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Straight copper wire arrays are electrochemically deposited on a silicon substrate without

utilizing additives or templates.

To suppress the influence of the factors which arouse the

ramification of the copper electrodeposit, an ultrathin electrochemical deposition system and
an initially homogeneous electric field are used. The width of the copper wires may vary from
about 200 nm to about 1.5 um depending on the control parameters. The microstructure of
the copper wires and their electric resistance after vacuum-annealing at 200°C are studied. We
suggest that this self-organized copper electrodeposition is helpful in gaining an understanding
of the formation of dense-branching morphology. It also implies the potential application in

microelectronics.
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Recently, electrochemical metallization of copper has
been developed for on-chip interconnection in microelec-
tronics.»? Compared to the Ti/Al(Cu) wiring, the cop-
per wiring has the advantages of significantly lower re-
sistance, higher allowed current density and increased
scalability.®) In the microelectronics industry, the metal-
lic interconnection is conventionally achieved by pho-
tolithography. To achieve a robust copper film on a
solid substrate, special treatments have to be made on
the solid surface. For example, as reported by Fleury
and Barkey,*®) an ultrathin, pre-coated metallic layer
(non-percolated) helps the two-dimensional electrode-
position.  Alternatively, organic additives are intro-
duced®® and their effects on the interfacial growth are
investigated. To find new ways to form contacts in three
dimensions and to achieve enhanced data-processing
density, researchers have been attempting to establish
conducting channels between the electrodes either by
patterned and direction-controlled electrodeposition? 1?)
or by electropolymerization.''?) However in previous
experiments the metal deposit was usually irregularly
branched or fractal-like,%1%13) which would affect the
high-frequency electric properties of the metal connec-
tions. On the other hand, from the point of view of
fundamental research, the branching mechanism in far-
from-equilibrium growth remains a challenging problem
in pattern formation.'* %) Conventionally, the branch-
ing of a growing tip has been associated with external dis-
turbances.!”19) Tt is intriguing to consider whether the
ramified feature remains in the electrodeposition when
the external agitations are suppressed, and whether reg-
ular patterns can be directly electrodeposited on a solid
substrate. Here we report a novel experiment which
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demonstrates that copper wire arrays could be generated
robustly on a silicon substrate directly by electrodeposi-
tion. No additives or templates were introduced in this
process. The width of the copper wire could vary from
200 nm to about 1.5 pm depending on the control param-
eters. The microstructures of the wires and the dynamic
behavior of their resistance under annealing were also
investigated.

The experimental setup for the copper electrodepo-
sition is schematically shown in Fig. 1. The cell for
the electrodeposition consisted of two parallel electrodes
separated by 8.0mm and fixed on the bottom glass
plate. The anode was made of pure copper wire (99.9%,
Goodfellow, U.K.) and the cathode was a graphite rod
0.5mm in diameter. A piece of (100)-orientated silicon
wafer (10 x 10mm, p-Type, boron-doped, resistivity of
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Fig. 1. Schematic diagram showing experimental setup. (1) sil-
icon wafer (substrate); (2) bottom glass plate; (3) cathode; (4)
anode; (5) electrolyte sandwiched between the silicon wafer and
the bottom glass plate; (6) Peltier element; (7) top cover of
thermostated chamber with a glass window; (8) rubber O-ring
for sealing; (9) thermostated chamber to maintain the constant
temperature for electrodeposition.
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40 - cm) was used as the top plate, on which the cop-
per wire array was deposited, marked as 1 in Fig. 1.
The electrolyte of CuSO4 (0.05M, pH=4.5) was sand-
wiched between the silicon wafer and the glass plate. The
electrolyte solution was prepared by analytical reagent
CuSO, and de-ionized, ultrapure water (electric resistiv-
ity 17.8 M - cm). No special treatments were made on
the surfaces of either the bottom glass plate or the top
silicon wafer except for the standard cleaning process.
A Peltier element was placed beneath the electrodepo-
sition cell to modify the temperature of the deposition
cell. Both the deposition cell and the Peltier element
were sealed in a thermostat chamber with dry nitrogen
flow. The system was cooled to below the freezing point
of the electrolyte. Meanwhile, solidification started from
the bottom glass plate. Usually the temperature was set
at —4°C for the 0.05 M electrolyte. Great care had been
taken to retain just one or only a few ice nuclei in the sys-
tem and to avoid the formation of a cellular or dendritic
ice-electrolyte interface during the solidification. Several
melting-solidification cycles had to be repeated to ful-
fil these requirements. During the solidification of the
electrolyte, CuSO4 was partially expelled from the solid
(known as the partitioning effect?’:2!) in crystallization).
Consequently a very thin layer of concentrated CuSQOy4
electrolyte was trapped between the ice of the electrolyte
and the boundary of the cell (silicon substrate) when the
cell was frozen. The copper electrodeposition was carried
out in this ultrathin layer where the electrolyte concen-
tration did not exceed the saturation concentration of
—4°C. At —4°C the thickness of this layer was about
200 to 300 nm, which was estimated from the thickness of
the copper deposit measured by atomic force microscopy.
As illustrated in Fig. 1, two electrodes were in contact
with this concentrated ultrathin electrolyte layer. This
had been confirmed by measuring the electric resistance
between the two electrodes when the solidification was
completed. Meanwhile, the resistance of the system was
several orders of magnitude smaller than that in the case
when the electrodes were embedded in the bulk ice of the
electrolyte of the same concentration.

