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(57) ABSTRACT

The present invention relates to a single crystal copper having
[100] orientation and a volume of 0.1~4.0x10° um®. The
present invention further provides a manufacturing method
for the single crystal copper and a substrate comprising the

same.
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SINGLE CRYSTAL COPPER,
MANUFACTURING METHOD THEREOF AND
SUBSTRATE COMPRISING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefits of the Taiwan
Patent Application Serial Number 102131258, filed on Aug.
30, 2013, the subject matter of which is incorporated herein
by reference.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] The present invention relates to a single crystal cop-
per. A novel method is employed to prepare a large single
crystal copper having [100] orientation on a substrate. The
single crystal copper is suitable for use as under bump metal
(UBM), interconnect of a semiconductor chip, a metal wire or
a circuit of a substrate.

[0004] 2. Description of Related Art

[0005] Single crystal copper is formed of a crystal grain
with a fixed crystal orientation, having good physical prop-
erties, and better elongation and a low resistivity compared
with the polycrystalline copper. In addition, because the
absence of ftransverse grain boundaries significantly
improves the electromigration lifetime, and the diffusion rate
of the (100) crystal plane is slower than that of other crystal
planes, single crystal copper is suitable for use as a under
bump metal pad and copper interconnect of the integrated
circuit, and greatly contributes to the development of the
integrated circuits in industrial applications.

[0006] Generally, the electromigration resistance of metal
influences the reliability of an electronic device. The past
studies have found three methods to improve the electromi-
gration resistance of copper: the first method is to change the
lattice structure of a wire, such that the internal grain structure
has a preferred orientation; the second method is to increase
the grain size, so as to reduce the number of the grain bound-
aries, thereby reducing the atomic migration path; and the
third method is to add a nano-twinned crystal metal, so as to
slow the loss rate of atoms due to electromigration to twin
grain boundary.

[0007] Regarding the first and the second methods, the
single crystal copper structure is formed by pulse electroplat-
ing in the prior art. However, there are two major deficiencies
in the prior art. First, the single crystal copper grain is a bulk
and cannot be directly grown on a silicon substrate for use in
the microelectronics industry. Moreover, with reference to
the recent related articles by Jun Liu et al., although the
growth orientation of copper crystal can be controlled and a
large grain can be obtained by optimizing the electroplating
parameters of the pulse electroplating, the obtained crystal
suffers from the problem of having contaminant of small
grain copper, failing to fully grow as single crystal copper
(referring to Jun Liu, Changqing Liu, Paul P Conway,
“Growth mechanism of copper column by electrodeposition
for electronic interconnections,” Electronics Systemintegra-
tion Technology Conference, p 679-84 (2008) and Jun Liu,
Changging Liu, Paul P Conway, Jun Zeng, Changhai Wang,
“Growth and Recrystallization of Electroplated Copper Col-
umns,” International

[0008] Conference on Electronic Packaging Technology &
High Density Packaging, p 695-700 (2009)).

[0009] In view of the rapid development of electronic
manufacture industry. what is needed in the art is to research
and develop a single crystal copper of high conductivity, low
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resistivity, and extremely high elongation. The inventors have
developed a better solution, which not only prepare a single
crystal copper having a specific orientation by a simple pro-
cess, but also can break through the conventional limit on
grain size of the single crystal copper.

SUMMARY OF THE INVENTION

[0010] An object of the present invention is to provide a
single crystal copper and a substrate comprising the same by
a method for manufacturing a single crystal copper, to
obtained a single crystal copper having a [100] orientation.

[0011] To achieve the above object, the present invention
provides a single crystal copper having a [100] orientation
and a volume of 0.1-4.0x10° um?, preferably 20-1.0x10°
um?, and more preferably 450-8.0x10° .

[0012] The grain shape of the single crystal copper is not
particularly limited and may be cylindrical, linear, cubic,
rectangular, irregular, and so on. When the single crystal
copper has a cylindrical shape, the diameter thereof may be
1-500 um, preferably 5-300 pm, and more preferably 10-100
pm, and when the single crystal copper has a linear shape, the
linear length thereof may be up to 700 um. Inaddition, regard-
less of the shape of the single crystal copper, its thickness may
be 0.1-50 pm, preferably 1-15 pm, and more preferably 5-10
pm.

[0013] The above-mentioned single crystal copper may be
used as a under bump metal (UBM) pad, interconnect of a
semiconductor chip, a metal wire, or a circuit of a substrate,
but is not particularly limited thereto.

