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ELECTRODEPOSITED NANO-TWINS
COPPER LAYER AND METHOD OF
FABRICATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This present application relies on Taiwanese Patent
Application No. 100141898 filed on Nov. 16, 2011. The
abovementioned foreign application is herein incorporated
by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] The present invention relates to a method for pre-
paring electrodeposited nano-twins copper layer and the
nano-twins copper layer prepared by the same, more particu-
larly, to a method for preparing a nano-twins copper layer
having a plurality of [111] surfaces on its surface and the
nano-twins copper layer thereof.

[0004] 2. Description of Related Art

[0005] Mechanical strength of metallic material increases
generally when the size of the crystal grain is reduced to a
nanoscale level. Some nano-scale levels of thin metal films
can even have particular mechanical properties such—
Young’s coefficient. As a result, twins metal having nanoscale
crystalline properties will be suitable for applications of
through silicon via, semiconductor chip interconnect, pack-
aging substrate pin through hole, metal interconnect (for
example, copper interconnect), or metal materials on sub-
strate.

[0006] In terms of electrical performance of microelec-
tronic devices, electromigration has become a critical reli-
ability issue of Cu wires. From the disclosure of the past
research, three methods have been discovered to increase the
electromigration lifetime of the wires.

[0007] Thefirstmethod is to fabricate the Cu grain structure
with a [111] preferred orientation, so as to significantly
enhance electro-migration resistance, and reduce the possi-
bility of formation of voids caused by electro-migration.
[0008] The second method is to increase the grain size to
decrease the area of grain boundary, and to further reduce the
migration path of atoms. The third method is to add metals
having nano-twins structure into the wires. The atoms move
along the direction of the moving electrons and result in
electro-migration damage. Moreover, the electromigration
rate can be retarded at twin boundaries. In the spirit of this
working principle, nano-twins can inhibit the formation of
voids in the interconnect, and directly improve the lifetime of
electrical devices. In other words, the higher the nano-twins
density inside the interconnect is, the better anti electro-
migration will be.

[0009] Generally, nano-twins copper metal layer is pre-
pared through physical vapor phase deposition (PVD) or
pulse electroplating. But the twins material prepared by these
known technologies illustrated above can only obtain minis-
caled and irregular nano-twins, and suffer high production
cost. In addition, PVD cannot fill Cu in trenches or vias with
a high-aspect ratio. Hence, these known methods are not
widely applied in mass production of semiconductor and
electronic products. In other words, these methods still can-
not be applied in industrial mass production.

[0010] Several researchers disclosed the details of forming
nano-twins copper metal layers. For example, O. Anderoglu
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etal. disclosed a way for preparing a nano-twins copper metal
layer structure by physical vapor deposition (PVD). The
thickness of a single crystal grain can reach only hundreds of
nanometer, and only applicable for use in preparing seed
layers. (O. Anderoglu, A. Misra, H. Wong, and X. Zhang,
Thermal stability of sputtered Cu films with nanoscale growth
twins, Journal of Applied Physics 103, 094322, 2008). In
addition, because physical vapor phase deposition inherently
cannot plate a concaved trough of a high aspect ratio well and
deposition duration is long, neither structure nor its prepara-
tive method is applicable for use in copper interconnects,
through silicon via, or under-bump metallization (UBM), etc.
[0011] On the other hand, Xi Zhang et al. disclosed another
way for producing nano-twins copper film through copper
sulfate solution, and pulse electrodeposition device. One
drawback of the known technology comes from the fact that
the size of produced crystal grains is too small, the twins
copper growth orientation cannot be controlled, and the
pulsed electrodeposition rate is low. Hence, its economic
benefits downgrade. (Xi Zhang, K. N. Tu, Zhang Chen, Y. K.
Tan, C.C. Wong, S. G. Mhaisalkar, X. M. Li, C. H. Tung, and
C.K. Cheng. Pulse Electroplating of Copper Film: A Study of
Process and Microstructure, Journal of Nanoscience and
Nanotechnology, VOL 8, 2568-2574, 2008).

[0012] U.S. Pat. No. 6,670,639B1 discloses a copper inter-
connection, wherein 50% of the crystal grains of the copper or
copper alloy inside the interconnect are arranged in a uniform
[111] crystal orientation, and connects with crystal grains of
other crystal orientation to form a bamboo structure, and to
form double crystal lattice on the wire surface. The efficacy of
the structure illustrated is to increase high reliability and to
lower production cost. However, although the prior art can
offer high reliability and low production cost, it cannot offer
the anti electro-migration as present with nano-twins at the
same time.