After confirming that the potentiostatic and the gal-
vanostatic experiments generated a similar deposit mor-
phology, we adopted the potentiostatic design. A con-
stant voltage was applied across the electrodes, which
could be selected to be between 3.0 V and 10.0 V. The
copper electrodeposit initiated from the cathode and
grew on the silicon substrate. Figure 2(a) shows the
morphology of the copper wires viewed by an atomic
force microscope (AFM; Nanoscope I1Ia, Digital Instru-
ments, U.S.A.) after the growth. Unlike previously re-
ported random branching morphology,*913) here the
deposit consisted of many straight, smooth and fine fila-
ments (wires), which were robustly grown on the silicon
wafer. Tip-splitting did occur in some wires; however,
the branching rate was significantly decreased compared
with that of those grown in the conventional aqueous so-
lution environment.*1%13) Figure 2(b) shows the detail
morphology of the copper wire array on the silicon wafer,
where the surface of the wires is smooth. Our experi-

1453

600.0 nm

300.0 nm

0.0 nm

600.0 nm

300.0 nu

0.0 nm

6.00

il

Fig. 2. (a) Copper wires grown on silicon wafer viewed by atomic
force microscopy. During the electrodeposition the voltage across
the electrodes was maintain at 5.0V and the temperature was
—4°C. (b) Copper wires viewed with a higher magnification.

ments also showed that the average width of the copper
wires depended on the voltage applied across the elec-
trodes (actually the strength of the local electric field).
The higher applied voltage usually made the copper wires
broader.

A transmission electron microscope (TEM; JEM-
4000EX, JOEL, Japan) was used to characterize both
the microstructure and the composition of the copper
wires. Figure 3(a) illustrates the diffraction contrast im-
age of the copper wire, where the crystallites are less
than 40 nm in size. The diffraction pattern of the copper
wire is demonstrated in Fig. 3(b), which indicates that
the nanocrystallites in the wire are randomly orientated.
It is noteworthy that in addition to the diffraction of cop-
per, the diffraction of CuyO can be identified. According
to the literature,?? 2% the generation of CuyO depends
on the pH of the solution, as well as on the electrode
potential. In our case the pH of the electrolyte was 4.5
and the applied voltage was 10 voltes, but CusO still
existed. However, the shiny metallic color of the copper
deposit suggested that the percentage of CuyO in the
copper wire was not high. This argument was supported
by the resistivity measurements. To measure the electric
resistivity of the copper wires, a bunch of seven long, par-
allel copper wires grown on an ordinary glass substrate
(cover glass) was selected while the neighboring wires
were carefully removed under an optical microscope. A
line mask 80 um in width was placed perpendicularly
across the copper wires and the conducting copper film
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Fig. 3. (a) Electron diffraction contrast micrograph of the copper
wire. The crystallite in the wire is of the order of 20 nanometers.
The bar represents 50nm. (b) The electron diffraction pattern of
the copper wire, where the diffraction of both copper and CuzO
can be identified. Numbers on the diffraction rings represent:
(1) Cu20 (110); (2) Cuz0 (111); (3) Cu (111); (4) Cu (200); (5)
Cu20 (220); (6) Cu (220); (7) Cu (311).

was deposited on the sample by magnetron sputtering.
Thereafter the line mask was removed, thus a sample
of seven copper wires in parallel, connected by two con-
ducting copper films, was ready for the measurement (by
the two-probe method). It was found that at room tem-
perature the electric resistance was 10.35€2. The exact
length and the cross-section area of the copper wires be-
tween the two conducting films were determined by AFM
measurements. It followed that the room-temperature
resistivity of the copper wires was 52 uf2-cm. This value
was nearly 30 times higher than that of pure copper.?%)
One possible explanation for the higher resistivity is the
presence of CuyO in the copper wires, as indicated in
Fig. 3(b). Switzer et al.?”) studied the resistivity as a
function of the percentage of copper in a multilayer sam-
ple of Cu/Cus0. According to their data, when the sam-
ple contains 2% CusO, the resistivity is 81 uf - cm. It
can be inferred that the concentration of CusO in our
sample is much lower than 2%. The higher resistivity of
our sample may also be due to use of the the two-probe
measuring method, in which the contact resistance, al-
though evry small, was not eliminated. Efforts are being
devoted now to establish a four-probe contact to a copper
wire by means of photolithography.