[0014] The present invention further provides a method for
manufacturing a single crystal copper, wherein a nano-
twinned crystal copper pillar having a high density and regu-
larly arranged grains is first formed on a substrate by the
electroplating method, and then annealed to result in an
abnormal grain growth by recrystallization, thereby generat-
ing a single crystal copper having a [100] orientation. The
method for manufacturing a single crystal copper of the
present invention comprises the following steps:

[0015] (A) providing an electroplating apparatus, compris-
ing an anode, a cathode, an electroplating solution, and a
power supply, wherein the power supply is connected to the
anode and the cathode respectively, and the anode and the
cathode are dipped in the electroplating solution which com-
prises: a copper salt, an acid and a chloride ion source;
[0016] (B) performing an electroplating by a power pro-
vided by the power supply to grow a nano-twinned crystal
copper pillar on a surface of the cathode, wherein the nano-
twinned crystal copper pillar comprises a plurality of nano-
twinned crystal copper grains; and

[0017] (C) annealing the cathode with the nano-twinned
crystal copper pillar at 350-600° C. for 0.5-3 hours to obtain
a single crystal copper, wherein the single crystal copper has
a[100] orientation and a volume of 0.1-4.0x10° pm>.
[0018] In the step (A), the cathode may comprise a seed
layerwhich is a copper layer having a thickness 0£0.1-0.3 um,
and the seed layer may be formed by a physical vapor depo-
sition (PVD), but is not particularly limited.

[0019] In the step (B), the nano-twinned crystal copper
pillar grows on the seed layer.

[0020] In the step (B), a growth rate of the nano-twinned

crystal copper pillar is 1-3 nm/cycle, and preferably 1.5-2.5
nm/cycle.
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[0021] Inthestep (B),the nano-twinned crystal copper may
have a thickness of 0.1-50 um, preferably 1-15 um, and more
preferably 5-10 um.

[0022] In the above-described step (B), the power supply
may be a high speed pulse power supply for electroplating,
and the electroplating is performed under an operation con-
dition 0f 0.1/2-0.1/0.5 T, /T , »(sec) with a current density of
0.01-0.2 A/cm®. Basically, in addition to the high speed pulse
power supply for electroplating, a direct current power supply
may also be used as the power supply for electroplating, or
both above may be used alternately.

[0023] Inthe electroplating solution of the step (A), a main
function of the chloride ions is to fine tune the grain growth
orientation, such that the twinned crystal metal has a pre-
ferred orientation. In addition, the acid may be either an
organic or inorganic acid, to increase the electrolyte concen-
tration, thereby increasing the electroplating rate. For
example, sulfuric acid, methanesulfonic acid, or mixtures
thereof may be used. Furthermore, the acid concentration in
the electroplating solution may preferably be 80-120 g/L.
Further, the electroplating solution should also contain a cop-
per ion source (i.e., a copper salt, such as copper sulfate or
copper methanesulfonate). The preferred composition of the
electroplating solution may further include an additive
selected from the group consisting of: gelatin, a surfactant, a
lattice modifier, and mixtures thereof, to fine tune the grain
growth orientation by adjusting the additive.

[0024] 1In the above-described step (A), the copper salt is
preferably copper sulfate. The acid is preferably sulfuric acid,
methanesulfonic acid or mixtures thereof, and the concentra-
tion of the acid is preferably 80-120 g/L.. The substrate may be
selected from the group consisting of a silicon substrate, a
glass substrate, a quartz substrate, a metal substrate, a plastic
substrate, a printed circuit board, a Group III-V substrate and
mixtures thereof, and preferably a silicon substrate, but it is
not particularly limited.

[0025] The present invention further provides a substrate
with the above-described single crystal copper, which com-
prises a substrate; and the single crystal copper of the present
invention. The single crystal copper is disposed on the sub-
strate, and may be configured as a circuit, or an array, depend-
ing on the different applications or requirements. The single
crystal copper and the substrate have the same features as
described above, and will not be repeated herein for simplic-
ity.

[0026] Thesingle crystal copper prepared by the method of
the present invention has a [100] orientation and a large grain,
and its excellent characteristics such as mechanical, electrical
and light properties and heat stability and electromigration
resistance can significantly improve the industrial applicabil-

ity.
BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The above and other objects, features and other
advantages of the present invention will be more clearly
understood from the following detailed description taken in
conjunction with the accompanying drawings.

[0028] FIG. 1 shows a schematic diagram of the electro-
plating apparatus according to the Example of the present
invention.

[0029] FIG. 2A shows the focused ion beam (FIB) graph of
a top view of one single crystal copper grain having a diam-
eter of 17 pm.
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[0030] FIG. 2B shows the analysis graph of the EBSD
orientation map of one single crystal copper grain having a
diameter of 17 um.

[0031] FIG.3A shows the focused ion beam (FIB) graph of
atop view of the single crystal copper array having a diameter
of 25 um.

[0032] FIG. 3B shows the focused ion beam (FIB) graph of
a top view of one single crystal copper grain having a diam-
eter of 25 pm.

[0033] FIG. 3C shows the focused ion beam (FIB) graph of
a cross-sectional view of F1G. 3B.