[0013] U.S. Pat. No. 7,736,448B2 discloses a preparative
method for twins-copper interconnect using “pulsed elec-
trodeposition”. The density of the twins layer prepared
thereof is high, but the crystal grain size is merely 300
nm-1000 nm, which are random, orderless small size isomet-
ric crystal grains. Furthermore, the range of operation for the
electric current density of the disclosed pulse electrodeposi-
tion in the said technology is limited to be within 4 mA/cm>-
10 mA/ecm?, and the film plating deposition rate is overly
slow. Therefore, the materials’ economic value is deprived by
the shortcoming illustrated above.

[0014] Insummary, there are generally two drawbacks with
the prior arts: (1) the grain orientation therein is difficult to
master. Only copper grains with random orientations can be
fabricated, and its effect on improving product efficacy is
limited when used in interconnect or contact points; (2) prior
arts’ deposition speed is low despite of use of pulse plating or
physical vapor phase deposition. Its deposition duration is
long, efficacy is low, and production cost is high. In other
words, it cannot compete against other products with respect
to large-scale production.

[0015] Accordingly, the microelectronics industry needs a
nano-twins copper metal layer having a [111] preferred ori-
entation, so as to come up with the most favorable anti elec-
tro-migration for wires. At the same time, there is a need for
nano-twins copper metal materials having excellent mechani-
cal property, and the preparative method is also fast, and low
cost. Moreover, the preparative method is compatible with
current semiconductor manufacturing, which is believed to
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be in line for replacing directly the applicability value of the
traditional interconnect or contact materials.

SUMMARY OF THE INVENTION

[0016] One main object of the present invention is to pro-
vide an electrodeposited nano-twins copper metal layer and a
preparative method thereof. The nano-twins copper metal
layer herein has improved anti electro-migration, hardness,
and Young’s coefficient. These improved properties are ideal
for significantly enhancing the electromigration reliability for
electronic products, keeping down production cost, and mak-
ing the material and the production thereof compatible with
modern semiconductor manufacturing,

[0017] In the electrodeposited nano-twins copper metal
layer of the present invention, over 50% of a volume of the
nano-twins copper metal layer comprises a plurality of crystal
grains, wherein each of the plurality of crystal grains is con-
nected with one another, and each crystal grain is formed as a
result of the plurality of nano-twins working to stack in the
direction ofthe[111] crystal axis, for which an angleincluded
between neighboring crystal grains is 0° to 20° in a stacking
direction, more preferably 0° to 10°, and most preferably 0°,
[0018] The electrodeposited nano-twins copper metal layer
of the present invention features a structure completely dif-
ferent from the commonly known arts. In particular, the nano-
twins copper metal has grains having substantially preferred
direction in [111] and in the meantime highly dense nano-
twins. The thickness of the electrodeposited film can even
reach approximately above 20 micrometers (even above hun-
dreds of micrometers). The density of the nano-twins in the
whole metal material surpasses those produced by commonly
known arts, and can possess outstanding anti electro-migra-
tion and mechanical characteristics. In other words, the elec-
trodeposited nano-twins copper metal layer of the present
invention is suitable for mass production.

[0019] The present invention uses electrodeposition as a
means to produce nano-twins copper metal layer having a
preferred direction. The nano-twins copper metal layer of the
present invention has at least 50% of surface area being [111]
surface, meaning that a [111] surface is exposed on over 50%
of surface area. Furthermore, an angle included between the
direction of crystal axis [111] of the grains and its growth
direction is within 20°, and it is preferred that the grain has
essentially the same direction of [111].

[0020] In the present invention, the thickness of electrode-
posited nano-twins copper metal layer can vary according to
the direction of electrodeposition, for which it is preferred to
be approximately 0.1 pum, making it only applicable for use as
seed layer, and not capable for more straight forward appli-
cation as in wires. The thickness of electrodeposited nano-
twins copper metal layer, on the other hand, can be 0.1
um-500 um, and its industrial application can therefore be
very diverse (for example, through silicon via, semiconductor
chip interconnect, pin through hole, or metal interconnect).

[0021] As shown in the three-dimensional perspective dia-
grams of the cross-sectional diagram of FIG. 2A and FIG. 2B,
the electrodeposited nano-twins copper metal layer 14 of the
present invention comprises considerable number of crystal
grains 16, and each crystal grain has plural layer-shaped
nano-twins copper (for example, neighboring sets of black
lines and white lines constitute a twins copper), therefore, the
whole nano-twins copper metal layer of the present invention
comprises a great number of nano-twins copper. The nano-
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twins copper of the present invention are stacked in order on
the basis of a [111] surface, and forming a crystal grain 16
having a preferred direction.

[0022] In the present invention, more preferably, at least
50% of crystal grains have a longitudinal axis, the longitudi-
nal axis; the longitudinal axis would show the direction of
stacking/growth (or long axis). At the same time, the twins
copper metal layer has thickness direction, and the thickness
direction is perpendicular to a surface of the twins copper
metal layer. An angle included between the [111] crystal axis
of the crystal grain and the longitudinal axis is 0 to 20°, and it
is preferred that the longitudinal axis direction of the crystal
grain is essentially identical to the twins metal layer’s thick-
ness direction.