We were interested in the thermal stability of the
copper wires. To study the dynamic behavior of the
electric resistance of the copper wires under annealing,
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Fig. 4. (a) Electric resistance of seven copper wires in parallel
measured at 200°C as a function of time. For this measurement
the copper wires were grown on the surface of a cover glass.
In the first 100 min the resistance decreases with a higher rate,
then it drops with a lower rate. (b) The electron diffraction
pattern of a copper wire before and after annealing at 200°C. The
field diagragm was kept the same for these two scenarios. After
annealing the separated diffraction dots become more evident.

the sample was kept at 200°C for 8h in a vacuum of
2.0 x 1079 Torr. The resistance of the sample was mea-
sured in situ during the annealing process. As shown
in Fig. 4(a), the resistance decreased quickly in the first
100 min, and thereafter it dropped at a lower rate. We
expected that the density of grain boundaries in the cop-
per wires was decreased by annealing. Thus the resis-
tance of the copper wires was lowered by about 24% by
annealing for 8h. Figure 4(b) provides support for this
argument, where the electron diffraction patterns of the
same sample before and after annealing are presented.
It is clear that before annealing, the orientation of the
crystallite in the copper was almost random, so rings
existed in the diffraction pattern; after annealing, how-
ever, this feature was weakened. Instead of the rings,
many seperated, bright dots dominated the diffraction
pattern, suggesting that the number of the crystallites
had been significantly decreased. It should be noted from
Fig. 4(a) that the reduction of the resistance was still not
saturated after 8h of annealing. This implies that the
reconstruction of the microstructures in the copper wires
was continuous throughtout.

Since the early study of the ramified pattern in elec-
trodeposition by Matsushita et al.,2®) much progress has
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been made in understanding the formation of various
patterns in electrodeposition.’® Recently we noted the
reports on the localized electrochemical deposition of
copper columns and interconnects from the acid sulfate
solutions,2%39) where the width of the copper deposit
was larger than ours. Our experiment differs from previ-
ous ones in the introduction of an ultrathin electrodepo-
sition system, in which the convective disturbance and
the diffusive instability in front of the growing tips are
suppressed significantly.?") As a result, the tip-splitting
rate is decreased, and the deposit morphology changes
from fractal-like or dense-branching morphology to the
smooth, less-branched array of copper filaments. The
formation of the array of copper filaments is a sponta-
neous process without using additives or temlates. When
the density of the growing tip is high, i.e., if the sepa-
ration of the filaments is significantly smaller than the
thickness of the concentration boundary layer, the con-
centration field in front of each individual tip is signifi-
cantly overlapped. In this case, the growing tips actually
encounter a one-dimensional concentration field. The
competition for the nutrient supply among the growing
tips may cause screening of some tips. The screened tips
are trapped and stop growing. If, however, the separa-
tion of the copper wires is much larger than the concen-
tration boundary layer, the concentration field in front
of each individual tip is two-dimensional. In this case,
the width of the copper wire will increase gradually. At
a certain threshold, tip-splitting may occur. In this way,
the separation of the copper filaments is spontaneously
adjusted. The depends on the thickness of the electrolyte
solution and the electric field. As a matter of fact, the re-
cent experimental observations by Argoul et al.*?) have
illustrated that periodicity among the neighboring de-
posit branches does exist. However, for the conventional
electrodeposition in aqueous electrolyte film, the elec-
trodeposits are ramified, hence it is difficult to identify
this periodicity unless some mathematical transforma-
tion is applied.??) By suppressing the ramification of the
electrodeposit branches, the array of nearly straight cop-
per wires is demonstrated for the first time in this report.

To conclude, we report here the formation of straight
copper wire arrays by electrochemical deposition on
silicon substrate. = We suggest that the extremely
low branching rate of the copper deposit is due to
the suppression of disturbances at the growth front
in our ultrathin electrochemical deposition system.
The phenomenon reported here is enlightening for the
understanding of pattern formation under far-from-
equilibrium conditions. In addition, it also promises a
simple and cost-effective way to fabricate straight, nar-
row copper wires on silicon substrate without using addi-
tives or templates, and without resorting to photolithog-
raphy. Furthermore, we expect that this wire-fabrication
method is not limited to copper only, it is expected to
be applicable to the electrodeposition of other metals as
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