[0034] FIG. 3D shows the analysis graph of the EBSD
orientation map of FIG. 3A.

[0035] FIG. 3E shows the analysis graph of the EBSD
orientation map of F1G. 3B.

[0036] FIG. 4 shows the analysis graph of the EBSD ori-
entation map of one single crystal copper grain having a
diameter of 50 pm.

[0037] FIG. 5A shows the focused ion beam (FIB) graph of
atop view of the single crystal copper array having a diameter
of 100 pum.

[0038] FIG. 5B shows the analysis graph of the EBSD
orientation map of FIG. 5A.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0039] Hereinafter, the actions and the effects of the present
invention will be explained in more detail via specific
examples of the invention. However, these examples are
merely illustrative of the present invention and the scope of
the invention should not be construed to be defined thereby.
[0040] The electroplating apparatus shown in FIG. 1 is
provided, which comprises: an anode 11, a cathode 12, an
electroplating solution 13, and a power supply 15, wherein
the power supply 15 is connected to the anode 11 and the
cathode 12 respectively, and the anode 11 and the cathode 12
are dipped in the electroplating solution 13.

[0041] In this case, the anode 11 is made of a commercial
99.99% pure copper target, the cathode 12 is a silicon chip,
and the electroplating solution 13 comprises copper sulfate
(Cu ion concentration of 20-60 g/L), chloride ions (10-100
ppm), and methanesulfonic acid (80-120 g/L), and may be
optionally added with other surfactants or lattice modifiers
(such as 1-100 ml/L, of BASF Lugalvan). In addition, the
electroplating solution 13 may further include an organic acid
(e.g. methanesulfonic acid), gelatin, and so on.

[0042] On thessilicon chip cathode 12, a copper film having
a thickness of 0.2 um may be formed by physical vapor
deposition (PVD)to serve as a seed layer, such that the current
source for electroplating only needs to touch the vicinity of
the edge of the silicon chip to conduct the current uniformly
to the center of the chip, thereby achieving thickness unifor-
mity of the seed layer.

[0043] Inthis Example, the power supply 14 is a high speed
pulse power supply for electroplating, and the electroplating
is performed under an operation condition of 0.1/2-0.1/0.5
T, /T, (sec), such as 0.1/2, 0.1/1 or 0.1/0.5, with a current
density of 0.01-0.2 A/em?, and most preferably 0.05 Afcm?.
Under this condition, the nano-twinned crystal copper grows
at a growth rate of 2 nm/cycle to a thickness of 6-10 82 m.
Then, the nano-twinned crystal copper is patterned to form a
nano-twinned crystal copper pillar on the silicon chip. Basi-
cally, the pattern of the nano-twinned crystal copper pillar is
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not particularly limited and may be cylindrical, linear, cubic,
rectangular, irregular, and so on, and may be arranged in an
array form.

[0044] Next, the silicon chip with the nano-twinned crystal
copper pillar thereon is placed in furnace tube to perform an
annealing process under a high vacuum (8x10~" torr) at a
temperature of 400-450° C. for 0.5-1 hour, so as to form the
single crystal copper having a [100] orientation with a large
particle size.

[0045] FIG. 2A shows the focused ion beam (FIB) graph of
a top view of one single crystal copper grain having a diam-
eter of 17 um, and FIG. 2B shows the analysis graph of the
EBSD orientation map of one single crystal copper grain
having a diameter of 17 um. The annealed condition for FIGS.
2A, 2B is 450° C., 60 minutes. According to FIGS. 2A-2B, it
can be confirmed that the single crystal copper of this
Example has a [100] orientation, and one single crystal cop-
per grain has a volume of 1362 pm?>,

[0046] FIG. 3A shows the focused ion beam (FIB) graph of
atop view ofthe single crystal copper array having a diameter
of 25 pum. FIG. 3B shows the focused ion beam (FIB) graph of
a top view of one single crystal copper grain array having a
diameter of 25 um. FIG. 3C shows the focused ion beam
(FIB) graph of a cross-sectional view of FIG. 3B. FIG. 3D
shows the analysis graph of the EBSD orientation map of
FIG. 3A. FIG. 3E shows the analysis graph of the EBSD
orientation map of F1G. 3B. The annealing conditionto obtain
the single crystal copper array of this Example shown in
FIGS. 3A-3Eis 450° C., 60 minutes. The results show that the
single crystal copper having a diameter of 25 pm has a [100]
orientation without contaminant of other crystal grains, and
one single crystal copper grain has a volume of 2945 um?.
[0047] FIG. 4 shows the analysis graph of the EBSD ori-
entation map of one single crystal copper grain having a
diameter of 50 um. The annealing condition to obtain the
single crystal copper array of this Example shown in FIG. 4 is
450° C., 60 minutes. The results confirms that the single
crystal copper having a diameter of 50 um has a [100] orien-
tation, and one single crystal copper grain has a volume of
1.2x10% pm?,

[0048] FIG.5A shows the focused ion beam (FIB) graph of
atop view ofthe single crystal copper array having a diameter
of 100 pm. FIG. 5B shows the analysis graph of the EBSD
orientation map of FIG. 5A. The results of FIGS. 5A-5B
indicate that the single crystal copper prepared by the present
invention having a diameter of 100 um has a[ 100] orientation,
and3 one single crystal copper grain has a volume of 4.8x10*
pm”.