[0023] In the above mentioned electrodeposited nano-
twins copper metal layer, it is preferred that at least 90% of
surface of the nano-twins copper metal layer is [111] surface;
it is more preferred that at least 100% of surface of the
nano-twins copper metal layer is [ 111] surface, meaning that
all surfaces exposed in nano-twins copper metal layeris [111]
surface.

[0024] Furthermore, in the electrodeposited nano-twins
copper metal layer of the present invention, it is more pre-
ferred that at least 70% of the crystal grains is formed as a
result of the stacking of plural nano-twins; it is much more
preferred that at least 90% of the crystal grains is formed as a
result of the stacking of plural nano-twins.

[0025] Inthe present invention, the electrodeposited nano-
twins copper metal layer is preferred to further include a seed
layer, which takes up 1%-50% of the volume of the nano-
twins copper metal layer, for which it is preferred to be
1%-40% of the volume, it is more preferred to be 1%-30% of
the volume, and even more preferred to be 1%-10% of the
volume. Because at the start of electrodeposition, a bit of seed
layer will extend to cover the substrate’s surface, therefore
there will likely be a bit of seed layer not composed of twins
copper on the bottom portion of the nano-twins copper metal
layer that is formed accordingly.

[0026] Similarly, it would follow that the existence of a
seed layer can be used as one of the determining conditions
for calling whether an electrodeposition was used as a means
of production. For example, a seed layer would not be put to
use if the metal layer was produced by sputtering, and no
impure elements would exist in the elemental analysis. How-
ever, such means of production suffers from drawbacks
including slow speed rate, high equipment cost, therefore itis
less likely to be used in large-scale production setting. Fur-
thermore, if there was any disturbance during the elec-
trodeposition process, such complexity could lead to partly
impure crystal grains in between crystal grains, wherein the
impure grain would include impure elements in addition to
copper (including oxygen, sulfur, carbon, phosphorus, etc.).
In this case, the crystal grain is not formed as a result of the
stacking of nano-twins copper; or the angle included between
the stacking direction of the nano-twins in the impure crystal
grains and the [111] crystal axis is greater than 20°.

[0027] In the electrodeposited nano-twins copper metal
layer of the present invention, the crystal grain has a diameter
preferably of 0.1 pm-50 um, more preferably 1 pm-10 pm.
The thickness of the crystal grain is preferred to be 0.01
um-500 pm, and more preferably 0.1 um-200 pm.

[0028] Inaddition, the electrodeposited nano-twins copper
metal layer of the present invention has excellent mechanical
property and electro-migration characteristics, which can be
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applied in the production of through silicon via, semiconduc-
tor chip interconnect, packaging substrate pin through hole,
various metal interconnect, or substrate circuit, of three-di-
mensional integrated circuit (3D-IC), which can find great
use in technological applications for integrated circuit indus-
ry.

[0029]  Another object of the present invention is to provide
a method for preparing the nano-twins copper metal layer,
which uses electrodeposition to produce a nano-twins metal
layer of a thickness of submicron to over tens of microns, and
can moderate the crystallographic ordering arrangement or
the nano-twins metal layer, to make a highly ordered [111]
plane substantially normal to the growth direction.

[0030] The method for preparing nano-twins copper metal
layer of the present invention comprises the following steps:
[0031] (A) providing an electrodepositing device,
wherein the electrodepositing device comprises an
anode, a cathode, a plating solution, and an electrical
power supply source, and the electrical power supply
source is connected with the cathode on one end, and
connected to the anode on the other end; and

[0032] (B) using the electrical power supply source to
provide electrical power to carry out electrodepositing,
with a surface of the anode used for growing nano-twins
copper metal layer; wherein over 50% of a volume of the
nano-twins copper metal layer comprise s a plurality of
crystal grains, each of the plurality of crystal grain is
connected with one another, and each crystal grain is
formed as a result of the plurality of nano-twins working
to stack in the direction of the [111] crystal axis, for
which an angle included between neighboring crystal
grains is 0 to 20° in a stacking direction, and the plating
solution comprises: a copper-based salinized substrate,
an acid, and chloride anion supply source.

[0033] The electrodeposited nano-twins metal layer of the
present invention features a structure completely different
from the commonly known arts. In particular, the electrode-
posited nano-twins metal layer has crystal grains having sub-
stantially preferred orientation in [111] and in the meantime
highly dense nano-twins, the thickness ofthe crystal grain can
reach approximately above 20 micrometers (even above hun-
dreds of micrometers), the density of the nano-twins in the
whole metal material surpasses these produced by commonly
known arts, and make for outstanding anti electro-migration
and mechanical characteristics, and altogether make for prac-
tical sizes required in various electronic parts, showing worth
for mass production.

