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SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority of Taiwanese appli-
cation no. 100120365, filed on Jun. 10, 2011.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] The present invention relates to a semiconductor
devicehaving abuffer layer that is used to prevent diffusion of
copper atoms into a main body.

[0004] 2. Description of the Related Art

[0005] Currently, in the field of manufacturing an inte-
grated circuit having electrical components, such as high
electron mobility transistors, gold (Au) and aluminum (Al),
both of which have good electrical conductivity, are used as
main materials for an electrode structure to electrically con-
nect the respective electrical components in the integrated
circuit. Although gold has excellent electrical conductivity
and thermal conductivity, it is relatively rare as compared
with other metals, such as aluminum, and thus, is relatively
expensive. Therefore, in order to minimize the manufacturing
cost of the integrated circuit, the amount of gold used for
producing the integrated circuit has to be reduced. On the
other hand, although aluminum is relatively inexpensive, its
electrical conductivity and thermal conductivity are relatively
poor compared to gold. Thus, when aluminum is used in an
integrated circuit with minimized size, over-heating and high
power consumption might occur, thereby resulting in prema-
ture degradation of the integrated circuit and insufficient bat-
tery endurance.

[0006] It is known that copper has high electrical conduc-
tivity and good thermal conductivity, and is relatively inex-
pensive. Thus, it is suitable for use as a main material for an
electrode. Therefore, in the field of integrated circuits that use
high electron mobility transistors as the main electrical com-
ponents, introduction of a copper plating process is required
for further development.

[0007] Referring to FIG. 1, a conventional semiconductor
device, e.g., a high electron mobility transistor, includes a
substrate 111, a main body 11, a gate structure 12, and two
electrode structures 13.

[0008] The main body 11 is formed on the substrate 111,
and includes a first film layer 112 that is mainly made of
gallium nitride, and a second film layer 113 that is mainly
made of aluminum gallium nitride.

[0009] The gate structure 12 is formed on an upper surface
of the second film layer 113 of the main body 11 that is
opposite to the first film layer 112, and is made of a conduc-
tive material, e.g., a metal.

[0010] The electrode structures 13 are formed on the upper
surface of the second film layer 113 and are spaced apart from
the gate structure 12, and include an ohmic contact layer 131
and a circuit layer 132. The ohmic contact layer 131 is made
of an alloy consisting essentially of titanium, aluminum, and
nickel. The circuit layer 132 is mainly made of copper and is
adapted to be welded with wires so as to electrically connect
to an external circuit.

[0011] The channel is formed in the top of the second film
layer 113 in the main body 11. One of the electrode structures
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13 serves as a drain, and the other one of the electrode struc-
tures 13 serves as a source. Further, the gate structure 12
serves as a gate.

[0012] Underanideal state, when a voltage is applied to the
gate and the drain from the external circuit through the wires,
voltage differences are formed between the gate and the main
body 11 and between the drain and the source. At this time, a
current may flow from the drain to the source through the
channel so that the semiconductor device may be actuated.
[0013] However, because copper has great activity, when
the electrode structures 13 of the semiconductor device are
manufactured and/or are actuated, the copper atoms of the
circuit layer 132 are liable to pass through the ohmic contact
layer 131 and diffuse into the second film layer 113 and even
the first film layer 112 of the main body 11, thereby resulting
in poor electrical properties and inferior reliability of the
semiconductor device.

SUMMARY OF THE INVENTION

[0014] Therefore, the object of the present invention is to
provide a semiconductor device that has high reliability.
[0015] Accordingly, a semiconductor device of the present
invention comprises a main body made of a GaN-based semi-
conductor material, and at least one electrode structure
adapted to be connected to an external circuit The electrode
structure includes an ohmic contact layer that is formed on the
main body, a buffer layer that is formed on the ohmic contact
layer opposite to the main body, and a circuit layer that is
made of a copper-based material and that is formed on the
buffer layer opposite to the ohmic contact layer. The ohmic
contact layer is made of a material selected from the group
consisting of titanium, aluminum, nickel, and alloys thereof.
The buffer layer is made of a material different from the
material of the ohmic contact layer and selected from the
group consisting of titanium, tungsten, titanium nitride, tung-
sten nitride, and combinations thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Other features and advantages of the present inven-
tion will become apparent in the following detailed descrip-
tion of the preferred embodiment with reference to the
accompanying drawings, of which:

[0017] FIG.1is a fragmentary schematic view of a conven-
tional semiconductor device;

[0018] FIG. 2 is a fragmentary schematic view of the pre-
ferred embodiment of a semiconductor device according to
the present invention; and

[0019] FIG. 3 is plot showing transmission line measure-
ment results for the semiconductor devices of an example of
the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0020] Referring to FIG. 2, the preferred embodiment of a
semiconductor device of this invention comprises a substrate
211, a main body 21, a gate structure 22, and two electrode
structures 23.

[0021] The main body 21 is formed on the substrate 211,
and includes a first film layer 212 that is mainly made of
gallium nitride (GaN), and a second film layer 213 that is
formed on the first film layer 212 opposite to the substrate 211
and that is mainly made of aluminum gallium nitride (Al-
GaN). Since gallium nitride and aluminum gallium nitride
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constituting the main body 21 are all semiconductor materi-
als, the main body 21 exhibits semiconductor properties.

[0022] The gate structure 22 is formed on a top surface of
the second film layer 213 of the main body 21 opposite to the
first film layer 212. Since, in this embodiment, the semicon-
ductor device is a high electron mobility transistor, the gate
structure 22 includes a gate electrode layer 221 that is made of
a conductive material and that is formed on and contacts the
top surface of the second film layer 213. It is noted that the
gate structure 22 may be slightly modified depending upon
the type of the transistor. For example, the gate structure 22
may further include a dielectric member (not shown) that is
made of an insulating material, and the gate electrode layer
221 is spaced apart from the main body 21 through the dielec-
tric member.

[0023] The electrode structures 23 are also separately
formed on the top surface of the second film layer 213 of the
main body 21, and are separated respectively from the gate
structure 22. InFIG. 2, the electrode structures 23 and the gate
structure 22 are arranged in the following order: one of the
electrode structures 23, the gate structure 22, and the other
one of the electrode structures 23. Each of the electrode
structures 23 includes an ohmic contact layer 231 that is
formed on the top surface of the second film layer 213 of the
main body 21, a buffer layer 232 that is formed on the ochmic
contact layer 231 opposite to the main body 21, and a circuit
layer 233 that is formed on the buffer layer 232 opposite to the
ohmic contact layer 231.

[0024] The ohmic contact layer 231 is made of a material
selected from the group consisting of titanium, aluminum,
nickel, and alloys thereof. In an example of this invention, the
ohmic contact layer 231 is formed by sputtering or vapor
depositing titanium, aluminum, and nickel on the top surface
of the second film layer 213, followed by annealing at an
elevated temperature. In this way, the second film layer 213 is
in ohmic contact with the chmic contact layer 231. Preferably,
the ohmic contact layer 231 is made of alloy. When the
thickness of the ohmic contact layer 231 is too small, current
may not flow smoothly in the chmic contact layer 231 and
resistance will be high. On the other hand, when the thickness
of the ohmic contact layer 231 is too large, the ohmic contact
layer 231 cannot have a preferred alloy ratio during annealing
in a high temperature furnace tube, and low resistance still
cannot be achieved. Therefore, the ohmic contact layer 231
preferably has a thickness ranging from 165 nm to 330 nm.
The ohmic contact layer 231 is used to form a current trans-
mission path with low resistance.

[0025] The buffer layer 232 is made of a material different
from the material of the ohmic contact layer 231 and selected
from the group consisting of titanium, tungsten, titanium
nitride, tungsten nitride, and combinations thereof. In the
example of this invention, the buffer layer 232 is made of
titanium and is formed on the ohmic contact layer 231 by a
sputtering process, a vapor deposition process, or a chemical
vapor deposition process. Preferably, the buffer layer 232 has
a thickness ranging from 10 nm to 30 nm.

[0026] Thecircuitlayer 233 is connected to a surface of the
buffer layer 232 and is adapted to be electrically connected to
an external circuit to receive electric power from the external
circuit. The circuit layer 233 is mainly made of copper so as
to obtain good electrical conductivity and ensure the electri-
cal connection to the external circuit. Preferably, the circuit
layer 233 has a thickness ranging from 50 nm to 150 nm so as
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to obtain better electrical transmission efficiency in coopera-
tion with the main body 21, the ohmic contact layer 231, and
the buffer layer 232.

