifteenth
embodiment of the present invention, FIG. 20 is a schematic
drawing illustrating an HEMT 403 according to a sixteenth
embodiment of the present invention, FIG. 21 is a schematic
drawing illustrating an HEMT 404 according to a seven-
teenth embodiment of the present invention, and FIG. 22 is
a schematic drawing illustrating an HEMT 405 according to
an eighteenth embodiment of the present invention. In the
HEMT of the present invention, the position of forming the
surface plasma treatment region 60 may be modified for
generating the demanded effects of suppressing current
collapse and improving the surface current leakage. For
example, as shown in FIG. 19, compared with the fourteenth
embodiment described above, the surface plasma treatment
region 60 may be not disposed in the nitride layer 40 located
between the first moat M1 and the second moat M2 in some
embodiments. As shown in FIG. 20, in some embodiments,
the surface plasma treatment region 60 may be disposed
only at the top surface 40S of the nitride layer 40 under the
first moat M1 and the second moat M2. Additionally, as
shown in FIG. 21 and FIG. 22, in some embodiments, the
surface plasma treatment region 60 may be disposed only at
the top surface 40S of the nitride layer 40 under the first
moat M1 or be disposed only at the top surface 40S of the
nitride layer 40 under the second moat M2. In some embodi-
ments, the surface plasma treatment region 60 may be
disposed only at the top surface 40S of the nitride layer 40
under the first moat M1 and the second moat M1 and at the
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top surface 40S of the nitride layer 40 located between the
second moat M2 and the drain electrode 52, or the surface
plasma treatment region 60 may be disposed only at the top
surface 40S of the nitride layer 40 under the first moat M1
and the second moat M1 and at the top surface 40S of the
nitride layer 40 located between the first moat M1 and the
source electrode 51

[0052] Please refer to FIG. 23 and FIG. 24. FIG. 23 is a
schematic drawing illustrating an HEMT according to a
nineteenth embodiment of the present invention, and FIG.
24 is a top view schematic drawing illustrating the HEMT in
this embodiment. As shown in FIG. 23 and FIG. 24, the
difference between an HEMT 501 in this embodiment and
the HEMT in the fourteenth embodiment mentioned above
is that a part of the surface plasma treatment region 60 in the
HEMT 501 maybe further disposed at a sidewall of the first
moat M1 and a sidewall of the second moat M2. In other
words, the surface plasma treatment region 60 may be
disposed at the top surface 40S of the nitride layer 40 located
between the source electrode 51 and the drain electrode 52,
the bottom surfaces of the first moat M1 and the second moat
M2, and the sidewalls of the first moat M1 and the second
moat M2. Problems such as leakage current and/or current
collapse may be generated because of etching damage
formed by the etching process of forming the first moat M1
and the second moat M2 at the sidewall of the first moat M1
and the sidewall of the second moat M2, and the surface
plasma treatment region 60 formed at the sidewall of the first
moat M1 and the sidewall of the second moat M2 may be
used to generate a passivation effect for improving the
etching damage induced problems such as leakage current
and/or current collapse.

[0053] Please refer to FIG. 25 and FIG. 26. FIG. 25 is a
schematic drawing illustrating an HEMT according to a
twentieth embodiment of the present invention, and FIG. 26
is a top view schematic drawing illustrating the HEMT in
this embodiment. As shown in FIG. 25 and FIG. 26, the
difference between an HEMT 502 in this embodiment and
the HEMT in the nineteenth embodiment mentioned above
is that a part of the surface plasma treatment region 60 in the
HEMT 502 may be further disposed at two opposite side
surfaces of the nitride layer 40 in the first direction D1, two
opposite side surfaces of the I1I-V compound layer 30 in the
first direction D1, a side surface of the buffer layer 20, and
a part of the top surface of the buffer layer 20 for forming
passivation effect at the regions mentioned above. Problems
such as leakage current and/or current collapse, which may
be generated because of etching damage formed by etching
the nitride layer 40, the III-V compound layer 30, and the
buffer layer 20 for forming the mesa structure, may be
avoided accordingly.