[0034] The present invention uses electrodeposition to pro-
duce nano-twins copper metal layer having a preferred direc-
tion, the nano-twins copper metal layer at least has 50% of
surface as [111] surface, meaning that a [111] surface of a
nano-twins is exposed on over 50% of surface of a nano-twing
copper metal layer. In addition, the angle included between
the crystal axis [111] direction of the crystal grain and growth
direction (that is, nano-twins stacking direction) is within
20°, and it is preferred that the crystal grain has substantially
identical [111] direction.

[0035] For the plating solution mentioned above, one of the
primary functions of the chloride anion is to fine-tune the
growth direction of crystal rains, and to therefore equip twins
with preferred crystallization orientation. Furthermore, the
acid can be an organic acid or inorganic acid, for increasing
electrolyte concentration to improve rate of electrodeposi-
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tion, for which choice of use for the acid can be sulfuric acid,
methyl sulfonate, or a combination thereof.

[0036] Furthermore, the acid concentration in the plating
solution is preferred to be 80-120 g/1.. Even more, the plating
solution should at the same time include copper ion source
(that is, copper salts, for example, copper sulfate or methyl
sulfonic copper). In a preferred composition of the plating
solution, and additives can be further included, which can be
selected from a group consisting of gelatin, surfactant, lattice
modification agent, and a combination thereof, to adjust the
growth orientation of the crystal grain that can be fine-tuned
by the additive substances.

[0037] Inthe method for preparing twins metal layer of the
present invention, the electrical power source is preferred to
be a direct current electrodeposition supply source, or high-
speed pulse electrodeposition supply source, or direct current
elecrodeposition and high-speed pulse electrodeposition
interchangeably, for enhancing twins metal layer formation
rate. When direct current electrodeposition is used in the step
(B), the electric current is preferred to be 10 mA/cm?-120
mA/em?, most preferred to be 20-100 mA/em? (for example,
80 mA/cm?). When high-speed pulse electrodeposition sup-
ply source is used in the step (B), the operation conditions are
preferred to be: T, /T, ;(sec) at 0.1/2-0.1/0.5 (for example,
0.1/2, 0.1/1, or 0.1/0.5), electric current at 10-250 mA/cm?
(most preferably 50 mA/cm?). The growth rate of the nano-
twins copper is measured by actual conduction time when it
undergoes electrodeposition running the above conditions,
which, in a preferred setting, is 0.22 um/min-2.64 um/min.
For example, when the electric current for electrodeposition
is 80 mA/cm? in step (B), the twins metal growth rate can be
between 1.5 pm/min-2 pm/min (for example, 1.76 pm/min).
In the present invention, the thickness of the nano-twins cop-
per metal layer can be adjusted according to electrodeposition
duration, with the range of the thickness being preferred to be
about 0.1 pm-500 pm, more preferred to be 0.8 um-200 pum,
and even more preferred to be 1 pm-20 um. Compared to the
present invention, the twins copper metal layer prepared from
generally known technology can only be used as a seed layer
because it has no via filling capability, has a preferred orien-
tation, and the mass production thickness can merely be about
0.1 um. Therefore the known prior arts can only be used as
seed layer, and cannot be directly used as interconnect. But
the thickness ofthe electrodeposited nano-twins copper metal
layer ofthe present invention can be 0.1 um-500 pm, therefore
its applicability is very diverse (for example, through silicon
via, semiconductor chip interconnect, packaging substrate
pin through hole, or metal interconnect). In addition, when
the electrodeposition is underway, the cathode or the plating
solution can be spun at a rotational speed of 50 to 1500 rpm,
so as to help twins growth orientation and speed rate.

[0038] Inthe method for preparing twins metal layer of the
present invention, the cathode is preferred to be a substrate
having seed layer on a surface, or a metal substrate (for
example, copper tinsel substrate, or substrate having copper
tinsel ona surface). For example, the substrate can be selected
from a group consisting of: silicon substrate, glass substrate,
quartz, substrate, metal substrate, plastic substrate, printed
circuit board, copper tinsel substrate, III-V group material
substrate, and a combination thereof. When electrodeposition
is underway, the cathode and the plating solution are pre-
ferred to be spun at a rotational rate of 50 to 1500 rpm, so as
to help columnar crystal grains grow.
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[0039] The crystal grain obtained by the method for pre-
paring nano-twins copper metal layer of the present invention
has a diameter preferably of 0.1 pm-50 pm, more preferably
1 pm-10 pm; the crystal grain has a thickness preferably of
0.01 pm-500 um, more preferably 0.1 um-200 pm.

[0040] The nano-twins copper metal layer prepared by the
method of the present invention has excellent mechanical
property and electro-migration, can be used in the preparation
of through silicon via, packaging substrate pin through hole,
various electrical interconnect, or substrate circuit and others
for three-dimensional integrated circuit (3D-IC). These can
find great use in the technological application for integrated
circuit industry.