[0049] Since the single crystal copper has good physical
properties, as well as better elongation and a low resistivity
compared with the conventional polycrystalline copper, and
the absence of the transverse grain boundaries, thus the elec-
tromigration lifetime can be significantly improved. There-
fore, the single crystal copper of the present invention is
suitable for use as a under bump metal pad and a copper
interconnect of the integrated circuit, and greatly contributes
to the development of the integrated circuits in industrial
applications.

[0050] Tt should be understood that these examples are
merely illustrative of the present invention and the scope of
the invention should not be construed to be defined thereby,
and the scope of the present invention will be limited only by
the appended claims.

What is claimed is:

1. A single crystal copper. having a [100] orientation and a
volume of 0.1-4.0x10° pm?.
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2. The single crystal copper of claim 1, having a volume of
20-1.0x10° um®.

3. The single crystal copper of claim 1, having a thickness
0f 0.1-50 pm.

4. The single crystal copper of claim 1, which is used as a
under bump metal pad, interconnect of a semiconductor chip,
a metal wire, or a circuit of a substrate.

5. A method for manufacturing a single crystal copper,
comprising the following sequential steps:

(A) providing an electroplating apparatus, comprising an
anode, a cathode, an electroplating solution, and a power
supply, wherein the power supply is connected to the
anode and the cathode respectively, and the anode and
the cathode are dipped in the electroplating solution
which comprises: a copper salt, an acid and a chloride
ion source;

(B) performing an electroplating by a power provided by
power supply to grow a nano-twinned crystal copper
pillar on a surface of the cathode, wherein the nano-
twinned crystal copper pillar comprises a plurality of
nano-twinned crystal copper grains; and

(C) annealing the cathode with the nano-twinned crystal
copper pillar at 350-600° C. for 0.5-3 hours to obtain a
single crystal coppet,

wherein the single crystal copper has a [100] orientation
and a volume of 0.1-4.0x10° um?.

6. The method of claim 5, wherein, in the step (A), the
cathode comprises a seed layer which is a copper layer having
a thickness of 0.1-0.3 um and formed by a physical vapor
deposition (PVD).

7. The method of claim 6, wherein, in the step (B), the
nano-twinned crystal copper pillar grows on the seed layer.

8. The method of claim 5, wherein, in the step (B), a growth
rate of the nano-twinned crystal copper pillaris 1-3 nm/cycle.

9. The method of claim 5, wherein, in the step (B), the
nano-twinned crystal copper pillar has a thickness of 5-15
pm.
10. The method of claim 5, wherein, in the step (B). the
power supply is a high speed pulse power supply for electro-
plating, and the electroplating is performed under an opera-
tion condition of 0.1/2-0.1/0.5 T, /T, (sec) with a current
density of 0.01-0.2 A/cm?,

11. The method of claim 5, wherein the single crystal
copper has a volume of 20-1.0x10° um>.

12. The method of claim 5, wherein the single crystal
copper has a thickness of 0.1-50 um.

13. The method of claim 5, wherein, in the step (A). the
electroplating solution further comprises a gelatin, a surfac-
tant, a lattice modifier or mixtures thereof.

14. The method of claim 5, wherein, in the step (A). the
copper salt is copper sulfate.

15. The method of claim 5, wherein, in the step (A), the acid
is sulfuric acid, methanesulfonic acid, or mixtures thereof,

16. The method of claim 5, wherein, in the step (A), the acid
has a concentration of 80-120 g/L.

17. The method of claim 5, wherein, in the step (A). the
substrate is selected from the group consisting of: a silicon
substrate, a glass substrate, a quartz substrate, a metal sub-
strate, a plastic substrate, a printed circuit board, a Group
1TI-V substrate and mixtures thereof.

18. A substrate with a single crystal copper, comprising;

a substrate; and

asingle crystal copper disposed on the substrate and having
a [100] arientation and a volume of 0.1-4.0x10° um?.
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19. The substrate with a single crystal copper of claim 18,
wherein, the substrate is selected from the group consisting
of: a silicon substrate, a glass substrate, a quartz substrate, a
metal substrate, a plastic substrate, a printed circuit board, a
Group I1I-V substrate and mixtures thereof.
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