[0027] The mainbody 21, the gate structure 22, and the two
electrode structures 23 may form a transistor having high
electron mobility in the semiconductor device. The channel is
formed in the top of the second film layer 213. One of the
electrode structures 23 serves as a drain, and the other one of
the electrode structures 23 serves as a source. Further, the gate
structure 22 serves as a gate.

[0028] When a predetermined voltage is applied to the gate
structure 22 and one of the electrode structures 23, predeter-
mined voltage differences are formed between the gate and
the main body 21 and between the drain and the source. At this
time, current may flow from the drain to the source through
the channel in the second film layer 213 of the main body 21
so that the semiconductor device may be operated normally in
an ON state. When there is no voltage difference between the
gate and the main body 21 or between the drain and the
source, the semiconductor device is in an OFF state.

[0029] With the buffer layer 232, copper atoms of the cir-
cuit layer 233 are prevented from diffusing into the main body
21 when the semiconductor device is in an ON or OFF state.
Therefore, the semiconductor properties of the main body 21
could be maintained, and the data, such as the current value,
the required power, the equivalent resistance, and the electri-
cal conductivity of the electrical components of the semicon-
ductor device may be accurately calculated when the semi-
conductor device is in an ON state. Accordingly, the
semiconductor device of this invention exhibits high reliabil-

ity.
Example

[0030] First, a first film layer 212 that is made of gallium
nitride was formed on a substrate 211, and a second film layer
213 that is made of aluminum gallium nitride was formed on
a top surface of the first film layer 212, followed by forming
a gate structure 22 on a top surface of the second film layer
213. Next, a photoresist layer (not shown) was formed to
cover the top surface of the second film layer 213 and the gate
structure, and was patterned to have two through holes expos-
ing two portions of the top surface of the second film layer
214. Then, 20 nm of titanium, 25 nm of aluminum, and 120
nm of nickel were deposited in sequence on the two exposed
portions of the top surface of, the second film layer 213 by a
sputtering process. The titanium, aluminum, and nickel were
then annealed in a high temperature furnace tube at a tem-
perature of 800° C. to form an alloy that constitutes an ohmic
contact layer 231 having a thickness of 165 nm. Thereafter, a
buffer layer 232 that is mainly made of titanium was formed
on a top surface of the ohmic contact layer 231 using a
sputtering process. A circuit layer 233 made of copper was
formed on a top surface of the buffer layer 232 using a sput-
tering process, thereby forming two spaced electrode struc-
tures 23 that serve as a drain and a source of a transistor.
Finally, the photoresist layer and metal layers formed thereon
were removed using a liftoff process. Thus, a semiconductor
device of the present invention was obtained.

Comparative Example

[0031] First, a first film layer that is made of gallium nitride
was formed on a substrate, and a second film layer that is
made of aluminum gallium nitride was formed on a top sur-
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face of the first film layer, followed by forming a gate struc-
ture on a top surface of the second film layer. Next, an ohmic
contact layer and a circuit layer, which are made of the same
materials as those in the aforesaid Example, were formed on
the top surface of the second film layer in a manner similar to
that of the abovementioned Example. Thus, a semiconductor
device for Comparative example is obtained.

[0032] <Reliability Test>

[0033] To determine reliability of the semiconductor
devices for both Example and Comparative example, the
semiconductor devices were placed in a high temperature
furnace tube to conduct a baking process at 800° C., that is
higher than an actuation temperature (500° C.) for a general
semiconductor device, for 10 minutes.

[0034] Next, ohmic contact properties of the semiconduc-
tor devices for both Example and Comparative example were
measured by virtue of a transmission line measurement
(TLM) method to determine the reliability of the semicon-
ductor devices.