[0041] In addition, the present invention further provides a
substrate having nano-twins copper metal layer, comprising:
a substrate; and the above mentioned nano-twins copper
metal layer, which is disposed on a surface or interior of the
substrate. Wherein, the substrate is selected from a group
consisting of silicon substrate, glass substrate, quartz sub-
strate, metal substrate, plastic substrate, printed circuit board,
1I-V group material substrate, and a combination thereof.
[0042] The substrate having the nano-twins copper metal
layer of the present invention can comprise packaging sub-
strate having wire layer, three-dimensional integrated circuit
(3D-IC) board and others. That is, in the substrate having the
nano-twins copper metal layer of the present invention, the
nano-twins copper metal layer can be used a s through silicon
via, pin through hole, any metal interconnect, or substrate
circuit, and others.

[0043] Themethod for preparing twins metal of the present
invention takes significantly shorter time than the generally
known physical phase deposition method or pulse elec-
trodeposition, has faster deposition rate and speed, making
call for expensive vapor phase deposition device unnecessary,
therefore production cost can be significantly reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] FIG. 1 is a diagram showing an electrodepositing
device according to Example 1 and 2 of the present invention;
[0045] FIG. 2A shows a cross-sectional focused ion beam
(FIB) photo of a nano-twins copper metal layer according to
Example 1 of the present invention;

[0046] FIG. 2B is an isometric representation of a nano-
twins copper metal layer according to Example 1 of the
present invention;

[0047] FIG. 3 is an exemplary display of X-ray analysis
result from a plan-view for a columnar crystal of nano-twins
copper metal layer according to Example 1 of the present
invention;

[0048] FIG. 4 is an exemplary display of EBSD pattern for
a columnar crystal of nano-twins copper metal layer accord-
ing to Example 1 of the present invention;

[0049] FIG. 5 shows a statistical analysis result for a crystal
of nano-twins copper metal layer of FIG. 4 deviating from an
angle to positive [111] direction according to Example 1 of
the present invention.

[0050] FIG. 6 is a cross-sectional focused ion beam (FIB)
photo of a nano-twins copper metal layer prepared by direct
current electroplating at 20 mA/em? according to Example 1
of the present invention.

[0051] FIG. 7 is a cross-sectional focused ion beam (FIB)
photo of a nano-twins copper metal layer prepared by direct
current electroplating at 40 mA/cm? according to Example 1
of the present invention;
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[0052] FIG. 8 is a cross-sectional focused ion beam (FIB)
photo of a nano-twins copper metal layer prepared by direct
current electroplating at 100 mA/cm® according to Example 1
of the present invention;

[0053] FIG. 9 is a cross-sectional focused ion beam (FIB)
photo of a nano-twins copper metal layer prepared by direct
current electroplating at 50 mA/cm? according to Example 2
of the present invention;

[0054] FIG. 10 shows a result of X-ray analysis from a plan
view for a crystal grain of a nano-twins copper metal layer
prepared by pulse electrodepositing according to Example 2
of the present invention;

[0055] FIG. 11 is a perspective view showing a wire sub-
strate according to Example 4 of the present invention;
[0056] FIG. 12 is a display and graph of elemental analysis
according to testing example of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0057] Hereafter, examples will be provided to illustrate the
embodiments of the present invention. Other advantages and
effects of the invention will become more apparent from the
disclosure ofthe present invention. Other various aspects also
may be practiced or applied in the invention, and various
modifications and variations can be made without departing
from the spirit of the invention based on various concepts and
applications.

[0058] The figures presented herein are simplified dia-
grams showing examples of the current invention. It must be
understood that the figures are only illustrative of the associ-
ated elements of the current invention, and are not intended to
be the actual embodiments. The number, shape and other
dimensions of the elements in the actual embodiments are
chosen for specific design purposes, and their configuration
and pattern may be more detailed.

Example 1

[0059] An electrodepositing device 1 as shown in FIG. 1 s
provided, the electrodepositing device 1 comprises an anode
11, a cathode 12, which are immersed in the plating solution
13 and are each connected to a direct current electrical power
supply source 15 (Keithley 2400 is used herein). In the
present case, the anode 11 is made from a material including
metal copper, phosphorus copper or inert anode (for example,
titanium-plated platinum); cathode 12 is made from a mate-
rial including silicon substrate having its surface plated by
copper seed layer, and can be made from a material selected
from a group consisting of glass substrate having its surface
plated by conductive layer and seed layer, conductive layer
and seed layer plated surface glass substrate, quartz substrate,
metal substrate, plastic substrate, or printed circuit board etc.
The plating solution 13 comprises copper sulfate (copper ion
concentration being 20-60 g/1.), chloride anion (concentra-
tion being 10-100 ppm), and methy] sulfonate (concentration
being 80-120 g/1), and other surfactant or lattice modification
agent (suchas BASF Lugalvan 1-100ml/L) can be added. The
plating solution 13 of the present example can further com-
prises organic acid (for example, methyl sulfonate), or gelatin
etc., or a combination thereof for adjusting crystal grain com-
position and size.