[0054] To summarize the above descriptions, in the
HEMT of the present invention, the surface channel formed
at the top surface of the nitride layer may be suppressed
and/or mitigated by forming the surface plasma treatment
region at the top surface of the nitride layer, and problems
such as hysteresis of the threshold voltage and current
collapse may be improved. Additionally, the surface plasma
treatment region formed at the bottom surface of the moat,
the sidewall of the moat, and/or other areas may also be used
to suppress the problems generated by the etching damage
formed by the related manufacturing processes, such as
leakage current. The electrical performance and the reliabil-
ity of the HEMT may be enhanced accordingly.
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[0055] Those skilled in the art will readily observe that
numerous modifications and alterations of the device and
method may be made while retaining the teachings of the
invention. Accordingly, the above disclosure should be
construed as limited only by the metes and bounds of the
appended claims.

What is claimed is:

1. A high electron mobility transistor (HEMT), compris-
ing:

a [1I-V compound layer;

a nitride layer disposed on the III-V compound layer;

a source electrode and a drain electrode disposed above

the 1I1-V compound layer;
a gate electrode disposed over the nitride layer located
between the source electrode and the drain electrode;

at least one moat at least partially disposed in the nitride
layer and at least partially disposed between the source
electrode and the drain electrode; and

a surface plasma treatment region at least partially dis-

posed in the nitride layer, wherein the surface plasma
treatment region is at least partially disposed at a top
surface of the nitride layer disposed between the at least
one moat and the drain electrode, at a top surface of the
nitride layer disposed between the at least one moat and
the source electrode, and/or at a top surface of the
nitride layer under the at least one moat.

2. The HEMT of claim 1, wherein the at least one moat
comprises a first moat and a second moat, and the nitride
layer comprises a first region disposed under the gate
electrode, wherein the first moat is at least partially disposed
between the first region and the source electrode, and the
second moat is at least partially disposed between the first
region and the drain electrode.

3. The HEMT of claim 2, wherein the first moat and the
second moat are separated from each other.

4. The HEMT of claim 2, wherein the first moat and the
second moat are connected with each other.

5. The HEMT of claim 4, wherein a moat structure
comprising the first moat and the second moat surrounds the
first region of the nitride layer.

6. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer located between the first moat and the source electrode.

7. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer located between the second moat and the drain elec-
trode.

8. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer located between the first moat and the second moat.

9. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer under the first moat.

10. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer under the second moat.

11. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed at a sidewall of
the first moat.

12. The HEMT of claim 2, wherein at least a part of the
surface plasma treatment region is disposed at a sidewall of
the second moat.
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13. The HEMT of claim 2, further comprising:

a fluorinated region disposed in the nitride layer, wherein
at least a part of the fluorinated region is disposed in the
first region of the nitride layer.

14. The HEMT of claim 13, wherein at least a part of the
fluorinated region is disposed between the first moat and the
second moat.

15. The HEMT of claim 13, wherein at least a part of the
surface plasma treatment region is disposed above the
fluorinated region.

16. The HEMT of claim 13, wherein the surface plasma
treatment region comprises a fluorine plasma region, and a
fluorine concentration of the surface plasma treatment
region is lower than or higher than a fluorine concentration
of the fluorinated region.

17. The HEMT of claim 1, wherein the at least one moat
comprises a gate moat, and at least a part of the gate
electrode is disposed in the gate moat.

18. The HEMT of claim 17, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer located between the gate moat and the source elec-
trode.
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19. The HEMT of claim 17, wherein at least a part of the
surface plasma treatment region is disposed in the nitride
layer located between the gate moat and the drain electrode.

20. The HEMT of claim 17, further comprising:

a fluorinated region disposed in the nitride layer, wherein
at least a part of the fluorinated region is disposed under
the gate moat.

21. The HEMT of claim 20, wherein the surface plasma
treatment region comprises a fluorine plasma region, and a
fluorine concentration of the surface plasma treatment
region is lower than or higher than a fluorine concentration
of the fluorinated region.

22. The HEMT of claim 1, further comprising:

a barrier layer disposed between the nitride layer and the
1I1-V compound layer.

23. The HEMT of claim 22, wherein the at least one moat
penetrates the nitride layer for being partially disposed in the
barrier layer.