[0035] More specifically, in each of the semiconductor
devices for both Example and Comparative example, the
positive pole of a direct current power supply was electrically
connected to one of the electrode structures, and the negative
pole of the power supply was electrically connected to the
other one of the electrode structures. When a predetermined
voltage was applied to the semiconductor device from the
power supply, the two electrode structures serve as two resis-
tors, and the second film layer located between the two elec-
trode structures serves as another resistor. In this manner,
three resistors, i.e., an equivalent resistor formed by one of the
electrode structures, an equivalent resistor formed by the
second film layer located between the electrode structures,
and an equivalent resistor formed by the other one of the
electrode structures, were connected in series to form an
equivalent circuit. Since the two electrode structures are the
same, the equivalent resistance of the electrode structures
may be calculated if the resistance of the second film layer is
available.

[0036] After the connection to the power supply was com-
pleted, the length ofthe second film layer located between the
electrode structures was changed and the variations of the
total resistance of the three resistors were measured. Thus, the
ratio of the resistivity to the cross-sectional area of the second
film layer could be obtained. Next, by virtue of the resistance
definition, that is, the resistance is proportional to the length
ofan object (R=p(1/A)) when the ratio of the resistivity to the
cross-sectional area of the object is fixed, the sum of the
equivalent resistances of the electrode structures may be cal-
culated by subtracting the equivalent resistance of the second
film layer from the total resistance of the three resistors. [f the
second film layer is not doped with copper atoms, the equiva-
lent resistance of the second film layer may be considered as
a general impedance and the ratio of the resistivity to the
cross-sectional area is fixed. If the copper atoms diffuse into
the second film layer, the ratio of the resistivity to the cross-
sectional area is unstable and the resistivity is increased rap-
idly as the length of the second film layer is increased.
[0037] Referring to FIG. 3, when the length of the second
film layer 213 of the example of this invention is changed, the
profile of the measured resistance is generally an inclined
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line, that is to say, the resistivity is proportional to the length
of the example of the semiconductor device of the present
invention without rapid change. The contact resistance of the
electrode structures 23 is maintained at 7x10~> Qcm?, which
means the abovementioned example has good reliability.
[0038] It is noted that, although the preferred embodiment
of the semiconductor device of the present invention has one
transistor, the semiconductor device of the present invention
may comprise a plurality of electrode structures and/or gate
structures to form a plurality of transistors in other embodi-
ment. If the semiconductor device of the present invention
comprises a plurality of electrode structures, it may be formed
as various types of transistors, or capacitors, resistors and the
like.

[0039] To sum up, with the buffer layer 232, diffusion of
copper atoms of the circuit layer 233 into the main body 21
could be alleviated or eliminated, and thus, the semiconductor
device of this invention can have superior reliability.

[0040] While the present invention has been described in
connection with what is considered the most practical and
preferred embodiment, it is understood that this invention is
not limited to the disclosed embodiment but is intended to
cover various arrangements included within the spirit and
scope of the broadest interpretation so as to encompass all
such modifications and equivalent arrangements.

What is claimed is:

1. A semiconductor device comprising;

a main body made of a GaN-based semiconductor mate-

rial; and

at least one electrode structure adapted to be connected to

an external circuit, and including: an ohmic contact layer
that is formed on said main body, a buffer layer that is
formed on said ohmic contact layer opposite to said
main body, and a circuit layer that is made of a copper-
based material and that is formed on said buffer layer
opposite to said ohmic contact layer, said ohmic contact
layer being made of a material selected from the group
consisting of titanium, aluminum, nickel, and alloys
thereof, said buffer layer being made of a material dif-
ferent from the material of said ohmic contact layer and
selected from the group consisting of titanium, tungsten,
titamium nitride, tungsten nitride, and combinations
thereof.

2. The semiconductor device of claim 1, which comprises
two of said electrode structures, and which further comprises
a gate electrode layer that is made of a conductive material
and that is formed on said main body and is separated from
said electrode structures.

3. The semiconductor device of claim 2, wherein said
ohmic contact layer has a thickness ranging from 165 nm to
330 nm, said buffer layer has a thickness ranging from 10 nm
to 30 nm, and said circuit layer is made of copper and has a
thickness ranging from 50 nm to 150 nm.

4. The semiconductor device of claim 3, wherein said main
body includes a first film layer that is mainly made of gallium
nitride, and a second film layer that is formed on said first film
layer to make ohmic contact with said ohmic contact layer,
and that is mainly made of aluminum gallium nitride.
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