[0060] Next, adirect current having a 20-100 mA/cm? elec-
tric current is used in electrodeposition, in which nano-twins
are grown from the cathode 12 in the direction pointed by the
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arrow as shown in FIG. 1. A rotational speed of about 50 to
1500 rpm is applied on silicon chip or solution. During the
growth process, the [111] surface of the twins and the planar
surface of the nano-twins copper metal layer are roughly
perpendicularly to the electric field orientation, and the twins
copper is grown at about 1.76 pn/min. The fully grown nano-
twins copper metal layer comprises a plurality of crystal
grains, wherein the crystal grins are formed by a plurality of
wins copper. Since the nano-twins extend to reach the sur-
face, [111] surface is still exposed on the surface. The thick-
ness of the twins copper 14 achieved from electrodeposition
is approximately 20 um. [111] crystal axis is an axis normal to
the [111] surface.

[0061] FIG.2A isacross-sectional focusedion beam (FIB)
photo of the twins copper prepared with 80 mA/cm? of the
present example according to the current example, and FIG.
2B is an isometric representation of the nano-twins copper
layer of the present example. According to FIGS. 2A and 2B,
over 50% of volume of the nano-twins copper layer 14 pre-
pared in the current example comprises a plurality of colum-
nar crystal grains 16, and each crystal grain has a plurality of
layer-shaped nano-twins copper (for example, neighboring
black line and white line constitute a twins coppet, and are
stacked in a stacking direction 19 to form crystal grains 16),
therefore, the whole nano-twins copper metal layer of the
present invention comprises a significant number of nano-
twins copper. The diameter D of these columnar crystal grains
16 can range from about 0.5 pm to 8 pum and the height L can
range from about 2 um to 20 um, nano-twins plane 161 (level
striation) and the [111] planar surface are parallel to each
other, crystalline grain boundary 162 can be found between
twins crystals, the [111] plane surface of copper is perpen-
dicularly to the T direction of thickness, and the thickness T of
the twins copper layer 14 is about 20 um. The angle included
between stacking direction of neighboring crystals (which are
almost identical to [111] crystal axis) ranges between 0° and
20°.

[0062] In the present embodiment, the thickness T of the
twins copper layer 14 can be adjusted based on electrodepo-
sition duration, which ranges about 0.1 pm-500 pm.

[0063] AsshowninFIG. 3, a result from X-ray analysis for
a plan-view of nano-twins copper metal layer according to the
present example is shown. X-ray is incidentally shot through
the electrodeposited copper surface. As will be seen in FIG. 3,
the electrodeposited layer crystal grain has a preferred orien-
tation of [111] crystal axis (as shown by Cu(Il) in FIG. 3).
The Si(004) in the drawing is the diffraction peak of the
silicon substrate. Other planar diffraction peaks of copper are
not present, indicating that the copper prepared by the present
example has [111] crystal axis.

[0064] FIG. 4 shows the result of using electron backscatter
diffraction (EBSD) as a means of analyzing the surface crys-
tal orientation, which shows that all surface crystal grain
orientation are centered around [ 111] orientation, which is the
color blue. FIG. 5 shows the statistical study result for these
crystal grains deviating from [111] orientation angle, it can be
seen that the percentage of crystal grains whose angle devi-
ating from the [111] orientation by within 10° (<10)° is over
90%.

[0065] Furthermore, the nano-twins copper metal layer
having [111] preferred orientation of the present invention
can also be obtained from other electric current density con-
dition, as shown in the cross-sectional FIG photos of FIGS.
6-8, where the electric currents are each 20 mA/cm?, 40
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mA/cm?, and 100 mA/cm?, it can also be seen in the diagram
that the twins copper obtained by other electric current also
has [111] preferred orientation.

[0066] As seen in FIG. 6, FIG. 7, or FIG. 8, in the present
invention, impure crystal grains 17 can be found between
columnar crystal grains 16, and a surface of the nano-twins
copper metal layer has some seed layers 18. The reason for
such establishment is that the substrate surface would be
covered by some seed layers 18 at the start of electrodeposi-
tion, therefore some seed layers 18 not composed by twins
copper can be found on the formed nano-twins copper metal
layer. Therefore, the nano-twins copper metal layer of the
present invention is defined to have a characteristics of “over
50% of volume comprises a plurality of crystal grains, each of
the crystal grain is formed by the stacking of a plurality of
nano-twins along [111] crystal axis orientation.”

Example 2

[0067] The combination of electrodepositing device and
plating solution of the present example is the same as in
Example 1, but pulse electrodeposition is used for plating
instead of direct current power supply source. Silicon chip or
solution is subject to rotation at a rate of about 0 to 1500 rpm.
T,/ Togis kept below 0.1/0.5 (sec), electric current density is
kept at 50 mA/cm?, and twins copper is grown (plating 6000
cycles) from cathode moving toward the direction pointed by
the arrow (as shown in FIG. 1). [111] plane of the twins is
perpendicular to the orientation of electric field, and twins
copper is grown at a rate of 0.183 wm/min. The fully grown
twins copper comprises a plurality of columnar crystal grains;
the columnar crystal grain has a plurality of layer-shaped
nano-twins coppet, and the thickness of the nano-twins cop-
per layer obtained after electrodeposition is about 10 pm.

[0068] FIG. 9 is a cross-sectional focused ion beam (FIB)
photo of the nano-twins copper metal layer prepared in the
current example. As shown in FIG. 9, over 50% of volume of
the nano-twins copper metal layer prepared in the current
example comprises a plurality of crystal grains, the diameter
D of'the crystal grain ranges from about 0.5 um to 8 pm, the
level striation is the nano-twins layer (for example, neighbor-
ing sets of black lines and white lines constitute a twins
copper), the [111] plane of copper and twins plane are sub-
stantially cover 50% perpendicular to the orientation of thick-
ness T, and the thickness T of crystal grain is about 10 um.

[0069] Furthermore, as shown in FIG. 10, a result diagram
displaying X-ray analysis of the nano-twins copper layer
prepared by the present example is provided. The result
shows that the nano-twins copper layer prepared by elec-
trodeposition of the current example has a favorable [111]
preferred orientation for which the intensity of diffraction of
280,000 counts is higher than the diffraction peak of the
silicon chip, and for higher than Cu(222) diffraction peak,
indicating that the twins copper layer prepared by the current
example has a more favorable [111] preferred direction than
that done by direct current.

Example 3

[0070] The plating solution and method of the present
example is the same as Example 1, butis different in an aspect
that the current example has wire channel prepared by a
semiconductor manufacturing process on the substrate sur-
face, the micro through holes of the aspect ratio of 1:3, and
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that the nano-twins copper metal layer uses electrodeposition
1o fill holes and in turn forms interconnect.

Example 4

[0071] AsshowninFIG. 11, a circuit substrate is provided,
which includes the same nano-twins copper metal layer pre-
pared in Example 3. In other words, the nano-twins copper
metal layer of the present example can be used in wires 3,
and/or conductive throughhole 5. In addition, it can also be
used in the three-dimensional integrated circuit, etc.

[0072] And with regards to substrate material, the substrate
can be silicon substrate, glass substrate, quartz substrate,
metal substrate, printed circuit board, or I1I-V group material
substrate.

Testing Example

[0073] As shown in FIG. 12, an elemental analysis is con-
ducted based on the nano-twins copper metal layer as pre-
pared in Example 1. Testing conditions are shown in Table 1
below. By reference to the current figure, it can be observed
that the nano-twins copper metal layer prepared from the
electrodepositing method of the present invention would
comprise a handful of impure grains, where these impure
grains would include impure elements in addition to copper
(for example, oxygen, sulfur, carbon, phosphorous, and oth-
ers). However, the nano-twins copper metal layer would be
devoid of these impure elements in the case of manufacture by
sputtering.

TABLE 1

Sample Parameter Analytical Parameter ~ Sputtering Parameter

PI: Ga PL: Cs

Energy: 25 KeV Energy: 2KeV

Charge current: 1.00  Charge current: 45.00

PA PA

Area: 65.4 x 654 um®>  Area: 250.1 x 250.11 ym?®

Sample: 80 mA/cim’
Polarity: Negative

What is claimed is:

1. An electrodeposited nano-twins copper metal layer,
wherein over 50% of a volume of the nano-twins copper metal
layer comprises a plurality of crystal grains, each of the
plurality of crystal grain is connected with one another, and
each crystal grain is formed as a result of the plurality of
nano-twins working to stack in the orientation of the [111]
crystal axis, for which an angle included between neighbor-
ing crystal grains is 0° to 20°.

2. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein the nano-twins copper metal
layer further comprises a seed layer, which takes up 1% to
50% of the volume of the nano-twins copper metal layer.

3. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein a [111] surface of the nano-
twins is exposed on over 50% of a surface of the nano-twins
copper metal layer.

4. The electrodeposited nano-twins copper metal layers
according to claim 1, wherein a thickness of the nano-twins
copper metal layer is 0.1 pm-500 pm.

5. The electrodeposited nano-twins copper metal layer
according to claim 4, wherein the thickness of the nano-twins
copper metal layer is 0.8 pm-200 pm.

6. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein at least 50% of the crystal
grains has a longitudinal axis, for which the longitudinal axis
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denotes the stacking direction for nano-twins, the twins cop-
per metal layer has a thickness direction, for which the thick-
ness direction is normal to a surface of the twins copper metal
layer, an angle included between the [111] crystal axis and the
longitudinal axis is 0° to 20°, and a longitudinal axis direction
of the crystal grain is essentially the same as the thickness
direction of the twins metal layer.

7. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein at least 90% of a surface of the
nano-twins copper layer is [111] surface.

8. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein all surfaces of the nano-twins
copper metal layer are [111] surface.

9. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein at least 70% of the crystal
grains is formed as a result of stacking of the plurality of
nano-twins.

10. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein the crystal grains further
includes in between themselves impure crystal grains.

11. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein the crystal grain has a diameter
0f0.01 um-500 pm, and the thickness of the crystal grainisin
a range of 0.01 um-500 pm.

12. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein the crystal grain has a diameter
of 1 um-10 pm, and the thickness of the crystal grain is in a
range of 0.1 um-200 pm.

13. The electrodeposited nano-twins copper metal layer
according to claim 1, wherein the nano-twins copper metal
layer is used in through silicon via (TSV), semiconductor
chip interconnect, packaging substrate pin through hole,
metal interconnect, or substrate circuit.

14. A method for preparing a nano-twins copper metal
layer, comprising:

(A) providing an electrodepositing device, wherein the
electrodepositing device comprises an anode, a cathode,
aplating solution, and an electrical power supply source,
and the electrical power supply source is connected with
the cathode on one end, and connected to the anode on
the other end; and

(B) using the electrical power supply source to provide
electrical power to carry out electrodepositing, with a
surface of the anode used for growing a nano-twins
copper metal layer; wherein over 50% ofa volume of the
nano-twins copper metal layer comprises a plurality of
crystal grains, each of the plurality of crystal grain is
connected with one another, and each crystal grain is
formed as a result of the plurality of nano-twins working
to stack in the direction of the [111] crystal axis, for
which an angle included between neighboring crystal
grains is 0° to 20° in stacking direction, and the plating
solution comprises: a copper-based salinized substrate,
an acid, and chloride anion supply source.

15. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein a [111] surface of the
nano-twins is exposed on over 50% of a surface area of the
nano-twins copper metal layer.

16. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the crystal grain has a
diameter 0f 0.01 pm-500 um, and the thickness of the crystal
grain is in a range of 0.01 um-500 wm.

17. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the crystal grain has a
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diameter of 1 um-10 pm, and, and the thickness of the crystal
grain is in a range of 0.1 um-200 pm.

18. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the plating solution
further comprises a substance selected from a group consist-
ing of gelatin, surfactant, lattice dressing agent, and a com-
bination thereof.

19. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the acid in the plating
solution is sulfuric acid, methyl sulfonate, or a combination
thereof.

20. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the concentration of acid
in the plating solution is 80-120 g/L.

21. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein in step (B) the current
density for electrodeposition is 10-120 mA/cm>.

22. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the growth rate of the
nano-twins copper metal layer is 0.22 pm/min-2.64 pm/min.

23. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein in step (B) the growth
rate of the twins metal is 1.5 pm/min-2 pm/min when the
current density for electroplating is 80 mA/em?.

24. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein in step (B) electrodepo-
sition is carried out by direct current electrodeposition, high-
speed pulse electrodeposition, or both interchangeably.

25. The method preparing for a nano-twins copper metal
layer according to claim 14, wherein the preparative method
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for the twins copper metal layer is used in through silicon via
(TSV), semiconductor chip interconnect, packaging sub-
strate pin through hole, metal wire, or substrate circuit.

26. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein the cathode is a substrate
having a surface of a seed layer, or a metal substrate.

27. The method for preparing a nano-twins copper metal
layer according to claim 26, wherein the substrate is selected
from a group consisting of: silicon substrate, glass substrate,
quartz substrate, plastic substrate, printed circuit board, I1I-V
group material substrate, and a combination thereof.

28. The method for preparing a nano-twins copper metal
layer according to claim 14, wherein in step (B) when the
electrodeposition is underway, the anode or the plating solu-
tion are spun at a rotational speed of 50 to 1500 rpm.

29. A substrate having nano-twins copper metal layer,
comprising;
a substrate; and

a nano-twins copper metal layer according to claim 1,
which is arranged inside, or on the surface of the sub-
strate.

30. The substrate having nano-twins copper metal layer
according to claim 29, wherein the substrate is selected from
a group consisting of silicon substrate, glass substrate, quartz
substrate, metal substrate, plastic substrate, printed circuit
substrate, I1I-V group material substrate, and a combination
thereof.



